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Abbreviations / Nomenclature
°C

Degrees Celsius

λmax

Lambda-max

DfnbAB

Fibronectin binding proteins knock out

µg

microgram

µL

Microliter

3D

3 dimentional

ACN

Acetonitrile

ACN:H2O

Acetonitrile:water

AFM

Atomic force microscopy

BHI

Brain Heart Infusion

BSA

Bovine serum albumin

CF

Cystic fibrosis

CFU

Colony forming unit

ClfA

Clumping factor A

Cryo-TEM

Cryogenic transmission electron microscopy

DLS

Dynamic light scattering

DMSO

Dimethyl sulfoxide

DSC

Differential Scanning Calorimetry

EARSS

European Antimicrobial Resistance Surveillance
System

FBS

Foetal bovine serum

FDA

Food and Drug Administration

FnBPs

Fibronectin binding proteins

GRAS

Generally regarded as safe

HAoECs

Human Aortic Endothelial Cells

HCl

Hydrochloric acid

ICH

International Conference for Harmonization

IV

Intravenous

kV

kilovolt

LR

London resin
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mAb

Monoclonal antibody

mBar

millibar

mg

Milligram

MIC

Minimum inhibitory concentration

mL

Millilitre

MPS

Mononuclear phagocytic system

MRSA

Methicillin resistant Staphylococcus aureus

MSSA

Methicillin susceptible Staphylococcus aureus

MSCRAMMs

Microbial surface components recognising adhesive
matrix molecules

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

mV

Millivolts

nm

Nanometer

OD

Optical density

PBS

Phosphate buffered saline

PDI

polydispersity index

PGA

Poly(glycolic acid)

PLA

Poly(lactic acid)

PLGA

Poly(lactic-co-glycolic acid)

PMN

Polymorphonuclear leukocyte

PVA

Polyvinyl alcohol

rpm

Revolutions per minute

SCV

Small colony variants

SEM

Scanning electron microscopy

SEM

Standard error of the mean

S. aureus

Staphylococcus aureus

TEM

Transmission electron microscopy

Ô

Trade mark

TPST

tris-buffered saline tween

UV

Ultraviolet

w1/o/w2

water1-in-oil-in-water2
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Summary
Staphylococcus aureus (S. aureus) is an opportunistic pathogen causing a
wide variety of infections which range in seriousness. Treatment of S. aureus
infections is challenging due its ability to a) form protective biofilms, b)
survive intracellularly, and c) the emergence of resistant strains. Upon
recovery, patients are at high risk of recurrent infection. We hypothesise that
recurrent infection is due to the ability of S. aureus to evade the immune
system and administered antibacterials by residing intracellularly. Therefore,
the aim of this thesis is to develop a drug delivery strategy which can
successfully deliver antibacterials intracellularly and in so doing eliminate the
resident bacteria.
In agreement with the literature we found that S. aureus internalises into
endothelial cells, within 1 hour (HAoECs). Once internalised we also
confirmed that S. aureus has the ability to re-emerge, and hence, in vivo may
cause re-infection. Our next objective was to develop a drug delivery system
and evaluate its ability to deliver its therapeutic payload intracellularly.
Poly(lactic-co-glycolic acid) (PLGA) given its biocompatibility,
biodegradability, predictable release kinetics and acceptable regulatory
status was used in this study to formulate drug loaded nanoparticles.
Rhodamine B was chosen as a model drug given its autofluorescence and its
approximation to the physicochemical characteristics of vancomycin, our
ultimate drug of interest. The double emulsion (w1/o/w2) solvent evaporation
method was the best suited method to encapsulate rhodamine b into
polymeric nanoparticles, given its hydrophilic nature and hence formed the
basis of our formulation strategy for both it and vancomycin.
Rhodamine B loaded PLGA nanoparticles confirmed the ability of the
formulation process to produce nanoparticles of suitable physicochemical
haracteristics (Size 507.7 nm ± 35.24; Zeta potential -25.3 mV ± 1.2 & PDI
0.34 ± 0.04, n=3, mean ± SEM) to internalise into HAoECs after 18 hours
incubation.
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To improve the observed encapsulation efficiencies of vancomycin the effect
of different formulation variables was assessed. Our results showed that
using a theoretical drug loading of 10% w/w vancomycin to formulate
nanoparticles by the double emulsion (w1/o/w2) solvent evaporation method
with 0.3 mL inner aqueous phase and 2.5% w/v polyvinyl alcohol in the
external aqueous phase produced nanoparticles that displayed the highest
encapsulation efficiency (82% w/w ± 12) of vancomycin while retaining the
physicochemical characteristics suitable for intracellular drug delivery (Size
339nm ± 5.9; Zeta potential -31.7mV ± 2.4, n=3, mean ± SEM). The
nanoparticles were spherical in shape, displayed biphasic drug release
kinetics and were proven, in vitro to be non-toxic. Efficacy studies
undertaken to assess the effect of the formulated nanoparticles on
intracellular S. aureus showed vancomycin loaded PLGA nanoparticles to be
the most effective, albeit the difference between groups was not statistically
significant.
In conclusion, S. aureus remains a commensal pathogen of concern, with
humans at risk of treatment failure due to antibiotic resistance or evasion. As
it is hard to develop new antimicrobial classes for clinical use, there is
undoubtedly a need for a novel therapy, such as the one described in this
thesis which seeks to utilise novel drug delivery strategies to deliver already
licenced and indicated therapeutics for the treatment of S. aureus infections.
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Chapter 1:

Introduction
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1.1. Staphylococcus Species
Staphylococcus is a group of gram-positive bacteria from the family
Micrococcaceae. They are round (cocci) and may appear singly, in pairs or in
grape like clusters upon Gram staining (Figure 1.1).(9) Although there are
more than 30 pathogenic species in the family, Staphylococcus aureus (S.
aureus) is the most pathogenic, with it and Staphylococcus epidermidis being
the most common pathogens affecting humans.(9) S. aureus expresses
different virulence factors that are less expressed in other staphylococcus
species. For example it express surface proteins that aid in colonisation,
factors like capsule and immunoglobulin binding proteins that inhibit
phagocytosis and toxins that are responsible for causing disease
symptoms.(9, 10) Moreover, staphylococci species are known for their
prolonged survival on environmental surfaces under varying conditions.(2)
Staphylococci species can cause several types of infection ranging from mild
to life threatening infections, including superficial skin lesions, deep-seated
infections, infections associated with indwelling medical devices, food
poisoning, urinary tract infections and toxic shock syndrome.(2, 9) The
production of the surface enzyme coagulase that converts fibrinogen to fibrin
is a property distinctive to S. aureus and helps in its identification and
isolation from patients’ samples.(2) Figure 1.2 shows a schematic illustration
of biochemical tests used to distinguish between staphylococcus species.

Figure 1.1:

Gram stain of Staphylococcus aureus.

Image taken from Taylor TA (1)
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Figure 1.2: Algorithm showing the different biochemical tests used for
the identification of the most abundant staphylococci. Image taken from
Lowy FD (2)

1.1.1. Staphylococcus aureus
In 1880, surgeon Sir Alexander Ogston first discovered S. aureus while
examining purulent discharge from surgical wounds, where he described it
as bunches of grapes.(11) It forms golden/yellow colonies in growth media
and hence the name aureus (golden in Latin).(12) S. aureus is a pluripotent
pathogen that is part of the normal flora. Up to 50% of the population has
been reported to be colonised with S. aureus. Colonised individuals can be
classified as either permanent or intermittent carriers; 10- 20% are known to
be permanent carriers of S. aureus while around 50% are found to be
intermittent carriers.(6, 13-15) Additionally, 25% of hospital professionals
were reported to be carriers.(16) Immunocompromised individuals (e.g.
insulin dependent diabetics, HIV infected individuals, patients with skin
damage, drug users and patients undergoing haemodialysis) are also
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considered to have higher rate of colonisation compared to healthy
individuals. Although S. aureus can be colonised on any part of the human
skin, it is most frequently located on the anterior nares.(17, 18) Analysis of
laboratory-based surveillance in the United States of America found S.
aureus to be the most frequently isolated pathogen among hospital
inpatients and the second most prevalent in outpatient settings.(19) S.
aureus has been reported to be responsible for a variety of infections most
notably in skin and soft tissue, bone and lung. Moreover, S. aureus is the
second most frequent cause of bloodstream infection and is associated with
high rate of morbidity and mortality. (20, 21) S. aureus bloodstream
infections are associated with longer durations of hospital stay, increased
antibiotic use, greater treatment costs and mortality. (22) Between 1997 and
2002, S. aureus was identified to be the most commonly caused nosocomial
bacteraemia in North America, Latin America and Europe. (23)
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Table 1.1: Common infections caused by Staphylococcus aureus.(2)
Musculoskeletal Infections
Septic arthritis

Respiratory tract infections
Ventilator-associated or nosocomial
pneumonia

Osteomyelitis

Septic pulmonary emboli

Pyomyositis

Postviral pneumonia (e.g. influenza)

Psoas abscess

Empyema

Bacteremia and its
complications
Sepsis, septic shock
Metastatic foci of infection (kidney,
joints, bone, lung)
Infective endocarditis
Infective endocarditis

Toxin-Mediated illnesses
Toxic shock syndrome
Food poisoning
Staphylococcal scalded-skin syndrome
Invasive infections associated with
community acquired MRSA

Injection drug use associated

Necrotizing fasciitis

Native valve

Waterhouse-Friderichsen syndrome

Prosthetic valve

Necrotizing pneumonia

Nosocomial

Purpura fulminans

Skin and soft tissue infections
Folliculitis
Furnucle, carbuncle
Cellulitis
Impetigo
Mastitis
Surgical wound infection
Hidradenitis suppurativa
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1.1.2. Structure and Pathogenicity
S. aureus is a gram positive bacteria that is characterised by having a cell
wall composed of a thick peptidoglycan layer, teichoic acid and other wall
associated proteins such as fibronectin binding proteins (FnBPs), collagen
binding proteins, elastin binding protein, protein A, coagulase and clumping
factor (figure 1.3 ) .(24) The peptidoglycan layer is known to give the bacteria
their shape and stability and comprises up to 70% of the cell wall
composition. The teichoic acid is covalently bonded to the peptidoglycan via
phosphodiester bonds and is known to provide structural support to the outer
cells layers. Moreover, teichoic acid has been identified as a possible target
for new therapies due to its role in developing bacterial resistance and
pathogenicity.(25, 26) The bacterial cell wall proteins contribute to its
pathogenicity by enabling adherence to eukaryotic membranes, resisting
opsonophagocytosis, lysing eukaryotic cells and triggering host immune
response cascades. (26, 27) S. aureus also possesses secreted toxins and
enzymes that aid in cellular invasion and pathogenicity, such as catalase,
coagulase, haemolysins and enterotoxins.(24) S. aureus microbial surface
components recognising adhesive matrix molecules (MSCRAMMs) are
bacterial surface proteins that mediate adherence to host extracellular matrix
and play an important role in the subsequent invasion.(2) These components
are covalently attached to the cell wall peptidoglycan by sortase enzyme.(28)
Several extracellular host molecules are recognized for MSCRAMMs
bacterial adhesion including collagen, fibronectin, laminin or elastin and other
transmembrane proteins including cadherins or integrins.(29) Once bacterial
structures bind to those molecules, the bacteria can evade the immune
system and then develop infections.(28)
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Figure 1.3: Structure of staphylococcus aureus. Panel A shows
bacterial surface proteins that are expressed in the stationary phase,
exponential phase or both and secreted toxins. Panels B and C show
magnified cross sections of the cell membrane.Image taken from
Lowy FD (6)
FnBPA and FnBPB are typical members of the MSCRAMMs encoded by
tandem genes fnbA and fnbB that are present together or singularly in most
S. aureus strains. The structure of FnBP (figure 1.4) is to some extent similar
to the structure of other surface proteins expressed by gram positive bacteria
such as clumping factor A (ClfA). The S region located at the N terminus is a
signal sequence that is involved in transporting the proteins across the
cytoplasmic membrane. The FnBPs are anchored to the peptidoglycan cell
wall via the C terminus at the LPXTG motif that target sortase. FnBP
mediated binding to fibronectin is mediated through the D repeats at the C
terminus by a β-zipper mechanism. The A region at the N terminus has a
similar amino acid sequence to the A region of ClfA and therefore, it is
related to the FnBP mediated binding to fibrongen and elastin. Both FnBPA
and FnBPB are predominantly expressed at the exponential growth phase of
the bacteria and are known to mediate binding to fibrinogen, fibronectin and
elastin.(7, 30, 31) Binding of FnBPs to fibrinogen and fibronectin have been
22

implicated in infective endocarditis.(31) ClfA is another member of the
MSCRAMMs and has been reported as a virulance factor in several
infections such as septic arthritis, murine sepsis and experimental
endocarditis. (32) ClfA structure (figure 1.4) contain S signal sequence at the
N terminal followed by the A region, which is the fibrinogen mediated binding
region. The ClfA is also anchored into the peptidoglycan cell wall through the
C terminal domain. (32) ClfA lacks the C domain fibronectin binding ligand
that is found in FnBPs.

Figure 1.4: Structural organisation of FnBPs and ClfA of
Staphylococcus aureus. S is signal sequence; A is N-terminal region
for fibrinogen binding; B1 and B2 homologous repeats of unknown
function; Du-D4 fibronectin binding repeats; W is wall spanning region; M
is membrane spanning region; The LPXTG motifs are indicated for their
role in anchoring the proteins to the cell wall peptidoglycan. Image
adapted from Wann ER et al. (7)

Despite well-developed host immune defence systems, S. aureus can
adhere and colonise host tissues following introduction often via damaged
skin surfaces caused by abrasion, intravenous line access, catheters or
prosthesis. This is a critical step in the infection process, as adhesion to host
cells or tissues prevent bacterial mechanical clearance and resist shear
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stress.(29) For staphylococci to initiate an infection they must first be able to
adhere to host extracellular matrix and colonise. Subsequently, invasion and
evasion mechanisms are employed which ultimately enable metastatic
spread of the infection.
Once the bacteria attaches themselves to the tissues, they start to replicate
within these tissues. Following colonisation, S. aureus secretes toxic
enzymes that facilitate bacterial survival and the wider spread of the
infection. Lipases are enzymes secreted by S. aureus and aids in its survival
in lipid rich areas (e.g. hair follicles). Haemolysins (a-toxin) another toxin
secreted by S. aureus are known to create pores in various skin surfaces
facilitating the initiation of inflammatory response. The cell wall of the
bacteria are characterised by having alternating N-acetylmuramic acid and
N-acetylglucosamine units. Those units together with lipoteichoic acid were
found to facilitate further inflammatory responses including sepsis syndrome.
(2, 33)
Evasion is a critical step that follows invasion and is essential step in
compromising the efficacy of the host immune response. S. aureus adopts
multiple strategies to evade the host-immune response. For example, S.
aureus produces chemotaxis inhibitory proteins, which subsequently
prevents neutrophil phagocytosis. Moreover, S. aureus possesses zwitterion
capsular polysaccharides that facilitate abscess formation. Protein A of the
MSCRAMMs also plays a critical in preventing opsonophagocytosis by
polymorphonuclear leukocyte (PMN) through binding to the Fc portion of IgG.
Finally, chemotaxis inhibitory proteins produced by S. aureus and the
bacteria extracellular surface protein play a role in inhibiting PMN migration
to infection sites. (34, 35)

1.1.3. Staphylococcus aureus internalisation
Another evasion mechanism displayed by S. aureus is its ability to survive
intracellularly. S. aureus can invade and survive in several mammalian host
cells. Once inside, S. aureus can persist for long periods of time within these
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cells and potentially precipitate recurrent episodes of infections. (36) Studies
have demonstrated the ability of S. aureus to survive internally within
neutrophils, epithelial cells, fibroblasts, osteoblasts and endothelial cells. (3742) Patients with internalised S. aureus are considered life-long carriers with
an increased risk of life-threatening infections such as pneumonia, infective
endocarditis and sepsis and potentially increased risk of mortality. (43)
Internalisation of S. aureus into epithelial cells has been considered as a risk
factor for recurrent episodes of rhinosinusitis. (13) Patients with recurrent
episodes of rhinosinusitis were screened for S. aureus by intranasal biopsy
during symptoms-free periods. Results showed intracellular residency of S.
aureus in epithelial, glandular and myofibroblastic cells and consequently,
confirmed the associated between intracellular residency and recurrent
infections.(44) Additionally, in severe relapsing cases of osteomyelitis,
intracellular bacteria were isolated from infected osteoblast, supporting its
potential role as a mediator of recurrent infection.(45, 46) Moreover, S.
aureus was found to be able to internalise into PMN cells enabling their
spread into different tissue sites.(2) Internalisation of S. aureus within
professional phagocytes such as macrophages allows the spread of infection
from one site of infection to another sterile site.(47) Finally, in cystic fibrosis
(CF) failure to eradicate bacteria from the intracellular airways results in
recurrent infection,(48) 30% of all skin and soft tissue infections caused by S.
aureus were associated with recurrence episodes.(49)
FnBPs have been previously reported to play a major role in the invasion
pathogenesis of S. aureus through bridging between FnBP and a5b1 integrin
on different cell types including endothelial cells, epithelial cells, osteoblasts,
and embryonic kidney cells. (39, 50-52) FnBPs were reported to be involved
in bacterial adhesion to proteins associated within the membrane of different
host cells and also internalisation by cells. This happens through binding of
S. aureus to a5b1 integrin on cells via fibronectin, which is a glycoprotein
found in blood, cell surfaces, urine and cerebrospinal fluid. This binding
induces the formation of an adherent apparatus –like structure beneath the
cell membrane, which subsequently stimulates signalling cascade that leads
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to remodelling of the actin cytoskeleton and internalisation of the S. aureus
through a zipper uptake mechanism (figure 1.5).(53-55) This FnBPsfibronectin-a5b1 complex interaction was described to be extremely efficient
and non-reversible due to the multiple fibronectin binding domain in the D
repeat region of FnBPs structure. However, studies have assessed the ability
of the bacteria to internalise after eliminating FnBPs and blocking of a5b1.
Although a delay was noticed in the invasion processes, it was not inhibited
completely suggesting that other factors can also play a role in the
intracellular uptake of S. aureus.(54, 56)

Figure 1.5: Schematic diagram of the signalling events involved in the
invasion of non-professional phagocytic host cells by Staphylococcus
aureus. FnBPs bind to fibronectin molecules in the extracellular matrix forming a
bridge with a5b1 integrin on host cell membrane. This causes receptor clustering
and subsequent activation of ILK and subsequent remodelling of the actin
cytoskeleton to enable bacterial uptake. Image taken from Wright JA et al. (8)
In chronic bacterial infections, environmental pressure together with the
presence of administered antibiotic lead to spontaneous gene mutations in
bacteria causing switching in the phenotype forming small colony variants
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(SCV). These are often declared to be deficient in electron transport and
have increased antibiotic resistance.(57) It has been reported that the
intracellular environment supports the phenotypic S. aureus SCV subtype.
SCVs are a S. aureus sub-population that has been first identified by
Hadley’s work in 1931. (58) Since then extensive reviews and studies have
been carried out to explore their characteristics and role in the occurrence of
persistent and recurrent infections. (58-60) SCVs have distinctive phenotypic
and pathogenic characteristics which differ to those of the wild type
strain.(57) SCVs are usually one-tenth the size of regular S. aureus colony.
They are slow growing and are deficient in exotoxin production. Furthermore,
they are known to be auxotrophic for menadione and thymidine. They have
shown different drug-resistant profiles and are challenging to identify and
treat. (61-63) Studies have confirmed the persistence of SCVs intracellularly
in non-pathogenic form along with their ability to revert in week to months to
the pathogenic S. aureus form, thereby causing re-infection. (2, 60)
To date there is no clear strategy for the treatment of intracellular S.
aureus.(64) Rifampicin, a bactericidal anti-tuberculosis drug, has been
shown to be effective against intracellular bacteria more broadly but can
cause rapid resistance. Recent evidence suggests however that adjunctive
rifampicin in treatment regimens for patients with S. aureus bacteraemia is
ineffective, in the absence of an indwelling prosthetic and therefore
alternative treatment strategies must be found.(65) Up to 40% treatment
failure has been attributed to the inability to deliver antibiotics
intracellulary.(66) Other studies revealed that there is huge limitation within
the existing antibiotics in killing intracellular S. aureus both in vitro and in
vivo.(67, 68) An alternative would be the development of a new class of
antibacterial that would have the ability to penetrate intracellularly and have
effective bactericidal activity against S. aureus strains. The identification of
new antibacterial classes is challenging and costly. Therefore, a more
accessible yet novel approach would be deliver already licenced and
approved antibacterials intracellularly using a nanoparticulate delivery
system based upon GRAS (Generally regarded as safe) excipients.
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1.1.4. Current treatments and challenges
Inappropriate use of antibacterial drugs in both humans and food producing
animals has led to the current situation of increasing antibacterial resistance
globally. (69) Causative agents such as S. aureus, Escherichia coli and
klebsiella pneumoniae have reported high rates of drug resistance, which
raises concerns around many commonly community-acquired and health
care-associated infections such as urinary tract infections, wound infections,
and bloodstream infections.(69) Due to the intensive misuse of antibacterials
and the persistent colonisation, S. aureus strains developed multiple
resistance against the most frequently used antibiotics; penicillin,
cephalosporins, methicillin, vancomycin and linezolid.(70) Bacteria can attain
resistance through different mechanisms such as DNA alterations,
development of efflux pumps, activation of enzyme responsible for drug
degradation and modification in membrane permeability.(71) About 90% of
S. aureus strains are now considered resistance to penicillin, methicillin,
aminoglycosides, macrolides and lincosamide.(72) Typically, S. aureus drug
resistant strains were referred to as methicillin resistant S. aureus (MRSA).
Those strains are only susceptible to few antimicrobials including
vancomycin, daptomycin or linezolid.(73) A recent report by the European
Antimicrobial Resistance Surveillance System (EARSS) has stated that the
rates of methicillin resistant S. aureus bloodstream infection have increased
since 2016 and the methicillin susceptible S. aureus bloodstream infection
was highest in 2016.(74)
The most appropriate treatment for S. aureus infection depends on its clinical
manifestation. Clinical guidelines inform therapeutic management and
several factors are considered to ensure accurate and effective treatment,
such as, antibiotic susceptibility, site of infection, presence of metastatic sites
of infections and patient’s factors (e.g., underlying comorbidities, concurrent
medications, allergies)(12, 75, 76). The first intervention is the removal of
surgical incision abscess drainage or any attached device when possible and
facilitate the administration of appropriate antibiotic. Next steps include the
identification of the pathogens and the selection of appropriate antibiotic and
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route of administration. Table 1.2. shows antimicrobial selection for S. aureus
infections. For Methicillin-susceptible S. aureus, antistaphylococcal penicillin
including nafcillin or cefazolin is preferred if the patient does not have
penicillin allergy. Cephalosporin is the second choice where penicillin allergy
is suspected without anaphylactic reaction. If anaphylactic reaction is
suspected then vancomycin is the choice. For methicillin resistant strains,
vancomycin is the choice if it was a serious infection, however, cotrimoxazole is recommended in mild community acquired infections.
Alternative formulations that can be used for methicillin resistant strains
include the lipoglycopeptide derivative of vancomycin, dalbavancin,
linezolide, daptomycin, ceftaroline or telavancin. (2, 77, 78) Despite the
available intensive guidelines for the treatment of S. aureus infections, the
use of prolonged antibiotic courses did not show efficacy in permanent
eradication of S. aureus. (13)
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Table 1.2: Anti-bacterial selection for Staphylococcus aureus infections.(2)
Sensitivity/
Resistance of
isolate

Drug of
choice

Sensitive to

Penicillin G

penicillin

(4 mU q4h)

Sensitive to
methicillin

Nafcillin or
oxacillin (2 g
q4h)

Alternative(s)
Nafcillin (2 g q4h) or oxacillin (2 g q4h),
cefazolin (2 g q8h), vancomycin (1 g
q12h)
Cefazolin (2 g q8hb), vancomycin (1 g
q12h)
TMP-SMX (TMP, 5 mg/kg q12h),
minocycline or doxycycline (100 mg PO
q12hb), ciprofloxacin (400 mg q12hb),
levofloxacin (500 mg q24hb),
quinupristin/ dalfopristin (7.5 mg/kg
q8h), linezolid (600 mg q12h except:

Resistant to

Vancomycin

400 mg q12h for uncomplicated skin

methicillin

(1g q12h)

infections); daptomycin (4–6 mg/kg
q24h) for bacteremia, endocarditis, and
complicated skin infections; tigecycline
(100 mg IV once, then 50 mg q12h) for
skin and soft tissue infections;
investigational drugs: oritavancin,
dalbavancin, telavancin

Resistant to
methicillin with
intermediate or
complete

Uncertain

Same as for methicillin-resistant
strains; check antibiotic susceptibilities.

resistance to
vancomycin
Not yet known
(i.e., empirical
therapy)

Vancomcyin
(1g q12h)

__
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1.2. Vancomycin
Vancomycin (Figure 1.6) is a tricyclic glycopeptide with anti-bacterial
properties produced by Streptococcus orientalis.(79) It is mainly indicated for
the treatment and prophylaxis of severe infections caused by gram positive
bacteria including Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus pneumonia, Streptococcus pyogenes, Streptococcus bovis,
Enterococci, Streptococci, Clostridium species, lactobacillus and others. It is
also indicated for resistant strains (e.g. MRSA) and for penicillin allergic
patients. Therefore, it is widely used in hospitals in intensive care units.
Vancomycin is classified as a bactericidal antibiotic and acts primarily by
inhibiting cell wall synthesis in susceptible pathogens.(80) It has a very large
hydrophilic molecular structure and exhibits poor intestinal permeability and
absorption. Hence the main route of administration is the intravenous (IV)
route.(79) The use of vancomycin has been associated with several adverse
events including nephrotoxicity, ototoxicity, RedMan syndrome and
epidermal necrosis, thus, the use of vancomycin requires therapeutic
monitoring of side effects.(81-83) Maintaining a therapeutic plasma level of
vancomycin is crucial in maintaining bactericidal effect whilst avoiding side
effects, treatment failure and development of resistance.(79, 84) Like other
antibacterials, vancomycin exhibits poor penetration into host cells, thereby
limits its use to treat intracellular residing bacteria. One way of enhancing
intracellular delivery of vancomycin into host cells is by encapsulating the
antimicrobial into a nanoparticulate drug delivery system that can penetrate
cells and release the drug intracellularly.(85, 86) Encapsulating vancomycin
into a nanoparticle system is challenging owing to the highly hydrophilic
nature of vancomycin. The double (water-in-oil-in-water, w/o/w) emulsion
solvent evaporation method is the most widely used method for the
encapsulation of hydrophilic molecules into nanoparticles, which will be
discussed in more detail later, in Section 1.4.4.1. (87)
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Figure 1.6: Chemical structure of vancomycin.
Image taken from Schäfer M et al. (3)

Recently, there has been a massive grow in research in nanoparticles drug
delivery systems, with their use in oncology being the primary focus and in
infectious diseases as a secondary consideration. This is due to the
increasing trend of treatment failure in infection, the lack of new novel
therapies and the ability of the pathogens to hide intracellularly rendering
themselves inaccessible to most administered antibiotics.(88) Moreover,
nanoparticles drug delivery system offers several advantages in the
treatment of infectious disease. For example, it allows targeted delivery,
which lower the drug concentration in non-target tissue and subsequently
lower the side effects and toxicity of the administered drug.(89-91) Moreover,
they are effective in penetrating biofilms and treating pathogens that are hard
to reach with standard therapy.(92) Moreover, they were found to be
effective in the treatment of bone infections, pulmonary infections, H. pylori
infections and as vaccines. (88) Due to the challenges encountered in
treating intracellular bacteria and the difficulty in developing new antibacterial
agents, current studies should aim to increase the efficacy of available
antimicrobials by using the novel nanoparticles drug delivery systems.

1.3. Nanoparticles
In recent years, extensive research has been conducted on the use of
nanotechnology in the pharmaceutical industry and more specifically on the
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use of nanoparticles as drug delivery systems. The use of the nano-size
concept can potentially aid in developing controlled, site-specific drug
delivery systems. (93, 94) A “nanoparticle” is the general term used to
describe particles of less than 1 micron (1,000nm) in diameter.(95) Using
synthetic and natural polymers it is possible to formulate biocompatible
nanoparticles, nanocapsules, micellar systems and conjugates to be used as
a therapeutic agent or as a diagnostic tool. (96) These formulated nanosystems offer numerous advantages such as targeted drug delivery,
improved oral bioavailability, controlled drug release or protection of the drug
from enzymatic degradation, especially relevant for proteins and gene
delivery.(97) Using nanoparticle drug delivery systems it is possible to target
a wide range of body organs and tissues such as the brain, lungs, lymphatic
system, vascular system, gastrointestinal tract, liver and spleen. (98)
Nanoparticles can also be used to encapsulate a wide range of molecules;
hydrophilic drugs, hydrophobic drugs, vaccines, proteins and nucleic acid
(99-101). This diversity in potential payload affords them applicability in not
only formulating new therapeutic agents but also in enhancing the effect of
already available therapies.(102) Poly-(alkylcyanoacrylate) was one of the
earliest polymers used in the 1980s in the development of drug delivery
systems that can carry drugs across the intestinal lumen.(103) Latterly,
liposomes, composed mainly of phospholipids were also studied as potential
drug carriers. However, they proved unusable for hydrophilic molecules such
as vancomycin due to low encapsulation efficiencies, poor stability and
rapid drug leakage.(104)

1.3.1. Pharmaceutical application
Pharmaceutical nanotechnology is considered one of the most rapidly
developing branches in science. Formulation of actives within nanoparticles
is reported to confer a number of advantages such as: increased drug
targeting ability, reduction in the dose required, enhanced oral bioavailability,
decreased toxicity and enhanced stability amongst others. (105) Numerous
pharmaceutical nanosystems have been studied and are commercially
available. They are characterised into different types depending upon their
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composition and mode of manufacture: a) Liposomes, b) Lipid-based (nonliposomal) formulations, c) PEGylated proteins, polypeptides, aptamers, d)
Nanocrystals, e) Surfactant-based nanoformulations, f) Metal-based nanoformulations and finally g) Polymer-based nanoformulations.
Liposomes are comprised of phospholipids and cholesterol in aqueous
medium and are particularly effective at encapsulating hydrophilic actives
within their aqueous core and hydrophobic actives within their lipid bilayers.
By encapsulating the drug within the liposome structure its pharmacokinetics
are altered allowing controlled release from multilamellar liposomes
(MLCVs). Liposomes also through their enhanced permeability and retention
effect are effective at targeting solid tumours due to their passive movement
through the defective vasculature of the tumor environment. This
phenonmenon is dependent upon an extended circulation time, which may
be achieved through pegylation of the liposomal delivery system. In the
absence of pegylation, the liposomes undergo rapid uptake by the
mononuclear phagocytic system (MPS). Examples of marketed liposomes
include AmBisome®, DuanoXome and DepoCyt.(106, 107) Similar
characteristics apply to non-liposome lipid-based formulations such as
Albelcet®. PEGylated proteins such as PegIntron® (Pegylated interferon
alfa-2b) possesses the drug delivery advantages conferred upon any
macromolecule which has been nano-engineered: prolonged circulation time,
increased hydrodynamic radius, decreased proteolysis, reduced renal
excretion, reduced immune clearance due to shielded antigenic
determinants.
Nanocrystals are water-insoluble drugs, which have usually been micronized.
They are unique in that they display an increased dissolution pressure,
attributable solely to the nanometer size range of the active. Surfactant
based nano-formulations, such as Fungizone® form micelles upon
reconstitution in vitro prior to administration. Unlike other nanoparticulate
drug delivery systems which display altered pharmacokinetics compared to
the un-encapsulated actives, surfactant-based nanoformulations do not alter
drug kinetics in vivo as the micelles are unstable (below critical micellar
concentration) and disintegrate immediately upon iv administration.
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Therefore, the purpose of the surfactant is to enable administration rather
than to alter release kinetics. A number of metal based nanoparticles are
marketed as therapeutics, such as Feridex®, surface modified, aqueous
colloidal solution of superparamagnetic iron oxide particles licenced as a
contrast agent. Another example is Feraheme®, indicated for the treatment
of iron deficiency.

Figure 1.7: The different types of nanoparticles used in pharmaceutical
industries. Image taken from Mc Carthy DJ et al.(4)
Polymeric nanoparticles are the last type of the pharmaceutical nanosystems
and are the focus of our study. Marketed polymeric drug delivery systems
include Copaxone®, indicated for the treatment of multiple sclerosis, Eligard
®, indicated for the treatment of advanced prostate cancer and, Genexol®
indicated for the treatment of pancreatic cancer. Polymeric nanoparticles
facilitate alterations in pharmacokinetic profile (e.g. sustained release) and
enhanced permeability and retention. Polymeric nanoparticles consist of
natural based and synthetic based polymeric nanoparticles. Natural polymers
commonly used include chitosan, gelatin and sodium alginate. Natural
polymers possess several advantages including their biocompatibility and
non-toxicity. However, they may display instability when being delivered due
to the variation in pH which could lead to their unpredictable degradation.
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Moreover, the use of natural polymers in nanoparticle formulation suffers
from poor batch to batch reproducibility, making them less suitable for use in
formulations intended for large scale pharmaceutical manufacture. Synthetic
polymers, while retaining the advantageous properties of natural polymers,
i.e. biocompatibility, display better batch-to-batch reproducibility and are
therefore better candidates for large scale manufacture given their safety
profile and the ability of polymeric nanoparticles to encapsulate a wide
variety of payloads (hydrophobic and hydrophilic). Of the commonly used
synthetic polymers are the aliphatic polyesters such as polylactic acid &
polyglycolic acid, discussed later

1.3.2. Biodegradable polymers
In-spite of the significant developments in the field of polymer chemistry todate, there still remains a limited number of polymers suitable for
pharmaceutical application. This is explained by the specific polymer
requirements needed for human use such as biocompatibility,
biodegradability and an acceptable safety profile. (108) Table 1.3 shows the
commonly used polymers within the pharmaceutical industry. (109) Synthetic
polymers are extensively utilised in particular the polyester family including
poly(lactic acid)(PLA), poly(glycolic acid)(PGA) and their
copolymer poly(lactic-co-glycolic acid) (PLGA) which is FDA approved for
human use.(98)
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Table 1.3: Commonly used polymers in pharmaceutical industry.(110, 111)
Polymer

Type

poly(lactic acid)

Thermoplastic biodegradable

poly(glycolic acid)

polymers

poly(lactide-co-glycolide)
Poly (acrylic acid)
Poly (ethylene oxide)
Poly (ethylene glycol)

Water-soluble synthetic polymers

Poly (vinyl pyrrolidone)
Poly (vinyl alcohol)
Poly (isopropyl acrylamide)
Ethyl cellulose
Carboxymethyl cellulose
Hydroxyethyl and hydroxypropyl

Cellulose-based polymers

celluloses
Hydroxypropyl methyl cellulose
Cellulose acetate phthalate
Alginic acid
Carrageenan
Chitosan

Hydrocolloids

Hyaluronic acid
Pectinic acid
Polyurethane
Polycarbonate
Polycyanoacrylate

Plastics and rubber polymers

Poly (vinyl acetate)
Poly (vinyl chloride)
Poly (methyl methacrylate)
Starch glidant

Starch-based polymers

Sodium starch glycolate
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1.3.3. Poly-lactic co glycolic acid (PLGA)

Figure 1.8: Structure and metabolic hydrolysis of PLGA polymer.
Image taken from Danhier F et al. (5)

PLGA is commercially available biodegradable co-polymer, its structure is
shown above (figure 1.8). (112) PLGA is safe because it is metabolised in
the body by hydrolysis into lactic acid and glycolic acid. These monomers are
eliminated easily by the Krebs cycle and are eventually excreted as CO2 and
water and as such are considered harmless.(113, 114) The ratio of lactic
acid:glycolic acid in the co-polymer is an important consideration as it affects
degradation time, which can vary widely. Moreover, degradation time is also
influenced by the molecular weight of the co-polymer. PLGA nanoparticles
may be internalised within cells via pinocytosis or endocytosis. The
hydrophobic nature of PLGA nanoparticles causes the particles to aggregate
in aqueous phase. (115) It also results in the nanoparticle being recognised
as foreign, ultimately identifying the nanoparticles for elimination from the
blood stream by the reticuloendothelial system or through opsonisation via
phagocytosis by macrophages. This may be avoided by surface modification
such as pegylation, which mask the hydrophobic nature of the particles with
their hydrophilic nature. Through the use of appropriate formulation
strategies PLGA is able to encapsulate both hydrophilic and hydrophobic
actives and by altering the monomer composition can facilitate desired
controlled release.(116) Most importantly, PLGA has been approved by both
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the U.S. Food and Drug Administration (FDA) and the European Medicines
Agency for human use.(116, 117)

1.4. Formulation methodologies for polymer-based
nanoparticles
There are several methods for nanoparticle formulation, with the optimal
choice being dependent upon a number of key variables: chemical nature of
the drug, drug interactions with the different solvents & surfactants and the
intended use of the nano-formulation. (109) The most commonly employed
methods for nanoparticle fabrication include: 1) emulsion diffusion method, 2)
salting out method, 3) nanoprecipitation technique and 4) emulsion
evaporation method. The most commonly used technique for the preparation
of PLGA nanoparticles is the emulsion solvent evaporation method, which is
effective in encapsulating hydrophobic drugs. The double emulsion solvent
evaporation method is the most commonly used technique for encapsulating
hydrophilic moieties, such as vancomycin.(109) Encapsulating hydrophilic
molecules is particularly challenging and formulation strategies face many
hurdles: low encapsulation efficiency, difficulty in formulating particles of
sufficiently small size <500nm, poor control of particle size distribution,
difficulty in process scale up and poor repeatability. (115) Once a base
method has been used to formulate drug loaded nanoparticles, parameters,
such as surfactant choice and polymer type, can be altered to finally obtain
the desired nanoparticle characteristics for a given indication.(98)

1.4.1 Emulsion diffusion formulation method
This method can be used to encapsulate both hydrophilic and hydrophobic
drugs. The formulation of nanoparticles occurs after dissolving the polymer in
an organic phase that is partially miscible in water, such as ethyl acetate,
dichloromethane, propylene carbonate or benzyl alcohol. The organic phase
is then emulsified into an aqueous surfactant with stirring. The diffusion of
solvent between the two phases will lead to the formation of small polymeric
nanoparticles. The particle size can be controlled by altering formulation
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parameters such as, polymer concentration, solvent type, viscosity, stirring
speed, solvent nature and rate of addition of the aqueous phase.(118, 119)

1.4.2. Salting-out formulation method
This method is limited to lipophilic drugs only and requires multiple
purification steps, which limits its practical usefulness. However, it is
particularly useful for heat sensitive drugs, as the formulation steps do not
generate high temperatures. (120) The method starts with dissolving the
polymer and the drug into a water miscible organic solvent such as acetone
or tetrahydrofuran to form the organic phase. The organic phase is then
emulsified into an aqueous phase containing both the salting out agent and
an emulsifier leading to the formation of oil/water emulsion. Some of the
widely used salting out agents include, magnesium chloride, magnesium
acetate, calcium chloride, sodium chloride and the non-electrolyte
sucrose.(121) Pure water or aqueous solution is then added to the oil/water
emulsion under stirring. This leads to the diffusion of water soluble organic
phase to the aqueous phase forming nanospheres. The nanospheres are
then purified by centrifugation or cross flow filtration to remove the salting out
agent. The characteristics of the formulated nanoparticles can be modified
through changes to process variables such as polymer concentration, stirring
rate, surfactant type and concentration and cryoprotectants.(121-123)

1.4.3. Nanoprecipitation formulation method
The nanoprecipitation technique, also referred to as the deposition method,
has several advantages over the others. It uses low toxicity (Class 3)
solvents (acetone), involves low energy consumption and possesses the
ability to use additives to enable size reduction. There are also however
some drawbacks with using this technique; it is a time consuming process
and is considered mainly unsuitable for hydrophilic molecules.(124) The
process involves dissolving the drug and the polymer in the solvent after
which the drug/polymer solution is added to a non-solvent. This results in
rapid desolvation of the polymer, precipitating polymeric nanoparticles with
drug entrapped. This rapid nanoparticle formation is governed by the so-
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called “Marangoni effect” which occurs at the interface of the solvent and
non-solvent. A final step is required to remove the solvent under reduced
pressure. Factors that can affect properties of the formulated nanoparticles
by nanoprecipitation include polymer concentration, polymer to surfactant
ratio, surfactant type and concentration, mixing rate and phase
injection.(119, 124)

1.4.4. Emulsion-evaporation formulation method (o/w)
The solvent evaporation method is the oldest available and most frequently
used polymeric nanoparticle formulation technique. (125) This method
involves dissolving the polymer in a suitable organic solvent, which is then
emulsified into an aqueous solution, containing surfactant to enhance the
formation of a stable o/w emulsion. This is followed by evaporation of the
organic solvent under reduced pressure or by continuous stirring. This leads
to polymer precipitation and the formation of nanoparticles. The most
frequently used organic solvents in the emulsion evaporation method are
ethyl acetate, dichloromethane and chloroform. The formulated nanoparticles
are then collected by centrifugation and often subsequently lyophilized to
allow for long-term storage. A particular advantage of this formulation
methodology is that it is easy to “scale-up” production and is therefore more
applicable as a technology with utility in commercial pharmaceutical
manufacture. The single emulsion process is most suitable for hydrophobic
drug entities as hydrophilic drugs are known to have low encapsulation
efficiency due to their low affinity with the polymer and observable significant
drug diffusion from the organic phase into the external aqueous phase. The
o/w emulsification process can be modified to encapsulate hydrophilic
compounds by using the double emulsion method (discussed later).
Emulsion evaporation technique requires high consumption of energy, e.g.
sonication, to formulate the primary emulsion. It is crucial to formulate a
stable emulsion as the size of droplet within the emulsion directly impacts
upon the final size of the formulated nanoparticles.
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1.4.4.1. Double emulsion (w/o/w) solvent evaporation method
The double emulsion technique represents an adaptation to the single
emulsion process to enable the effective encapsulation of hydrophilic drugs
such as peptides, proteins and vaccines. It requires the formation of a
primary emulsion (w1/o), which is later, emulsified within a secondary
aqueous phase as outlined below. Firstly, the hydrophilic active agent is
dissolved in an aqueous solution (e.g. water) to form the inner phase (w1)
and the polymer is dissolved in a suitable organic solvent to form the organic
phase (o). The aqueous phase is then added to the organic phase with
mechanical stress (vigorous stirring, homogenisation or sonication) to form
the primary emulsion (w1/o). The w1/o emulsion is then added to a second
aqueous phase w2 with continuous stirring to form the double emulsion
w1/o/w2. The final step is the evaporation of the organic solvent from the
dispersed phase and collection of nanoparticles by centrifugation.(126) This
method is associated with several disadvantages such as difficulty of
formulation, production of large and non-uniform particles, low encapsulation
efficiencies and difficulty in scale-up.(126) Despite all these disadvantages,
this technique has been most frequently used to encapsulate hydrophilic
compounds.(127)
Using this formulation strategy, parameters such as polymer concentration,
surfactant type, phase ratio, solvent nature, shear stress, additives in
different phases and organic solvent are critical in determining the
physicochemical properties of the final formulated nanoparticles. For
instance, sonication with higher amplitude and time is more effective in
forming stable emulsions and subsequently better droplet stability and
reduced nanoparticle size.(128)

1.5. Nanoparticles characterisation
It is crucial to evaluate the specific characteristics of the formulated
nanoparticles to ensure suitability for intended pharmaceutical application.
Characteristics of importance include; particle size, surface charge, drug
loading, encapsulation efficiency and morphological properties. (129) Table
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1.4 shows the commonly employed methods for nanoparticles
characterisation. Studies have demonstrated that these characteristics can
significantly affect nanoparticulate circulation time, cellular internalisation and
drug release kinetics.(88, 130, 131) Furthermore, particle charge, size and
size distribution can affect the physical stability of the nano-delivery system
and the in vivo distribution of the particles.(132)

Table 1.4: Commonly used techniques for nanoparticle characterisation
Parameter

Method of characterisation
-

Transmission electron microscopy (TEM)

-

Cryogenic transmission electron

Morphology

microscopy (Cryo-TEM)
-

Scanning electron microscopy (SEM)

-

Atomic force microscopy (AFM)

-

Dynamic light scattering (DLS)

Particle size and size

-

TEM

distribution

-

SEM

-

AFM

-

Laser Doppler Anemometry

-

Zeta potentiometer

-

Fourier transform infrared spectroscopy

Surface charge and
chemical properties

Crystallinity and
polymer-drug
interaction

(FT-IR)
-

Binding constant of Rose Bengal

-

Differential Scanning Calorimetry (DSC)

-

X-ray diffraction

Several methods can be used to assess the morphology and surface
characteristics of the nanoparticles. Transmission electron microscopy (TEM)
is commonly used to evaluate the shape and aggregation of the
nanoparticles. Negative staining is undertaken with TEM using either uranyl
acetate or phosphotungstic acid solution. It helps in analysing particle size,
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diffraction and provides spectroscopic information.(133-135) Likewise,
cryogenic transmission electron microscopy (cryo-TEM) is used to view
micellar formation of PLGA-g-PEG.(119) Another way of assessing surface
characteristics is by using scanning electron microscopy (SEM) to observe
the shape, size and morphology of the formulated particles. Although both
SEM and TEM employ different principles they routinely yield similar
results.(135) SEM provides 3-dimensional (3D) images while TEM images
are 2-dimensional (2D) requiring further analysis for interpretation. The main
benefit of TEM is the enhanced resolution that it provides. Atomic force
microscopy (AFM) is another method used to give three-dimensional image
of formulated nanoparticles and aids in characterising size and morphology.
AFM is considered advantageous as it gives the most accurate analysis of
size and distribution.(136)
The most commonly used method to characterise particle diameter and size
distribution is dynamic light scattering (DLS) through photon correlation
spectroscopy, which gives accurate estimation of particle diameter.(137) The
literature also reports the use of turbidity measurement for assessing size
change and aggregation. Electron microscopy is often used in conjunction
with dynamic light scattering to provide corroborating evaluation of particle
size. (119, 138, 139)
The measurement of surface charge is also critical since it impacts upon the
stability of the formulated particles. Having highly positive or highly negative
zeta potentials means that the particles have strong repulsive forces
preventing their aggregation. Zeta potential can be measured by laser
Doppler anemometry.(140, 141) Evaluation of encapsulation efficiency and
drug loading are also important parameters. Adequate drug loading and
encapsulation efficiencies are required to make the resultant nanoparticles
economically viable and therapeutically useful. Determining the drug release
mechanism and kinetics is also of paramount importance, as the
nanoparticle must release its encapsulated drug in a controlled fashion; in
terms of rate and location of drug release. While in vitro drug release
methodologies are essential from a regulatory standpoint, and provide
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valuable information, additional pharmacokinetic studies in man are
necessary to fully evaluate the ability of the formulated nanoparticles to
release their encapsulated drug as required. (142) Released drug is
determined using standard analytical methodologies such as HPLC or UV
spectrophotometry. (143, 144)
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Thesis Aims and Objectives
Treatment of recurrent infection remains challenging for the medical
community. The reasons for recurrent infection are many fold and may
include structural abnormalities or a compromised host immune system.
However, in many instances no clear explanation can be readily identified
which fully explains the re-emergence of infection in a particular patient.
Therefore, the treating clinician must rely on standard treatment protocols.
S. aureus is one micro-organism known to cause skin and soft tissue
infections and also is a major cause of recurrent infection. These infections
are often serious and are associated with significant morbidity, mortality and
healthcare costs. The widespread use of antibacterials has resulted in the
emergence of resistant strains, limiting the effectiveness of current treatment
strategies.(145, 146) Bacterial intracellular evasion is a recognised S. aureus
tactic in escaping the host immune response and extracellularly located
administered antibiotics. Within this environment they are considered
protected resulting in life-long bacterial carriage and potentially chronic
reversion into pathogenic infection.(54, 147) We hypothesize therefore that
targeting intracellularly resident S. aureus using antibiotic loaded
nanoparticles it will result in elimination of the bacteria from the target cell.
This, we propose should reduce the incidence of recurrent infection and may
represent a treatment strategy to prevent recurrent infection where none
currently exists.

Specific objectives:
1. Confirm the ability of S. aureus to internalise into endothelial cells.
2. Assess the ability of internalised S. aureus to subsequently re-emerge
into the extracellular environment
3. Confirm the ability of formulated PLGA nanoparticles to internalise into
endothelial cells.
4. Develop and characterise vancomycin loaded PLGA nanoparticle drug
delivery system.
5. Evaluate the efficacy of vancomycin loaded PLGA nanoparticles to
treat S. aureus infected endothelial cells
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Chapter 2: Materials and Methods
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Materials
Cell culture reagents

Source

Dulbecco’s Phosphate Buffered Saline, Modified
without calcium chloride and magnesium chloride,
liquid, sterile-filtered suitable for cell culture.

Sigma Aldrich,
Ireland
Promocell,

Endothelial cell growth medium MV

Heidelberg,
Germany.
Promocell,

Human Aortic Endothelial Cells

Heidelberg,
Germany.

Penicillin/streptomycin, P4333-100mL

Sigma Aldrich,
Ireland
Sigma Aldrich,

Trypsin –EDTA

Ireland

Bacterial reagents

Source
Sigma Aldrich,

Brain Heart Agar, Lot: BCBQ5094V

Ireland

Brain Heart Infusion Broth, Lot: BCBJ3524V

Sigma Aldrich,
Ireland

Bacterial strains

Source

Staphylococcus aureus 8325-4

A kind gift of Prof
Tim Foster, Trinity

Staphylococcus aureus 8325-4 DfnbAB

College Dublin,
Ireland
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Polymers

Source

Resomer RG 503 H, Poly (D, L -lactide-co-

Sigma Aldrich,

glycolide) 50:50 Mwt 24,0000-38,000

Ireland

Antibodies

Source

Alexa flour 647 goat anti-rabbit IgG

Biosciences,
Ireland
Cell Signalling

GAPDH 14C10 Rabbit mAb

Technology.
Medical Supply

HRB-donkey polyclonal anti-rabbit

company, Dublin,
Ireland
A kind gift of Prof

Mouse anti-S. aureus FnBPs antibody

Tim Foster, Trinity
College Dublin,
Ireland

Chemical reagents

Source

Acetonitrile, HPLC grade, Lot: 1850450

Fisher chemical,
Ireland
Sigma Aldrich,

Bovine Serum Albumin

Ireland

Dimethyl sulfoxide, Lot: BCBC5979.

Sigma Aldrich,
Ireland
EMD Millipore,

ECL kit chemical

Massachusetts,
USA
Honeywell Riedel-

Ethylacetate (Chromasolvâ Plus) for HPLC 99.9%

de-Haënâ, United
Kingdom

Formaldehyde solution, ACS reagent, 37wt. % in

Sigma Aldrich,

H2O, contains 10-15% Methanol as stabilizer.

Ireland
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Sigma Aldrich,

Gentamicin Sulfate-G1264

Ireland
Sigma Aldrich,

D-(+)-Glucose, >=99.5%

Ireland
Cambridge

Frozen human platelet depleted plasma

bioscience, United
Kingdom

Polyvinyl alcohol, average Mwt 130,000, 99+%

Sigma Aldrich,

hydrolysed

Ireland

ProLong® Diamond Antifade Mountant with DAPI,
Cat. No. P36926 from molecular probes by life

Sigma Aldrich,

technologies.

Ireland

PUR-A-LYZER™ mini 6000 dialysis kit

Sigma Aldrich,
Ireland
Sigma Aldrich,

PUR-A-LYZER™ mini floating rack

Ireland

Rhodamine B ≥95% (HPLC) basic Violet 10,
Brilliant Pink B, Rhodamine O, tetraethylrhodamine
,CAS: 81-88-9, C28H31ClN2O3 MW: 479,01 g/mol
Thiazolyl Blue Tetrazolium Bromide

Sigma Aldrich,
Ireland
Sigma Aldrich,
Ireland
Sigma Aldrich,

Triton-X, T8787-250mL

Ireland

Vancomycin Hydrochloride from Streptomyces

Sigma Aldrich,

orientalis, Lot: 125M4804V

Ireland
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2.1. Bacterial culture
2.1.1. Sterilisation method
All broth media, agar solution, solvents prepared, conical flasks and pipette
tips were autoclaved before use at 121oC at 100psi for 15 minutes using
autoclave Tomy-Sx-700e.

2.1.2. Bacterial Culture
Two bacterial strains were used; S. aureus 8325-4 which expresses both
FnBPs A and B, and the isogenic mutant S. aureus 8325-4 ΔfnbAB, which
lacks FnBP proteins. Bacteria were routinely cultured in 10 mL Brain Heart
Infusion (BHI) broth statically overnight for 16-18 hours at 37oC to reach
exponential phase and to maximise the expression of bacterial surface
proteins. The bacterial suspension was then centrifuged at 3,800 rpm for 7
minutes. The supernatant was removed and 10 mL phosphate buffered
saline (PBS) was added to wash the bacteria and centrifuged again at the
same conditions for 7 minutes. The resultant pellet was then re-suspended in
1 mL PBS. A spectrophotometer was used to obtain the concentration
required for each experiment by measuring the optical density (OD) at 600
nm. An OD1 at 600nm corresponds to 1x108 colony forming units (CFU)/
mL.

2.1.3. Cryopreservation of bacteria
Stocks of bacteria were made from isolating a single pure colony. Following
18 hours overnight culture of bacteria, a sterile loop was used to streak the
bacterial suspension onto an agar plate. The loop was immersed into the
bacterial suspension and gently spread over one section of the agar plate as
shown in figure 2.1.1. A second streak is then made from the first streak,
followed by a third streak, each at an angle of 90oC. The plate was then
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incubated overnight at 37oC. Following incubation, single colonies were
observed and isolated. One colony was then taken and re-suspended into 10
mL BHI broth and left shaking for 4-6 hours. The suspension was then
centrifuged at 3,800 rpm for 7 minutes. The resultant pellet was then resuspended in 10 mL BHI containing 12% v/v glycerol. Aliquots of 1 mL were
made and stored in cryovials at -80oC for later use. Whenever an aliquot of
new stock was thawed for experimental use, it was confirmed pure by
streaking.

Single colonies

Figure 2.1.1: Streak plate technique to obtain single colony.

2.1.4. Determination of bacterial concentration - Miles and
Misra Technique
This method was used whenever the determination of viable bacterial count
CFUs was required. First, the neat inoculum or suspension was serially
diluted 1:9 in PBS. Dilutions were made to at least 10-8 (Figure 2.1.2). Agar
plates were divided into equal sections and labelled appropriately. A 20 µL
drop of each dilution was then added to the corresponding section on the
plate. The plate was then kept in an upright position to dry. The agar plate
was then incubated overnight at 37oC. After incubation, plates were
observed for growth, the section containing 2-20 discrete colonies was
counted. The following formula was then used to calculate the number of
bacteria in the original solution.
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CFU per mL =

0.1mL

Average number of colonies X dilution factor
Volume plated in mL

0.1mL 0.1mL 0.1mL 0.1mL 0.1mL 0.1mL

0.9mL
PBS

20mL of each dilution to the
corresponding segment.

Figure 2.1.2: Illustration of Miles and Misra technique

2.1.5. Bacterial Growth curve
Aliquot of bacteria was added to 50 mL BHI broth in a 500 mL conical flask
and incubated at 37°C. Immediately, post bacterial addition, 2 mL was
removed, taken as time zero, to determine the OD at this time point, and to
calculate the CFUs using Miles and Misra method (section 2.1.4). Briefly, 1:9
dilutions were made using PBS and plates on BHI agar plates. The plates
were then incubated overnight at 37oC. CFUs were then calculated using the
formula in section 2.1.4. This was repeated every hour to obtain the bacterial
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growth curves. The experiment was completed in triplicate for each strain
(figure 3.1).

2.1.6. Detection of bacterial cell wall proteins - Dot Blot
S. aureus 8325-4 and S. aureus 8325-4 ΔfnbAB were cultured each in
separate 10 mL of BHI broth. Tubes were incubated at 37°C overnight for
16-18 hours. Bacterial suspensions were then centrifuged at 3,800 rpm for 7
minutes. The supernatant was removed and pellets were re-suspended in 10
mL PBS and centrifuged again at the same conditions. The supernatant was
then removed and the bacterial pellets were re-suspended in 5 mL PBS. A 5
µL drop of each strain were spotted on a nitrocellulose membrane and
allowed to dry at room temperature for approximately 20 minutes. A 10% w/v
Marvel blocking solution was made by adding 500 mg of skimmed milk
powder to 5 mL tris-buffered saline tween (TBST). The nitrocellulose
membrane was then added to this solution and rolled for 20 minutes at room
temperature (20-25°C). The membrane was then transferred into another
tube containing the primary antibody (Mouse anti-S. aureus FnBPs antibody)
at concentration 1:1000 in 10% w/v marvel solution. The tube was left rolling
at 4oC overnight. The membrane was then washed three times for 10
minutes with TBST. Following the washing step, the membrane was placed
into another tube containing the secondary antibody HRB-donkey polyclonal
anti-rabbit (1:10,000) and left rolling at room temperature for a further 2
hours. After 2 hours the membrane was washed again with PBS three times.
ECL kit chemical (EMD Millipore) was then added to detect the secondary
antibody. The solution was made by mixing the two reagents in the kit in 1:1
ratio in an eppendorf tube and then added to the membrane for
approximately 5 minutes, excessive solution was then removed. The
membrane was transferred to the radiographic cassette and exposed to x-ray
film in the dark room to detect the proteins (figure 3.1.D)

54

2.1.7. Determination of Minimum Inhibitory Concentration
(MIC) of Vancomycin HCl and Gentamicin HCl against
Staphyloccocus aureus.
Bacterial suspension was cultured in 10 mL BHI overnight for 16-18 hours at
37°C. The bacterial suspension was centrifuged at 3,800 rpm for 7 minutes.
Followed by one step washing in 10 mL PBS and centrifugation at 3,800 rpm
for 7 minutes. The supernatant was removed and an OD of 1 was obtained
at 600nm (equivalent to 1x108 CFU/ mL) by appropriate dilution with PBS.
The literature reported vancomycin MIC breakpoint for S. aureus is 2
μg/mL.(148) Therefore, concentrations of 0.5 μg/mL up to 8 μg/mL were
used to evaluate the MIC. Table 2.1.1. shows the concentrations and
volumes of vancomycin, bacteria and media that were used. Each
concentration was completed in triplicate. To the stated media volume in an
Eppendorf tube, bacterial suspension and then antibiotic was added. The
tubes were inverted well, 200 μl of the solution mixture was added to 96 well
plate. The plate was incubated at 37°C overnight. The same techniques
were used to determine the MIC for gentamicin using the concentrations
outlined in table 2.1.2, the breakpoint for gentamicin was reported to be 1
μg/mL.(149) The MIC was determined as the lowest concentration where
there was no growth (table 3.1).
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Table 2.1.1. MIC of Vancomycin HCl tested against S. aureus
Concentration

Vancomycin

(μg/mL)

(100μg/mL) in

Bacteria (μl)

Media (μl)

Final volume
(μl)

μl
8

80

10

910

1000

6

60

1

930

1000

4

40

10

950

1000

2

20

10

970

1000

1

10

10

980

1000

0.5

5

10

985

1000

Positive

0

10

990

1000

control (0)

Table 2.1.2. MIC of Gentamicin HCl tested against S. aureus
Concentration

Gentamicin

(μg/mL)

(100μg/mL) in

Bacteria (μl)

Media (μl)

Final volume
(μl)

μl
1

10

10

980

1000

0.5

5

10

985

1000

0.1

1

10

989

1000

0.05

0.5

10

989.5

1000

0.02

0.2

10

989.8

1000

0.01

0.1

10

989.9

1000

Positive

0

10

990

1000

control (0)
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2.2. Internalisation of Staphylococcus aureus into
human aortic endothelial cells.
2.2.1. Cell Culture
Human Aortic Endothelial Cells (HAoECs) were utilised for this study. These
cells were chosen as a representative typical human endothelial cells that
line the vasculture and due to their active role in many pathological and
physiological processes.(150) HAoECs were obtained from PromoCell,
Heidelberg, Germany. Cells were consistently used between passage 6 and
passage 12 in our studies. Cells were cultured in a T-75 tissue culture flask
with 12 mL of Endothelial Cell Media (PromoCell) supplemented with 5%
Foetal bovine serum (FBS), 0.4% endothelial cell growth/ bovine
hypothalamic extract, heparin (90 μg/mL), penicillin (200 U/mL) and
streptomycin (200 μg/mL). Cells were incubated at 37oC in a 5% CO2
atmosphere. HAoECs were taken from the liquid nitrogen at -196oC
whenever needed and added to pre-warmed 12 mL endothelial media in a
T75 flask. Cells were then incubated for 6 hours, before the media was
replaced with fresh media to remove dimethyl sulfoxide (DMSO) present in
the lyophilised media and any dead cell. Cells were passaged whenever they
reached 90% confluence, there were split to a ratio of 1:2 or 1:3. Confluency
is the percentage of the flask bottom that is covered by adherent cells,
therefore, cells were considered 100% confluent if the cells have covered
almost all the bottom area of the tissue culture flask. When splitting cells,
media was removed and the flask was washed with 10 mL of warm PBS. To
detach cells from flask surfaces, 1.2 mL of 0.25% trypsin EDTA was added
and incubated at 37oC in a 5% CO2 atmosphere for 3 minutes to enable cell
detachment (trypsin is a proteolytic enzyme that dissociates cell-cell contact).
The flask was then agitated by tapping from the side to detach all cells. A
microscope was used to visualize the cells to confirm that they were
moving/detached. 7 mL of endothelial media was then added to the flask to
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neutralize the added trypsin. At this stage cells were either seeded in 6, 24 or
96 well plate for experiments or into new T75 flask to further grow the cells.
Cells were counted using a haemocytometer (figure 2.2.1) before seeding
them into plates. Firstly, they were detached from the T75 flask using trypsin
and re-suspended in 7 mL of media. The cell suspension was then
centrifuged at 1500 rpm for 7 minutes. The pellet was then re-suspended in 1
mL of media. A coverslip was placed on the haemocytometer chamber and
10 µL of the cell solution was then pipetted at the filling notch of the
chamber. The chamber was then placed under the microscope and viewed.
The cells in only the middle square were counted using a hand tally counter.
The cells density was then calculated using the following formula.
Number of cells per mL = number of cells counted X 10,000

Figure 2.2.1: Haemocytometer counting chambers
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2.2.2. Internalisation of Staphyloccocus aureus into human
aortic endothelial cells
In order to assess the ability of S. aureus to internalise into HAoECs, cells
were cultured as described in section 2.2.1 in a 24 well plate at a density of
5x104 cells per well and incubated overnight at 37oC in a 5% CO2
atmosphere to allow cells to attach to the base of each well. Following
incubation, the media was removed and wells were washed with 500 µL
PBS. 500 µL of plasma was then added to the wells and incubated for 1
hour. Next, plasma was removed, wells were washed with PBS and infected
with 10 µL of OD 0.5 (equivalent to 5x107) S. aureus 8325-4 or S. aureus
8325-4 ΔfnbAB in endothelium media containing 10% FBS for 1 hour. After
infection, to measure total bacteria (extracellular and intracellular bacteria),
the suspension was removed and wells were washed with 500 µL PBS,
followed by the addition of 500 µL of 0.1% triton X-100 in PBS to each well to
lyse cells. To measure intracellular bacteria, suspension was removed, wells
were washed with 500 µL PBS followed by the addition of 500 µL of
endothelial media containing 100 µg/mL gentamicin HCl and incubated for 1
hour. Afterwards, wells were washed with 500 µL PBS and 500 µL of 0.1%
triton X-100 was added to lyse cells. Bacteria from all wells were then
counted using the Miles and Misra method to determine CFUs (section
2.1.4).

2.2.3. Imaging of intracellular Staphyloccocus aureus
Samples were prepared for transmission electron microscopy (TEM) using
standard procedures. Briefly, infected HAoECs pellet was fixed in 2.5%
Glutaraldehyde for 20 minutes. Samples were treated with 1% osmium
tetroxide for 1 hour, followed by dehydration in graded methanol. Samples
were immersed in a 1:1 100% Methanol/London resin (LR) white [medium
grade] solution and finally pure LR white for 1 hour. The sample was then
embedded in LR white and 90nm ultrathin sections were generated using a
Leica EM UC6 ultramicrotome and mounted on copper grids prior coated
59

with pioloform films for examination using a Hitachi H-7650 electron
microscope operating at 100kv.

2.2.4. Re-emergence of Staphyloccocus aureus from infected
human aortic endothelial cells
To confirm the ability of internalised S. aureus to potentially re-emerge into
the bloodstream and cause re-infection, HAoECs were infected with S.
aureus 8325-4 for 1 hour as outlined in section 2.2.2. Following incubation at
37oC in a 5% CO2 atmosphere with gentamicin HCl for 1 hour, cells were
washed with 500 µL PBS and fresh cell media added. A 50 µL sample was
taken and replaced by 50 µL of fresh media. The sample was plated on BHI
agar plate to confirm absence of extracellular bacteria. The remaining cells
were incubated overnight, during which time further sampling occurred at 1,
2, 6, 12 and 24 hours. At each time point the taken sample was diluted using
Miles and Misra method (section 2.1.4) and plated on BHI agar plate to
determine bacterial growth (if any).
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2.3. Nanoparticles formulation and characterisation

Method
Development

Blank
Nanoparticles

Drug: polymer
ratio

Dye-loaded
Nanoparticles

Method
Optimisation

Volume of inner
aqueous phase
PVA concentration
in the external
phase
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Drug-loaded
Nanoparticles

2.3.1. Preparation and characterisation of blank Poly(lacticco-glycolic acid) (PLGA 50:50) RG-503H nanoparticles
2.3.1.1 Preparation of blank PLGA RG-503H nanoparticles
PLGA nanoparticles were prepared via a modified double emulsion (water1in-oil-in-water2)(w1/o/w2) solvent evaporation method that has been
previously shown to be able to formulate blank nanoparticles within an
average particle diameter of 400nm and recognised as suitable methodology
for the encapsulation of hydrophilic drugs.(151)
Briefly, 100 mg PLGA polymer was dissolved in 4 mL ethyl acetate to form
the organic phase. One millilitre of deionised water (internal aqueous phase)
was added into the polymer solution in 10 mL beaker drop-wise using Gilson
P1000 while on sonication at 70% amplitude. The beaker was placed on an
ice bath while on sonication to negate generated heat. After the addition of
the first aqueous phase into the polymer solution, the mixture was further
sonicated for 30 seconds to form the primary emulsion (w1/o). The primary
emulsion was then added drop-wise using Gilson P1000 to 10 mL polyvinyl
alcohol (PVA) 2.5% w/v in 25 mL beaker while on sonication at 70%
amplitude in an ice bath to form the double emulsion (w1/o/w2). After the
addition of the primary emulsion to the second aqueous phase, the mixture
was further sonicated for 10 minutes. The resulting (w1/o/w2) was then
poured into 35 mL PVA 1% w/v while on stirring at 200 rpm. The mixture was
then left on stirring plate at room temperature overnight to allow evaporation
of ethyl acetate.
Two concentrations of the aqueous solution PVA 2.5 %w/v and PVA 1 %w/v
were prepared (2.5 g in 100 mL deionised water, 1g in 100 mL deionised
water) as an emulsifier and hardening solution respectively. The mixture was
placed on stirring plate overnight and heated (40-60oC) to improve the
solubility.

62

2.3.1.2. Collection of blank PLGA-RG 503H nanoparticles
Nanoparticles were centrifuged in a fixed-angle rotor for 15 minutes at
11,000 rpm at 20oC using Hettich Centrifuge Rotina (35R). The supernatant
was discarded carefully in order not to disturb the pelleted nanoparticles.
Pellets were re-suspended in 20 mL deionised water and re-centrifuged
using the same conditions as above. The supernatant was discarded and 7
mL of deionised water was used to resuspend the pellets. The formulations
were then placed in an ultrasonic bath for 20 minutes to fully re-suspend the
pellets and prevent aggregation. Subsequently, 1 mL was taken for
nanoparticle characterisation (size & zeta potential). The remaining sample
was re-centrifuged at 11,000 rpm for 20 minutes at 20oC. The supernatant
was discarded and 1 mL of 5% w/v of glucose was added, as a
cryoprotectant, to re-suspend the pellets. The nanoparticles were transferred
into a pre-weighed 2 mL eppendorf tube covered with parafilm and frozen at
-20oC for at least 30 minutes and then at -80oC for at least 2 hours. A small
aliquot of the sample was frozen without glucose for SEM imaging. The
sample was then lyophilised using Labconco Freeze Drier for three days at 56oC, under a vacuum pressure of 0.026 mBar to facilitate long-term storage

Figure 2.3.1: Schematic illustration of the double emulsion solvent
evaporation method
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2.3.1.3. Measurement of nanoparticle Size, Zeta Potential and
polydispersity index (PDI)
Using a zetasizer Nano Series the particle size, zeta potential and PDI of the
nanoparticles were measured by photon correlation spectroscopy. Two
measurements were taken for each sample, one prior freeze-drying another
post freeze-drying. The instrument was set to measure at a temperature of
25oC. The average of five measurements was taken for the size and PDI and
the average of three measurements was taken for the zeta potential. One
millilitre sample was placed in a sonic bath for 20 minutes before analysis to
make sure that particles are fully suspended in deionised water and prevent
any aggregation. One millilitre syringe was used to place 0.8 mL sample in
the zeta cell for analysis (figure 2.3.2).

Figure 2.3.2: Zeta cell used for size analysis.

2.3.2. Preparation of rhodamine B loaded PLGA
nanoparticles
Rhodamine B is a model hydrophilic drug which also possess fluorescent
properties. To confirm that our proposed nanoparticle formulation strategy
can encapsulate hydrophilic drugs and result in nanoparticles of a suitable
size for cellular uptake rhodamine B loaded nanoparticles were formulated.
99.5 mg PLGA polymer dissolved in 4 mL ethyl acetate. 0.5 mg rhodamine B
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dissolved in 1 mL deionised water and added into the polymer solution in 10
mL beaker drop wise using Gilson P1000 while on sonication at 70%
amplitude. The beaker containing the polymer rhodamine solution was
placed on an ice bath while being sonicated to negate any generated heat.
After the addition dropwise of the first aqueous phase into the polymer
solution, the mixture was further sonicated for 30 seconds to form the
primary emulsion (w1/o). The primary emulsion was then added dropwise
using a Gilson P1000 to 10 mL PVA 2.5% w/v in 25 mL beaker with
sonication at 70% amplitude to form the double emulsion (w1/o/w2). Again,
the beaker was placed on an ice bath to negate the effects of any heat
generated. After the addition of the primary emulsion to the second aqueous
phase, the mixture was further sonicated for 10 minutes. The resulting
(w1/o/w2) was then poured into 35 mL PVA 1% w/v while on stirring at
200rpm. The mixture was then left on a stirring plate at room temperature
overnight in a fume hood to allow evaporation of the organic phase (ethyl
acetate). The formulated particles were characterised and collected as
outlined earlier (Section 2.3.1)

2.3.3. Assessment of the uptake or rhodamine B loaded
PLGA-nanoparticles by endothelial cells.
HAoECs were seeded into clear 6 wells plates containing cover slips at a
density of 3x105 cells/well (2 mL per well) in endothelial cell media and
incubated overnight at 37°C in 5% CO2 atmosphere. Rhodamine B loaded
nanoparticle solution was made at concentration 1 mg/mL, 0.5 mL of that
solution was then added to the wells and incubated for varying times (15
minutes, 1, 2, 4 and 18 hours) to assess the ability of the formulated
nanoparticles to internalise. After incubation, the media was removed and
wells were washed with 2 mL of PBS. In order to image the cells incubated
with the rhodamine B loaded nanoparticles the cells were fixed using 1-2 mL
of 4% v/v formaldehyde for 10 minutes to stabilize cellular proteins and
cellular structures in place. The suspension was then removed and the wells
were washed with 2 mL PBS. Cells were then permeabilised using 2 mL per
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well of 0.1% triton 100X in PBS and incubated for 20 minutes. The cells were
then washed with 2 mL PBS on three separate occasions each for 10
minutes. Cells were then blocked with 2 mL per well of 1% BSA in PBS and
incubated for 60 minutes at room temperature. Cells were then incubated
with the primary antibody (GAPDH 14C10 Rabbit mAb) at concentration 1/50
in 1% BSA for 60 minutes. Cells were then washed with 2 mL PBS on two
occasions, each for 10 minutes. Secondary antibody (alexa flour 647 goat
anti-rabbit IgG) (1/200 in 1% BSA) was then added to the cells and incubated
for 60 minutes at room temperature in the dark. Cells were then washed
three times with PBS. The cover slips containing the stained cells were then
placed on one drop of ProLong® Diamond Antifade Mountant with DAPI on
microscope glass slide. The edges of the cover slip were then sealed with
nail varnish.

2.3.4. Calibration Curve of Vancomycin Hydrochloride
Two calibration curves, using different solvents were generated using UV
spectrophotometry to determine the concentration of vancomycin in the
formulated nanoparticles. For drug loading experiments the calibration curve
used 1:1 acetonitrile:water (ACN:H2O) as dispersion solvent, while for drug
release experiments the calibration curve utilised PBS as the solvent . Firstly,
the lambda-max (λmax) of vancomycin HCl was determined by conducting a
wavelength scan of the absorbance of Vancomycin (1mg/mL) in ACN:H2O
and PBS respectively between 190nm and 800nm (figure 2.3.3. and figure
2.3.4). The λmax for the UV absorbance of vancomycin HCl was determined
to be 280nm. This value coincided with the literature reported λmax for
vancomycin HCl from 280- 282nm.(152) To construct the standard curves
stock solutions of 1 mg/mL of vancomycin HCl in ACN:H2O or PBS were
prepared in triplicate by dissolving 10 mg of vancomycin HCl in 10 mL
solvent. Then, serial dilutions were made as outlined in table 2.3.1 and table
2.3.2. The absorbance of each dilution was measured at 280nm to generate
the standard curves for later use (figure 3.8.1 and figure 3.8.2)
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Figure 2.3.3: Wavelength scan of vancomycin hydrochloride in
ACN:Water (1:1). Vancomycin hydrochloride exhibits its maximum
absorption at λ 280nm.
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Figure 2.3.4: Wavelength scan of vancomycin hydrochloride in
PBS. Vancomycin hydrochloride exhibits its maximum absorption at
λ 280nm.
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Table 2.3.1: Vancomycin HCl in 1:1 acetonitrile:water
Concentration

Sample A

Sample B

Sample C

Average

Vancomycin HCl

Absorbance

(mg/mL)

± SD
(n=3)

0.2

0.602

0.637

0.628

0.622 ± 0.018

0.1

0.273

0.321

0.307

0.3 ± 0.025

0.05

0.143

0.165

0.165

0.157 ± 0.013

0.04

0.113

0.118

0.117

0.116 ± 0.003

0.03

0.082

0.087

0.074

0.081 ± 0.007

0.02

0.047

0.05

0.041

0.046 ± 0.005

Sample C

Average

Table 2.3.2: Vancomycin HCl in PBS
Concentration

Sample A

Sample B

Vancomycin HCl

Absorbance

(mg/mL)

± SD
(n=3)

0.6

2.215

2.22

2.3

2.245 ± 0.047

0.4

1.454

1.364

1.519

1.446 ± 0.077

0.3

1.116

1.108

1.138

1.121 ± 0.015

0.2

0.744

0.732

0.757

0.744 ± 0.012

0.1

0.365

0.362

0.373

0.367 ± 0.005

0.05

0.184

0.186

0.185

0.185 ± 0.001

0.04

0.144

0.139

0.143

0.142 ± 0.002

0.03

0.105

0.099

0.104

0.103 ± 0.003

0.02

0.071

0.069

0.068

0.069 ± 0.001

0.01

0.038

0.037

0.028

0.034 ± 0.005
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To optimize the nanoparticle characteristics alterations in formulation
parameters were undertaken with a view to enhancing drug loading while
maintaining relevant nanoparticle properties such as size and charge.

2.3.5. Effect of drug:polymer ratio on drug loading efficiency,
production yield, particle size, zeta potential and PDI of
Vancomycin HCl loaded PLGA nanoparticles.
The formulation of drug loaded PLGA nanoparticles was based on the
previous preparation method outlined in section 2.3.1. The effect of altering
drug:polymer ratio was evaluated using three different drug:polymer ratios
(1:9, 2:8 and 33:67).

2.3.5.1. 10% w/w Vancomycin HCl loaded PLGA-RG 503H
nanoparticles
10% w/w Vancomycin loaded PLGA-RG 503H nanoparticles were prepared
using the same method outlined in section 2.3.1. To form the organic phase
90 mg of the polymer was dissolved in 4 mL ethyl acetate. Ten milligram of
vancomycin hydrochloride was dissolved in 1 mL of deionised water to form
the inner aqueous phase. The inner aqueous phase was added into the
polymer solution in 10 mL beaker drop-wise using Gilson P1000 while on
sonication at 70% amplitude. The beaker was placed on an ice bath while on
sonication to negate generated heat. After the addition of the first aqueous
phase into the polymer solution, the mixture was further sonicated for 30
seconds to form the primary emulsion (w1/o). The primary emulsion was then
added drop-wise using Gilson P1000 to 10 mL PVA 2.5% w/v in 25 mL
beaker while on sonication at 70% amplitude in an ice bath to form the
double emulsion (w1/o/w2). After the addition of the primary emulsion to the
second aqueous phase, the mixture was further sonicated for 10 minutes.
The resulting (w1/o/w2) was then poured into 35 mL PVA 1% w/v while on
stirring at 200rpm. The mixture was then left on stirring plate at room
temperature overnight to allow evaporation of ethyl acetate.
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2.3.5.2. 20% w/w vancomycin loaded PLGA-RG 503H
nanoparticles
20% w/w Vancomycin HCl loaded PLGA-RG 503H nanoparticles were
prepared using the same method outlined in section 2.3.1. Eighty milligram
of the polymer was dissolved in 4 mL ethyl acetate to form the organic
phase. Twenty milligram of vancomycin hydrochloride was dissolved in 1 mL
of deionised water to form the inner aqueous phase. The inner aqueous
phase was added into the polymer solution in 10 mL beaker drop-wise using
Gilson P1000 while on sonication at 70% amplitude. The beaker was placed
on an ice bath while on sonication to negate generated heat. After the
addition of the first aqueous phase into the polymer solution, the mixture was
further sonicated for 30 seconds to form the primary emulsion (w1/o). The
primary emulsion was then added drop-wise using Gilson P1000 to 10 mL
PVA 2.5% w/v in 25 mL beaker while on sonication at 70% amplitude in an
ice bath to form the double emulsion (w1/o/w2). After the addition of the
primary emulsion to the second aqueous phase, the mixture was further
sonicated for 10 minutes. The resulting (w1/o/w2) was then poured into 35 mL
PVA 1% w/v while on stirring at 200rpm. The mixture was then left on stirring
plate at room temperature overnight to allow evaporation of ethyl acetate.

2.3.5.3. 33% w/w vancomycin loaded PLGA-RG 503H
nanoparticles
33% w/w Vancomycin HCl loaded PLGA-RG 503H nanoparticles were
prepared using the same method outlined in section 2.3.1. Briefly, 67 mg of
the polymer was dissolved in 4 mL ethyl acetate to form the organic phase.
Thirty-three milligram of vancomycin hydrochloride was dissolved in 1mL of
deionised water to form the inner aqueous phase. The inner aqueous phase
was added into the polymer solution in 10 mL beaker drop-wise using Gilson
P1000 while on sonication at 70% amplitude. The beaker was placed on an
ice bath while on sonication to negate generated heat. After the addition of
the first aqueous phase into the polymer solution, the mixture was further
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sonicated for 30 seconds to form the primary emulsion (w1/o). The primary
emulsion was then added drop-wise using Gilson P1000 to 10 mL PVA 2.5%
w/v in 25 mL beaker while on sonication at 70% amplitude in an ice bath to
form the double emulsion (w1/o/w2). After the addition of the primary
emulsion to the second aqueous phase, the mixture was further sonicated for
10 minutes. The resulting (w1/o/w2) was then poured into 35 mL PVA 1% w/v
while on stirring at 200rpm. The mixture was then left on stirring plate at
room temperature overnight to allow evaporation of ethyl acetate.

2.3.6. Effect of volume of inner aqueous phase on
vancomycin HCl loaded PLGA nanoparticles.
Having determined the optimal drug:polymer ratio the next processing
variable to be evaluated was the effect of alterations in the volume of the
inner aqueous phase on nanoparticle properties. The stability of the primary
emulsion (w1/o) is an important determinant of drug encapsulation. Altering
the ratio of inner aqueous phase volume to organic phase volume can alter
the encapsulation efficiency of hydrophilic molecules. Here we examined the
effect of three different aqueous phase: organic phase ratios (1:13.33, 1:8
and 1:4 w1/o) on vancomycin loaded PLGA nanoparticles. As 10% w/w
Vancomycin HCl loaded nanoparticles from section 2.3.5 was found to have
the optimal characteristics this concentration was used to assess the effect
of alterations in aqueous phase:organic phase ratio. Hence, 10 mg of
Vancomycin hydrochloride was dissolved in 0.3 mL, 0.5 mL or 1 mL
deionised water to form the inner aqueous phase. The same preparation
procedure outlined in section 2.3.1 was then used to formulate the
nanoparticles. Ninety milligrams of the polymer was dissolved in 4 mL ethyl
acetate to form the organic phase. The inner aqueous phase was then
added into the polymer solution in 10 mL beaker drop-wise using Gilson
P1000 while on sonication at 70% amplitude. The beaker was placed on an
ice bath while on sonication to negate generated heat. After the addition of
the first aqueous phase into the polymer solution, the mixture was further
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sonicated for 30 seconds to form the primary emulsion (w1/o). The primary
emulsion was then added drop-wise using Gilson P1000 to 10 mL PVA 2.5%
w/v in 25 mL beaker while on sonication at 70% amplitude in an ice bath to
form the double mulsion (w1/o/w2). After the addition of the primary emulsion
to the second aqueous phase, the mixture was further sonicated for 10
minutes. The resulting (w1/o/w2) was then poured into 35 mL PVA 1% w/v
while on stirring at 200rpm. The mixture was then left on stirring plate at
room temperature overnight to allow evaporation of ethyl acetate.

2.3.7. Effect of PVA concentration on Vancomycin HCl loaded
PLGA nanoparticles.
Having already determined both the optimal drug:polymer ratio and
aqueous:organic phase volume, the next processing variable to be evaluated
was the effect of surfactant on drug loaded nanoparticle properties. Three
different concentration of the surfactant was used to examine the effect of
PVA in the external aqueous phase (w2), PVA 1% w/v, PVA 2.5% w/v and
PVA 5% w/v, same method of preparation was used using the three different
concentrations. Ninety milligrams of the polymer was dissolved in 4 mL ethyl
acetate to form the organic phase. Ten milligram of vancomycin
hydrochloride was dissolved in 0.3 mL of deionised water to form the inner
aqueous phase. The inner aqueous phase was added into the polymer
solution in 10 mL beaker drop-wise using Gilson P1000 while on sonication
at 70% amplitude. The beaker was placed on an ice bath while on sonication
to negate generated heat. After the addition of the first aqueous phase into
the polymer solution, the mixture was further sonicated for 30 seconds to
form the primary emulsion (w1/o). The primary emulsion was then added
drop-wise using Gilson P1000 to 10 mL PVA 1%, 2.5% or 5% w/v in 25 mL
beaker while on sonication at 70% amplitude in an ice bath to form the
double emulsion (w1/o/w2). After the addition of the primary emulsion to the
second aqueous phase, the mixture was further sonicated for 10 minutes.
The resulting (w1/o/w2) was then poured into 35 mL PVA 1% w/v while on
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stirring at 200rpm. The mixture was then left on stirring plate at room
temperature overnight to allow evaporation of ethyl acetate.

2.3.8. Determination of drug loading and encapsulation
efficiency of Vancomycin HCl loaded PLGA nanoparticles
The encapsulation efficiency of Vancomyin HCl in PLGA was determined
spectrophotometrically at λmax = 280nm. Equivalent to 2.5–5 mg of drug
loaded nanoparticles were dissolved in 2 mL ACN and subjected to bath
sonication for 40 minutes to allow complete dissolution of the formulated
nanoparticles. Two millilitre deionised water was then added to precipitate
the PLGA. The solution was mixed by vortexing the tubes for 5 minutes left
to settle for 5 minutes and then vortexed for a further 5 minutes to ensure
complete precipitation of PLGA. The tubes were then ultracentrifuged at
24,000 rpm for 20 minutes to pellet the precipitated PLGA. The supernatant
was removed and analysed by UV spectrophotometry to determine
vancomycin drug loading. The experiments were carried out in triplicate.
The equations shown below were then used to calculate drug loading and
formulation encapsulation efficiency for Vancomycin HCl:

Drug Loading (% w/w)=

Mass of the vancomycin in nanoparticles
× 100
Mass of the nanoparticles

Encapsulation Efficiency (% w/w)=
Mass of actual vancomycin loading
× 100
Mass of theoretical vancomycin loading

Nanoparticles yield was calculated using the equation below:

yield =

Mass of recovered nanoparticles
Mass of polymer+drug
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2.3.9. Physical and microscopic characterisation of blank and
Vancomycin HCl loaded PLGA nanoparticles
2.3.9.1. Transmission electron microscopy
Shape and surface morphology of the prepared nanoparticle formulations
were examined by TEM, using a Hitachi H-7650 TEM (Hitachi High
Technologies, UK) operating at 40kV. A 10 µL drop of 0.5 mg/mL lypholised
nanoparticles was air dried on a Silicon Monoxide/Formvar-coated copper
grid. Negative staining was then performed using a 1:4 solution of Uranyl
acetate alternative (Ted pella). Excess stain solution was absorbed by filter
paper and the grids were dried prior to imaging.

2.3.9.2. Thermal analysis - Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) evaluation was carried out using
DSC-Q100-0828 (TA instruments- Waters LLC) using nitrogen as the inert
gas at a flow rate of 50 mL/minutes. Formulated nanoparticles and raw
materials were loaded separately into standard aluminium pans and sealed
using a crimper. An empty pan was crimped and used as a reference.
Samples were then loaded into the DSC and analysed by ramp testing,
whereby the materials are exposed to an increasing temperature at a
constant rate of 10oC/minute. Materials were analysed from 20 oC up to 300
o

C. TA instruments Universal analysis was then used to analyse the graph

generated from the DSC run.
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2.3.10. Assessment of the toxicity of PLGA RG-503H
nanoparticles on human aortic endothelial cells.
2.3.10.1. MTT assay
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was used to examine the cellular toxicity of the formulated
nanoparticles. It is the first homogeneous cell viability assay developed for a
96-well format suitable for high throughput screening. The assay is used to
determine if a test compound/molecule has a negative effect on cell
proliferation or is considered cytotoxic. The MTT assay is based on the
principle that viable cells are capable of converting MTT to formazan.
Formazan is soluble in DMSO and is purple in colour; therefore it is
considered that viable cells are proportional to the quantity of formazan
present. A plate reader spectrophotometer is used to determine the quantity
of formazan formed by measuring absorbance at λ = 570nm
absorbance.(153)
HAoECs were seeded into a clear 96 well plate at a density of 100 μL per
well of 2x105 cells/mL in HAoEC media. Plates were incubated over night at
37oC in a 5% CO2 atmosphere. The added media was then removed and
replaced with 100 μL fresh HAoEC media or media containing 1mg/mL
PLGA-RG 503H nanoparticles. The plates were then incubated for further 24
hours at 37oC in a 5% CO2 atmosphere. The suspension was then removed
from all wells and 100 μL fresh cell media was added to each well with 10 μL
mM MTT stock solution and incubated at same conditions for 4 hours. After 4
hours incubation, 85 μL was removed from each well and 10 μL of DMSO
was added. Plate was then incubated for 10 minutes before being read on
plate reader at absorbance of 570nm.

2.3.10.2. Morphological characterisation of Human aortic
endothelial cells following exposure to PLGA nanoparticles
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The morphology of HAoECs was assessed visually following 24 hours
incubation with the formulated PLGA nanoparticles to further determine their
toxicological effects on the cells. HAoECs were seeded in a 6 well plate at a
density of 5x105cells/well and incubated overnight at 37oC in a 5% CO2
atmosphere. On the next day 0.5 mL of 1 mg/mL PLGA nanoparticles
formulation was added to each well and incubated for 24 hours. The cells
monolayers were then imaged under bright field using a microscope to
determine whether nanoparticle exposure caused observable morphological
changes.

2.3.11. Vancomycin HCl release profile from drug loaded
PLGA-nanoparticles
Vancomycin HCl loaded PLGA nanoparticles equivalent to 10 mg
vancomcyin were suspended in 250 µL PBS in a PUR-A-LYZER™ mini 6000
dialysis kit. The dialysis bag was then immersed in 50 mL polypropylene tube
containing 24.750 mL of PBS. The tube was placed in a shaking water bath
at 100rpm and 37°C. One millilitre samples were then withdrawn at specific
time intervals (0.5, 1, 2, 4, 6, 24, 48, 72, 120 and 144 hours). At each time
point following removal of 1 mL of sample, 1 mL of PBS was added to
maintain the total volume at 25mL. Each sample was then measured using
UV spectrophotometry at 280nm to determine the amount of released
Vancomycin HCl at each time point.

2.3.12. Preliminary assessment of the effect of vancomycin
HCl loaded PLGA nanoparticles on internalised
Staphyloccocus aureus within Human aortic endothelial cells
To test whether encapsulated vancomycin HCl PLGA nanoparticles
represent a treatment strategy worthy of further exploration, a preliminary
experiment was conducted to evaluate the ability of vancomycin HCl loaded
nanoparticles to treat S. aureus infected HAoECs. HAoECs were seeded in a
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24 well plate and infected with S. aureus strain 8325-4 as described in
section 2.2.2. Following infection, each well was treated with 0.5 mg/mL
vancomycin or 0.5 mg/mL vancomycin loaded PLGA nanoparticles and
incubated at 37oC in a 5% CO2 atmosphere for 18 hours. Incubated cells
were then washed with PBS and lysed using 500 µL of 0.1% triton X-100.
Suspension was then diluted using Miles and Misra technique (section 2.1.4)
and plated on BHI agar plates. The plates were incubated overnight and
CFUs were calculated based on the dilution made using the Miles and Misra
technique in section 2.1.4.

2.4. Statistical Analysis
All experiments were performed in triplicate, unless indicated and statistically
significant differences between groups were analysed using two-tailed,
unpaired t-tests or one-way ANOVA as appropriate using statistical software
(Graph Pad PRISM 7). Results were deemed statistically significant if they
had p-value of < 0.05.
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Chapter 3: Results
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3.1. Determination of Staphyloccocus aureus growth
curves and identification of cell wall proteins
Figure 3.1 (A & B) shows growth curves of both S. aureus strains used in the
experiments. The derived growth curves were subsequently used to
determine the exponential phase when the FnBPs were expressed on the
bacterial surface. The dot blot confirmed that only the wild-type strain
expressed FnBPs on it’s surface (Figure 3.1.D) [
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Figure 3.1: Comparing the growth characteristics of wild type S. aureus 83254 (A) and isogenic mutant S. aureus 8325-4 ΔfnbAB (B). Growth curves were
generated by growing the strain in BHI and measure the optical density at
600nm every hour over 8 hours. (C) The colony forming units were measured
every hour to generate an OD vs CFU curve. (D) Dot Blot analysis showing
the expression of FnBP in the wild type strain only.
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3.2. Minimum Inhibitory Concentration of
Vancomycin HCl and Gentamicin HCl against
Staphyloccocus aureus

Table 3.1 shows the MIC of Vancomycin HCl and Gentamicin HCl against S.
aureus 8325-4 and S. aureus 8325-4 ΔfnbAB. The MIC was determined as
the lowest concentration where there was no growth. Gentamicin showed a
lower MIC value against S. aureus 8325-4 than vancomycin. The values
obtained were determined to ensure that all subsequent experiments utilised
at concentrations above the observed MIC of the strains used.

Table 3.1. MIC of Vancomycin HCl and Gentamicin HCl for S. aureus
8325-4 and S. aureus 8325-4 ΔfnbAB.
Antibiotic

S. aureus 8325-4 S. aureus 8325-4 ΔfnbAB

Vancomycin 0.6µg/mL

0.6µg/mL

Gentamicin

0.02µg/mL

0.02µg/mL

3.3. Staphylococcus aureus requires fibronectin
binding proteins to internalise into host cells
The ability of S. aureus to internalise into cells was confirmed. S. aureus is
an extracellular pathogen which has also been described as an intracellular
pathogen previously in the literature. It is often mentioned that the ability of
S. aureus to internalise into cells is dependent on the presence of the
bacterial surface protein FnBPs.(55, 154) Here we examined S. aureus
invasion using two strains (one expressing the FnBPs; S. aureus 8325-4 and
its isogenic mutant lacking the FnBPs; S. aureus 8325-4 ΔfnbAB). S. aureus
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was able to internalise into HAoECs (figure 3.3). Similarly to published
findings, FnBPs were found to be essential in the rapid internalisation of S.
aureus as only the wild type showed an ability to internalise while the knock
out strain did not.(155) Figure 3.3.A shows the total bacterial count (inside
and outside of HAoECs cells) after one hour of incubation with S. aureus (red
bar). The green bar represents the internalised bacteria of the wild strain
after treating the cells with 100 µg/mL of gentamicin (p-value < 0.05 unpaired
t test, n=3, compared with HAoECs). Thus, this demonstrates the ability of S.
aureus to bind to the cell membrane and internalise rendering themselves inaccessible to administered antibiotic. Moreover, this demonstrates that the
use of high dose broad spectrum antibiotic is ineffective in treating
intracellular bacteria. The mutant strain did not show any internalisation
(figure 3.3.A) confirming the role of FnBPs in the rapid internalisation of S.
aureus. Figure 3.3.B is a negative control of endothelial cells only plated on
BHI agar plate to confirm sterility, C BHI agar plate shows the growth of
interacellular and extracellular bacteria confirming the quantitative analysis in
figure 3.3.A. In D the agar plate shows growth only extracellulary for the
knock out strain. Again this emphasises the necessity of FnBPs for bacterial
internalisation. Moreover, the intracellular residency of S. aureus was
confirmed by electron microscopy, figure 3.3.E shows a representative image
of an uninfected HAoECs compared to figure 3.3.F which shows HAoECs
and internalised S. aureus in membrane vacuoles. Together his proves the
ability of S. aureus to invade host cells and internalise in FnBPs dependent
manner.
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Figure 3.3: Staphylococcus aureus internalise into endothelial cells after
one hour of infection via its surface protein fibronectin binding proteins. (A)
HAoECs were infected with the wild type S. aureus 8325-4 or its mutant ΔfnbAB
for one hour. Cells were then lysed using Triton X-100 to count external and
internal bacteria (8325-4; red bar). The same experiment was then repeated to
count the intracellular bacteria only. Cells were infected with the bacteria for one
hour, and then gentamicin 100µg/mL was added to the cells and incubated for
one hour to kill all extracellular bacteria. Cells were then lysed and bacteria were
counted. Results are presented as the mean ± SEM of three independent
experiments (* unpaired t test, p-value < 0.05, n=3). (B) HAoECs were plated on
BHI agar plate to confirm sterility. (C) External and internal bacteria of the wild
strain were plated on BHI agar plate; visual assessment confirmed the
intracellular growth of S. aureus. (D) External and internal bacteria of the mutant
strain were plated on BHI agar plate, no intracellular growth was noted. (E)
Electron microscopy of uninfected HAoEC used as control against (F) Electron
microscopy images of HAoEC infected with S. aureus 8325-4 showing
intracellular residency of the bacteria (black arrows). (G) The rectangular area
was magnified to show the internalised bacteria are within membrane vacuoles.
Scale bar in E and F = 2 micron, in G = 500 nm.
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3.4. Re-emergence of Staphylococcus aureus from
infected human aortic endothelial cells.
The intracellular fate of internalised S. aureus is not yet clear. We assessed
the ability of internalised S. aureus to re-emerge from infected host cells
using qualitative and quantitative methodologies. Figure 3.4 shows the
ability of previously internalised S. aureus 8325-4 to subsequently migrate to
the extracellular environment and multiply over time. Infected HAoECs were
treated with 100 µg/mL gentamicin for 1 hour, after which a sample was
removed and plated on a BHI agar plate (figure 3.4.A) to confirm the killing of
all extracellular bacteria (negative control). Cells were then washed and
incubated for 2 days and samples were removed and plated after 24 and 48
hours (figure 3.4.B-E). The results confirm the ability of the wild strain S.
aureus 8325-4 to internalise and later re-emergence from infected HAoECs.
The knock out strain S. aureus 8325-4 ΔfnbAB again displayed no growth on
the agar plate (figure 3.4.D and figure 3.4.E) demonstrating that all S. aureus
8325-4 ΔfnbAB bacteria had been killed by gentamicin exposure and that as
expected no bacteria had been previously internalised. A quantitative
measure of the emerging S. aureus bacteria out of the cells is shown in
figure 3.4.F. An increase in the number of bacteria is noted over 48 hours
which indicates the ability of internalised bacteria to re-emerge from the host
cell and to grow and multiply in the extracellular environment. Thus,
intracellularly resident bacteria have the potential to have negative clinical
consequences and their elimination represents a potentially useful clinical
strategy to combat recurrent infection.
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Figure 3.4: Staphylococcus aureus has the ability to migrate back
into the extracellular environment. (A) HAoECs were infected with
S. aureus 8325-4 or S. aureus 8325-4 ΔfnbAB and treated with
gentamicin 100g/mL thereby killing all extracellular bacteria. (B & C)
Shows the growth of S. aureus 8325-4 after 24 and 48 hours
respectively. (D & E) Shows the absence of S. aureus 8325-4 ΔfnbAB
growth after 24 and 48 hours respectively. (F) Shows quantification of
extracellular bacteria over 48 hours (mean ± SEM, S. aureus 8325-4).
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3.5. Physicochemical characterisation of blank
Poly(lactic-co-glycolic acid) (PLGA 50:50) RG-503H
nanoparticles
Blank nanoparticles were prepared using the double emulsion (w1/o/w2)
solvent evaporation method(156) as previously modified in the Ryan
laboratory. Figure 3.5. shows the results of three independent batches
formulated using the same technique to evaluate suitability and repeatability
of the base formulation method. Figure 3.5.A shows the nanoparticle size
diameters and PDI of three formulated batches. The blank nanoparticles had
average diameters of 327.8nm, 340.97nm and 348.3nm respectively. There
was no meaningful difference between batches in terms of average
nanoparticle size. PDI values of 0.203, 0.215 and 0.215 were achieved. The
average PDI was less than 0.3 and hence the formulations can be
considered as monodisperse. The zeta potential of the three batches are
shown in figure 3.5.B, -27.2, -35.6 and -32.4 mV. The large negative zeta
potential observed in the formulated nanoparticle batches was beneficial as
large negative zeta potentials favours nanoparticle stability as high repulsive
forces prevents particle aggregation. Figure 3.5.C shows a representative
image of the size distribution taken from the DLS report. The observed
narrow single peak is favourable as it indicates the presence of a
monodisperse sample.(157) An average of 44.6 mg ± 14.9 per 100mg
recovery was obtained using the double emulsion method. Polymer loss is
expected during the formulation process due to the multi-step nature of the
double emulsion formulation protocol.
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Figure 3.5: Physiochemical characteristics of blank PLGA RG-503H
nanoparticles formulated using a modified double emulsion solvent
evaporation method. (A) Particle size and PDI of three independent batches
formulated using the double emulsion solvent evaporation method (mean ±
SEM)(B) Zeta potential and polymer recovery of the three batches. (C) Size
distribution analysis completed using DLS.
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3.6. Physicochemical characterisation of rhodamine
B loaded PLGA RG-503H nanoparticles
Having developed and characterised a baseline formulation (Section 3.5),
the next objective was to evaluate the ability of this methodology to
encapsulate a hydrophilic molecule. The double emulsion solvent
evaporation method was chosen due to its recognised utility in the effective
encapsulation of hydrophilic molecules, which pose a particular
encapsulation challenge. Rhodamine B was chosen as the model drug. In
addition to its hydrophilicity, rhodamaine B also is fluorescent and therefore
encapsulation can be confirmed qualitatively, through visualisation.
Moreover, fluorescence enables the tracking of rhodamine-loaded
nanoparticles using confocal microscopy. Figure 3.6 shows the
physicochemical characteristics of the prepared rhodamine B formulations.
Formulated rhodamine B loaded PLGA nanoparticles had an average size of
507.71 nm ± 35.24, n=3. As expected, this is larger than the average
nanoparticle size for blank PLGA nanoparticles (Figure 3.5) A slight increase
in PDI was also observed with increasing particle size diameter between
rhodamine B loaded nanoparticles. In addition, the observed average PDI
was larger in drug loaded nanoparticles than non-drug loaded nanoparticles,
with two batches at approximately PDI = 0.3 and the remaining batch
significantly above 0.3. Therefore, addition of rhodamine B may potentially
result in polydisperse systems. The zeta potential observed following
rhodamine B encapsulation, like blank nanoparticles is negative, although
not as large as that observed in blank nanoparticles. The zeta potential
remains however sufficiently negative to ensure the avoidance of particle
aggregation (figure 3.6.B). Figure 3.6.B shows an average of 35.3 mg ± 4.8
polymer recovery per 100 mg which is as predicted due to the methodology
employed and the known potential losses. The size distribution shown in
figure 3.6.C, depicts a wider peak when compared to the blank PLGA
nanoparticles. This again is associated with the increase in PDI, as does the
presence of a small secondary peak at >1000nm indicating the occurrence of
a secondary small sub-population.
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B.

Intensity (percent)

C.

Size (d.nm)
Figure 3.6: Rhodamine B loaded PLGA RG-503H nanoparticles were
formulated using a modified double emulsion solvent evaporation method.
(A) Particle size and PDI of three independent batches formulated using the
same technique to test consistency. (mean ± SEM) (B) Zeta potential and
polymer recovery of the three batches. (C) Size distribution analysis
(representative trace) by DLS.
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3.7. Rhodamine B loaded PLGA nanoparticles
internalise into human aortic endothelial cells.
Rhodamine B loaded PLGA nanoparticles were used to assess the ability of
the formulated nanoparticles to internalise into cells. HAoECs were
incubated with rhodamine B loaded nanoparticles, fixed, stained and then
analysed by confocal microscopy. Figure 3.7.1 shows confocal microscopy
photomicrographs of HAoECs after 2 hours and 18 hours incubation with
rhodamine B loaded nanoparticles. Nanoparticles were found to internalise
within 18 hours and more specifically to accumulate within the cytoplasm
(figure 3.7.1.H). In contrast, after 2 hours incubation, nanoparticles were
observed outside of the cells (figure 3.7.1.D). This indicates that the uptake
of nanoparticles into cells is a time dependent process.

20 micron

20 micron

Figure 3.7.1: Uptake of rhodamine B loaded PLGA nanoparticles by
HAoECs. HAoECs were incubated with 0.5 mg/mL of rhodamine B loaded
PLGA nanoparticles for 2 or 18 hours. Blue:nuclei, Green:cytosol,
Red:nanoparticles. (A-D) Confocal images taken after 2 hours incubation
showing no uptake of rhodamine loaded nanoparticles (A) Nucleus only. (B)
Cytosol only. (C) Nanoparticles only. (D) Merged image. (E-H) Confocal
images taken after 18 hours incubation showing internalisation of
nanoparticles. (E) Nucleus only. (F) Cytosol only. (G) Nanoparticles only. (H)
Merged image. Scale bar = 20 micron.
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Figure 3.7.2 shows a snapshot of a z-stack video showing localisation of
rhodamine B loaded nanoparticles inside HAoECs. The snapshot confirms
that the nanoparticles do not settle nor clump on the surface of the cells. The
time lapse images (figure 3.7.2.A-P) show HAoECs at varying angles
confirming the internalisation of rhodamine B loaded PLGA nanoparticles.
Figures 3.7.1 & 3.7.2 confirms therefore the ability of rhodamine B loaded
PLGA nanoparticles formulated using the double emulsion solvent
evaporation method to internalise into HAoECs. As we had shown that the
double emulsion solvent evaporation methodology could formulate
nanoparticles containing a model hydrophilic drug which we subsequently
proved could be internalised within host cells, the next phase of the project
sought to develop a clinically relevant nanoparticulate drug delivery system.
Hence, further investigations were undertaken to encapsulate vancomycin
HCl in PLGA nanoparticles using the same double emulsion solvent
evaporation technique.
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Figure 3.7.2: Time lapse images ranging from 0-30 seconds of rhodamine b
loaded PLGA nanoparticles internalizing into HAoECS. Blue:nuclei,
Red:cytosol, Green/Yellow:NPs.
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3.8. Calibration curves of vancomycin HCl
Calibration curves of Vancomycin HCl were constructed to enable drug
loading and drug release profiles of the formulated vancomycin loaded
nanoparticles to be determined.
Shown below are the vancomycin HCl calibration curves in both ACN:water
and PBS. The obtained calibration curves were linear at the concentrations
tested and showed R2 values of 0.9992 and 0.9996 respectively.
Calibration Curve of Vancomycin HCl in ACN:Water (1:1)
at 280nm
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R² = 0.9992
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Figure 3.8.1: Calibration curve of vancomycin HCl in ACN:Water (1:1) at λ
280nm.
Calibration Curve of Vancomycin HCl in PBS at 280nm
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Figure 3.8.2: Calibration curve of Vancomycin HCl in PBS at λ 280nm.
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0.7

3.9. Physicochemical characterisation of Vancomycin
HCl loaded PLGA RG-503H nanoparticles
Having confirmed the ability of the formulated rhodamine B loaded
nanoparticles to internalise into HAoECs (figure 3.7.1 & figure 3.7.2),
vancomycin hydrochloride was encapsulated into PLGA polymers using the
same double emulsion solvent evaporation technique. Encapsulating
vancomycin (a large hydrophilic molecule) within PLGA has always been
challenging and the double emulsion method followed by solvent evaporation
or solvent extraction is reported to be the most appropriate for encapsulating
hydrophilic molecules.(86, 87) In our study we started by encapsulating 10
mg of vancomycin HCl in 90 mg of polymer (10% w/w theoretical drug
loading) which represented the “base” formulation. Figure 3.9 demonstrates
the characteristics of the prepared vancomycin loaded PLGA nanoparticles.
An average size of 589.1 nm ± 102.22, n=3, was observed with an average
PDI of 0.46 ± 0.085, n=3, indicative of a polydisperse system. Vancomycin
loaded PLGA nanoparticles displayed high negative zeta potentials -31.9 mV
± 1.58, n=3, and low polymer recovery 28.33 mg ± 4.09, n=3, as expected
(figure 3.9.B). Although PDI was noted as greater than 0.3 the size
distribution analysis shows only a single peaks (figure 3.9.D). The
encapsulation efficiency of the 10% w/w vancomycin HCl was calculated to
be 13.96 % w/w ± 3.83, n=3 (figure 3.9.C).
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Figure 3.9: Physicochemical characterisation of Vancomycin HCl loaded PLGA
RG-503H nanoparticles formulated using a modified double emulsion solvent
evaporation method. (A) Particle size and PDI of three independent batches
formulated using the double emulsion solvent evaporation method (Mean ± SEM). (B)
Zeta potential and polymer recovery of the three batches. (C) Drug loading (%) and
encapsulation efficiency (%). (D) Size distribution analysis by DLS. (PDI, polydispersity
index).
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3.10. Effect of drug encapsulation on nanoparticle
size and polydispersity index
A comparative analysis between blank PLGA RG 503H and drug loaded
PLGA RG 503H was carried to assess the effect of drug encapsulation on
particle size, PDI and zeta potential. Encapsulating rhodamine B or
vancomycin hydrochloride into PLGA RG 503H nanoparticles did not
statistically affect the obtained size and PDI (p-value > 0.05, One Way
Anova) (figure 3.10.1.A). Although blank PLGA nanoparticles exhibit smaller
particle sizes compared to rhodamine B and vancomycin loaded
nanoparticles (339.56 nm ± 5.56 to 507.71 nm ± 35.24 and 589.1 nm ±
102.22 respectively, mean ± SEM), they all fall within the acceptable nano
range (<1000nm). All three different formulations displayed high negative
zeta potentials between -23.6 to -31.93 mV (figure 3.10.1.B) indicative of
good nanoparticle stability. TEM images of the blank PLGA nanoparticles
showed nanoparticles to be of spherical smooth shape (figure 3.10.2.A). The
TEM image indicates the heterogeneity of the formulated particle sizes.
Encapsulating vancomycin into PLGA nanoparticles did not affect the
spherical smooth surface of the formulated particles (figure 3.10.2.B). It can
be noted from the TEM images of both blank and vancomycin loaded PLGA
nanoparticles (figure 3.10.2.A and figure 3.10.2.B) that the size of the
particles differed when compared to data obtained by DLS measurement
(figure 3.10.1.A). This was expected and described previously in the
literature.(158-160) It can be explained by different reasons including the fact
that the DLS technique allows the measurement of a wet sample, which
increase particles interactions. DLS measure the whole sample in a liquid
state, therefore if the particles are aggregating, it would result in a bigger
value. TEM imaging unlike DLS assesses dry samples rather than particles
in solution. Furthermore, during TEM sample preparation and imaging,
nanoparticles may be subject to shrinkage.(161) Finally, the TEM images
obtained indicate a stable formulation with discrete particles observed.
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B.

Figure 3.10.1: Effect of vancomycin encapsulation on particle size, PDI and
zeta potential. (A) Particle size and PDI of blank PLGA nanoparticles (blue bar),
rhodamine B loaded PLGA nanoparticles (red bar) and vancomycin loaded PLGA
nanoparticles (green bar). (B) Zeta potential of the three above mentioned
formulations. (PDI, polydispersity inde. VCM, vancomycin). Error bars are SEM.
(One-way ANOVA, p-value > 0.05, n=3).
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B

A

Figure 3.10.2: Transmission electron microscopy images of (A) Blank PLGA
RG 503H nanoparticles (B) Vancomycin loaded PLGA RG 503H
nanoparticles prepared by modified double emulsion solvent evaporation
method .Scale bar = 500 nm.
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3.11. Thermal analysis of PLGA nanoparticles –
Differential scanning calorimetry.
Differential Scanning Calorimetry (DSC) is an analysis that is commonly
used to study the thermal characteristics of polymers and crystal structures
as well as to identify drug polymer interactions. It measures a sample of
interest’s heat capacity (amount of heat required to change the system’s
temperature by 1°C) as a function of temperature. Polymers and active drugs
possess characteristic DSC thermograms and changes to the heat capacity
of a sample is indicative of the occurrence of physical or chemical
interactions between constituents of a sample mix. Specifically, DSC works
by comparing a reference to a tested sample by measuring the changes that
occur due to either the release or absorption of energy, i.e. the heat flow
required to maintain temperature equivalence between reference and sample
is calculated. Changes in polymer characteristics can result from either
endothermic or exothermic processes. For instance when a polymer
undergoes melting or vaporization it absorbs energy and it said to undergo
an endothermic process. Whereas when crystallization occurs, the polymer
releases energy, and therefore this is an example of an exothermic process.
Here we studied the thermal characteristics of PLGA polymer, vancomycin,
blank PLGA nanoparticles and vancomycin loaded PLGA nanoparticles. The
literature reported glass transition temperature (Tg) of PLGA RG-503H is 4448°C.(162) From figure 3.11. in our experiments PLGA displayed a glass
transition temperature of ~ 50°C (the point of intersection of the bisector of
the angle between the tangents with the measurement curve), in agreement
with the reported literature values. A very slightly lower glass transition
temperature for blank PLGA nanoparticles at ~49°C was also observed. This
shows that the nanoparticle formulation (w1/o/w2) process did not alter the
thermal properties of the polymer. The second endotherm observed at >175
°C in the blank nanoparticle thermogram represents the melting of residual
PVA (the surfactant used in the formulation process). A similar endotherm,
as expected, was observed in the vancomycin loaded nanoparticle sample.
The thermogram of vancomycin alone showed a broad endotherm (<100°C),
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typical of peptide based molecules due to the drug decomposition through
melting. Comparing this to the vancomycin loaded PLGA nanoparticles it is
observed that the Tg of PLGA remain unaltered at ~ 50°C while a second
broad endotherm was observed overlapping that seen in the vancomycin
only thermogram. Therefore, it can be concluded that the physical integrity of
the encapsulated vancomycin remained intact and that no interaction

Heat Flow (W/g)

between PLGA and vancomycin occurred.

Exo Up

Temperature (°C)

Universal V4.5A TA
Instruments

Figure 3.11: Overlap of differential scanning calorimetry (DSC) thermograms of PLGA
(green), vancomycin (blue), blank PLGA nanoparticles (red) and vancomycin loaded
PLGA nanoparticles (pink). Scanning rate 10oC/minute from 20 oC up to 300 oC. (Exo,
exothermic)

100

3.12. Effect of drug:polymer ratio on vancomycin
loaded PLGA nanoparticles.
10% w/w vancomycin loaded PLGA RG 503H nanoparticles was evaluated
as a “base” formulation. The encapsulation efficiency of the formulated drug
loaded nanoparticles was found to be 13.96 % w/w ± 3.98, n=3. Although the
observed low encapsulation efficiency of vancomycin was expected, given
the hydrophilic nature of vancomycin, it makes the formulation process
challenging from a commercial perspective. Therefore, alterations in
formulation parameters were made with a view to enhancing the observed
vancomycin encapsulation efficiency of the nanoparticles, while also
maintaining the necessary physical characteristics suitable for intracellular
uptake and stability (i.e. size & zeta potential). The effect of drug to polymer
ratio was the first processing variable evaluated as many previous studies
have indicated that changes to the drug:polymer ratio can potentially affect
the resultant nanoparticle characteristics.(163-165) Here we tested three
different ratios of vancomycin:polymer (1:9, 2:8 and 33:67 which correlate to
10%, 20% and 33% w/w of vancomycin). As shown in figure 3.12.A
increasing the theoretical drug loading lead to a statistically significant
increase in particle size diameter (p-value < 0.05, unpaired t test, 10% vs
20% & 10% vs 30%). Moreover, this increase in the particle size lead to the
formulation of microparticles (2064 nm ± 492; 20% vancomycin, and 2799
nm ± 722.25; 33% vancomycin) rather than particles in the desired
nanoparticulate range (<1000nm). This data clearly shows that increasing
theoretical drug content is disadvantageous to maintaining the nanometre
size range. Moreover, as the particle size increases, the PDI of the
formulation increased from 0.4 in the 10% w/w to 0.8 in 20% w/w and 0.9 in
the 33% w/w. The high PDI values observed in the 20% and 33% w/w drug
loaded samples is indicative of the presence of multiple sub populations of
particles, i.e. the resultant formulations were polydisperse in nature.
Considering both the size and PDI data, it can be concluded therefore that
the 20% w/w and 33% w/w formulations are unsuitable for scale-up.
Interestingly, the zeta potentials of the three different formulations are
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comparable (p-value > 0.05, One Way Anova). Therefore the drug: polymer
ratio does not affect the surface charge and subsequently the stability of the
formulation (figure 3.12.B). The results of the polymer recovery of the three
different formulations vary; 28.33 mg ± 3.34 for 10% vancomycin formulation,
6 mg ± 2.49 for 20% vancomycin formulation and 15 mg ± 1,63 for the 33%
vancomycin formulation. Again this low recovery can be attributed to the loss
during the formulation process, as well as due to the speed of centrifugation.
Although PLGA with 20% w/w vancomycin displayed the highest
encapsulation efficiency (47.6% w/w ± 7.83, n=3), the resultant large particle
size (micrometer range) and high PDI rendered the formulation unsuitable for
further development. Therefore, the 10% w/w formulation was chosen for
further modifications.
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Figure 3.12: Effect of drug:polymer ratio on vancomycin loaded PLGA
nanoparticles (A) Particle size and PDI of 10% w/w vancomycin loaded
nanoparticles 1:9 drug polymer ratio (green bar), 20% w/w vancomycin
loaded nanoparticles 2:8 drug polymer ratio (pink bar) and 33% w/w
vancomycin loaded nanoparticles 33:67 drug polymer ratio (purple bar). (B)
Zeta potential, polymer recovery and encapsulation efficiency of the three
above mentioned formulations. (PDI, polydispersity inde). Error bars are
SEM. (* unpaired t test, p-value < 0.05, n=3)
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3.13. Effect of volume of inner aqueous phase on
vancomycin loaded PLGA nanoparticles
Vancomycin HCl is a hydrophilic moiety which proves challenging to
encapsulate. As a hydrophilic moiety it has a high tendency to partition into
the aqueous phase during the formulation process thereby resulting in low
encapsulation efficiencies. By altering the volume of the aqueous phase, one
may limit the potential for vancomycin to partition, leading to enhanced
encapsulation efficiencies. The effect of alterations in the volume of aqueous
phase on nanoparticle properties was investigated using the 10% w/w
vancomycin loaded PLGA nanoparticles as the base formulation. Reducing
the inner aqueous volume decreased the average particle size diameter from
589.1 nm ± 102.22 (using 1 mL) to 416.6 nm ± 26.45 (using 0.3 mL),
however, the difference was not statistically significant (p-value >0.05, One
Way Anova). Nanoparticles formulated using an inner aqueous phase
volume of 0.3 mL did demonstrate better reproducibility indicated by the
observed reduced standard deviation between the batches (figure 3.13.A).
The influence of the volume of inner aqueous phase on the zeta potential
was not statistically significant (p>0.05, One-way ANOVA) and all
formulations possessed a high negative zeta potential (figure 3.13.B). A
decrease in the volume of the inner aqueous phase lead to a statistically
significant increase in the encapsulation efficiency of vancomycin
hydrochloride in PLGA nanoparticles (p-value < 0.001, One Way ANOVA)
(figure 3.13.B).There was no significant difference in encapsulation
efficiencies between 1 mL and 0.5 mL (p-value > 0.5, Tukey’s Honest
Significant Difference), however 0.3 mL inner aqueous phase resulted in
significantly greater encapsulation efficiencies when compared with either
other tested inner aqueous volume (p-value < 0.01, Tukey’s Honest
Significant Difference). As 10% w/w vancomycin loaded PLGA nanoparticles
using 0.3mL of inner aqueous volume showed the highest encapsulation
efficiency it was chosen for further investigation.
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Figure 3.13: Effect of volume of inner aqueous phase on vancomycin
loaded PLGA nanoparticles. (A) Particle size and PDI of 1:4 (1mL), 1:8 (0.5mL)
and 1:13.33 (0.3mL) w1/o ratio of 10%w/w vancomycin loaded PLGA
nanoparticles. (B) Zeta potential, polymer recovery and encapsulation efficiency
of the three above mentioned formulations. (PDI, polydispersity index). Data
shown as mean ± SEM.
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3.14. Effect of polyvinyl alcohol concentration in the
external phase on vancomycin loaded PLGA
nanoparticles
Surfactants play an important role in regulating final particle size through
stabilization of the oil-water emulsion. Polymeric surfactants such as PVA,
may also affect encapsulation efficiencies as they strongly absorb and may
aid in preventing the release of core contents. We evaluated the effect of
changes to surfactant concentration on 10% w/w vancomycin loaded PLGA
nanoparticles. As shown in figure 3.14, changing the surfactant concentration
can have significant effects on the characteristics of the prepared
nanoparticles in terms of particle size, PDI, zeta potential and encapsulation
efficiency. Changes to PVA concentration has a statistically significant effect
on particle size (p-value < 0.01, One Way ANOVA). Formulation with 5% w/v
PVA resulted in significantly larger particles than those observed using either
1% w/v or 2.5% w/v PVA (p-value < 0.01; Tukey’s Honest Significant
Difference). There was no significant difference in nanoparticle size between
those formulated with either 1% w/v or 2.5% w/v addition (p-value > 0.05;
Tukey’s Honest Significant Difference), batch to batch reproducibility was
also seen to be adversely affected. These findings are in agreement with
what has been already stated in the literature.(119) Using a high
concentration of the PVA (5% w/v) surfactant led to the formulation of
particles outside the range that can be defined as nanoparticles (3333.133
nm ± 603.45). On the other hand changing the surfactant concentration did
not affect the zeta potential of the prepared nanoparticles (p-value > 0.05;
One Way ANOVA). Moreover, nanoparticles formulated using PVA 5% w/v
had high PDI value demonstrating the presence of multiple subpopulations,
including those in the micrometer range. While surfactant concentration had
no statistically significant effect on polymer recovery (p-value > 0.05; One
Way ANOVA) the use of 2.5% w/v PVA significantly enhanced the
encapsulation efficiency of 10% w/w vancomycin into PLGA nanoparticles (pvalue < 0.05; ONE way ANOVA). Thus, vancomycin loaded PLGA
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nanoparticles using 10% w/w theoretical loading, 0.3 mL inner aqueous
phase and 2.5% w/v of PVA were used for further studies.

A.

B.

Figure 3.14: Effect of PVA concentration in the external phase on
vancomycin loaded PLGA nanoparticles. (A) Particle size and PDI of 10%
vancomycin loaded PLGA nanoparticles using 1% w/v, 2.5% w/v and 5% w/v
PVA. (B) Zeta potential, polymer recovery and encapsulation efficiency of the
three above mentioned formulations. (PDI, polydispersity inde). Error bars are
SEM.
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3.14.1. Optimal drug loaded nanoparticle formulation
parameters
Shown below are the final formulation variables utilised that led to the
manufacture of the optimized drug loaded nanoparticle formulation.
Parameter
Drug:polymer ratio

1:9

Volume of inner aqueous phase

0.3 mL

PVA concentration

2.5% w/v
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3.15. Drug release profile
The in vitro drug release profile of vancomycin from drug loaded
nanoparticles was determined by dialysis method in phosphate buffer at pH
7.4 at 37°C to approximate the in vivo reality. Figure 3.15 shows the absolute
(mg) and cumulative percentage release of vancomycin HCl from the
nanoparticles over 6 days. The total amount of vancomycin released from
PLGA nanoparticles was calculated to be 91% using the previously
constructed calibration curve (Vancomycin HCl in PBS, figure 3.8.2) The
drug release shown can be described as biphasic; an initial rapid release
followed by a slower continuous release. The data shown in figure 3.15.B
clearly indicate an initial burst release within the first 6 hours. This initial burst
is most likely due to diffusion of vancomycin from the surface of the
nanoparticles. Following that, a slow release with a tendency to plateau
occurs which may be attributed to both the diffusion of vancomycin from
deeper within the PLGA particles and concomitant polymer degradation. The
literature reports three phases of drug release from polymeric drug delivery
systems characterised by initial burst release due to absorbed drug on the
surface, followed by drug diffusion from inner matrix and finally the release
due to polymer degradation.(166, 167)
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Figure 3.15: (A) Absolute vancomycin release from PLGA nanoparticles at
selected timepoints over 6 days. (B) % cumulative release of vancomycin from
PLGA nanoparticles over 6 days. Data shown as mean±SEM, n=3.
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3.16. Toxicity assessment of formulated
nanoparticles.
Having confirmed our ability to successfully formulate vancomycin loaded
PLGA nanoparticles with the desired physicochemical properties necessary
for cellular uptake and subsequent drug release the next stage was to
evaluate their toxicity profiles. For a drug delivery technology to be usable
ultimately in the clinic, not only must it be therapeutically effective, it must
also not result itself in significant side-effects or toxicity. Although it is well
known that PLGA polymers are safe for human use, every modified
formulation technique can potentially subtly affect the polymer chemistry and
hence may contribute to minor toxicity or safety issues. Here we employed
the MTT assay to assess the toxicity of the formulated blank PLGA
nanoparticles. We measured the metabolic activity of HAoECs after 24 hours
incubation with blank PLGA nanoparticles and compared this to the
metabolic activity of un-exposed HAoECs. The principle of the MTT viability
assay is that the yellow MTT solution is readily converted to insoluble
formazan that is purple in colour via dehydrogenation. Hence, if the assayed
cells remained viable following nanoparticle exposure, their mitochondrial
dehydrogenases will remain capable of converting MTT to formazan, which
is then measured spectrophotometrically. Figure 3.16.A illustrates that no
statistically significant differences in cell viability was observed after 24 hours
incubation with blank PLGA nanoparticles, demonstrating the safety of the
formulated nanoparticles for use in HAoECs as a drug delivery platform (pvalue > 0.05; unpaired t-test, n=3). To further evaluate the safety of the
prepared nanoformulations, their effect on cellular morphology was
examined. HAoECs were visualised under light microscopy before and after
the addition of blank PLGA nanoparticles. From figure 3.16.B it is obvious
that nanoparticles did not cause any disruption to the cellular morphology of
HAoECs.
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Figure 3.16: Toxicity analysis of PLGA RG 503H nanoparticles.
PLGA nanoparticles did not exhibit cytotoxicity activity against HAoECs
and did not cause alteration in cellular morphology. (A) HAoECs were
treated with PLGA RG 503H nanoparticles (0.5mg/mL) for 24 hours.
Cells viability was then determined by MTT assay. Results are presented
as the mean of three independent experiments. Error bars are SEM. (B)
photomicrograph of confluent vehicle control HAoECs. (C) Monolayers of
HAoECs after treatment with PLGA RG 503H nanoparticles (0.5mg/mL).
No visual disruption to cell monolayers was observed.
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3.17. The effect of vancomycin loaded PLGA
nanoparticles on internalised Staphylococcus
aureus.
To assess the ability of the formulated vancomycin loaded nanoparticles to
kill intracellular S. aureus, HAoEcs were incubated with S. aureus 8325-4 as
described in section 2.3.12. From figure 3.17. we can see that as expected
no bacterial growth occurred in uninfected cells (HAoECs; Nanoparticles
only). This confirmed the sterility of the methodology employed. As expected
untreated infected cells showed significant bacterial growth. Due to the
variability (large SD) in bacterial growth observed in the untreated infected
cells there was no overall statistically significant effect of drug treatment on
bacterial growth (p-value >0.05, One way ANOVA, n=3), despite a noticeable
reduction in bacterial cell count. However, two sample t-tests did show a
trend towards statistical significance when comparing untreated vs
vancomycin solution treated infected cells (p-value = 0.05, unpaired t-test,
n=3). Similarly, untreated vs vancomycin drug loaded nanoparticles also
showed a trend towards statistical significance (p-value = 0.05, unpaired ttests, n=3). There was no statistically significant difference in bacterial count
between vancomycin solution and vancomycin loaded nanoparticles (p-value
>0.1, unpaired t-test, n=3). It should however be noted that the concentration
of vancomycin to which the cells were exposed was at least 10 fold less in
nanoparticle treated cells than vancomycin solution treated cells.

113

Figure 3.17: Effect of vancomycin loaded PLGA nanoparticles on
internalised Staphylococcus aureus. Results are presented as the
mean of three independent experiments. Error bars are SEM. (NPs,
nanoparticles, VCM, vancomycin)
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Chapter 4: Discussion
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4.1. Discussion
Our present findings confirm the ability of S. aureus to internalise into
HAoECs, rapidly within one hour post infection. This is consistent with the
findings of others who have assessed the ability of S. aureus to internalise
into different cell types, such as professional and non-professional
phagocytes.(51, 55, 168, 169) Internalisation of S. aureus has been already
reported in the literature to be highly regulated by FnBPs, present on the
extracellular matrix of the bacteria, which binds to host cell α5β1 integrins
and aids in the adhesion and subsequent internalisation into host cells and
tissues.(55, 170) Our work (Figure 3.3) confirms that FnBPs plays an
essential role in the invasion process of S. aureus into endothelial cells, as a
knock out strain (ΔfnbAB) did not demonstrate cellular internalisation. Upon
imaging we found that intracellular S. aureus appeared located within
membrane vacuoles (figure 3.3.F) This finding also corroborates earlier work
which has been previously documented in the literature showing internalised
S. aureus to be located initially in vacuoles. Subsequently the vacuoles are
lysed by a combination of the cytolic d and b toxins to ultimately release the
bacteria into the cytosol. However, the subsequent fate of the intracellular
bacteria is yet to be identified.(47, 171)
An important premise of the hypothesis investigated in this thesis is that once
internalised S. aureus may avoid administered anti-bacterials and persist
intracellularly for a prolonged period of time, eventually re-emerging into the
bloodstream resulting in re-infection. The work presented here confirms that
previously internalised S. aureus are capable of exiting to the extracellular
environment and multiplying (Figure 3.4). This indicates that previously
internalised S. aureus remains viable following re-emergence and therefore
renders them capable of causing re-infection.(172) They may therefore be
considered a repository of infection and may potentially be responsible for
the high re-infection rates observed in patient populations.
Several factors have been associated with hospital readmission; however,
there remains uncertainty about the absolute risk. Recent studies by
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DeMerle and Sun et al showed very high rates of hospital readmission after
initial sepsis survival often due to infection at the original site and by the
same organism as the initial infection.(173, 174) We hypothesize that the
high hospital readmission rate from same organism and site is due to the reemergence of intracellular pathogen after suppression of both immune
response and administered antibiotics.
Treatment of intracellular bacteria by the commonly used antimicrobials
against S. aureus is ineffective due to the inability of those antimicrobials to
internalise into host cells and tissues at normal doses. Rifampicin, an
antibacterial drug indicated for the treatment of tuberculosis does show
efficacy against intracellular micro-organisms, including S. aureus. However,
rifampicin is the mainstay of tuberculosis treatment and due to the potential
for resistance and the increasing occurrence of multidrug resistance
tuberculosis, its use in the treatment of other conditions is undesirable.
Moreover, it is associated with significant side effects.
A potentially more acceptable strategy would be to utilise novel drug delivery
technologies to enable licenced anti-staphylococcal antibatecterials to reach
the intracellular environment.
In the present study vancomycin and PLGA were used to formulate a novel
antimicrobial therapy that can target intracellular S. aureus and potentially
eliminate the threat of recurrent S. aureus infections. PLGA has already been
investigated widely for its biocompatibility, biodegradability and safety.(112)
Vancomycin is commonly used glycopeptide antibiotic with activity against
gram-positive bacteria and importantly against MRSA. Although the literature
has extensively reported the formulation of drug loaded nanoparticles, only a
few studies have sought to identify the optimal formulation procedures for the
successful encapsulation of vancomcyin into PLGA nanoparticles.(163, 175179) The main characteristics of nanoparticle systems of importance were
studied here: particle size, encapsulation efficiency, surface charge and drug
release characteristics.(98) A standard protocol was slightly modified to
achieve the intended formulation.(156) While the literature has reported
different organic solvents for nanoparticle formulation, we choose ethyl
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acetate as being superior due it being recognised as safer than other
potential solvents; being classified in class III in ICH specifications.(180) This
classification makes the formulation procedure more suitable for scale-up
and clinical application due to the reduced concerns associated with the
presence of residual solvent. Additionally, different centrifugation speeds
were observed in different formulation studies, which can ultimately affect the
percentage polymer recovery and resultant particle size. Generally larger
particles are more easily precipitated during centrifugation than smaller
particles, with formulations of large particle size exhibiting greater
recovery.(156) Our centrifugation speed was with the range reported in the
literature.
Changes in temperature during the formulation process has been illustrated
previously to affect the particle size of the resultant nanoparticles.(181) In our
study, although we used an ice bath during the sonication process to
maintain a suitable temperature, it is likely that a slight increase in the
emulsion temperature occurred due to the long duration of sonication which
was employed, which may have increased the average particle size
obtained.
Our results suggest that the double emulsion solvent evaporation method
employed is sufficient to produce blank PLGA RG 503H nanoparticles of
suitable size (339 nm ± 5.9, n=3). These formulated nanoparticles displayed
a similar size range to those nanoparticles reported in the literature following
the use of the double emulsion solvent evaporation method.(151)
Moreover, our formulated nanoparticles displayed sufficiently high negative
zeta potentials (-31.7 mV ± 2.4) to render them stable. The high negative
charge observed is indicative of the repulsive forces which occur between
particles thereby preventing their aggregation with aging.(132) It has been
reported in the literature that the ionisation of the carboxylic group on the
surface of the PLGA polymer contributes to the negative charge of the
formulation and subsequently its stability. (182) Although positively charged
particles are preferred for bacterial interactions due to the high negative
charge present on the cell wall surface of the bacteria, some studies have
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shown an antibacterial effect of negatively charged particles supposedly
through the creation of pores in bacterial cell walls.(183) Therefore, it is
plausible the blank nanoparticles themselves may possess limited
antibacterial properties of their own.
Control over particle size diameter is an important clinical consideration
especially when the intended use of the formulation is to be injected
intravenously. Studies report that formulation of particle size above 7 µm are
mechanically trapped in the capillary bed of the lung, and particles ranging
from 0.1-3 µm are taken up by the reticuloendothelial system such as Kupper
cells in the liver and macrophages in the spleen. Whereas, particles below
0.1 µm are found to circulate within the blood throughout the body.(84) In
addition, particle size may affect drug release properties. Our formulated
nanoparticles therefore may be subject to reticuloendothelial system
clearance. It would be useful in future studies to seek to avoid the
reticuloendothelial system perhaps through pegylation of the PLGA thereby
extending residence time.
The average PDI observed of 0.2 ± 0.004 reported in our blank nanoparticle
formulations (figure 3.5.A) indicated that formulation methodology resulted in
a monodisperse nanoparticle population. The achieved PDI values in our
study is comparable with other PDI values reported in the literature using the
double emulsion methods.(184, 185)
PDI is a dimensionless value indicative of the heterogeneity of the tested
sample. Thus, the lower the PDI value the narrower the population diameter
of the produced formulations. This can be explained by the usage of different
surfactant, measuring technique, sonication time and the use of automated
dropping system, which could help in producing more monodisperse
particles. Moreover, figure 3.5.A confirm the consistency of our formulation
methodology, as no between batch differences in nanoparticle size was
observed. This finding was crucial as the intended route of administration for
this nano delivery system is intravenous injection. To eliminate the risk of
embolism due to administration of the drug delivery platform, the
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nanoparticle size must be tightly regulated and the possibility of large
particulate aggregates removed. It therefore appears that our baseline
formulation methodology produced nanoparticles with consistent properties,
an achievement considering consistency in nanoparticle characteristics
formulated using the double emulsion solvent evaporation methodology has
long been recognised to be challenging. (186)
Rhodamine B was chosen as the model hydrophilic drug to evaluate the
ability of the formulation methodology to encapsulate active drugs within
nanoparticles and to subsequently be internalised within cells for two main
reasons; firstly, it has been extensively used by researchers to study the
cellular uptake and localisation of different nanoparticle formulations due to
its autofluorescence (187, 188) and secondly, its physicochemical properties
approximates the physicochemical properties of vancomycin, a hydrophilic
drug. Our confocal microscopy results confirmed our ability to encapsulate
rhodamine B into PLGA nanoparticles using the double emulsion solvent
evaporation method, in agreement with the published literature. Studies have
revealed that unencapsulated rhodamine B is unable to internalise into cells
whereas, rhodamine B loaded nanoparticles can, having been found were
found intracellulary.(187, 189) We found that rhodamine B loaded PLGA
nanoparticles were able to internalise into HAoECs within 18 hours
incubation and to localise within the cytoplasm. Similarly, Lekha et al. too
have demonstrated internalisation of rhodamine B loaded PLGA
nanoparticles, evident after 2 hours incubation into U87MG glioma cells and
MCF7 breast adenocarcinoma cells. (189) The rate at which PLGA
nanoparticles are taken up by cells appears dependent upon cell line while
also being influenced by incubation time and the concentration of the
nanoparticles in the medium to which the cells are exposed. (93) For
example renal proximal tubule epithelial cells were found to take up the
nanoparticles rapidly, as early as 30 minutes, whereas, gut caco-2 epithelial
cells were found to demonstrate delayed internalisation where internalisation
is observed to start after 24 hours. In agreement with our work, previous
studies have also proved the ability of biodegradable polymers to be taken
up by endothelial cells in cell culture, reportedly via endocytosis. (190)
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Having confirmed through confocal microscopy the ability of the formulated
nanoparticles to internalise successfully, the next challenge was to
encapsulate a therapeutically relevant drug. Vancomycin HCl (10 mg) was
successfully encapsulated into 90 mg PLGA RG 503H using the same
double emulsion solvent evaporation technique. A slight increase in
nanoparticle size was noted, however, this is to be expected as reported in
the literature.(191) The formulated nanoparticles retained their stability
shown by the observed high negative zeta potentials, again in agreement
with the published literature.(192) The hydrophilic nature of vancomycin
poses significant challenges to its encapsulation into polymers and often
leads to low encapsulation efficiencies as a result of the drug partitioning into
the external aqueous phase during emulsification.(98, 193) Okochi et al
demonstrated that the stability of vancomycin is potentially affected by
sonication and elevated temperature; therefore, control of both, as observed
in our formulation process is vital to ensure that the encapsulated
vancomycin remains pharmacologically active. (84)
Encapsulation efficiency is the amount of drug which is successfully
encapsulated within the formulated nanoparticles. It is preferable that a
nanoparticle formulation should demonstrate high encapsulation of the
desired drug. High encapsulation efficiencies reduces the amount of
nanoparticles needed to deliver a therapeutically relevant dose. From the
perspective of the pharmaceutical industry it also reduces the cost of the
formulation process as it leads to less wasted active and reduced demand
for polymer. Encapsulation efficiencies are affected by several formulation
parameters such as drug:polymer ratio, drug solubility and surfactant
concentration.(194) Modification to enhance the stability of the primary
emulsion (w1/o) is a known key step to enhance the encapsulation efficiency
of hydrophilic drugs.(195). Our initial vancomycin loaded nanoparticles
achieved 13.96% w/w encapsulation efficiency, which although low, is
expected given the hydrophilic nature of the active, and can be further
optimised to achieve higher encapsulation. Upon further modifications we
achieved a significantly higher encapsulation of vancomycin (82% w/w ± 12,
n=3), which is significantly higher than most reported literature and similar to
the highest value reported. (163)
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Clearly, the resultant vancomycin loaded PLGA nanoparticles were
formulated effectively in terms of encapsulation efficiency.
A high vancomycin encapsulation efficiency while important is not the only
characteristic of importance when developing a nanoparticle drug delivery
platform. Characteristics such as nanoparticle size and zeta potential are
also critical. Comparing the three formulations (blank PLGA nanoparticles,
rhodamine B loaded PLGA nanoparticles and 10% w/w vancomycin loaded
nanoparticles) there was no statistically significant difference in the size or
PDI of the formulated nanoparticles. All formulation showed a high negative
zeta potential.
The effect of the drug:polymer ratio on drug loaded nanoparticles is well
documented in the published literature. (163, 195, 196) The effect of three
drug:polymer ratios were investigated in this thesis. From figure 3.12 it is
clear that increasing the drug content led to dramatic increase in the particle
diameter, in accordance with the findings of Zakeri-Milani et al. (179) The
effect of the inner aqueous phase volume on nanoparticle characteristics has
also been widely acknowledged in the literature. (195, 197, 198) Similar to
the findings of Parikh et al. our formulations showed higher encapsulation
efficiency and smaller particle size as the inner aqueous phase fell from 1 mL
to 0.3 mL. (199) This is due to the need for a sufficient volume of water to
dissolve and encapsulate vancomycin while ensuring that the water volume
is not so large as to lead to excessive partitioning of the active into the
internal aqueous phase. Additionally, the effect of PVA concentration in the
external aqueous phase on the characteristics of vancomycin loaded PLGA
nanoparticles was assessed. The influence of altering the concentration of
the surfactant (PVA) has been widely reported in the literature to have direct
effect on formulation parameters.(200, 201) Similarly to Yang et al., who
found that increasing PVA concentration produced smaller particles due to it
stabilising effect preventing coalescence (200) we too found that increasing
the PVA concentration from 1% w/w to 2.5% w/w led to the formulation of
smaller spherical particles (692.76 nm ± 298.1 vs 416.6 nm ± 26.4, n=3) and
interestingly it also increased the encapsulation efficiency considerably
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(27.1% w/w ± 10.52 vs 82.86% w/w ± 12, n=3) . However, further increase to
5% w/w had a negative effect resulting in the formation of microparticles
rather than nanoparticles. This is due to the subsequent increase in the
emulsion viscosity, which ultimately prevented its breakage into smaller
particles.
Another important nanoparticle characteristic is their physical shape, since
this too has a direct effect on the drug release characteristics and stability of
the manufactured formulation.(202, 203) The obtained particles, both blank
and drug loaded PLGA nanoparticles, were non-aggregated spherical
particles upon TEM imaging (figure 3.10.2).The obtained DSC thermograms
confirmed that there was no interaction between the PLGA polymer and the
encapsulated vancomycin. This result confirms that the encapsulated
vancomycin remains structurally unaltered during the formulation process
and hence will remain therapeutically active upon release.
The biodegradation rate of PLGA polymers is affected by several factors
such as, molecular weight of the polymer, molar ratio of the lactic and
glycolic acids, the degree of crystallinity and the glass transition temperature
of the polymer. (204) Different drug release profiles can be achieved by
altering variables such as the PLGA copolymer ratio, molecular weight of the
polymer and the drug loading of the nanoparticles. The drug release
behaviour observed from the formulated nanoparticles displayed a biphasic
pattern that is characterised by an initial burst release followed by a slower
continuous release. The initial burst release is most likely due to the initial
dissolution and release of the drug adhered to the surface of the polymer or
located near the surface with the remainder being released by diffusion.
It was confirmed experimentally that treating HAoECs with PLGA
nanoparticles did not affect the metabolic activity of the cells nor affected the
morphology of the cells. Therefore, the produced nanoparticle formulations
are considered non-toxic and can be used clinically.
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Our preliminary efficacy study which evaluated the ability of the formulated
nanoparticles to treat S. aureus infected HAoECs showed the drug delivery
technology reduced the absolute amount of S. aureus following treatment
when compared with untreated control and vancomycin solution treated cells.
While the absolute difference in cell count was not statistically significant
(ONE Way ANOVA, p-value > 0.05, n=3) there was an obvious trend which
indicated the efficacy of the technology. The lack of statistical significance
may be as a result of variability of the data set which has masked an
underlying treatment effect and/or potentially the result due to the 10 fold
differential in vancomycin concentration between vancomycin solution and
vancomycin loaded nanoparticles.
The formulated nanoparticles therefore represent a technology worthy of
further exploration as a potential treatment for intracellularly resident S.
aureus which may predispose the patient to recurrent infection.
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4.2. Future work

The work described in the thesis has highlighted the potential efficacy of
vancomycin loaded nanoparticles in targeting intracellularly resident S.
aureus which may act as a repository of infection.
Future work should focus on four main objectives: Firstly, further work should
focus on optimising the concentration of drug loaded nanoparticles to enable
complete eradication of intracellularly resident bacteria. Secondly, future
objectives should focus on evaluating the potential applicability of other
biocompatible polymers including those with longer residency times such as
pegylated polymers, whose enhanced circulation times due to their
avoidance of the reticuloendothelial system should allow greater exposure to
the drug by intracellular bacteria, hence potentially leading to greater efficacy
of the therapy. Thirdly, the ability to surface modify the drug delivery system
with a view to targeting particular cell types is potentially also of clinical value
and should be explored as part of future work. By targeting a specific cell
type, one should be able to optimize the therapeutic benefit of the treatment
while simultaneously limiting the off-target side-effects. Finally, this
technology can be considered to be a prototype technology and through
encapsulation of other therapeutic agents may also represent a useful
treatment strategy for other diseases not due to S. aureus infection, thereby
broadening its therapeutic relevance. Objective one may be considered a
short-term objective while the remaining objectives can be considered more
long-term in nature.
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