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ABSTRACT

HENRY NETTEY
The evaluation o f  Vancomycin microspheres in sepsis induced by Staphylococcus 
aureus.
(Under the direction o f  Martin J. D ’Souza. Ph.D.)

Bacterial pathogenesis is highly dependent on the ability o f  organisms to colonize

host tissues. Staphylococcus aureus (S. aureus) is generally considered an extracellular

pathogen compared to other facultative intracellular organisms such as Listeria,

Salmonella, and Mycobacteria. However, adherence to endothelial cells (EC) by S.

aureus can lead to internalization o f  the bacteria by the EC. The consequence o f  bacterial

internalization is not exactly known. The survival and replication o f  S. aureus within

endothelial cells (where they are protected from host defenses and antibiotics) plays an

important role in the frequency and persistence o f  invasive staphylococcal infections.

Bovine serum albumin microspheres o f  vancomycin were prepared by the spray drying

method, using glutaraldehyde as the crosslinking agent. Endothelial cells were exposed to

both S. aureus and drug-loaded microspheres. Three treatment groups were studied:

Prophylactic, simultaneous, and delayed treatment.

In the prophylactic treatment, encapsulated vancomycin decreased the

intracellular bacterial load by 73%, while the solution form decreased the bacterial load

by 32% after 5 hours o f  incubation. In vitro treatment o f  HMEC’s immediately after S.

aureus internalization resulted in a 57% decrease in bacterial load by vancomycin

xiv
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XV

microspheres as compared to a 37% decrease by vancomycin solution, after 24 hours o f  

incubation. In vivo experiments showed a similar trend o f  results.

The general hypothesis is that, in bacterial induced sepsis, both internalized and 

circulating bacteria compromise the integrity o f  the vasculature. Experiments were 

performed to prove this assumption. Bacteria which were internalized were later 

exocytosed. The number o f  exocytosed bacteria increased with time. The effect o f  

bacteria and their cell wall products on vascular permeability was also evaluated using a 

fluorescent marker. The effect o f  Lipoteichoic acid (LTA), peptidoglycan (Pep G), 

Lipopolysaccharide (LPS), and S. aureus on the permeability o f  various molecular weight 

compounds through an endothelial cell monolayer was evaluated. All the compounds 

used were more effective than the control (1% HBSS) in increasing the permeation o f  

FITC.

These results indicate that the drug-loaded albumin microspheres can be used to 

target all intracellular pathogens. This can result in lower dosage requirements, decreased 

toxicity, and more effective killing o f  pathogenic organisms.
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CHAPTER 1 

INTRODUCTION 

(Background & Significance)

The emergence and continued persistence o f  methicillin resistant Staphylococcus 

aureus (MRSA) is a real concern in the health field. More disturbing is the fact that this 

organism is developing resistance to vancomycin, the only effective antibiotic against it. 

Resistance to vancomycin is due to overuse by certain health care officials, and in some 

cases sub-therapeutic doses administered to patients for fear o f  ototoxicity and 

nephrotoxicity. Bacterial pathogenesis is highly dependent on the ability o f  organisms to 

colonize host tissues (Beachey 1981). Adherence to host cell tissues by S. aureus could 

occur either by binding to host proteins such as flbronectin, or to normal endothelium by 

specific receptors (Ing et. a l 1997). S. aureus is generally considered an extracellular 

pathogen compared to other facultative intracellular organisms such as Listeria, 

Salmonella, and Mycobacteria (Bayles, K.W., Wesson, C.A. et. a l 1998). However, 

adherence to endothelial cells (E.C) by S. aureus could lead to internalization o f  bacteria 

by EC. It has been shown by other groups o f  researchers that EC can function as 

nonprofessional phagocytes and, as such, take up S. aureus (Beekhuizen 1994, Hamill et. 

a.l 1986, Drake and Pang 1988). The consequence o f  bacterial internalization is not 

exactly known. Some studies have shown that S. aureus does not multiply within E.C’s

1
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(Vann and Proctor 1987), while others have shown that S. aureus does replicate within 

human cardiac valve EC (Lowy et. a.l 1988) and epithelial cells (Kahl et. a l 2000). The 

survival and replication o f  S. aureus within endothelial cells (where they are protected 

from host defenses and antibiotics) plays an important role in the frequency and 

persistence o f  invasive staphylococcal infections (Qazi 1999). Hence, it is necessary to 

develop suitable delivery systems, such as biodegradable microspheres o f  vancomycin, to 

target intracellular S.aureus, especially in conditions like sepsis or septic shock.

Drug delivery systems using biodegradable polymers have been studied 

extensively since the early 1970’s. Biodegradable polymers, which have so far been used 

for drug delivery systems, can be classified as either synthetic or natural polymers. 

Examples o f  the former include aliphatic polyesters o f  hydroxy acids [Polylactic acid 

(PLA), poly(glycolic acid) (PGA), polylactic coglycolic acid (PLGA), 

poly(hydroxybutyric acid) (PHBA)], poly(orthoesters), and poly(amino acids). With the 

latter, polypeptides and proteins e.g. albumin (Arshady 1990, Chen et al. 1987), collagen, 

gelatin (Marty et al.); polysaccharides (e.g., hyaluronic acid, starch, and chitosan); and 

living cells (e.g. erythrocytes and fibroblasts) can be used. Biodegradable microspheres 

have been investigated for both controlled release and targeted delivery to the site o f  

action.

Albumin is the most abundant plasma protein, and constitutes approximately 55% 

o f  total plasma protein. It is a water soluble, single stranded protein o f  about 580 amino 

acids and has a molecular weight o f  66,500. The use o f  albumin as a polymer matrix for 

the encapsulation o f various drug types’ e.g. anticancer drugs (Willmot et al., Gupta et
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al.) and steroids (Lee et al.) has been studied extensively. The hydrophilic nature o f  

albumin however makes it more efficient in the transport o f  hydrophilic drugs. Schafer et 

al. have shown albumin microspheres to be among the most suitable systems for targeted 

drug delivery, because they are relatively non-toxic and biodegradable. Albumin 

microspheres, like all other microspheres prepared from natural polymers, need to be 

stabilized in order to maintain the integrity o f  the particles. Biodegradation o f albumin 

microspheres is controlled by alteration in their stabilization conditions, such as 

temperature, or glutaraldehyde concentrations (Roser et at). Drug release from an 

albumin matrix is generally biphasic: an initial fast release phase (release o f  drug on the 

surface o f  microspheres) followed by a slower first order diffusional release. There are 

many methods o f  microsphere preparation including, emulsion [oil-in-water (O/W), 

water-in-oil (W /0)]-solvent evaporation, nebulization, coacervation, and spray-drying.

Spray-drying has been used routinely for the preparation o f  microspheres and 

other controlled-release formulations (Prior et al.). The process involves three steps o f  

operation: atomization -  during which the polymer and drug solution are atomized in the 

nozzle at a very high inlet temperature, drying -  which occurs within a chamber, and 

powder collection -  which is achieved by means o f  a cyclone separator. Average particle 

sizes obtained from the bench-top spray -dryer range between 4 to 5 pm. Smaller particle 

sizes however, are difficult to attain due to the low efficiency for cyclone collectors to 

retain them. Compared to other methods o f  microsphere preparation, product yield from 

the spray-dryer is much higher; it is a one-step process, and much less laborious. The
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high inlet temperature (>120 °C) o f  the nozzle ensures instant drying o f  droplets and is 

safe for most drug molecules like antibiotics 

Overall Project Objectives

The current project was designed to enhance the delivery o f  vancomycin to 

intracellular bacteria, namely S. aureus. To ensure this, albumin, a readily available 

protein was used as a matrix. Vancomycin was selected as a model drug, because o f  its 

unmatched effect against Gram-positive bacteria, its aqueous solubility (making it a good 

candidate to disperse in the albumin matrix), and also the glycopeptide nature o f  

vancomycin made it a suitable candidate to represent peptides in microsphere 

formulations.

A  HPLC assay o f  vancomycin and also a microbiological assay were developed to 

determine the pharmacological activity o f  the drug. Because encapsulation o f  

vancomycin did not severely affect its antimicrobial activity, the microsphere formulation 

o f  the drug was used in further experiments in vitro and in vivo, to establish its superior 

nature in terms o f efficacy. The microspheres were characterized by Light Microscopy, 

Fluorescent Microscopy, and a Laser Particle Counter.

The specific aims o f the project were as follows:

1) To formulate {in vitro), vancomycin HC1 loaded bovine serum albumin (BSA) 

microspheres.

2) To evaluate {in vitro), vancomycin HC1 loaded bovine serum albumin (BSA) 

microspheres .
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3) To determine the in vitro qualitative and quantitative uptake efficiency o f  

endothelial cells when exposed to vancomycin microspheres, and/or S. aureus.

4) To determine the in vitro effect o f  encapsulated vancomycin HC1 on intracellular 

S.aureus.

5) To evaluate, in vitro, the effect o f  bacteria and their cell wall products on the 

permeability o f  an endothelial cell monolayer to various size molecules.

6) To determine, in vivo, the effect o f  microencapsulation on vancomycin 

pharmacokinetics

7) To evaluate, in vivo, the effect o f  vancomycin microspheres or solution on septic 

shock rat models.

8) To determine the biodistribution o f  fluorescent-labeled microspheres or bacteria 

in rats
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CHAPTER 2 

LITERATURE REVIEW

Introduction

Over the past several decades the incidence o f  septic shock has been on the 

increase all over the world. Despite major advances in diagnosis and treatment, mortality 

due to septic shock still remains over fifty percent. (Krafft P, Fridich P, Pemerstorfer T, 

et al. 1996). Death from Septic shock in the United States increased from 35,000 in 

1970, to 94,000 in 1980. (U.S. Department o f  commerce Statistical abstract 1995). In 

1990, the Centers for Disease Control (CDC) estimated that there were 450,000 cases o f  

sepsis per year in the United States with more than 100,000 deaths. (Centers for Disease 

Control (JAMA 1990). The death rate from septic shock per 100,000 population 

increased from 1.7 in 1970, to 4.2 in 1980, to 7.9 in 1990. Septic Shock is associated 

with acute respiratory distress syndrome (ARDS) and multiple organ failure (MOF). 

Pathophysiology o f  Sepsis.

Although surgery, transplantation, cytotoxic chemotherapy, immunomodulation and other 

advances in the management o f  disease have increased longevity, these techniques are 

often complicated by sepsis. (Finch. R.G. 1998). Pathogenic mechanisms responsible for 

the systemic inflammatory host response syndrome (SIRS) to gram (-) or gram (+) 

bacterial infections can be simplified in the following diagram:

6
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Bacterial

Invasion

i r
Production o f Endo/Exotoxins 

y
Host cell activation 

y
Bioactive mediators

Physiological Systemic Inflammatory

Immune -  Response Response Syndrome

(SIRS)

Figurel.The significance o f  endotoxins as major sepsis inducers after release from 
bacteria.

SIRS can progress further to three clinical syndromes namely Sepsis, Severe

Sepsis, and Septic shock. The cascade o f  Sepsis events leads ultimately to multiple organ

dysfunction Syndrome (MODS) and multiple organ failure Syndrome (MOFS).
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Death

MOFS

MODS

SIRS Severe Sepsis

Sepsis

Septic Shock

Figure 2. Clinical Syndromes defining a progressive increase in systemic inflammatory 
response syndrome to infection (SIRS)

Sepsis can be defined as phenomenon related to the host’s response to infection. 

Sepsis is considered an uncontrolled, unregulated, and self-sustaining intravascular 

inflammation, resulting from an imbalance between systemic pro-inflammatory reaction 

and excessive anti-inflammatory response (Bauer. PR. 2002). Severe Sepsis can be 

defined as documented infection and acute organ dysfunction using criteria based on the 

International Classification o f  Disease, Ninth Revision, Clinical Modification (Angus 

DC, Linde -  Zwirble, WT, et al. 2001).
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Septic shock is a subset o f  severe sepsis defined as sepsis -  induced hypotension 

that persists despite fluid resuscitation and is associated with tissue hypoperfusion. 

Patients receiving vasoactive agents are also considered to have septic shock i f  they have 

tissue hypoperfusion despite correction o f  the hypotension. (Fitch SJ, Gossage JR. 

2002).A more detailed schematic o f  the events associated with septic shock is given in

figure 3.

Infecting
Organism Tissue Factor Activation o f  Coagulation

( ^ )  j MonocyteEndotoxin
Release

Inactivation APCFactor V illa  
Factor Va

IL-1 TNF-oc
APC

Thrombin Activation

Tissue Factor

IL-I ►Neutrophil
r  Chemotaxis

Fibrin Clot Formation

IL-6 release 
Nitric Oxide release

'NF-a

Endothelial CellEndothelial cell

Figure 3. Events associated with major mediators o f  cytokine cascade in septic shock. 
Endotoxin and other antigenic components o f  infecting organism stimulate monocytes 
and local endothelial cells, resulting in elaboration o f  IL-I, tumor necrosis factor-a (TNF 
a), and tissue factor (primary stimulant for coagulation cascade). Activated Protein C 
(APC) is shown to inhibit several areas o f  the pathway. (Fitch S J , Gossage JR., 
Postgraduate medicine 2002)
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Briefly, the cytokine cascade involves local inflammation and substances, 

elaborated from organisms, especially endotoxin, which activate neutrophils, monocytes 

and tissue macrophages. This results in a cascade o f  pro inflammatory and anti

inflammatory cytokines and other mediators, such as IL-1, IL-8, IL-10, tumor necrosis 

factor alpha (TNF-a), prostaglandin E, endogenous corticosteroids and catecholamines 

(Fitch; SJ, Gossage JR. 2002). The effects o f  this complex mediator cascade include 

cellular chemotaxis, endothelial injury, and activation o f  the coagulation cascade. An 

imbalance in favor o f  anti-inflammatory cytokines may result in relative 

immunosuppression, and if  persistent, in increased risk o f  death. (Bone. RC. 1996). The 

initial cardiovascular response includes decreased systemic vascular resistance in 

response to substances released from infectious agents, cytokines, mediators such as 

nitric oxide, and down-regulation o f  peripheral catecholamine receptors. Ventricular 

function is also depressed, but the origin o f  this decrease is unknown, although various 

inflammatory mediators and tissue edema have been implicated (Parker; MM, Shelhamer 

JH, Bacharach SL, et.al. 1984). If this initial cardiovascular response in uncompensated, 

generalized tissue hypoperfusion results. Aggressive fluid resuscitation may improve 

cardiac output and systemic blood pressure, resulting in the typical homodynamic pattern 

o f septic shock (i.e. high cardiac index and low systemic vascular resistance). The 

response to volume loading in survival o f  sepsis is ventricular dilation (Parker MM; 

Balcharachsly; JA et al 1984; Parker MM, Shelhamer JH, Natanson C, et al, 1987); non

survivors may show little change in cardiac output. Despite improvement in central 

hemodynamics in survivors, abnormalities in regional and microcirculatory blood flow
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often persist. These abnormalities may lead to cellular dysfunction, lactic acidosis, and 

ultimately multiple organ failure. Death from septic shock usually results from rapid and 

overwhelming progression o f sepsis unresponsive to all therapeutic maneuvers, multi

organ failure, or secondary/nosocomial infection or complication (Fitch SJ, Gossage JR 

2002).

Infecting Organisms and their products

Bacteremia is a serious clinical problem. The presence o f  bacteria in the blood 

stream can be due to a variety o f  factors, for example, respiratory tract infection, post 

surgical infection, urinary tract infection and IV catheter infection. Sepsis is initiated by 

cell wall components o f  both Gram-negative and Gram-positive bacteria. Sepsis has 

generally been associated with endotoxemia (the presence o f  gram negative 

lipopolysaccharide (LPS) in the blood), but for the past thirty years, there has been an 

increase in the cases o f  sepsis caused by gram-positive organisms (Bone RC, 1994).

Gram -  positive bacteria are capable o f  causing septic shock and multiple organ failure 

without causing endotoxemia (Natanson C, Danne RL, Elin RJ et al 1989): moreover, 

endotoxin is not always found in the serum o f patients with septic shock. (Bone RC 1994) 

The basic structure o f LPS was established in the classic studies o f  Otto Luderitz 

and Karl Westpal. LPS is exclusive to and an integral component o f  gram -  negative 

bacteria. It is found in the outer leaflet o f  the outer membrane o f  gram -  negative 

bacteria, and forms a hydrophobic barrier, which restricts entry o f  noxious substances 

such as bile salts, digestive enzymes, and certain antibiotics.
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The outermost part o f  the LPS molecule consists o f  a series o f  repeating units o f  

monosaccharides which form the O- polysaccharides, which are structurally and 

antigenically diverse and are responsible for the O-serotype o f  gram-negative bacteria. 

Internal to the O-side chains are the core Oligosaccharrides, which are structurally similar 

in all gram -  negative bacteria. A  lipid -  containing part, Lipid A  binds to the core 

Oligosaccharide. The structure o f  Lipid A  is highly conserved, and it is this molecule 

that is responsible for most o f  the toxicity o f  endotoxin (Figure 4) (el-Samalouti NT, 

Hamann L, Flad HD, Ulmer AJ 2000).

“O” Side chains Core Lipid A

(Oligosaccharides) Polysaccharide

(Species or Serotype (Genus-specific (Toxic moiety)
Antigens) antigens)

Figure 4. General Structure o f  Lipoplysaccharide (LPS)

Release o f  LPS into the host’s circulatory system promotes binding by LPS- 

binding protein, forming a complex, which interacts with cluster o f  differentiation 14 

(CD 14) receptors on a variety o f  monocytes and macrophages, triggering inflammatory 

cytokine release and activation o f  the complement and coagulation cascades (Wisconsin 

University Bacteriology lecture topics 2000)

The cell wall o f  gram-positive bacteria lacks both Lipo -  oligosaccharide (LOS) 

and Lipopolysaccharide (LPS) but does contain peptidoglycans, (PepG), Lipoteichoic 

acid (LTA) and Teichoic acids (TA) (Mattsson EL, Verlage L, R ollof K, et al 1993; 

Timmerman CP, Mattsson E, Martinez-Martinez et al 1993). TA, LTA, and pepG, can
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all activate leukocytes, stimulate the generation o f  pro-inflammatory cytokines, and 

hence, cause a moderate systemic inflammatory response syndrome (SIRS) (Mattsson 

EL, Verhage J et al 1993).

Teichoic acids (from the Greek work teichos, meaning “wall”) are acidic 

polysaccharides attached to the cell walls o f  Gram -  positive bacteria. Because they are 

negatively charged (Figure 5), teichoic acids are partially responsible for the negative 

charge o f  the cell surface as a whole. Certain glycerol containing acids are bound to 

membrane lipids o f  gram -  positive bacteria because these teichoic acids are intimately 

associated with lipids, they have been called Lipoteichoic acids (LTA). (Brock TD, and 

Madigan MT. 1991)

- o

-c

-c

Ribitol

D-Alanine

D-Alanine

D-Glucose

Figure 5. Structure o f  rigid teichoic acid (Brock TD, Madigan MT 1991)
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LTA is a macro amphiphile (equivalent to LPS in Gram-negative bacteria) and 

can cause moderate hypotension in rats, but is unable to cause multiple organ failure or 

death by itself. (Dekimpe SJ, Hunter ML, Bryant CE et al 1995). However, both LTA 

and pepG act in synergy to release TNF-a and IFN-y, and to cause shock and multiple 

organ failure in anesthetized rats. (Dekimpe SJ, Kengathara M, Thiermurmann C, Vane 

JR. 1995)

Peptidoglycan is a large polymer that provides stress resistance and shape -  

determining properties to bacterial cell walls. It contains long chains o f  two alternating 

sugar derivatives, N-acetyl glucosamine (NAG) and N-acetylmuramic acid (NAM), 

which are highly cross-linked by peptide subunits and bridges (Figures 6 and 7)
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G - M - G - - glycan 

L-Ala Peptide

D-Glu , Interbridge

/ iDAP— D-Ala 

D-Lla. DAP 

D-Llu  

D-Ala 

- G - M - G -

a) Escherichia coli (Gram-negative)

G -  M -  G - - Glycan 

L-Ala

peptideD-Glu-NHl-

Lys

D-Ala Gly

Gly

Gly

Gly

Gly

Ala

L-lys

D-G1u-NH2

L ^ A la

M - M - G

b) Staphylococcus aureus (Gram- positive)

Figure 6. Manner in which the peptide and glycan units are connected in the formation o f  
the peptidoglycan sheet. A) Direct interbridge in gram-negative bacteria. B) Glycine 
interbridge -  Staphylococcus gram (+) (Brock TD, Madigan MT. 1991)

Staphylococcus aureus

S. aureus is a facultative anaerobic gram -  positive bacteria which is part o f  the 

normal flora o f  the human nasal passage. When incubated in human plasma S. aureus
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produces coagulase. This is sometimes used in identifying the organism (Baird -  Parker; 

AC 1974)

NAG - NAM

L - ala

D - Isoglu 

L -  lys - L -  gly 

D -  ala

D - a la  _______ !

-  (L -  g ly ) -

Figure 7. S. aureus peptidoglycan structure. The peptide subunit consists o f  alternating L 
and D amino acids, up to four or five in length; and is connected to the acetyl group o f  
NAM. The structure o f  the sugar chains is highly preserved among different bacterial 
species.

Infection due to S. aureus continues to be a major source o f  morbidity and 

mortality in hospital-based practices. A  number o f  excellent studies have summarized 

clinical features o f  staphylococci infections (Cluff LE, Raynolds RC, Page DL et.al 1968, 

Hassall JE, Rountre PM 1956); these have dealt mainly with patients who have 

bacteremias. S aureus is the second most common cause o f hospital- acquired bacterial 

infections and essentially equals Escherichia coli in causing hospital-acquired 

bacteremias (Sheagren JN 1984)
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Infections due to S. aureus 

Soft Tissue Infections

The most common staphylococcal infections are soft tissue infections, but their 

pathogenesis is not very well understood. These infections are, in general, quite severe 

even when they are localized to a particular site.

Some o f  the soft tissue infections o f  S. aureus include: -

a) Superficial Infections:

i) Impetigo -  a characterized by bullae and vesicles that are easily broken.

ii) Ecthyma -  A  more chronic, deeper infection, which involves both 

epidermis and dermis. The margins o f  the lesions are raised and the 

centers are ulcerated.

iii) Infection superimposed on skin diseases -  (eg) eczema, pediculosis, 

sunburn, and erythroderma. In its initial stages, the infection is analogous 

to impetigo or ecthyma depending on the depth o f  the dermatologic 

conditions; however, it may extend externally or penetrate into uninvolved 

areas causing cellulitis or small abscesses.

b) Deep Infections:

i) Non-localized -  eg cellulitis and erysipelas. In cellulites, S. aureus spreads

through subcutaneous tissues causing an intense inflammatory reaction. 

Lesions o f  erysipelas are well -  circumscribed, raised, deep red, hot and
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tender. Another non-localized infection o f  S. aureus is fascitis, a hard 

extremely painful swelling, which is usually not accompanied by necrosis,

ii) Localized -  e.g. Boils and abscesses. Boils usually originate in a hair 

follicle. Bacterial proliferation and progressive polymorphonuclear 

leukocytic exudates destroy the follicle down to the basement membrane; 

on occasion, extension occurs and an abscess may result.

There are numerous other miscellaneous infections due to S. aureus. These range 

from peritonitis and emphema to post-surgical infections, all o f  which can escalate to 

bacteremia, sepsis, septic shock, organ failure and death.

Effect o f  S. aureus cell wall products

It was initially believed that sepsis results only as a result o f  bacteremia and that 

the severity o f  the disease is proportional only to the bacterial load. Presently, it is 

known that sepsis is the result o f  a sequence o f  events, beginning with a nidus o f  

infection consisting o f  an abscess, peritonitis, pneumonitis, cellulitis or other forms. The 

microorganisms then invade the blood stream, resulting in positive blood cultures, or the 

microorganisms may proliferate at an infected site and release large amounts o f  various 

mediators into the bloodstream. These mediators may consist o f  microorganism -  

elaborated exotoxins, microorganism structural components -  endotoxin or teichoic acid 

antigens or host -manufactured products such as cytokines (tumor necrosis factor, 

interleukins) or complement activation. As mentioned previously, 

endotoxins such as LPS, LOS, LTA and TA are the most potent pro-inflammatory 

constituents o f  the membrane and the cell wall o f  Gram-negative (LPS, LOS) or Gram -
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positive (LTA -  TA) bacterial species (Stuertz K, Schmidt H et al 1998; Prins JM, Van 

Deventer SJH et al. 1984; Prins JM, Van Agtmael et. al 1995). This discussion will 

concentrate on Gram-positive cell wall constituents and their effects.

LTA and TA’s act on monocytes when released in the circulation. Monocyte 

cells can remove and detoxify LTA’s and TA’s from the blood, thus having a beneficial 

effect. LTA/TA -  stimulated monocytes produce cytokines such as TNF-a and IL-1. 

Monocytes also produce tissue factor, which is the primary stimulant for the coagulation 

cascade (fig 2.3). IL-1 and TNF-a produced by blood monocytes act directly on 

endothelial cells to cause the release o f  pro-inflammatory cytokines, such as IL-6 and 

Nitric oxide (Levi M, Van der Poll T, Ten Cate H, et al: 1997). LTA’s and TA’s can act 

directly on endothelial cells to cause the release o f  Tissue factor, IL-1, and TNF-a. Most 

o f the pathways which lead to cytokine release, for example, binding o f  endotoxin to 

endothelial cells and monocytes and the coagulation pathway can be inhibited by 

activated protein C (APC).

Activated protein C

The involvement o f  endothelial dysfunction in the impaired function o f  the 

protein C system is apparent (Levi M, de Jonge E, Van der P Poll T 2001). Under 

physiologic conditions, protein C is activated by thrombin bound to the endothelial cell 

membrane -  associated molecule, thrombomodulin (Esom CT: 1989). Endothelial cells, 

primarily o f  large blood vessels, express an endothelial protein C receptor that augments 

the activation o f protein C at the cell surface (Fukudome K, Esmon CT 1994; Laszik Z, 

Mitro A, Taylor FBJ, et al 1997). Activated protein C then decelerates the coagulation
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cascade by inactivating factors Va and V illa  by proteolytic cleavage. However, in sepsis, 

in addition to the already low levels o f  protein C (as a result o f  consumption and impaired 

synthesis), the main cause o f  protein C system dysfunction is down -  regulation o f  

thrombomodulin at the endothelial surface. Proinflammatory cytokines, such as TNF-a 

and IL-1, may significantly down regulate the expression o f thrombomodulin, as 

suggested by cell culture experiments. (Nawroth PP, Stem DM 1986; Moore KL, Esmon 

CT, Esmon NL 1989).

These data were corroborated by recent observations in patients with severe 

Gram-negative septicemia, in whom decreased thrombomodulin expression at the 

endothelial cell surface and impaired activation o f protein C were seen (Faust SN, Levin 

M, Harrison OB, Et al 2001). In the plasma 60% o f  the protein C cofactor, protein S, is 

complexed to a complement regulation, Protein C4b binding protein (C4b BP). The 

anticoagulant capacity o f  protein C is enhanced by the free fraction o f  protein S.

Increased plasma levels o f  C4b BP -  as a consequence o f  the acute phase reaction in 

inflammatory disease -  may result in a relative protein S deficiency that contributes 

further to a down -  regulation o f  the protein C system. (Taylor FBJ, Dahlback B, Chang 

AC et al. 1995).

Generally, reduced levels o f  protein C and protein S are associated with increased 

mortality (Taylor FBJ, Steams -  Kurosawa DJ, Kurosawa S, et al 2000). Blockade o f  

protein C activation by infusion o f  C4b BP, or blockade o f  endothelial protein C 

receptors by a neutralizing monoclonal antibody in E. Coli baboon models resulted in a 

lethal response (Taylor FBJ, Dahlback B, Chang AC et al 1995; Mesters RM,
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Helterbrand J, Utterback BG et al: 2000). On the other hand, infusion o f  activated 

protein C into baboons administered with lethal doses o f  E. coli resulted in decreased 

disseminated intravascular coagulation (DIC) and survival (Taylor FBJ, Chang A, Esmon 

CT et al. 1987). Thus it is obvious that the protein C system is o f  great importance in the 

host defense against sepsis and DIC, which was further illustrated by the results o f  the 

PROWESS trial (Bernard GR, Vincent JL, Laterre PF et al. 2001). In this randomized, 

controlled trial, administration o f recombinant human activated protein C resulted in a 

significant (19.4%) relative risk reduction o f  mortality in patients with severe sepsis.

The Endothelium in Sepsis

The endothelium is the lining between blood and the tissues. In adult humans, the 

total surface o f  this cell population has been estimated to be > 1000m2 (Muller MM, Gries 

Macher A. 2000). There is an intimate contact between the endothelial cells and blood 

cells as well as plasma proteins. Under physiologic conditions, endothelial cells have 

various functions, including, prevention o f  coagulation, orchestration o f  the migration o f  

blood cells into tissues by expression o f adhesion molecules, production o f  chemo 

attractant compounds, regulation o f  the microcirculation by dictating the tonus o f  the 

arterioles -  hence regulating blood pressure, and regulation o f  vasopermeability. As 

previously mentioned, endothelial cells, under physiologic conditions, inhibit blood 

coagulation by expressing thrombomodulin, which binds thrombin. Endothelial cells 

express surface proteoglycans such as heparan sulfate, which bind and potentiate the 

inhibitors antithrombin II and tissue factor pathway inhibitor. (Iversen N, Sandset PM, et 

al 1996); Merteus G, Cassimann JJ et al 1992). The endothelium releases low amounts o f
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the plasminogen activator tissue -  type plasminogen activator (TPA), and is able to 

inhibit platelet aggregation by producing prostacyclin and nitric oxide (NO) (Weksler 

BB, Marcus AJ, Jaffe EA 1997). Both prostacyclin and NO are vasodilating agents that 

help in regulating the tonus o f  the arterioles and thereby decrease blood pressure (Rees 

DD, Palmer RM, Moncada S. 1989).

Endothelial Inflammation

Several mechanisms may contribute to endothelial damage during sepsis. In vitro 

experiments have shown that activated neutrophils that adhere to the endothelial cells via 

adhesion molecules are well able to injure the endothelial cells by producing oxygen 

radicals and proteinases such as elastase (Sacks T, Moldow CF, et al 1978, Weiss SJ, 

Young J et al 1981, Harlan JM 1985). Also in perfusion models, neutrophils have been 

shown to enhance TNF -  mediated effects on permeability (Ismail G, Morgaworth ML et 

al 1987). Upon stimulation by various cytokines, including interleukin (IL) -  1 a, IL-1 P, 

and tumor necrosis factor (TNF)- a, and also upon interaction with other inflammatory 

mediators, such as activated complement, the functions o f  the endothelium may be 

grossly altered. These changes, referred to as activation, encompass a change from an 

anti into a pro-coagulant surface -  thereby expressing adhesion molecules, production o f  

inflammatory mediators including chemoattractant agents and the production o f  

vasoactive compounds.

The physiologic goal o f  those changes (i.e. from anti to pro-coagulant), which are 

meant to occur locally, and not systemically, is to wall o ff an infectious process. Upon
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triggering with such stimuli as TNF- a, IL-1, or endotoxin, endothelial cells lose 

thrombomodulin and heparin sulfate (Ihreke NS, Wrenshall LE et al 1993, Moore KL, 

Andreoli SP, Esmon NL et al. 1987), and begin to synthesize tissue factor (TF), which 

after a couple o f  hours appears on the surface o f  the cells. As a consequence, the 

endothelial cells no longer activate protein C; lose the clotting inhibitor, tissue factor 

pathway inhibitor, and antithrombin III. Through the interaction o f the TF with clotting 

factor VII, the endothelium activates the extrinsic pathway o f the coagulation system. 

Factors V ila, Xa, and thrombin, which are generated upon extrinsic pathway activation, 

can further activate the endothelial cells by proteolysis and activation o f so-called 

protease -  activatable receptors (Preissner KT, Nawsoth PP et al 2000). Under 

physiologic conditions, the endothelium hardly expresses adhesion molecules. Upon 

stimulation with a variety o f  agonists such as cytokines, this changes dramatically: the 

cells express, in order o f  appearance on their membranes, P- Selection, E-selection, 

intercellular adhesion molecule -  1, and other adhesion molecules such as vascular cell 

adhesion molecule -  1. As a result, leukocytes interact with these cells. This initially 

leads to rolling o f  the leukocytes over the endothelium, followed by strong adherence, 

and finally transmigration into the tissues. This process requires some activation o f  the 

leukocytes as well. This is achieved by production o f  leukocyte agonists such as platelet 

-  activating factor and chemokines by the endothelium (Zimmerman GA, Prescott SM et 

al 1992; Butcher EC, 1991). Clearly, the endothelium should not be thought o f  as an 

inactive cell layer constituting the vessel wall but rather as a director orchestrating the 

inflammatory cascade. The role o f  the endothelium in sepsis is summarized in figure 8.
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Endotoxin

™ IMonocyte 
CD14 TLR 

NF-kB 
Cytokines

I
Endothelium

Vasomotor Tone Coagulation Adhesion molecule Inflammation
Inducible NO Tissue factor P-sel, E-sel Cytokines
Endothelins Thrombin, PTA-1 ICAM-1, VCAM-1 CRP, Compliment

Hypotension Thrombosis leukocyte Activation Ischemia/Reperfusion

Endothelial Damage Apoptosis

Figure 8. Upon inflammatory stimuli by endotoxin and cytokines, endothelial cells 
induce vasodilation, become a pro-coagulant surface and up-regulate the expression o f  
adhesion molecules and inflammatory components. (TLR, Toll -  like receptor; NF- kB, 
nuclear factor Kappa B, NO nitric Oxide, PTA-1 Plasminagen activator inhibitor-1, P-sel, 
P-selection, E-sel; E -selection, 1 CAM-1, intracellular adhesion molecules -1 , VCAM-1, 
vascular cell adhesion molecule, CRP, C-reactive protein). (Bauer PR -  2002)

Treatment o f  severe Sepsis and Septic Shock

The goal for improving the outcome o f sepsis should include early detection and 

diagnosis, rapid and aggressive eradication o f  the source o f  infection and prevention o f  

organ dysfunction and mortality. (Bauer PR- 2002). Experimental use o f  anti-cytokine 

and anti-oxidant regimens has been highly successful, but has failed to demonstrate 

clinical efficacy. Among the immunological studies aimed at targeting the inflammatory
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process during sepsis, the use o f  prostaglandins, N-acetylcysteine, selenium, and 

antithrombin III have so far not shown any benefit (Bauer PR 2002). The use o f  anti

endotoxin antibodies, recombinant bactericidal /  permeability increasing protein and anti

cytokines, have proven ineffective (Giroir BP, Scannon J, Levin M. 2001). However, 

administration o f  anti-TNF-a and APC has been shown to reduce mortality.

For many years, two conventional therapies have, been used in the treatment o f  

septic shock, namely cardiovascular support and antibiotics. Volume resuscitation with 

hemodynamic monitoring is one o f  the first therepeutic steps in management o f  patients 

with septic shock. If responsive to volume replacement, the patent would experience an 

increase in ventricular performance and reduced hypotension. If hypotension persists, 

vasopressor agents, e.g. Dopamine and norepinephrine are used. Administration o f  

dopamine is initiated and continued until the mean blood pressure is at least 60mm Hg.

If the dose o f  dopamine administered exceeds 20pg/kg/min, then typically, 

norepinephrine is administered and the dose is titrated to maintain a mean blood pressure 

o f  60mm Hg. Norepinephrine, a powerful vasoconstrictor, has been shown to reverse 

septic shock in patients who are unresponsive to volume and dopamine therapy. (Desjars 

P, Pinaud M et al 1987, Meadows D, Edward D et. al. 1988). The second conventional 

treatment o f  sepsis and septic shock employs the use o f  antibiotics. Measurement o f  

endotoxaemia and bacteremia just before the first dose o f  antibiotic and during therapy 

for gram-negative bacterial sepsis has provided chemical evidence that liberation o f  

endotoxin might contribute to the steadily worsening course o f  disease in some patients 

despite antibiotic therapy with an agent shown to be highly effective against the infecting
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organism in vitro ( Shenep J L, Flynn PM et al. 1988). The high mortality rate due to 

Gram-negative and Gram-positive organisms, despite the in vitro effectiveness o f  various 

bactericidal antibiotics could be in response to several factors, such as: the inoculum 

effect frequently reached during severe sepsis in immunocompromised hosts and the 

ability o f  bacteria to release acutely and endotoxic products as a consequence o f  

antimicrobial drugs (Periti. P, Mazzei T 1998).

“Inoculum effect” is the increase in the minimal inhibitory concentration (MIC) 

and minimal bactericidal concentration (MBC) o f  antibacterial drugs, which occurs as the 

bacterial inoculum is increased; the therapeutic activity o f  drugs for infection containing 

high inocula may be better predicted by tests carried out with comparably high inocula 

rather than with the standard inoculum o f 104- 105 colony forming units. (CFU) per ml 

( Davey PG, Barza M 1987). The Clinical condition o f  some patients with Gram-negative 

or Gram-positive bacterial sepsis worsens abruptly despite intermittent or continuous 

antibiotic therapy at concentrations not higher than lOx MIC that otherwise are highly 

effective in vitro against the infecting organism (Bucklin SE, Fujihara Y et al. 1994; 

Nitsche D, Schulze. C, et al 1996; Hora DL, Opal SM-et al 1996). Nevertheless, 

antibiotic induced released o f  endotoxins is not always due to bacterial lysis but is highly 

enhanced by the increase in bacterial biomass (Jackson JJ, Kroop H. 1992)

Caution should therefore be exercised when treating severely ill patients with antibiotics 

that induce the causative pathogen to form filaments or large multiseptate oval cells 

(Hori T, Kobayashi M, et al.1998). A  rapid killing rate at the commencement o f  

antibacterial therapy and the resulting reduction in viable bacteria in the early phase o f
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antibiotic treatment are decisive determinants o f  the amount o f  LPS, LOS, LTA, and TA 

release and resulting plasma endotoxin activity. It is therefore prudent in serious sepsis 

patients to select an antibiotic which is rapidly bactericidal, and administered on the basis 

o f concentration -  dependent pharmacodynamics, either in rapid intermittent bolus or 

continuous infusion, to guarantee blood and tissue concentrations 100 or more times 

superior to the MIC or MBC. (Thomas JK, Forrest A; Bhavnani JM. et al 1998).Among 

these antibiotics are P-lactams such as the carbapenems, ceftriaxone, and cefepime, some 

aminoglycosides and quinolones, and finally the glycopeptides teicoplanin and 

vancomycin. This discussion will focus on vancomycin and its action on Gram-positive 

bacteria, specifically, Staphylococcus aureus.

Vancomycin

Humanity’s fight against bacterial infections has been on going throughout the 

last century to the present day. The battle has been a flip-flop one, with bacterial gaining 

ground (resistance) after years o f  susceptibility to a drug. Vancomycin has been a key 

player in the antimicrobial war “and is often used as the antibiotic o f  last resort”. 

Vancomycin is a tricyclic glycopeptide antibiotic, which is obtained from the 

microorganism Amycolatopsis orientalis. Eli Lilly manufactures it as the hydrochloride 

salt. The molecular weight o f  vancomycin Hcl is 1,485.73 and has the chemical formula 

C66 H75 C12 H9 024 . HC1. -  The structure is shown below:
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Figure 9. Vancomycin HC1 Structure

Vancomycin is poorly absorbed after oral administration and is given 

intravenously for the therapy o f  systemic infections. The normal adult dose o f  

vancomycin is 15mg/kg infused over 60 minutes every 24 hrs. The mean elimination 

half-life o f  vancomycin from plasma, is 4 to 6 hours in subject with normal renal 

function. In the first 24hrs, about 75% o f an administered dose o f  vancomycin is 

excreted in urine by glomerular filtration. Mean plasma clearance is about 0.058L/kg/hr, 

and mean renal clearance is about 0.048L/kg/hr. (USP 2002). Vancomycin is 

approximately 3 0 - 5 5 % serum protein bound as measured by ultra filtration at serum
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levels o f  10 to 100 ug/ml. Vancomycin is bactericidal against most Gram-positive 

bacteria eg S. aureus, S. epidermidis and streptococci species. Vancomycin’s bactericidal 

action results primarily from the inhibition o f  cell-wall biosynthesis (USP 2002). 

Vancomycin binds to the peptides substrate o f  peptidoglycan and prevents it from 

binding to the enzyme’s (transpeptidases) active site. (Walsh C. 2001) The bottom 

surface o f  Vancomycin makes five hydrogen bonds with the D-Ala -D -ala terminal 

amino acid o f  the peptide cross-bridges. By binding to these residues with high affinity, 

the antibiotic prevents them from being accessible to the active site o f  the 

transpeptidases. The peptide cross-linking therefore cannot occur and the structural 

integrity o f  the peptidoglycan is compromised causing the cell to lyse.

Susceptibility testing

Susceptibility testing o f  bacteria to vancomycin is done by two standard methods: Disk 

susceptibility test and standard dilution method. In the standard disk diffusion method, 

result obtained using a 30pg Vancomycin disk are be interpreted as follows: Zones 

>12mm are susceptible organisms; Organisms that produce zones o f  10 or 11mm are 

considered o f  intermediate susceptibility, and resistant organisms produce zones < 9mm. 

Using the standard dilution method, an organism may be considered susceptible i f  the 

MIC value is < 4 pg/ml. Intermediate susceptibility is between 4-16 pg/ml. and resistant 

structure show MIC > 1 6  pg/ml (USP 2002).

Indications and Toxicity

Vancomycin HC1 is indicated for the treatment o f  serious or severe infections 

caused by susceptible strains o f  methicillin resistant staphylococci. It is effective in the
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treatment o f  staphylococcal endocardities and has been reported to be effective in 

infections due to staphylococci, including septicemia, bone infections, sepsis, and septic 

shock. Otoxicity has been reported in patients receiving Vancomycin HC1, especially 

those who have been given excessive doses, who have under-lying hearing loss or who 

are receiving concomitant therapy with other ototoxic agent like aminoglycosides, (USP 

2002). Though Vancomycin has been effective against extracellular bacteria, it is still a 

challenge to fight intracellular bacteria. Most o f  these organisms e.g. in sepsis, have been 

found to take refuge within endothelial cells as well as macrophages; thereby, eluding the 

effect o f  the antimicrobial agent. It is therefore necessary to target drugs to the 

intracellular compartment. This can be achieved by employing the use o f  particulate 

delivery systems such as microspheres.

Albumin

In the past two decades a tremendous level o f  attention has been focused on sustained 

drug administration. Normally a drug is administered at high doses, and the patient has to 

repeat the same dose several hours later or several times a day. Unfortunately, this 

conventional method may result in severe side effects. As a consequence, increasing 

attention has been focused on methods for administering drugs in a controlled fashion. 

Among the many methods, one involves the formation o f  micropheres by incorporating 

the drugs within a polymer matrix. Microspheres employed in drug sustained release and 

delivery by using various kinds o f biodegradable polymers have been studied for several 

decades. Contraceptive steroids, narcotic antagonists, local anesthetics, antimalarials, 

anticancer agents, peptides and proteins, and antimicrobial agents have been
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microencapsulated and eliminated the inconvenience o f  repeated injections. For instance, 

injectable, biodegradable microspheres containing a local anesthetic drug have been used 

clinically. Biotechnology has developed so quickly that many therapeutic peptide and 

protein drugs such as hormones, cytokines, monoclonal antibodies and growth factors 

have been developed for clinical use. Biodegradable microspheres have been investigated 

not only for sustained released but also for targeted delivery to the site o f  action which is 

also very important in increasing therapeutic effects and reducing side effects.

Biodegradable polymers can be divided into natural and synthetic materials in the 

application o f  sustained release and drug delivery. The former includes polypeptides and 

proteins (e.g. albumin, fibrinogen gelatin and collagen) polysaccharides (e.g. hyaluronic 

acid, starch, and chitosan), virus envelopes and living cells (e.g. erythrocytes, fibroblasts 

and myoblasts). The latter includes aliphatic polyesters o f  hydroxy acids, like poly (lactic 

acid) (PLA), poly (lactic-coglycolic acid) (PLGA) poly (glycolic) (PGA), poly 

(hydroxybutyric acid) (PHBA) and poly (E- caprolactone), poly(orthoesters), 

poly(alicycarbonates), poly(amino acids) poly- anhydrides, polyacrylamides and 

poly(alkyl-a - cyanocrylates).

Albumin is a natural water soluble polymer that is biocompatible, biodegradable 

and nontoxic. It consists o f  a single strand o f  580 amino acids with an isoelectric point o f  

4.7, and a molecular weight o f  67,000. Serum albumin is a major plasma protein 

constituent (55% o f the total protein in the plasma, 35-50 pg/ml). Albumin microspheres 

are readily metabolized in the body with the extent o f  metabolism being dependent on 

particle size and intensity o f  crosslinking. Biodegradation o f albumin microspheres is
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controlled by alteration in their stabilization conditions, such as temperature or 

glutaraldehyde concentration. Drug release from an albumin matrix is generally biphasic: 

an initial fast release phase followed by a slower first order release. Because it is easily 

available and relatively cheap, bovine serum albumin (BSA) is used in experiments 

described herein. There are many methods o f  microsphere preparation including, water 

in-oil (W/O) emulsion, nebulization, coacervation, and spray-drying.

The cells belonging to the mononuclear phagocyte system play a major role in 

ingestion and eradication o f  particulate matter like microspheres, bacteria, and apoptotic 

cells. When a foreign material enters or is placed in the body, it is likely to stimulate host 

defense mechanisms. Phagocytosis is important for the human body’s defense. There are 

at least two separate classes o f  cells in the monocyte-macrophage system. One class is the 

fixed microphages such as kupfer cells and alveolar cells, and the other is a mobile pool 

o f  monocytes which originate from rapidly replicating precursor cells in the bone 

marrow. Once produced by the bone marrow, monocytes are released into the circulation. 

This estimated plasma half-life o f  circulatory monocytes is 8-9 hours. Monocytes enter 

the tissues and are transformed into macrophages. The mechanism o f  phagocytosis is 

extremely complicated. Briefly, actin polymerization and receptor -  mediated 

internalization are involved in the process. There are three classes o f  receptors: 

carbohydrate (e.g. galactose and mannose) receptors, compliment receptors and antibody 

Fc receptors. Opsonization o f  microspheres by IgG antibodies would enhance their 

uptake into the intracellular compartment. Most research is concentrated on professional 

phagocytic cells like monocytes or macrophages, dendritic cells, and neutrophils.
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However, other cells like endothelial cells, epithelial cells and certain tumor cells 

probably also have phagocytic function. Following adherence o f  bacteria, e.g. S.aureus to 

endothelial cell monolayers, invasion may occur via endothelial cell ingestion.

A  number o f  studies have reported that endothelial cells function as 

nonprofessional phagocytes and thus are able to ingest S. aureus organisms. (Drake, T. A, 

and Pang M. 1988; Hamill RJ. et. al 1986; and Ogawa SK et al 1985).
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CHAPTER 3

PREPARATION AND EVALUATION OF VANCOMYCIN LOADED BOVINE 

SERUM ALBUMIN (BSA) MICROSPHERES 

Vancomycin is used in clinical settings as a last resort antibiotic to treat severe 

Gram-positive bacterial infections which are otherwise resistant to other antimicrobials. 

Although effective against circulating bacteria, vancomycin is less effective against 

intracellular pathogens, because it does not penetrate well into cells. In order to 

circumvent this problem, an encapsulated form o f  vancomycin would ensure a targeted 

and sustained delivery o f  the drug to the intracellular compartment. Two methods o f  

microsphere preparation, nebulization and spray-drying, were used to obtain 

microspheres.

Specific Aims

1. To develop a nebulization technique for encapsulation o f vancomycin 

in BSA microspheres

2. To formulate vancomycin microspheres in BSA using the spray-drying 

technique

3. To evaluate the size distribution o f BSA microspheres using a Laser 

Particle Counter

4. To evaluate the encapsulation efficiency o f  BSA microspheres 

produced by both methods

34
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5. To evaluate the in vitro drug release from BSA microsphere produced 

by both methods

Materials and Methods 

BSA and vancomycin HC1 were purchased from Sigma Chemical Company (St. 

Louis, MO). Tween 80, glutaraldehyde, and 1-butanol were purchased from Fisher 

Scientific Company, Norcross, Georgia. Spectrex 2000 Laser Particle Counter at Mercer 

University, and Waters High Performance Liquid Chromatographic (HPLC) integrated 

system at the Centers for Disease Control and Prevention (CDC, Atlanta, Georgia) 

Entomology Laboratory were used for drug analysis.

Vancomvcin/BSA Solution Preparation

Bovine serum albumin (BSA) 4g was weighed and dissolved in 30 ml o f  de

ionized (DI) water. In a separate beaker, 1 gm o f vancomycin was dissolved in 10 ml o f  

DI water. The vancomycin solution was slowly added to the BSA solution with 

continuous stirring. A  cloudy suspension formed which became clear after drop wise 

addition o f  2M HC1. This resulted in the formation o f  10% (final volume o f  40 ml) BSA  

solution and a 1:4 vancomycin:BSA ratio. Tween 80 was added to the solution and used 

for microsphere preparation to achieve a final concentration o f 0.1%.

A) Nebulizer Method

The setup was made up o f 4 conical flasks with side arms, each flask containing about 

200pl o f  butanol and a stir bar (Figure 10). The flasks were serially connected and the 

last flask was connected to a vacuum pump. The first flask was connected to the 

nebulizer compressor, which sprayed the sample solution in the form o f  tiny droplets into
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butanol. Particles lost from the first flask were trapped in subsequent flasks, and finally in 

the in-line filter placed between the last flask and the pump. Microparticles trapped in 

butanol were cross-linked with 0 - 4% o f  glutaraldehyde for 1 hour. Cross-linked 

microparticles were filtered with a 0.45 pm membrane and dried at 37°C overnight.

vacuum purrp

Figure 10 Nebulizer setup

B) Sprav-Drver Method

Spray-drying was performed with a Buchi B-191benchtop mini spray-dryer. 

Using compressed air from an in-house supply (700NL/hr), a fluid nozzle atomized the 

homogenous solution at a pump setting o f  4%. The filtered air was aspirated at 95%, the 

inlet temperature was set at 110 °C, giving an outlet temperature o f  73°C. Microspheres 

were aspirated through a tube where they were cooled down to a lower outlet 

temperature, and deposited into a product container through a cyclone. The fine powder
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collected was suspended in 50 ml o f  butanol and cross-linked with 1 - 4% glutaraldehyde 

for 1 hour. Cross-linked microspheres were collected with a 0.45 um membrane and dried 

overnight at 37°C.

The Standard Curves o f  Vancomycin (VCN)

Three standard curves for vancomycin were drawn. The first VCN standard curve 

was made by dissolving a weighed amount o f  drug in phosphate buffered saline (PBS) to 

obtain a stock concentration o f 1 mg/ml. The stock solution was serially diluted to obtain 

VCN solution concentrations o f  500 |Jg/ml, 250 |Jg/ml, 100 (Jg/ml, 50 |Jg/ml, and 10 

|Jg/ml). 50 pi o f  each solution was injected directly into HPLC. A  modified HPLC 

method by San, R. et. al. was used to analyze the samples. The HPLC conditions used 

were as follows: Mobile phase -  0.01M Heptane sulfonic acid : Acetonitrile (ACN) 85%

: 15%; Column- C-8, 150mm; Temperature -  35 °C; Flow rate -  1.40 ml/min; 

Wavelength- 210nm.

Extraction o f  Vancomycin from PBS

The second standard curve was obtained by dissolving vancomycin in PBS as 

previously described; however, for this curve, vancomycin was extracted from the 

aqueous medium using an organic solvent. This was done because, in drug content and 

release experiments, the drug as well as BSA would be dissolved in PBS, and an 

extraction process would be required to isolate the pure drug. 20 pi o f  internal standard 

(Cefazolin 0.1 mg/ml) was added to 200 pi o f  each o f  the vancomycin solutions prepared 

in the previous experiment. 400 pi o f  methanol was added and vortexed vigorously for 1 

minute. 400 pi o f  HPLC mobile phase was added and vortex mixed for a few seconds.
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The solution was centrifuged at 1500 rpm for 5 minutes and 50 |Jl o f  the supernatant 

solution was injected into HPLC.

Extraction o f  Vancomycin from Plasma.

The third standard curve was obtained by spiking human plasma with a stock 

vancomycin solution to obtain a final plasma drug concentration o f  1 mg/ml. The 

concentrated vancomycin solution in plasma was serially diluted with blank plasma to 

obtain concentrations o f  500 |jg/ml, 250 |Jg/ml, 100 |Jg/ml, 50 |Jg/ml, and 10 |Jg/ml. 

200pl o f  vancomycin solution was added to 20pl o f  internal standard (Cefazolin 

O.lmg/ml). 400pl o f  methanol (HPLC grade) was added and vortexed vigorously for 1 

minute. 400pl o f  HPLC mobile phase (0.01M Heptane Sulfonic acid : Acetonitrile 

(ACN) /  85% : 15%) was added and vortexed for a few seconds. The mixture was 

centrifuged at 1500rpm at room temperature (RT) for 5 minutes. 50|a,l o f  the supernatant 

was injected into HPLC.

Vancomycin Microsphere Particle Size Analysis

To determine particle size, lm g o f microspheres was suspended in 100ml o f  

filtered de-ionized water. Tween 80 was added to obtain a final concentration o f  0.1% 

and the suspension was vortexed. 20ml o f  the suspension was transferred into a dram vial 

and the microsphere particle size distribution was determined using a Spectrex Laser 

Particle counter. Various formulation batches obtained from both the nebulizer and spray-
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dryer method were analyzed to determine the effect o f  the extent o f  cross-linking on 

particle size.

Drug Loading

Drug loading was calculated by evaluating the percentage o f  the weight o f  actual 

drug content in a certain amount o f  microspheres to the weight o f  that amount o f  

microspheres. The ratio o f  vancomycin to BSA in all the preparations was 1: 4, therefore, 

the expected drug loading in any amount o f  microspheres would be 20%, as calculated 

from the equation:

Amount o f  drug used(mg)_________ * 100%
Expected drug loading = Amt. o f  drug (mg) + Amt. o f  BSA(mg)

The actual drug loading in the microspheres was calculated using the equation:

Amt. o f  drug in microspheres (mg') * 100%
Actual drug loading = Total weight o f  microspheres (mg)

Encapsulation Efficiency

Encapsulation efficiency calculations were carried out in order to evaluate the 

percentage o f  actual drug content to theoretical drug content in a certain amount o f  

microspheres. 10 mg o f vancomycin (VCN) microspheres were ground in a mortar with a 

pestle until a smooth powder was formed. The dry powder was transferred to a 15 ml 

centrifuge tube and 5 ml o f  PBS containing 2%  o f  trypsin was added. The suspension was 

thoroughly mixed by shaking at 37 °C for 48 hours after which the tube was centrifuged 

at 1500 rpm for 15 minutes.
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The resulting clear supernatant was injected into HPLC. The drug content and 

encapsulation efficiency experiments were done in triplicate. Encapsulation efficiency 

was calculated from the following equation:

Actual % drug loading * 100% 
Encapsulation Efficiency = Expected % drug loading

Vancomycin Microsphere Content Analysis

To determine the drug content o f  microspheres after encapsulation, 5mg o f  

vancomycin microspheres was weighed in a 15ml centrifuge tube and each sample was 

weighed in triplicate. 5ml o f  0.1 M phosphoric acid (H3PO4) was added to each tube and 

vortexed for 10 seconds. The suspension was further sonicated for 60 seconds to separate 

clumped microspheres. The tube contents were mixed by mechanical tumbling at 60 rpm 

for 30 minutes. 5ml o f  acetonitrile was added to each tube, vortexed, and mixed at room 

temperature for 30 minutes. The microsphere suspension was then centrifuged at 1000 x 

g for 5 minutes. The supernatant was directly injected into HPLC for analysis.

In Vitro Release o f  Vancomycin from Microspheres

Five milligrams o f vancomycin microspheres were weighed (in triplicate) placed 

into 15 ml centrifuge tubes. To each tube, 10 ml o f  PBS (pH 7.2) /0.1% Tween 80 was 

added. The tubes were vortexed to disperse the microspheres, and further sonicated for 1 

minute. Microsphere suspensions were then mixed by mechanical tumbling at 60 rpm in a 

37°C incubator. 200 pi samples were removed at specified time points and replaced with 

fresh media. Each o f  the samples was analyzed by HPLC.
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Results and Discussions 

The Standard Curves o f  Vancomycin (VCN)

Each standard vancomycin solution was injected three times and the average 

concentration was determined after dividing each standard peak area by the internal 

standard peak area. The retention time for vancomycin was 10.8 minutes and that for the 

internal standard, cefazolin, was 5.8 minutes (Figure 11). Data obtained from the 

injection o f  standard solutions directly into HPLC, injection o f  vancomycin solutions 

extracted from PBS, and vancomycin solution extracted from plasma are shown in tables 

3.1, 3.2, and 3.3 respectively. A  linear plot was obtained when the peak area o f  each 

vancomycin concentration was plotted against concentration, and the regression 

coefficient was 1.00 (Figure 12). Regression analysis o f  vancomycin standards after 

extraction from either PBS or plasma also showed linear plots (Figures 13 and 14).
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Figure 11. Chromatogram o f vancomycin (retention time 10.8 mins) and cefazolin 
(RT = 5.8mins), after extraction from plasma.
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Table 1. Peak areas for vancomycin standard solutions in PBS

Concentration
(mg/ml)

Peak area Internal
Standard

Area

Area Normalized to Internal 
Standard

Mean ±SD

Sample
1

Sample
2

Sample
3

Sample
1

Sample
2

Sample
3

0.05 43150 55185 52939 903308 0.0477 0.06109 0.0586 0.0558 0.007

0.1 83511 123854 105170 912150 0.0915 0.1357 0.1153 0.1142 0.022

0.25 201002 297300 250700 901159 0.2208 0.3266 0.2754 0.2743 0.529

0.5 589856 502839 428241 922779 0.6392 0.5449 0.4641 0.5494 0.087

1.0 1344521 1314517 1012245 930746 1.4445 1.4123 1.0875 1.3148 0.197
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Vancomycin Standard Curve in 0.01 M PBS
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Figure 12. Regression analysis o f  Vancomycin. Cefazolin (0.1 mg/ml) was used as an 
internal standard
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Table 2. Peak areas for vancomycin standard solutions after extraction from PBS

Concentration
(mg/ml)

Peak area Internal
Standard

Area

Area Normalized to 
Internal Standard

Mean ±SD

Sample
1

Sample
2

Sample
3

Sample
1

Sample
2

Sample
3

0.05 539958 45162 47841 873655 0.0617 0.0517 0.0547 0.0561 0.005

0.1 175102 95810 91145 866421 0.2021 0.1106 0.1052 0.1392 0.054

0.25 214171 235932 272567 855124 0.2504 0.2759 0.3187 0.2817 0.034

0.5 471254 542065 495865 923846 0.5101 0.5867 0.5367 0.5445 0.039

1.0 1125415 934272 999584 902819 1.2465 1.0348 1.1072 1.1295 0.107
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Vancomycin Standard Curve after Extraction from 
0.01 M PBS
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Figure 13. Regression analysis o f  vancomycin after extraction from PBS. Cefazolin 
(0.1 mg/ml) was used as an internal standard
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Table 3 Peak areas for vancomycin standard solutions after extraction from plasma

Concentration
(mg/ml)

Peak area Internal
Standard

Area

Area Normalized to 
Internal Standard

Mean ±SD

Sample
1

Sample
2

Sample
3

Sample
1

Sample
2

Sample
3

0.05 48178 42151 35018 976142 0.0493 0.0432 0.0359 0.0428 0.007

0.1 100335 107002 89965 1012600 0.0991 0.1056 0.0888 0.0978 0.008

0.25 294145 221301 181598 987173 0.2980 0.2242 0.1839 0.2354 0.058

0.5 422148 500012 455145 916951 0.4604 0.5453 0.4964 0.5006 0.043

1.0 852112 825145 800251 1049379 0.8120 0.7863 0.7625 0.7869 0.025
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Vancomycin Standard Curve after Extraction from 
Plasma
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Figure 14. Regression analysis o f  vancomycin after extraction from plasma. Cefazolin 
(0.1 mg/ml) was used as an internal standard
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Particle Size Analysis

Microencapsulation o f VCN by the nebulizer or spray-dry method produced 

particles o f  much smaller size than those produce by other methods o f  microsphere 

production, such as emulsion or coacervation. Approximately 90% o f  all batches 

analyzed showed a mean particle size o f  2 to 8pm, with the majority o f  those particles 

less than 5pm (Tables 3.4, 3.5, and Figures 5, 16). Moreover, there was no significant 

difference in size between particles obtained by the nebulizer method and those obtained 

by the spray-dryer method. The in vivo distribution o f  BSA microparticles is highly 

dependent on the particle size. IV administration o f  microspheres less than 7pm would 

lead to entrapment by the liver, and uptake mainly by Kuppfer cells, whereas particles 

greater than 7pm are trapped in the lungs (Davis et al, 1985)

One o f  the aims o f this study was to formulate microspheres that would be 

engulfed by both macrophages and endothelial cells, hence the particle size range 

obtained would be suitable for this purpose. A  number o f  studies have reported the 

increase in microsphere particle size with increasing amounts o f  cross-linking agent as 

well as time o f  cross-linking (Ezpeleta et al 1997, Sahin et al, 2002). The present study 

showed however that there was no significant difference in particle size with change in 

cross-linking agent concentration in the range o f  1 to 4% (Table 3.6 and Figure 17). The 

effect o f  glutaraldehyde concentration on particles size was evaluated by cross-linking 

microspheres with 1 -  4 % glutaraldehyde solution (25% w/v) for one hour in 1-butanol. 

Cross-linking o f  mirospheres in butanol, which dehydrates them, could be a contributing 

factor to the hardening o f  the particle prior to being cross-linked, and providing a
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relatively even distribution o f sizes, irrespective o f  the glutaraldehyde concentration used 

in these experiments (Figure 18).

Nebulizer Products

Table 4. Mean particle size distribution o f microparticles obtained by the nebulization 
method.

Batch# Mean
Particle
size(pm)

Range (%) S.D. # of
Particles/ml

<4
(pm)

4-8
(pm)

8-16
(pm)

a 5.04 12 81 7 1.45 346

b 4.65 21 71 8 1.63 229

c 4.64 25 68 7 1.85 200

Nebulizer Particle Size Analysis

90 n

■  Batch #1 
B Batch #2 
□  Batch #3

2 — 4 4 — 8 8 — 16

Particle Size Range (um)

Figure 15. Mean particle size distribution o f  microparticles obtained by the nebulization 
method.
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Sprav-Dryer Products

Table 5. Mean particle size distribution o f  microparticles obtained by the spray-dryer 
Method.

Batch# Mean Particle 
size (pm)

Range (%) S.D. # of
Particles/ml

< 4
(pm)

4-8
(pm)

8-16
(pm)

a 4.6 30 67 3 1.54 220

b 5.38 16 74 8 2.05 340

c 5.62 15 67 12 2.62 309

Spray-dryer Particle Size Analysis

80 n

■  Batch #1
■  Batch #2 
□  Batch #3

2 — 4 4 — 8 8 — 16

Particle Size Range (um)

Figure 16. Mean particle size distribution o f microparticles obtained by the spray-dryer 
method.
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Comparison of Nebulizer and Spray-dryer 
Mean Particle sizes
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I Nebulizer product 
I Spray-dryer product

2 to 4 4 to 8 8 to 16

Particle Size Range (um)

Figure 17. Comparison o f  the nebulizer and spray-dryer particle sizes. There was no 
significant difference between particles obtained by the two methods. p>.05.
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Table 6. Effect o f  glutaraldehyde concentration on microsphere particle size. 
SE = standard error o f  the mean.
Method o f
Microsphere
Preparation

%Glutara
ldehyde

concentra
tion

Microsphere Particle Size (pm)

Sample
1

Samples
2

Samples
3

Mean +
SE

-SE

Nebulizer 1 4.03 4.19 4.16 4.12 0.07 0.09

2 4.50 4.08 3.81 4.13 0.37 0.32

3 4.25 4.13 3.79 4.06 0.19 0.27

4 4.20 3.93 3.52 3.88 0.32 0.36

Spray-dryer 1 4.54 4.58 3.93 4.35 0.23 0.42

2 4.69 4.25 4.59 4.51 0.18 0.26

3 4.40 4.50 4.25 4.38 0.12 0.13

4 4.22 4.16 4.63 4.34 0.29 0.18
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Effect of Glutaraldehyde Concentration on 
Microsphere Particle Size

1 2  3  4
% Glutaraldehyde Concentration

Nebulizer
Products

I Spray-dryer 
products

Figure 18 Effect o f  glutaraldehyde concentration on particle size. Increasing the 
glutaraldehyde concentration resulted in a decrease in microsphere particle size, however 
this was not significant p>0.05.
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Drug Loading and Encapsulation Efficiency

Values obtained for both methods average:

Product yield = 75%

Expected % drug loading = 20

Actual % drug loading = 18.6

Encapsulation efficiency = 93%.

Vancomycin Content in Microspheres after Extraction from PBS (n=3 in each case')

Nebulizer product = 95.4%

Spray-dryer product =101%

Vancomycin Content in Microspheres after Extraction from Plasma (n=3 in each case)

Nebulizer product = 76%

Spray-dryer product = 89%

In vitro Drug Release Studies

Vancomycin release from BSA microspheres is shown in Figure 19. The graphs 

show the dependence o f  drug release on extent o f  cross-linking. Generally, the higher the 

extent o f  cross-linking, the lower the rates o f  drug release. All formulations showed 

separation into an initial burst release where 20-60% o f the dose was released during the 

first hour, followed by a slower release rate. Release o f  drug from the polymer matrix 

after the initial burst release is a rather complex process involving diffusion o f  drug 

through pores, enzymatic degradation, as well as other physicochemical properties. In
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0.01M PBS (pH 7.4), release o f  drug is mainly by diffusion after microsphere hydration 

(Figure 20). Preliminary studies have shown that uptake o f microspheres by both 

endothelial cells and macrophages occurs within an hour (Jin, Zhaowei 2004). Since the 

goal is to deliver a high drug load intracellularly, the formulation with the least burst 

release is ideal. Since the buffer mimics physiological conditions (without enzymes), it is 

appropriate to conclude that the 4%  glutaraldehyde cross-linked microspheres would be 

most suitable for the purpose. In order to show that vancomycin release would be favored 

intracellularly, the in vitro enzymatic cleavage o f  BSA microspheres and release o f  

vancomycin in 0.025% trypsin was investigated. Figures 21 and 22 demonstrate that most 

o f  the drug molecule is in the matrix core, and release is predominantly by diffusion and 

enhanced in the presence o f  an enzyme.
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Figure 19 In Vitro release profile o f  vancomycin from microspheres (in PBS) cross- 
linked with various amounts o f  glutaraldehyde. Drug release rate and amount decreased 
with increasing glutaraldehyde concentration. The burst release o f  vancomycin in the first 
hour was lowest in the 4% crosslinked microspheres (20%). Overall release in 48 hours 
was less than 45%. (Glut X-linked = glutaraldehyde cross-linked)
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Higuchi Plot of Vancomycin Release in 
0.01 M PBS
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Figure 20. Higuchi plot showing a linear release o f  vancomycin in 0.01M PBS (from 
microspheres cross-linked with 4%  glutaraldehyde) in the first 8 hours
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Cumulative release of vancomycin in 0.025% trypsin
100
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2 4 6 8 100
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Figure 21. In vitro cumulative release o f  vancomycin (in 0.025% Trypsin) from 4% 
glutaraldehyde crosslinked microspheres.

Higuchi plot of vancomycin in 0.025% Trypsin

®10re
®
®
O'

>'•3re
3
E
3o

100

80

60

40

20

0.5 1 1.5 2 2.5

Square Root of Time (t1/2) hrs

y = 22.816x+26.964 
R2 = 0.9403

Figure 22. Higuchi plot showing a linear release o f  vancomycin in 0.025% Trypsin (from 
microspheres cross-linked with 4% glutaraldehyde) in the first 8 hours.
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Conclusions

Microspheres prepared by both the nebulizer and spray-dryer methods produced 

the majority o f  microspheres with sizes between 1 -  5 pi. Both methods were equally 

effective in preparing microspheres; however the spray-dryer method produced a higher 

yield, was reproducible and the method was validated. The spray-dryer method was 

selected for use to make microspheres for all experiments.

Microspheres crosslinked with 4%  glutaraldehyde had a burst release o f  20% in 

the first hour and a cumulative release in PBS o f about 45% in 24 hours. More than 90% 

o f the drug was released in trypsin solution in 24 hours, indicating that most o f  the drug 

should be released under the intracellular enzymatic conditions. This formulation is ideal 

for future experiments, since the goal is to target intracellular bacteria. Uptake o f  

microspheres and bacteria by endothelial cells, occurs maximally in 1 -  3 hours: hence, 

most o f  the drug should be delivered to the intracellular compartment and be most 

effective against bacteria therein. It is therefore not only a sustained release but also a 

targeted delivery formulation that is required.
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CHAPTER 4

UPTAKE OF VANCOMYCIN MICROSPHERES AND STAPHYLOCOCCUS 

AUREUS BY HUMAN MICRO VASCULAR ENDOTHELIAL CELLS 

After successfully preparing microsphere formulations o f  vancomycin, the next 

step was to evaluate the ability o f  endothelial cells to engulf the particulate formulations. 

Microspheres have been used traditionally to deliver drugs to specific sites. Under 

physiologic conditions, release o f  a drug loaded in an albumin microsphere formulation 

occurs primarily through diffusion. This occurs after the initial hydration o f  the 

microspheres in the surrounding aqueous medium. Hydration o f the microspheres leads to 

an increase in pore sizes within the microspheres, therefore increasing drug release.

Previous studies in our laboratory have shown that non-professional phagocytes 

like endothelial cells can engulf microspheres o f  appropriate sizes (Jin Zhaowei, 2004). It 

was the goal o f  this study to expose endothelial cells to labeled microspheres and bacteria 

and to observe the effect o f  concentration and exposure time on uptake. The mechanism 

by which endothelial cells engulf particulate matter would be evaluated by inhbiting 

pathways o f  phagocytosis.

60
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Specific Aims

1. To determine the in vitro qualitative uptake efficiency o f  endothelial cells 

when exposed to fluorescent-labeled vancomycin microspheres.

2. To determine the in vitro qualitative uptake efficiency o f  endothelial cells 

when exposed to fluorescent-labeled S. aureus.

3. To determine the mechanism o f bacterial uptake by endothelial cells

4. To determine the in vitro quantitative uptake efficiency o f  endothelial cells 

when exposed to various concentrations o f  bacteria

Materials and Methods

Lyophilized powder o f  S. aureus was purchased from ATCC, Bethesda,

Maryland. HMEC’s, and culture media (M CDB131, supplemented EBM media) were 

obtained from the Centers for Disease Control (CDC). Tripticase soy agar, tripticase soy 

broth, culture flasks, petri dishes, and pipettes were purchased from Fisher Scientific 

Company, Norcross, Georgia. Antibiotics (penicillin, streptomycin, and fungizone). Fetal 

calf serum, cyrochalasin D, and acridine orange were purchased from Sigma Chemical 

Company (St. Louis, MO). Trypsin-EDTA was purchased from Invitrogen Corporation 

(Baltimore,MD).

Cultivation. Freezing, and Maintenance o f  Cells 

Human Micro vascular Endothelial Cells tHMEC’sl

The human micro vascular endothelial cells were provided in 75 mm2 tissue 

culture flasks by the Centers for Disease Control (CDC, Atlanta, GA.). The cells obtained 

had undergone three growth passages. At the Mercer University Cell Culture Laboratory,
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the HMEC’s were sub-cultured into 75 mm2 flasks, by initially decanting all o f  the cell 

culture media and subsequent addition o f  10ml o f  trysin-EDTA solution. The flask was 

kept in a 37 °C incubator for 5 minutes after which 10ml o f  fresh HMEC media 

containing 10% Heat Inactivated Fetal Calf Serum (HIFCS) and antibiotics was added in 

order to inactivate the trypsin-EDTA. The cells were transferred into a 50 ml centrifuge 

tube and centrifuged at 1000 xg for 10 minutes. The supernatant media was carefully 

decanted and 20 ml o f  fresh media was added. The cell pellet was teased with a pipette 

until all lumps had disappeared and an even suspension was obtained. The cells were 

equally distributed into three tissue culture flasks and enough media was added to make a 

final volume o f 20 ml in each flask. The cells were allowed to grow at 37 °C and 5% CO2 

until completely confluent. At 100 % confluency, the cells were again sub-cultured as 

described above, except that in this case 1 ml o f  cells (in media with 10% DMSO) was 

transferred to cryostat tubes and stored in liquid nitrogen. The cells which were not stored 

were sub-cultured into 24-well tissue culture plates. The cells were incubated at 37 °C 

until they were 80 -  100% confluent. These cells were used for all in vitro experiments. 

Staphylococcus aureus

A  5% nutrient broth was prepared in de-ionized water and autoclaved for 15 

minutes. The sterile broth was allowed to cool to room temperate in a sterile hood and the 

lyophilized S. aureus powder was transferred into it. The bacteria were allowed to grow 

overnight at 37 °C. 50 ml o f  bacterial culture was transferred into a sterile beaker and 

50 ml o f  glycerol was added to make 50% glycerol solution. The bacteria in glycerol was 

transferred into cryostat tubes and stored in liquid nitrogen until ready to use. At the time
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o f  each use, bacteria in one tube was thawed, quickly transferred into 250 ml o f  nutrient 

broth, and incubated overnight at 37 °C.

Turbidimetric Determination o f  Bacterial Cell Count

20 ml o f  the overnight bacterial culture was transferred to a 50 ml centrifuge tube 

and centrifuged at 2000 xg for 10 minutes. The supernatant media was decanted and 

replaced with 20 ml o f  sterile de-ionized water. The bacterial pellet was re-suspended by 

vortex mixing. S. aureus was enumerated by determining the absorbance at 680nm. A  

McFarland standard 0.5 (a turbidity standard prepared by adding 0.5 ml o f  a 1% BaCh 

solution to 99.5 ml o f  1% H2SO4) curve was made by serially diluting a stock suspension 

ofBaC l2 (0.05mg/ml) in de-ionized water. The absorbance o f  the stock suspension 

corresponded to a bacterial count o f  lx  108 cfu/ml at 680nm.

Acridine Orange Labeling o f  S. aureus

Bacteria was enumerated as described above, and re-pelleted. 2 ml o f  an acridine 

orange solution (5mg/ml) was added to the pellet and re-suspended. Labeling was 

allowed to continue for 10 minutes after which the bacterial suspension was centrifuged 

at high speed and the supernatant was decanted. The pellet obtained thereafter was 

washed several times with sterile de-ionized water until an unstained supernatant was 

obtained. The labeled bacteria were used in the qualitative study.

Uptake o f  S. aureus by Endothelial Cells (qualitative study!

Human micro vascular endothelial cells (HMEC’S) were grown to confluency in 

six well culture plates. The media in one o f  the wells was pipetted out and replaced with
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1 ml o f  trypsin-EDTA. After 5 minutes o f  incubation, the detached cells were counted 

with a hemocytometer, and the cell count was used to determine the concentration o f  

bacteria to use. 20 ml o f  an overnight culture o f  S. aureus in tripticase soy broth was 

centrifuged at 2,000 xg for 10 minutes, and the supernatant was decanted. The bacteria 

pellet was washed twice with sterile water, and finally re-suspended in 20ml o f  sterile 

water. The bacterial count was determined at OD68o and used as the stock concentration. 

Serial dilutions o f  the stock bacteria were made (inM CDB131, supplemented EBM 

media) in order to obtain counts o f  a lOOx endothelial cell count. One group o f  

endothelial cells was treated with 1 ml o f  Cytochalasin D (1 pg/ml) in HMEC media for 

two hours prior to bacterial exposure. The bacteria were fluorescently labeled with 

acridine orange and endothelial cells were exposed to labeled bacteria for three hours, 

after which extracellular bacteria were washed o ff twice with 0.01M PBS. Adhered 

extracellular bacteria were killed with 1 ml o f gentamicin solution (100 pg/ml) in HMEC 

media and the detached bacteria washed o ff twice in PBS, and observed under a 

fluorescent microscope.

Uptake o f  Vancomycin Microspheres bv Endothelial Cells (qualitative study)

Human micro vascular endothelial cells (HMEC’S) were grown to confluency in 

six well culture plates. Microspheres were fluorescently labeled with fluorescamine- 

briefly, 200mg o f vancomycin microspheres were suspended in 50ml o f  1-butanol, and a 

lm l solution o f fluorescamine (5mg/ml in acetone) was added. The microspheres were 

filtered (with a 0.45 pm filter) after 10 minutes o f  labeling, and dried at 37°C for I hour. 

Endothelial cells were exposed to microspheres for specific time points (one plate per
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time point). At each time point, microspheres were washed o ff twice with 0.01% PBS, 

and internalized microspheres were observed under the fluorescent microscope.

Uptake o f  S. aureus by Endothelial Cells (quantitative study)

Preliminary studies with labeled bacteria proved that endothelial cells do engulf

S. aureus, and that uptake increases with time and concentration o f  bacteria. It is 

therefore appropriate to hypothesize that the number o f internalized bacteria can be 

quantitatively determined, and that, i f  endothelial cells engulf both bacteria and drug 

loaded microspheres, the drug w ill be more effective in killing internalized bacteria. In 

this study, HMEC’s were grown to confluency in 24- well tissue culture plates and 

counted as described above. The cells in one well were washed twice with 0.01M PBS, 

and resuspended in 1ml o f  trypsin-EDTA. After the cells were detached, they were well 

separated with a pipette and counted with a hemocytometer. Endothelial cell count was 

used to determine bacterial stock required. The highest concentration o f  bacteria required 

was 100 times the endothelial cell count. This was obtained by determining the 

concentration o f the stock, and diluting it down to the required concentration. Serial 

dilutions o f  the highest concentration were made to obtain lOx, and lx  the endothelial 

cell count. Endothelial cells were exposed to various concentrations o f  bacteria in 

MCDB131 supplemented endothelial basal medium (EBM), and incubated at 37°C with 

5% CO2 . For each concentration o f  bacteria, experiments were performed in triplicate. 

Cells were exposed to bacteria for 1 hour and all wells were washed twice with PBS.
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Adhered extracellular bacteria were killed by filling all wells with gentamicin (100 

pg/ml) in MCDB131, supplemented EBM media. After 1 hr o f  gentamicin treatment, the 

wells were washed twice with PBS. The endothelial cells were then incubated in 1ml o f  

fresh media (MCDB131, supplemented EBM), and intracellular bacterial count was 

determined at specific time points. One 24-well plate was used per time point, the zero 

time point being the time immediately after removal o f  the gentamicin solution. At each 

time , the media was washed o ff with PBS and 1ml o f  1% Triton-XlOO was added to each 

well to lyse endothelial cells. Plates were kept at 4°C for 1 hr, after which, serial dilutions 

o f each well were made and plated on agar plates. After 24 hours o f  incubation at 37°C 

bacterial colonies were counted. In a second set o f  experiments, endothelial cells were 

initially exposed to 1 pg/ml o f  cytochalasin D (in MCDB131, supplemented EBM media) 

for two hours. The cells were washed twice with sterile PBS and exposed to bacterial 

concentrations as described above.

Results and Discussions 

Bacterial Enumeration and Uptake by HMEC’S ('qualitative study)

The clear nutrient broth turned completely cloudy after 16 hours o f  incubation 

indicating that bacterial growth had occurred. Growth was allowed for 16 hours to ensure 

an exponential growth phase for S. aureus. The bacterial suspension was centrifuged and 

the supernatant broth was decanted. The bacterial pellet was re-suspended in sterile water 

and the absorbance o f  the suspension determined at ODfigo. The corresponding bacterial 

concentration was determined from the McFarland standard curve (Figure 23).
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Human microvascular endothelial cells formed an even monolayer at the bottom 

o f the wells. The cells were counted with a hemocytometer as described above. Exposure 

o f HMEC’s to bacteria did not affect the viability o f  the cells, at least within the first 

three hours. Detaching infected cells from the wells and plating them again confirmed 

that they were still viable. The cells were able to attach to the bottom o f  the wells within 

two hours o f  incubation. Moreover, cytochalasin D (an inhibitor o f  phagocytosi s) did not 

affect the viability o f  either the HMEC’s or S. aureus. Bacteria exposed to cytochalasin D 

were able to grow in fresh nutrient broth. Cytochalasin D however did significantly affect 

the phagocytic capacity o f  HMEC’s. The total number o f  bacteria engulfed by 

cytochalasin D treated cells were much less than those taken up by untreated cells (Figure 

24).
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Figure 23. McFarland Standard Curve. (OD68o)
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(a) (b)
Figure 24. Uptake o f  acridine orange labeled S. aureus by HMEC’s a) Cytochalasin D 
untreated cells b) Cytochalasin D treated cells.
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Uptake o f  Vancomycin Microspheres by Endothelial Cells (qualitative study)

Fluorescamine reacts directly with primary amines to form fluorophors. At room 

temperature, fluorescamine dissolved in a water miscible solvent such as acetone reacts 

with and binds to primary amines. In a fraction o f  a second at room temperature, the 

reaction is complete and in less than a minute excess reagent is destroyed. Hydrolysis 

products o f  fluorescamine are not fluorescent. It is therefore expected that only primary 

amines present on the surface o f  BSA microspheres will be labeled. Observation o f  

labeled microspheres showed bright green particles o f  various sizes.

Endothelial cells were exposed to labeled microspheres for various lengths o f  

time. Internalization o f  microspheres by endothelial cells increased with time o f  exposure 

up to about three hours. The cells seemed to be saturated at that point and further 

exposure did not increase uptake to any greater extent. (Figures 25, 26, & 27).
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Figure 25. Uptake o f  microspheres after 1 hour o f  exposure to HMEC’s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 26. Uptake o f  microspheres after 3 hours o f  exposure to HMEC’s
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Figure 27. Uptake o f  microspheres after 5 hours o f  exposure to HMEC’s
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Uptake o f  S. aureus by Endothelial Cells (quantitative study)

The results obtained from the qualitative study were used to determine the optimal 

time for bacterial engulfment by HMEC’s. It was determined that one hour was enough 

for bacterial uptake; therefore HMEC’s were exposed to various concentrations o f  

S. aureus for 1 hour. The concentration o f bacteria required was determined from the 

number o f  endothelial cells in each well as described above.

In the quantitative study, the number o f bacteria engulfed by HMEC’s increased 

with increasing bacterial concentration. This is shown by the concentration values 

(number o f  colony forming units per milliliter, cfu/ml) at time zero in figure 28. The 

numbers o f  internalized bacteria also increased with time even after HMEC’s were 

exposed to cytochalasin D (Figures 28 and 29). The effect o f  cytochalasin D on the 

phagocytic ability o f  HMEC’s was very profound -  approximately twenty times more 

bacteria were engulfed by HMEC’s which were not treated with cytochalasin D than 

those treated (Figure 30). This shows that cytochalasin D, a potent inhibitor o f  actin 

polymerization, was able to severely inhibit bacterial uptake.
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Internalization of S. aureus by Endothelial Cells
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Figure 28. Endothelial cells (HMEC’s) were exposed to various concentrations o f  
S. aureus for 1 hour, after which extracellular bacteria were killed and internalized 
bacterial were counted. The figure shows the internalization and survival o f  S. aureus 
within HMEC’s (n=3). Bacterial growth increased linearly up to 5 hours post infection, 
after which there was no significant increase in growth. Error bars represent means ± 
standard errors o f  the means.
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Internalization of S.aureus by Endothelial Cells after exposure 
to Cytochalasin D

„  500 

2  400 

o  *  300
>- CO

j q  -a  200
£  ®
=  ~  100 z  (Q

a> or
■- -100 o

T

ft

I
1

10 15 20 25

Time (hrs)

- ♦ - S A

.,,^SA  
- 5 -  SA

EC/1:1 

EC/10:1 

EC/100:1

30

Figure 29. Endothelial cells (HMEC’s) were divided into two groups. One group was 
treated with cytochalasin D (1 pg/ml) for 2 hours, and the other group was not treated. 
After all cytochalasin D was washed off, HMEC’s were exposed to various 
concentrations o f  S.aureus for 1 hour, after which extracellular bacteria were killed and 
internalized bacterial were counted. The figure shows the uptake o f  S. aureus by 
HMEC’s, which had been treated, with Cytochalasin D (1 pg/ml) prior to exposure to 
bacteria.
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Number of Internalized S.aureus 3 hrs after uptake
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Figure 30. Endothelial cells (HMEC’s) were divided into two groups. One group was 
treated with cytochalasin D (1 pg/ml) for 2 hours, and the other group was not treated. 
After all cytochalasin D was washed off, HMEC’s were exposed to various 
concentrations o f  S.aureus for 1 hour, after which extracellular bacteria were killed and 
internalized bacterial were counted. The figure shows the comparison o f  uptake o f  
S. aureus by Cytochalasin D treated HMEC’s to untreated cells (n=3). There was a 
significantly higher uptake by untreated cells than by treated cells. P< .05.
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Conclusions

It can be concluded from these results that endothelial cells, though not 

professional phagocytes, do engulf particulate matter appreciably. In these experiments 

endothelial cells were shown to engulf both drug-loaded microspheres and bacteria in a 

time and concentration dependant manner.

Bacterial uptake was however impeded by the presence o f  cytochalasin D, 

confirming that the mechanism o f uptake by endothelial cells is by phagocytosis through 

actin polymerization.

Having established that endothelial cells do take up bacteria and microspheres 

separately, the next step was to allow the cells to engulf both bacteria and drug loaded 

microspheres in vitro, and to evaluate the effect o f  the drug on intracellular bacteria.
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CHAPTER 5

IN VITRO EFFECT OF VANCOMYCIN MICROSPHERES OR SOLUTION ON 

INTRACELLULAR STAPHYLOCOCCUS AUREUS 

One o f the primary objectives o f  this study was to evaluate the effect o f  

encapsulated vancomycin on internalized S. aureus as compared to the solution form. It 

was established in the previous chapter that endothelial cells do engulf both 

S. aureus and vancomycin microspheres in both a concentration and time dependent 

manner. Important preliminary information was the maximum exposure time o f  

endothelial cells to bacteria to attain optimal results. It was determined from the 

qualitative and quantitative studies that an exposure time o f one hour was sufficient for 

bacterial internalization by HMEC’s. The next step was to expose bacteria in the 

intracellular compartment to drug microspheres or solution to determine whether 

encapsulated vancomycin was more effective than the solution in killing intracellular S. 

aureus. However, before that step could be taken, it was necessary to determine if  

encapsulation o f  vancomycin did reduce the bioactivity o f  the drug.
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Specific Aims

1. To determine i f  vancomycin retains its bioactivity after

microencapsulation.

2. To evaluate the prophylactic in vitro effect o f  vancomycin microspheres or

solution on intracellular S.aureus

3. To evaluate, in vitro, the effect o f  vancomycin microspheres or solution on

intracellular S.aureus when administered simultaneously.

4. To evaluate, in vitro, the effect o f  vancomycin microspheres or solution on

intracellular S.aureus when treatment is delayed.

Materials and Methods

HMEC’s, and culture media (MCDB131, supplemented EBM media) were 

obtained from the Centers for Disease Control (CDC). Lyophilized powder o f  S. aureus 

was purchased from ATCC, Bethesda, Maryland. Tripticase soy agar, tripticase soy 

broth, culture flasks, petri dishes, and pipettes were purchased from Fisher Scientific 

Company, Norcross, Georgia. Antibiotics (penicillin, streptomycin, and fungizone) and 

fetal calf serum were purchased from Sigma Chemical Company (St. Louis, MO). 

Trypsin-EDTA was purchased from Invitrogen Corporation (Baltimore,MD).
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Antimicrobial Susceptibility Testing o f  S. aureus to Vancomycin Microspheres vs.

Solution

The processes o f  microencapsulation and cross-linking subject a drug molecule to 

many harsh conditions such as high temperature, organic solvents, and cross-linking 

agents which which could alter the bioactivity o f  the drug. It was therefore important to 

determine whether vancomycin retained its efficacy after microencapsulation. Drug 

efficacy would be confirmed by comparing the susceptibility o f  the S. aureus strain 

available to vancomycin solution versus the microsphere formulation. To do this, 1 ml o f  

S. aureus suspension (3.5 x 106) was added to 19 ml o f  trypticase soy broth (45 °C), 

mixed thoroughly by swirling, and the suspension poured onto agar plates to solidify.

Five evenly spaced holes, 5mm in diameter, were made in the plates. 50 pi o f  

vancomycin solution or microspheres were added to each well, with each plate having 

one concentration o f  drug. The plates were incubated at 37 °C for 24 hours, and the zones 

o f inhibition on each plate were measured with a ruler.

To Determine the Effect o f  Vancomycin Microspheres vs. Solution on Internalized 

S.aureus (Prophylactic Treatment!

In very rare situations when one expects to be exposed to a disease causing 

pathogen, it would be necessary for drug administration to be initiated prior to exposure. 

Such a situation could occur when a hospital worker or a soldier on the battlefield expects 

to be exposed. To show, in vitro, the effect o f  prophylactic treatment o f  infected 

endothelial cells; cultured endothelial cells were treated with 1 ml o f  40 pg/ml 

vancomycin microspheres or solution. Two hours after treatment, the drug was washed
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off twice with PBS, and the cells were then exposed to S.aureus bacteria (lOx and lOOx 

endothelial cell count) for 1 hour. Extracellular bacteria were washed with PBS, and 

lysed with 1ml o f  gentamicin sulfate solution (100 pg/ml) for 1 hour. Gentamicin solution 

was washed o ff and endothelial cells lysed with 1ml o f  1% Triton-X 100, for 1 hr at 4 °C. 

Cell suspensions were serially diluted and plated. The colony counts were used to 

determine the survival o f  internalized bacteria.

To Determine the Effect o f  Vancomycin Microspheres vs. Solution on Internalized 

S.aureus (Immediate Treatment!

For the same reasons as in the prophylactic treatment situation, one would really 

not expect to receive treatment immediately after one is infected. More often than not, 

one cannot tell the time o f  infection. However, immediate treatment is possible in the 

case o f  a soldier or hospital worker who can be able to tell when an infection is initiated. 

To investigate the effect o f  an immediate treatment o f  infected cells in vitro, endothelial 

cells were grown to confluency in 24-well plates. The cell count was determined with a 

hemocytometer and used to estimate the number o f  bacteria required. Bacteria were 

counted by determining the absorbance at 680nm, and serial dilutions o f  stock bacteria 

suspensions were made to obtain concentrations o f  100 and 10 times the endothelial cell 

count. Endothelial cells were incubated with various concentrations o f  bacteria for 1 

hour, after which all extracellular bacteria were washed twice with PBS. Adhered 

bacteria were killed with gentamicin solution (100 pg/ml) for 1 hour. The cells were then 

incubated in media containing vancomycin solution (16pg/ml), microspheres (16pg/ml), 

or plain media (MCDB131, supplemented EBM media) for 2 hours. The cells were once
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again washed with PBS and incubated in plain media. At various time points, the wells 

were thoroughly washed, and endothelial cells were lysed with 1ml o f  1% Triton-X 100 

for lhr. Bacterial suspensions from the wells were serially diluted and 100pi o f  each were 

plated on agar to determine survival o f  internalized bacteria after drug treatment.

To Determine the Effect o f  Vancomycin Microspheres vs. Solution on Internalized 

S.aureus (Delayed Treatment)

In a real life situation, treatment o f bacteremia or sepsis is initiated some time 

after infection and diagnosis. To mimic a real life situation, endothelial cells were grown 

to confluency in 24-well plates. The cell count was determined with a hemocytometer 

and used to estimate the number o f bacteria required. Bacteria were counted by 

determining the absorbance at 680nm as previously described, and serial dilutions o f  

stock bacterial suspensions were made to obtain a concentration o f  25x the endothelial 

cell count. Endothelial cells were incubated with various concentrations o f  bacteria for 1 

hour, after which all extracellular bacteria were washed twice with PBS. Adhered 

bacteria were killed with gentamicin solution (100 pg/ml) for 1 hour. Cells were then 

incubated in media (MCDB131, supplemented EBM media) containing vancomycin 

solution (16pg/ml), microspheres (16pg/ml), or no drug four hours after bacterial wash. 

At specified time points, the cells were lysed. Intracellular bacteria were serially diluted 

and plated on agar. Cell counts were determined 24 hours thereafter.
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Results and Discussions 

Evaluation o f  vancomycin bioactivitv after microencapsulation

The wells made on the agar plates were evenly spaced and zones o f  inhibition 

were clearly marked (Figure 31). A Plot o f  inhibition zone versus vancomycin 

concentration showed that the drug solution inhibited growth significantly more than the 

microsphere formulation (Table 7 & Figure 32). This however, does not provide a true 

picture o f  what is happening. In the solution form, vancomycin was completely available 

to the bacteria in agar, but only the drug molecules on the surface o f  the microspheres 

were available to the bacteria. A  plot o f  the zone o f  vancomycin solution inhibition 

versus log concentration was linear, with a coefficient o f  correlation 0.9902 (Figure 33).

A  theoretical inhibition zone was calculated for 20% o f  the solution concentration using 

the linear regression equation in Figure 33 and plotted on the same graph with the 

microsphere formulation (Figure 34). This was done because wells containing the drug 

solution or microspheres dried within 30 minutes o f  incubation, therefore, for the 

microsphere formulation, only burst release drug was available. The burst release for this 

formulation had previously been determined to be 20%. There was no significant 

difference between the theoretical zone o f  inhibition and the actual (microsphere) zone o f  

inhibition, p> 0.05 (Figures 34 & 35). The S. aureus strain used in the experiments was 

found to be susceptible to vancomycin (zone o f  inhibition > 1 2  mm for vancomycin 

concentration 30 pg) as defined by the USP 26th ed., 2003. Moreover, microencapsulation 

o f vancomycin did not affect its antimicrobial effect.
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Zone o f  Inhibition

Figure 31. Agar plate showing zones o f  inhibition o f  S. aureus growth after 24 hrs o f  
incubation
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Comparison of Solution vs. Microsphere 
Inhibition Zones

30 n

■  Vancomycin Solution

■  Vancomycin 
Microspheres

100 1000 2000

Vancomycin Concentration (ug/ml)

Figure 32. Five wells o f  equal diameter were punch in agar and vancomycin solution or 
microspheres were added to wells in agar plates which contained S. aureus. Zones o f  
inhibition were measured after 24 hrs o f  incubation. The figure shows the growth 
inhibition o f  S. aureus by vancomycin solution and microspheres. Inhibition by 
vancomycin solution was significantly higher than the microsphere form. p< 0.05.
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Figure 33. Five wells o f  equal diameter were punch in agar and filled with vancomycin 
solution o f  various concentrations. Zones o f  inhibition were measured after 24 hrs o f  
incubation. The figure shows the regression analysis o f  S. aureus growth inhibition zone 
vs. concentration o f  vancomycin solution
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Table 7. Effect o f  Vancomycin concentration on S. aureus growth

Kirby-Bauer assay of Vancomycin on S. aureus Inhibition Zone
Diameter (mm)

Sample # 1 2 3 4 5

Formulation Concentration
(pg/ml)

Mean 
(n=5) ± 

SD
Vancomycin

Solution
4 9.5 10.1 11 9 10 9.92 ±  

0.75
16 13.8 14 14.5 15 14.4 14.36 ± 

0.47
40 16 17.5 16.5 16 17.5 16.7 ± 

0.76
100 18.5 18.5 19 17.8 18.2 18.4 ±  

0.44
1000 23.5 23.5 24 23 22.5 23.3 ± 

0.57
2000 25 24.5 24 25.5 24.5 24.5 ± 

0.57

Vancomycin
Microspheres

4 6 6 6 6 6 6 ± 0 .0 0

16 10 9.5 9.5 10.2 9 9.64 ± 
0.47

40 10.9 10.1 12 12 10.5 11.1 ± 
0.87

100 13.5 14 14 13.5 13.5 13.7 ± 
0.27

1000 18 18.5 18.5 18.5 19 18.5 ± 
0.35

2000 19.5 20 19.5 19.8 20 19.76 ± 
0.25

The table shows the effect o f  vancomycin solution or microspheres on the growth o f  S. 
areus in a Kirby-Bauer assay. The results show the microsphere formulation less 
effective in inhibiting growth than the solution; however, this is not significant because 
only 20% o f  the microsphere formulation was available for growth inhibition.
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comparison of microsphere (actual) vs. 20%  
solution(theoretical) inhibition zones
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Figure 34 Comparison o f  the theoretical inhibition zone o f  S. aureus growth to the actual 
zone o f  inhibition by the microsphere formulation. Theoretical concentrations were 
calculated from 20% o f each o f the solution concentration, and the corresponding zones 
o f  inhibitions were obtained from the standard curve equation y=  5.2901x +7.5729. There 
was no significant difference between the theoretical and actual zone p> 0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

E
E

o
3
!cc

25

20

£  15

10o 
o c o 
N
"n 5
3
O< .

y = 0 .9 5 9 9 x -0.5125 
R2 = 0.9972

5 10 15 20

Expected Zone of Inhibition (mm)

25

Figure 35 Correlation between the actual zone o f  inhibition and the expected zone o f  
inhibition. R2 = 0.9972
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Evaluation o f  Vancomycin Microspheres vs. Solution Effect on Internalized S. aureus 

(Prophylactic Treatment)

As observed in the bacterial uptake and qualitative study, one hour o f  exposure 

was enough time for the endothelial cells to engulf a considerable amount o f  particulate 

matter. Uptake o f  bacteria or microspheres continued until saturation between three and 

five hours o f  exposure. Uptake o f drug-loaded microspheres within the first hour would 

therefore not interfere with uptake o f  bacteria by the endothelial cells. Internalization o f  

S. aureus by HMEC’s increased with bacterial concentration, and the growth o f  

internalized bacteria also increased with time despite the presence o f  drug. However, 

intracellular growth o f  S. aureus was diminished by the presence o f  drug solution or 

microspheres (Figures 36, 37, & 38). Using the intracellular bacterial concentration in the 

absence o f  drug treatment as a reference (Figure 36), the prophylactic treatment o f  S. 

aureus infected HMEC’s showed that encapsulated vancomycin decreased the 

intracellular bacterial load by 73%, while the solution form decreased the bacterial load 

by 32% after 5 hours o f  incubation (SA: HMEC’s /100: 1). There was a significant 

decrease in intracellular bacterial load at all time points for both lOx and lOOx the 

endothelial cell concentration. (Figures 39, 40, & 41).

Evaluation o f  Vancomycin Microspheres vs. Solution Effect on Internalized S. aureus 

(Immediate Treatment!

Treatment o f  endothelial cells immediately after infection prevents excessive 

intracellular bacterial multiplication before the drug takes effect. A  similar situation as in 

the prophylactic treatment was observed when HMEC’s were treated with drug solution
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or microspheres immediately after bacterial uptake. There was an increase in bacterial 

uptake with time and concentration. In the presence o f  drug solution or microspheres 

intracellular bacteria still multiplied, however, to a lesser extent than the controls (Figures 

42, 43, & 44). HMEC’s treated immediately after S. aureus uptake, showed a 57% 

decrease in bacterial load by vancomycin microspheres compared to a 37% decrease by 

vancomycin solution after 24 hours o f  incubation. In both cases where the inoculum 

concentration was lOx and lOOx the endothelial cell concentration, the microsphere 

formulation was more effective in reducing the intracellular bacterial load than the 

solution form. However, a significant difference between the two was seen only at 

24 hours for the lOx cell count, and 5 and 24 hours for the lOOx cell count (Figures 45 & 

46).

Evaluation o f Vancomycin Microsnheres vs. Solution Effect on Internalized S.aureus 

(Delayed Treatment!

In delaying the treatment o f  S. aureus infected HMEC’s, it was observed that 

there was a slight decrease in bacterial load during the first hour o f  treatment. The cells 

which did not receive any drug treatment did not show this initial decrease indicating a 

drug effect (Figures 47, 48, and 49). The intracellular bacterial load however continued to 

increase with time after the first hour. Both drug solution and microspheres decreased the 

intracellular bacterial load. Only the vancomycin microspheres significantly decreased 

the bacterial load, and this occurred only at 5 and 24 hours post treatment (p<0.05). 

Figures 50 and 51 summarize these results.
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Survival of Internalized S. aureus
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Figure 36 Endothelial cells (n=3) were exposed to S. aureus for 1 hour, after which 
extracellular bacteria were killed with gentamicin solution (100 |jg/ml). The number o f  
intracellular bacteria was counted at various time points. The figure shows a significantly 
higher uptake with increasing bacterial concentration (p < 0.05). Intracellular S. aureus 
increased with time. (SA: EC = S. aureus: Endothelial Cells; Control = Cell Culture 
Media)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

S.aureus Survival after ProphylacticVancomycin 
Solution T reatment
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Time (hrs)

Figure 37 Endothelial cells (n=3) were treated with vancomycin solution (40 pig/ml) for 1 
hour after which the cells were washed with PBS. Four hours later, the treated cells were 
the exposed to S. aureus for 1 hour. Extracellular bacteria were killed with gentamicin 
solution (100 Mg/ml). The number o f  intracellular bacteria were counted at various time 
points. The figure shows increasing intracellular bacterial load with time and 
concentration. Prophylactic treatment o f  HMEC’s with vancomycin solution did not 
completely inhibit intracellular bacterial growth. (SA: EC = S. aureus: Endothelial Cells)
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S.aureus Survival after Prophylactic Vancomycin 
Microsphere Treatment
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Figure 38. Endothelial cells (n=3) were treated with vancomycin microspheres (40 
|jg/ml) for 1 hour after which the cells were washed with PBS. Four hours later, the 
treated cells were the exposed to S. aureus for 1 hour. Extracellular bacteria were killed 
with gentamicin solution (100 |Jg/ml). The number o f  intracellular bacteria were counted 
at various time points. The figure shows increasing intracellular bacterial load with time 
and concentration. Prophylactic treatment o f  HMEC’s with vancomycin microspheres did 
not completely inhibit intracellular bacterial growth. (SA: EC = S. aureus'. Endothelial 
Cells)
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Effect of Vancomycin on Internalized S. aureus 
(Prophylactic Treatment)
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Figure 39. Endothelial cells (n=3) were treated with vancomycin solution or microspheres 
(40 |Jg/ml) for 1 hour after which the cells were washed with PBS. Four hours after 
treatment, the cells were exposed to S. aureus for 1 hour. Extracellular bacteria were 
killed with gentamicin solution (100 |Jg/ml). The number o f  intracellular bacteria was 
counted at various time points. The figure shows a significant decrease in the number o f  
internalized S. aureus (SA) by endothelial cells (EC) in the vancomycin microsphere 
group as compared to the solution or control group at all time points (p<0.05). (Control = 
Cell Culture Media)
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Effect of Vancomycin on Internalized S. aureus 
(Prophylactic T reatment)
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Figure 40. Endothelial cells (n=3) were treated with vancomycin solution or microspheres 
(40 |Jg/ml) for 1 hour after which the cells were washed with PBS. Four hours later the 
treated cells were then exposed to S. aureus for 1 hour. Extracellular bacteria were killed 
with gentamicin solution (100 pg/ml). The number o f  intracellular bacteria was counted 
at various time points. The figure shows a significant decrease in the number o f  
internalized S.aureus (SA) by endothelial cells (EC) in vancomycin microsphere group as 
compared to the solution or control group at all time points (p<0.05). (Control = Cell 
Culture Media)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

Effect of Vancomycin on Internalized S. aureus 
(ProphylacticT reatment)
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Figure 41. Endothelial cells (n=3) were treated with vancomycin solution or microspheres 
(40 |Jg/ml) for 1 hour after which the cells were washed with PBS. Four hours after 
treatment the cells were then exposed to S. aureus for 1 hour. Extracellular bacteria were 
killed with gentamicin solution (100 |Jg/ml). The number o f intracellular bacteria were 
counted at various time points. The figure shows an overall look at the effect o f  
vancomycin on intracellular S. aureus and indicates that, irrespective o f  initial bacterial 
load, the microsphere formulation significantly reduced the bacterial load than the 
solution. (Control = Cell Culture Media)
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Survival o f In ternalized S.aureus
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Figure 42 Endothelial cells (n=3) were exposed to S. aureus for 1 hour, after which 
extracellular bacteria were killed with gentamicin solution (100 |Jg/ml). The number o f  
intracellular bacteria was counted at various time points. The figure shows a significantly 
higher uptake with increasing bacterial concentration (p < 0.05). Intracellular S. aureus 
increased with time. (SA: EC = S. aureus: Endothelial Cells) (Control = Cell Culture 
Media)
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S.aureus S urv iva l a fte r Im m ediate  
V ancom ycin  Solution T rea tm en t
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Figure 43 Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour after which the 
infected cells were treated with vancomycin solution (16 |Jg/ml) for 1 hour. The cells 
were washed with PBS and lysed with 1% triton-x 100. The number o f  intracellular 
bacteria was counted at various time points. The figure shows increasing intracellular 
bacterial load with time and concentration. Simultaneous treatment o f  HMEC’s with 
vancomycin solution did not completely inhibit intracellular bacterial growth. (SA: EC =
S. aureus: Endothelial Cells)
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S.Aureus Survival a fte r Im m ediate  
V ancom ycin  M icrosphere T reatm ent
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Figure 44. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour after which the 
infected cells were treated with vancomycin microspheres (16 |Jg/ml) for 1 hour. The 
cells were washed with PBS and lysed with 1% triton-x 100. The number o f intracellular 
bacteria was counted at various time points. The figure shows increasing intracellular 
bacterial load with time and concentration. Simultaneous treatment o f  HMEC’s with 
vancomycin microspheres did not completely inhibit intracellular bacterial growth.
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Effect of Vancomycin on Internalized S.aureus 
(Immediate Treatment)
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Figure 45. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour after which the 
infected cells were treated with vancomycin solution or microspheres (16 (Jg/ml) for 1 
hour. The cells were washed with PBS and lysed with 1% triton-x 100. The number o f  
intracellular bacteria was counted at various time points. The figure shows a significant 
decrease in the number o f  internalized S.aureus (SA) by endothelial cells (EC) in 
vancomycin microsphere group as compared to the solution or control group at the 24hr. 
time point (p<0.05) (Control = Cell Culture Media).
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Effect of Vancomycin on Internalized S. 
aureus (Immediate Treatment)
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Figure 46. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour after which the 
infected cells were treated with vancomycin solution or microspheres (16 |Jg/ml) for 1 
hour. The cells were washed with PBS and lysed with 1% triton-x 100. The number o f  
intracellular bacteria was counted at various time points. The figure shows a significant 
decrease in the number o f  internalized S.aureus (SA) by endothelial cells (EC) in 
vancomycin microsphere group as compared to the solution or control group at the 5 and 
24 hr. time points (p<0.05) (Control = Cell Culture Media).
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Survival of Internalized S.aureus
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Figure 47. Endothelial cells (n=3) were exposed to S. aureus for 1 hour, after which 
extracellular bacteria were killed with gentamicin solution (100 |Jg/ml). The number o f  
intracellular bacteria was counted at various time points. The figure shows a significantly 
higher uptake with increasing bacterial concentration at 1, 3, and 24 hrs o f  incubation 
(P < 0 .05). Intracellular S. aureus increased with time. (SA: EC = S. aureus: Endothelial 
Cells) (Control = Cell Culture Media)
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S.aureus Survival a fte r D elayed  
V an com ycin  S o lu tion  T rea tm en t
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Figure 48. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour. Four hours later the 
infected cells were treated with vancomycin solution (16 |Jg/ml) for 1 hour. The cells 
were washed with PBS and lysed with 1% triton-x 100. The number o f intracellular 
bacteria was counted at various time points. The figure shows increasing intracellular 
bacterial load with time and concentration. Delayed treatment o f  HMEC’s with 
vancomycin solution did not completely inhibit intracellular bacterial growth.
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S.aureus Survival after Delayed  
V ancom ycin  M icrosphere Treatm ent
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Figure 49. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 (Jg/ml) for 1 hour. Four hours later the 
infected cells were treated with vancomycin microspheres (16 pg/ml) for 1 hour. The 
cells were washed with PBS and lysed with 1% triton-x 100. The number o f  intracellular 
bacteria was counted at various time points. The figure shows increasing intracellular 
bacterial load with time and concentration. Delayed treatment o f  HMEC’s with 
vancomycin microspheres did not completely inhibit intracellular bacterial growth.
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Effect of Vancomycin on Internalized S. aureus (Delayed
T reatment)
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Figure 50. Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 [Jg/ml) for 1 hour. Four hours later the 
infected cells were treated with vancomycin solution or microspheres (16 |Jg/ml) for 1 
hour. The cells were washed with PBS and lysed with 1% triton-x 100. The number o f  
intracellular bacteria was counted at various time points. The figure shows a significant 
decrease in the number o f internalized S.aureus (SA) by endothelial cells (EC) in the 
vancomycin microsphere group as compared to the solution or control group at 5 and 
24hours after treatment (p<0.05).
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Effect of Vancomycin on internalized S. aureus
(Delayed Treatment)
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Figure 51 Endothelial cells (n=3) were exposed to S. aureus for 1 hour. Extracellular 
bacteria were killed with gentamicin solution (100 |Jg/ml) for 1 hour. Four hours later the 
infected cells were treated with vancomycin solution and microspheres (16 |Jg/ml) for 1 
hour. The cells were washed with PBS and lysed with 1% triton-x 100. The number o f  
intracellular bacteria was counted at various time points. The figure shows a significant 
decrease in the number o f  internalized S. aureus (SA) by endothelial cells (EC) in the 
vancomycin microsphere group as compared to the solution or control group at the 5 and 
24 hours after treatment (p<0.05).
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Conclusions

This group o f experiments has shown that endothelial cells do internalize bacteria, 

drug solution, and microspheres. It was shown also that, irrespective o f  the treatment, the 

drug in the microsphere formulation was more effective than the solution in killing 

intracellular bacteria. The next appropriate step would be to evaluate a similar situation 

in vivo. Before in vivo experiments are done, however, it would be necessary to 

determine if  S. aureus, when internalized, is exocytosed. It would also be interesting to 

know if  bacterial cell wall components do affect endothelial cell monolayer integrity.

This finding would prove the hypothesis that bacterial presence alters endothelial cell 

barrier integrity and hence leads to vascular leakage
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CHAPTER 6

THE ROLE OF EXOCYTOSIS AND VASCULAR PERMEABILITY IN S. AUREUS

INDUCED SEPSIS 

Despite effective cardiovascular support and antibiotic treatment in sepsis 

patients, death occurs later due to increased intravascular bacterial load and multiple 

organ failure. The appearance o f  bacteria in the systemic circulation in the latter stages o f  

sepsis, even after initial clearance with antibiotics, can be attributed to the release 

(Exocytosis, Figure 52) o f  bacteria from the intracellular compartment. Many bacterial 

pathogens take refuge in the intracellular compartment o f  endothelial cells, as well as 

professional phagocytic cells such as neutrophils and macrophages. With time, these 

intracellular pathogens multiply and are released into the systemic circulation leading to 

recurrent sepsis. The presence o f  bacteria and their cell wall components in the systemic 

circulation has often led to the release o f  massive amounts o f  cytokines. These cytokines 

act on the endothelium o f blood vessels, compromising the integrity o f  the barrier, hence 

leading to endothelial leakage. Leakage in the endothelium causes increased migration o f  

leukocytes, cytokines, as well as bacteria into the tissues. This eventually leads to 

multiple organ failure and death. Two experiments were performed to determine whether 

bacteria which are taken up by endothelial cells are later released (possibly by 

exocytosis) into circulation, and also to show that the presence o f  bacteria and their cell 

wall products leads to compromise o f  the endothelial barrier.
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Figure 52 Shows the process o f  exocytosis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112

Specific Aims

1. To determine if  S. aureus is exocytosed after it is internalized by endothelial 

cells.

2. To determine the possible mechanism o f  exocytosis o f  bacteria from 

endothelial cells.

3. To evaluate the effect o f  S. aureus and its cell wall components on endothelial 

cell monolayer permeability.

Materials and Methods

HMEC’s, and culture media (MCDB131, supplemented EBM media) were 

obtained from the Centers for Disease Control (CDC). Lyophilized powder o f  S. aureus 

was purchased from ATCC, Bethesda, Maryland. Tripticase soy agar, tripticase soy 

broth, culture flasks, petri dishes, transwell inserts (Costar #4750), 24-well tissue culture 

plates, and pipettes were purchased from Fisher Scientific Company, Norcross, Georgia. 

Antibiotics (penicillin, streptomycin, and fungizone), cytochalasin D, peptidoglycan, 

lipteichoic acid, lipopolysaccharide, and fetal calf serum were purchased from Sigma 

Chemical Company (St. Louis, MO). Trypsin-EDTA was purchased from Invitrogen 

Corporation (Baltimore,MD).
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Exocytosis o f  Intracellular S. aureus from HMEC’s

HMEC’s were grown to confluency in 24-well plates and exposed to S. aureus in 

the ratio o f  100 : 1 / S. aureus : HMEC’s. After 1 hour o f  exposure, cells were washed 

twice with sterile PBS and adhered extracellular bacteria killed with gentamicin solution 

(lOOpg/ml) for 1 hour. In a preliminary study, the infected cells were incubated at 37 0 C 

and at various time points serial dilutions o f  the extracellular media were plated to 

determine the number o f  exocytosed bacteria, i f  any. Results obtained from this study 

were used to determine the incubation time o f  infected cells prior to treatment with 

cytochalasin D. After the gentamicin wash, HMEC’s were incubated in fresh media for 

three hours after which they were divided into two groups. One group was treated with 

cytochalasin D for two hours and the other group had no cytochalasin D treatment. 

Cytochalasin D, a potent inhibitor o f  actin polymerization, was used to determine 

whether actin polymerization was involved in the release o f  bacteria from cells and hence 

in exocytosis. The cells were washed twice with PBS and incubated in HMEC media 

(EBM) until ready for analysis. At various time points, serial dilutions o f  the media were 

plated on agar, after which the cells were washed twice with PBS, and adhered 

extracellular bacteria killed with gentamicin solution. The HMEC’s were then lysed for 1 

hour with 1% triton-x solution. Serial dilutions o f  cell lysates were also plated to 

determine the intracellular bacterial count at each time point.
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Effect o f  S. aureus and its cell wall products on HMEC permeability
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For this set o f  experiments HMEC’s were grown to confluency on transwell 

inserts (Costar #4750). The inserts were pre-treated with 20 pi collagen, and allowed to 

dry in a sterile hood for two hours. 2 x 105 cells/insert (0.15ml) were plated for 72 hours, 

which was the time required for the cells to reach confluency. 600 pi o f  media was added 

to each o f  the bottom wells. At the end o f the incubation period, the media was removed 

from both the inserts and the bottom wells, cells were washed with PBS, and sterile 

Hanks Balanced Salt Solution (1% HBSS) added to both the inserts and the wells. The 

cells which had to be challenged with S. aureus were exposed to the bacteria for one hour 

(to allow uptake) after which they were washed o ff with HBSS. For each plate, the cells 

were divided into six groups, and each group was treated with 100 pi o f  one o f  the 

following compounds or bacteria: Control (1% HBSS); Lipoteichoic acid 100 pg/ml 

(LTA); Peptidoglycan, 100 pg/ml (PepG); LTA + Pep G (lOOug/ml); Lipopolysaccharide 

(LPS), 100 pg/ml; and S. aureus (SA). The permeation o f Fluorescein Isothiocynate 

(FITC), FITC-Dextran, FITC-Human serum albumin (FITC-HSA), and SA through the 

HMEC monolayer was evaluated. Cells in each plate were exposed to one type o f  

fluorescent molecule or bacteria. At various time points, fluorescent intensity in the 

bottom wells was determined with a Cytofluorometer with the emission and excitation 

wavelengths set to 485 and 530 run respectively and the sensitivity set at level 3. For the 

permeation o f  S. aureus, serial dilutions o f  the bottom wells were plated at various time 

points. The wells were washed and fresh media added. The cumulative permeation o f  

bacteria was determined at each time point.
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Results and Discussions 

Exocytosis o f  Intracellular S. aureus from HMEC’s

The number o f internalized bacteria increased steadily with time, however no 

bacteria was exocytosed in the first 5 hours o f  incubation (Table 8 and Figure 53). There 

was no analysis o f  the extracellular media between 5 and 24 hours, however after 24 

hours o f  incubation exocytosed bacteria was detected in the media. The number o f  

exocytosed bacteria increased thereafter with time. These results were used to determine 

the incubation time o f infected HMEC’s prior to treatment with cytochalasin D. The 

number o f  intracellular S. aureus increased with time in the cytochalasin D untreated 

cells, whereas the number o f intracellular bacteria decreased in the treated cells. There 

was a significantly higher number o f intracellular bacteria in the cytochalasin D untreated 

cells at 9 and 24 hours o f  incubation than in treated cells, p < 0.05. The number o f  

exocytosed bacteria from cytochalasin D untreated cells was significantly higher than 

those released from cytochalasin D treated cells at 7 and 24 hours o f  incubation (Table 9 

and Figure 54). These results indicate that cytochalasin D was effective in inhibiting both 

uptake and exocytosis o f  S. aureus, hence actin polymerization is a possible mechanism 

o f  exocytosis.
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Table 8 Exocytosis o f  Internalized S. aureus by HMEC’s.

Exocytosis of internalized S. aureus by HMEC's
Sample ID. Time(hrs) Vol. Plated (ult Mean Count cfu/ml (+)SE H SE

Control a 0 5 22 4400 880 880
2 5 53 10600 1250 1250
5 5

_  go 5
18100 880 880

24 5 203.6 40720 1800 1800 1
48 5 247.3 49460 4720 4720

sA:EC/100:1 wash a
r  q

5 0 0 0 0
2 5 o 0 0 0
5 5 0 0 0 0

I 24 5 118 23600 723 723

---------------------------- 48 5 284 56800 1244 1244

Exocytosis o f  internalized bacteria started only after 5 hours o f  uptake and number o f  
exocytosed bacteria increased with time.
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Exocytosis of Internalized S. aureus by HMEC's
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Figure 53 Endothelial cells (HMEC’s) were grown to confluency in 24-well plates and 
exposed to S. aureus in the ratio o f  100: 1 /5 .  aureus: HMEC’s. After 1 hour o f  exposure, 
the cells were washed twice with sterile PBS and adhered extracellular bacteria killed 
with gentamicin solution (lOOpg/ml) for 1 hour. The infected cells were incubated at 
37 0 C and at various time points serial dilutions o f  the extracellular media were plated to 
determine number o f exocytosed bacteria. The figure shows that exocytosis o f  
internalized S. aureus occurs after 5 hours o f  incubation. Both the number o f  internalized 
and exocytosed bacteria increased with time.

Internalized S. aureus 
(control)
Exocytosed S.aureus
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Table 9 Exocytosis o f  Internalized S. aureus by HMEC’s after cytochalasin D treatment.

. . . . . . . . . . . . . . . . . . . . I. . . . . . . . . . . . . . . I. . . . . . . . . . . . . I. . . . . . . . . . . . .
Exocytosis of internalized S. aureus by HMEC's <

Sample ID. Time(hrs) Vol. Plated (ul) Mean Count cfu/ml (+) SD (") SD
( SA b/4 lysis) -cyt D a 7 5 143 28600 214 214

9 5 229 45800 250 250
24

—
581 116200 615 615

SA:EC/100:1 (-cyt D) wash a 7 5 145 29000 531 531
9 5 162 32400 132 132
24 5 235 47000 288 288

( SA b/4 lysis) +cyt D a 7 5 95 19000 214 214
9 5 172 34400 250 250
24 5 330 66000 615 615

SA:EC/100:1(+ cyt D) wash a 7 5 135 27000 203 203
9 5 32 6400 134 134
24 h 5 20 r 4000 317 317

Exocytosis o f  internalized bacteria from cytochalasin D treated HMEC’s was 
significantly less than from untreated cells.
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Exocytosis of Internalized S. aureus by HMEC's
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Figure 54. HMEC’s were grown to confluency in 24-well plates and exposed to S. aureus 
in the ratio o f  100 : 1 IS. aureus : HMEC’s. After 1 hour o f exposure, cells were washed 
twice with sterile PBS and adhered extracellular bacteria killed with gentamicin solution 
(lOOpg/ml) for 1 hour. The cells were divided into two groups and one group was treated 
with cytochalasin D (1 pg/ml) for 2 hours. Cytochalasin D was washed o ff and the cells 
were incubated at 37 0 C and at various time points serial dilutions o f  the extracellular 
media were plated to determine number o f  exocytosed bacteria. The cells were later lysed 
with triton-x 100 to determine the number o f  intracellular bacteria. The figure shows that 
there was a significantly higher number o f internalized bacteria by cytochalasin D (cyt D) 
untreated cells than treated cells at 9 and 24 hours p < 0.05. The number o f  exocytosed 
S.aureus from HMEC’s was significantly higher from cytochalasin D untreated cells than 
from the treated cells at 7 and 24 hours o f  incubation p < 0.05.
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Effect o f  S. aureus and its cell wall products on HMEC permeability

In order to quantitate fluorescence intensity, standard curves for FITC, FITC- 

Dextran, and FITC-HSA were prepared in 1% HBSS (Figures 55, 56, & 57). The effect 

o f  Lipoteichoic acid (LTA), peptidoglycan (Pep G), Lipopolysaccharide (LPS), and S. 

aureus on the permeability o f  various molecular weight compounds through an 

endothelial cell monolayer was evaluated. The first compound analyzed was FITC. All 

the compounds used were more effective than the control (1% HBSS) in increasing the 

permeation o f FITC, however, only PepG , PepG + LTA, and S. aureus produced a 

significantly higher effect than the control, p < 0.05 (Table 10 & Figure 58). The 

permeation o f FITC-Dextran through the HMEC monolayer showed a similar result as 

that seen in the case o f  FITC. FITC-Dextran, being a higher molecular weight molecule 

than FITC alone, showed a rather slower rate and smaller amount o f  permeation through 

the monolayer. All the compounds used were more effective than the control (1% HBSS) 

in increasing the permeation o f  FITC-Dextran, however, there was a significantly higher 

permeation effect after 1 hour o f  incubation, p < 0.05 (Table 11 & Figure 59). In the case 

o f FITC-HSA permeation, no permeation o f HSA was observed until after one hour o f  

exposure, and this effect was observed after exposure to the combination o f  PepG + LTA. 

The combination o f  PepG + LTA was most effective in altering the monolayer integrity 

after three hours o f  exposure (Table 12 & Figure 60). Table 13 and figure 61 show the 

effect o f  lipoteichoic acid (LTA), Peptidoglycan (PepG), Lipopolysaccharide (LPS), and 

S.aureus (SA) on the permeation o f  S. aureus through HMEC monolayer. Only LTA and
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LTA+PepG were effective in significantly increasing the permeation o f S. aureus at all 

time points P<0.05

FITC standard curve in 1% HBSS
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Figure 55 Standard curve o f  FITC in 1% HBSS
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FITC-Dextran standard curve in 1% HBSS
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Figure 56 Standard curve o f  FITC-Dextran in 1% HBSS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

FITC-HSA Standard Curve in 1%HBSS
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Figure 57. Standard curve o f  FITC-HSA in 1% HBSS
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Table 10. Effect o f  various compounds on FITC permeation.

FITC Concentration (xlO'3 mg/ml) results "Avg. n=3) ± SD
Time (hr) Control LTA PepG LTA + Pep 

G
LPS SA

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ±0.00 0.00 ±0.00 0.00 ± 0.00 0.00 ± 0.00

0.5 0.42 ±0.01 0.51 ±0.07 0.71 ±0.10 0.77 ±0.00 0.40 ± 0.06 0.63 ± 0.02

1.0 0.69 ± 0.08 0.79 ± 0.03 1.28 ±0.02 1.51 ±0.01 0.80 ±0.06 1.13 ±0.01

1.5 0.88 ±0.10 0.99 ±0.10 1.68 ±0.08 1.82 ±0.02 1.10±0.10 1.50 ± 0.11

2.0 1.27 ±0.00 1.30 ±0.08 2.03 ± 0.04 2.30 ±0.03 1.40 ±0.10 1.79 ±0.06

2.5 1.55 ±0.05 1.88 ±0.01 2.70 ±0.01 3.06 ±0.15 2.10 ±0.00 2.54 ±0.02

3.0 1.98 ±0.07 2.37 ±0.09 3.49 ±0.05 3.90 ±0.10 2.80 ±0.08 3.46 ±0.04

The permeation o f  FITC through HMEC monolayer after exposure to various compounds 
shown here. The combination o f  LTA and PepG was most effective in altering the 
HMEC monolayer integrity.
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Permeation o f FITC
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Figure 58. Shows the effect o f  lipoteichoic acid (LTA), Peptidoglycan (PepG), 
Lipopolysaccharide (LPS), and S. aureus (SA) on the permeation o f  FITC through HMEC 
monolayer. All the compounds used were more effective than the control (1% HBSS) in 
increasing the permeation o f  FITC, however, only PepG, PepG + LTA, and S. aureus 
produced significantly higher effect than the control, p < 0.05

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

Tablel 1. Effect o f  various compounds on FITC-Dextran permeation

FITC-Dextran Concentration (xlO '3 mg/ml) results (Avg. n=3) ± SD
Time (hr) Control LTA Pep G LTA ± Pep 

G
LPS SA

0 0.00 ±0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

0.5 0.00 ±0.00 0.16 ± 0.10 0.10 ±0.04 0.49 ± 0.02 0.04 ± 0.09 0.07 ±0.18

1.0 0.16 ±0.02 0.40 ± 0.09 0.50 ±0.09 0.75 ± 0.03 0.32 ±0.14 0.39 ±0.40

1.5 0.53 ± 0.08 0.48 ± 0.04 0.80 ±0.10 1.34 ±0.04 0.53 ± 0.27 0.60 ±0.14

2.0 0.52 ±0.10 0.91 ±0.07 1.10 ±0.09 1.58 ±0.04 1.05 ±0.20 0.86 ± 0.25

2.5 0.83 ±0.05 1.29 ±0.20 1.60 ±0.10 1.95 ±0.02 1.48 ±0.08 1.41 ±0.21

3.0 1.15 ±0.02 1.89 ±0.50 2.20 ± 0.20 2.59 ± 0.40 2.04 ±0.01 2.20 ± 0.07

The permeation o f FITC-Dextran through HMEC monolayer after exposure to various 
compounds is shown here. The combination o f LTA and PepG was most effective in 
altering the HMEC monolayer integrity.
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Figure 59. Shows the effect o f  lipoteichoic acid (LTA), Peptidoglycan (PepG), 
Lipopolysaccharide (LPS), and S. aureus (SA) on the permeation o f  FITC-Dextran 
through HMEC monolayer. All the compounds used were more effective than the control 
(1% HBSS) in increasing the permeation o f  FITC, however, there was a significantly 
higher permeation effect after 1 hour o f  incubation, p < 0.05
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Tablel2. Effect o f  various compounds on FITC-HSA permeation

FITC- dSA Concentration (xlO"3 mg/ml) resu ts (Avg. n=3' ± SD
Time (hr) Control LTA Pep G LTA + Pep 

G
LPS SA

0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0

0.5 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0

1.0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0.21 ±0.30 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0

1.5 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .2 0  ± 0 .1 0 2.00 ± 0.40 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0

2 .0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 1.14 ±0.40 2.07 ± 0.40 0 .0 1  ± 0 .0 0 0 .0 0  ± 0 .0 0

2.5 0.50 ±0.37 0.09 ±0.10 2.20 ±0.13 2.87 ±0.61 1.10 ±0.37 0.74 ± 0.70

3.0 0.95± 0.37 1.50 ±0.99 3.17 ± 0.51 3.96 ±0.41 2.52 ± 083 1.56 ± 1.20

The permeation o f  FITC-HSA through HMEC monolayer after exposure to various 
compounds is shown here. The combination o f LTA and PepG was most effective in 
altering the HMEC monolayer integrity.
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Permeation of FITC-HSA
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Figure 60. Shows the effect o f  lipoteichoic acid (LTA), Peptidoglycan (PepG), 
Lipopolysaccharide (LPS), and S.aureus (SA) on the permeation o f  FITC-HSA through 
the HMEC monolayer. There was no effect by any o f  the compounds used after 1 hr o f  
incubation. Only the combination o f  PepG + LTA, and PepG alone were able to change 
the monolayer integrity to HSA at 1.5 and 2 hrs o f  incubation. The permeability effect o f  
all the compounds was observed after 2.5 and 3 hrs o f  incubation, however, only PepG 
and PepG + LTA significantly increased the permeation o f  FITC-HSA. p < 0.05.
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Tablel3. Effect o f  various compounds on S. aureus permeation

S. aureus colony forming units/ml (xlO ' 3 cfu/ml) results (Avg. n=3) ± SD
Time (hr) Control LTA Pep G LTA  +  Pep 

G
LPS SA

0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0 0 .0 0  ± 0 .0 0

1.0 165 ±35 225 ± 22 200 ± 29 314 ± 6 205 ± 20 144 ±51

2 .0 199 ±27 299 ± 13 230 ± 43 396 ± 16 263 ±21 197 ± 6 8

3.0 205 ± 22 352 ±30 257 ± 49 454 ± 4 278 ± 16 232 ± 60

The permeation o f S. aureus through the HMEC monolayer after exposure to various 
compounds is shown here. The combination o f  LTA and PepG was most effective in 
altering the HMEC monolayer integrity.
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Permeation of S.aureus through HMEC's
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Figure 61 Shows the effect o f  Lipoteichoic acid (LTA), Peptidoglycan (PepG), 
Lipopolysaccharide (LPS), and S.aureus (SA) on the permeation o f S. aureus through 
HMEC monolayer. Only LTA and LTA+PepG were effective in significantly increasing 
the permeation o f  S. aureus at all time points p<0.05
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Conclusions

It can be concluded from these results obtained in this section that S. aureus is 

exocytosed after it is taken up by endothelial cells. Exocytosis and phagocytosis o f  

bacteria occur simultaneously, however, initially, the rate o f  phagocytosis far exceeds 

exocytosis. With increasing intracellular bacterial load, the exocytosis rate as well as 

extracellular bacterial multiplication exceeds phagocytosis. The partial inhibition o f  

exocytosis by cytochalasin D shows that actin polymerization is a possible mechanism o f  

exocytosis as well as phagocytosis.

The profound effect that the combination o f  LTA and PepG had on the 

endothelial cell monolayer integrity shows that both components o f  the gram positive cell 

wall are required for vascular leakage to occur considerably.
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CHAPTER 7

IN VIVO EVALUATION OF VANCOMYCIN MICROSPHERES AND SOLUTION IN

RATS

The ultimate goal o f  this study was to develop a microsphere formulation o f  

vancomycin which would confer a sustained and targeted delivery o f  the drug. The in 

vitro studies have shown that encapsulation o f vancomycin in BS A  does ensure 

intracellular drug delivery and increased efficacy. These studies investigate the effect o f  

encapsulation on vancomycin kinetics, the biodistribution o f labeled vancomycin and 

S. aureus and the efficacy o f  encapsulated vancomycin in treating S. aureus infected rats.

Specific Aims

1. To evaluate the kinetics o f  free and encapsulated vancomycin in rats

2. To evaluate the biodistribution o f  fluorescent-labeled vancomycin 

microspheres in rats

3. To evaluate the biodistribution o f  labeled fluorescent-labeled S. aureus in 

rats

4. To compare the efficacy o f  vancomcycin microspheres to solution in 

septic shock rat models.

Materials and Methods

Male Sprague Dawley rats were purchased from Harlan (Indianapolis, IN). 
Heparin lock flush solution (USP, 10 USP units/ml) was purchased from Abbot 
laboratories (North Chicago, IL). Lyophilized powder o f  S. aureus was purchased from

133
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ATCC, Bethesda, Maryland. Tripticase soy agar, tripticase soy broth, culture flasks, petri 

dishes, and pipettes were purchased from Fisher Scientific Company, Norcross, Georgia. 

Fetal calf serum, cyrochalasin D, and acridine orange were purchased from Sigma 

Chemical Company (St. Louis, MO).

Study Design

Vancomycin Pharmacokinetics

In the kinetic study, eight Sprague Dawley rats were used, four in the vancomycin 

microsphere group (Group I) and four in the vancomycin solution group (Group II). All 

the rats were anesthetized by intraperitoneal (IP) administration with Ketamine 

(lOOmg/kg) and Xylazine (lOmg/kg). Groups were treated as described below:

Group 1: Each subject received one dose (45mg/kg IP) o f  vancomycin solution. Tail vein 

blood samples (400 pi each) were obtained at 0 .5 ,1 .0 ,1 .5 ,2 .0 ,4 .0 , and 8.0 hrs post drug 

administration. Plasma was obtained after high-speed centrifugation o f blood samples for 

10 minutes. To 100 pi o f  plasma, 150 pi o f  acetonitrile was added to precipitate plasma 

proteins. After vortex mixing for a few seconds, the mixture was allowed to sit at room 

temperature for 30 minutes. The samples were then centrifuged at high speed for 10 

minutes and 50 pi o f  the supernatant was injected into HPLC. The HPLC conditions were 

as previously described except that no internal standard was used. A  standard curve for 

vancomycin in plasma was obtained by spiking plasma with vancomycin solution and 

serially diluting it to obtain various drug concentrations.

Group 2: Each subject received one dose (45mg/kg IP) o f  vancomycin microspheres.

Tail vein blood samples (400 pi each) were obtained at 0 .5 ,1 .0 , 1.5, 2.0, 4.0, and 8.0 hrs
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post drug administration. Plasma was obtained after high-speed centrifugation o f  blood 

samples for 10 minutes. To 100 |Jl o f  plasma, 150 pi o f  acetonitrile was added to 

precipitate plasma proteins. After vortex mixing for a few seconds, the mixture was 

allowed to sit at room temperature for 30 minutes. The samples were then centrifuged at 

high speed for 10 minutes and 50 pi o f  the supernatant was injected into HPLC. The 

HPLC conditions were as previously described except that no internal standard was used. 

A standard curve for vancomycin in plasma was obtained by spiking plasma with 

vancomycin solution and serially diluting it to obtain various drug concentrations.

Pharmacokinetics is the quantitative study o f  drug disposition in the body once 

the drug product or dosage form is administered to the subject. The concentration o f  a 

drug at the site o f  action generally determines the intensity and duration o f  the 

pharmacologic effect. Since it is usually not possible to sample at the site o f  action, the 

next alternative is to sample whole blood, plasma or serum. There is generally a 

correlation between pharmacologic effect and drug concentration in blood once 

equilibrium o f  distribution has been reached. A  semi-logarithmic plot o f  vancomycin 

concentration versus time was plotted. Inspection o f  the plot w ill determine whether the 

data represents a one or two compartment model. It is often not simple to determine 

which model is appropriate because there are not enough data points available. The most 

insensitive o f  all pharmacokinetic parameters is the total area under the concentration

time curve (AUC). Using the AUC and deriving the most important parameters, i.e. 

volume o f distribution (Va) and total clearance (Cltot) from it, results in parameters which 

can be considered “robust”. Furthermore, the parameters derived from the AUC are
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independent o f  the compartment model. The terminal rate constant in a compartment- 

model free analysis is called P, and is calculated from the equation:

In C (1) -  In (C2)
P =  t (2) - t  (1)

Where C (1) and C (2) are two-concentration time points at times t (1) and t (2) from the 

terminal, monoexponential slope.

The elimination half-life, ti/2, can be calculated by the equation:

0.693 
tl/2 =  P

The total AUC is determined in two steps. The first one utilizes the trapezoidal 

rule to calculate the area from time = 0  to the time o f the last blood sample taken, t = x. 

The AUC (0-x) is the sum o f  all trapezoids between two blood sample-time points:

AUC (0-x) = E [(  Cn + Cn+l) . (tn+1 -  tn)]
2

The remaining area from the last blood sample C(x) at time = x to infinity, AUC 

(x-oo) is calculated as follows:

c m
AUC (x-oo) = p

The total AUC is the sum o f the two equations.
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The total clearance, Cltot, and the apparent volume o f distribution, Va, are 

calculated using values for the AUC:

D
C ltot =  A U C  

D
Vd -  AUC.p 

Where D is the dose administered.

Efficacy o f  Vancomycin Microspheres and Solution in Rats

The efficacy o f  vancomycin microspheres as compared to solution was 

determined in septic shock rat models. Three scenarios were evaluated: Prophylactic 

treatment, simultaneous treatment, and delayed treatment. In each study, the rats were 

divided into three groups: 1. Control group- in which rats (n=2) were injected with blank 

albumin microspheres 2. Vancomycin solution group -  in which rats (n=3) were treated 

with vancomycin solution. 3. Vancomycin microsphere group -  in which rats (n=3) were 

treated with encapsulated vancomycin.

Prophylactic Vancomycin Treatment

In the prophylactic treatment study, rats were injected, IP, with drug solution, 

microspheres, or blank (15mg/kg). Four hours after treatment, the rats were anesthetized 

intraperitoneally (IP) with ketamine (lOOmg/kg) and xylazine (lOmg/kg) and tail vein 

blood samples (400 |Jl) were obtained. The rats were then injected, IP, with a suspension 

o f S. aureus (1.0 x 108 cfu/ml). Tail vein blood samples were obtained at 4, 24, 48, 72,
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and 96hrs post infection. All the rats received their respective treatments twice a day for 

three days. Serial dilutions o f  blood samples were plated on agar, and bacteremia count 

was obtained 24 hours after incubation at 37 °C. The rats were euthanized on day five 

and the liver, spleen, and lungs were excised. Each organ was immediately placed in a 

1% Hanks Balanced Salt solution (HBSS) with 100 |Jg/ml o f gentamicin for 30 minutes. 

The organs were washed twice with HBSS, weighed, and homogenized in 10 ml o f  1% 

Triton-X 100 solution. A  hand-held homogenizer was used to crush the organs.

The homogenate was kept at 4°C for 1 hour, after which 50 |Jl o f  serial dilutions were 

plated on Tripticase Soy agar. Bacterial count per organ was determined after 24 hours o f  

incubation at 37 °C.

Simultaneous Vancomycin Treatment

In the simultaneous treatment study, the rats were weighed and anesthetized 

intraperitoneally (IP) with Ketamine (lOOmg/kg) and xylazine (lOmg/kg) after which tail 

vein blood samples (400 |Jl) were obtained. The rats were injected, IP, with S. aureus (1.0

o
x 10 cfu/ml). Immediately after bacterial injection, the rats were given subcutaneous 

(around the neck area) injections o f  drug treatment or control blank microspheres. 

Treatment was continued, IP, twice daily for three days thereafter. Blood samples were 

obtained at 4, 24, 48, 72, 96 hrs post infection, serially diluted, and plated overnight at 37 

°C. On day five, the rats were euthanized and their organs removed and treated as 

described in the previous paragraph.
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Delayed Vancomycin Treatment

In a real case scenario, a patient is normally infected by a microorganism before 

treatment is initiated. The delayed treatment o f  infected rats mimics a real case situation. 

In this study, the rats were injected, IP, with S. aureus (1.0 x 108 cfu/ml). Four hours after 

infection, the rats were anesthetized, and tail vein blood samples were obtained. These 

were serially diluted and plated on agar. The rats were then given IP injections o f  drug 

microspheres, solution, or control. Tail vein blood samples were obtained at 8 , 24, 48, 72, 

and 96 hrs post infection, serially diluted, and plated overnight at 37 °C. On day five, the 

rats were euthanized and their organs removed and plated as described in the previous 

paragraph.

Biodistribution o f  Labeled Microspheres and S. aureus

Two rats were used in the biodistribution studies. One rat was injected, IP, with 

2 mg (~ 1 x 1011) o f  fluorescamine labeled vancomycin microspheres. The other rat was 

injected, IP, with 1.0 x 1010 cfu o f  acridine orange (5mg/ml) labeled S. aureus. Labeling 

o f  vancomycin microspheres and bacteria were done exactly as described in chapter 4. 

Two hours after the injection o f labeled bacteria or microspheres, the rats were sacrificed 

using carbon dioxide (CO2) gas, and the lungs, spleen, kidneys, and liver were removed. 

The microtome (model# 855 from Scientific Instruments, Buffalo, NY) was turned on 30 

minutes prior to tissue sectioning, and the temperature was set at -2 0  °C. The organs 

were thoroughly flushed with saline and tissue (5mm x 5mm) samples were cut out and 

frozen to -  80 °C for 30 minutes. An embedding medium was used to immobilize tissues 

on holders. The section thickness was adjusted to 5 pm. Frozen sections obtained were
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transferred onto a microscope slide with a cover slip for imaging under a fluorescent 

microscope.

Results and Discussion

Vancomycin Pharmacokinetics

Figure 62 shows the standard curve obtained when blank plasma was spiked with 

vancomycin solution and serially diluted to obtain various drug concentrations. The curve 

was fairly linear with an r2 value o f  0.9995. The standard curve was used in obtaining 

plasma vancomycin concentrations. The semilog plot o f  vancomycin solution (Figure 63) 

suggests that vancomycin follows a two compartment kinetic profile; however, a model- 

independent analysis was used to calculate the kinetic parameters. Vancomycin in the 

microsphere formulation showed a rather different profile. Within the first half hour after 

drug administration, there was a sharp increase in plasma levels followed by a decrease in 

levels between 30 minutes and 1 hour. This suggests a burst release o f  surface drug 

within the first half hour, which was rapidly cleared from circulation between 30 minutes 

and 1 hour. Drug release from the microspheres steadily increased for four hours as 

shown by the rising slope o f  the curve (Figure 64). The kinetic profiles for both 

vancomycin microspheres and solution are shown in figure 65. During this time, drug 

elimination was taking place; however, drug release was higher than elimination.

Between four and eight hours, drug elimination was predominant. Table 14 summarizes 

the results obtained. The pharmacokinetic parameters calculated are shown in table 15. A  

model independent analysis was used in determining pharmacokinetic parameters. The
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area-under-the-curve value for the microencapsulated microencapsulated vancomcycin 

group was almost 5-fold larger than the solution group suggesting a longer residence time 

and hence better efficacy. The half- life o f  vancomycin microspheres in rats was more 

than twice that o f  the solution formulation, suggesting a longer duration o f  action and 

better efficacy o f  the microsphere formulation. There is over a two-fold increase o f  Vd in 

the free vancomycin group relative to the microencapsulated vancomycin group. Since 

plasma is regarded as the central compartment, it is suggested that a higher distribution o f  

total vancomycin will occur in the peripheral compartments o f  the free vancomycin.
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Vancomycin Standard Curve 
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Figure 62 Standard curve o f  vancomycin obtained from spiked plasma samples

y = 28503x - 39828  
R2 = 0.9995

100 200 
Concentration (ug/ml)

300

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

£
O

24->£OO
£
Oo

Kinetic Profile o f Vancom ycin Solution in 
Rats (n=4)

5
4
3o>
2

0 T

100 200 300 400

Time (mins)
500 600

Figure 63. Shows the kinetic profile o f  vancomycin solution. The semi-log plot shows 
that vancomycin distributes in two compartments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

Kinetic Profile of Vancomycin 
Microspheres in Rats (n=4)
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Figure 64 Shows the kinetic profile o f  vancomycin microspheres. The semi-log plot 
shows an initial burst release followed by a steadily increasing drug release for 4 hrs.
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Table 14. Summary o f  plasma vancomycin levels after administration o f solution and 
microspheres

Concentration in Plasma (ug/ml ± SD) of:
Time (mins) Solution Microsphere

30 60.25 ±2.73 *9.8 ± 1.32

60 11.5 ±2.76 *6.0 ± 1.07

90 9.6 ±1.21 *23.4 ± 4.58

120 7.6 ±1.44 *34.4 ± 2.50

240 5.64 ± 1.32 *56.4 ± 2.77

480 2.45 ± 0.24 *38.2 ± 1.67

One dose (45mg/kg) o f  vancomycin microspheres or solution was injected (IP) into each 
group o f  rats. Tail vein blood samples (400 |Jl each) were obtained at various time points 
and plasma was obtained after high-speed centrifugation o f  blood samples. Vancomycin 
was extracted from the plasma samples and analyzed by HPLC. Plasma levels in the 
vancomycin solution group were significantly higher than the microsphere group up to 1 

hour after drug administration (*p < 0.05). The microsphere group showed significantly 
higher levels o f  vancomycin between 1 and 8  hours after drug administration (*p < 0.05).
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K in e tic  P ro files  o f V a n c o m y c in  S o lu tio n  
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Figure 65. Shows the kinetic profiles o f  vancomycin in the solution and microsphere 
form. Plasma levels in the vancomycin microsphere group were significantly higher than 
the solution group after 1.5 hours o f  drug administration (p < 0.05).
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Tablel5. Pharmacokinetic parameters for vancomycin in rat plasma

Analysis of Vancomycin Kinetics in Plasma

Parameter Units Vancomycin

MicrosDheres

Vancomycin

Solution

P hr' 1 0.1 0.208

tl/2 hr 7.1 3.31

Co pg/ml 260 280

AUC ((pg/ml)*hr) 755.2 153.5

Cltot ml.hr' 1 11.3 55.7

Vd L/kg 0.59 1.41
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Prophylactic Vancomycin Treatment

Drug administration to a person prior to exposure to disease is rare, unless where 

vaccines are involved or when one expects to be exposed to the disease causing pathogen. 

In the case o f  bacterial infections, treatment prior to exposure is even rarer; however, for 

hospital workers (in the case o f  nosocomial infections), pre-surgical wounds, and soldiers 

in the battlefield, prophylactic treatment with antibiotics might be necessary. In this 

study, treatment o f  rats prior to exposure to S. aureus showed that the presence o f  drug 

decreased the circulating bacterial load considerably. Moreover, vancomycin in the 

microsphere formulation was more effective in reducing the overall blood bacterial load 

than the solution form or blank microspheres. Between 4 and 24 hrs after infection, there 

was a decrease in bacteremia in all groups. This could be due to cellular uptake o f  

circulating bacteria. Increase in bacterial load after that could be due to exocytosis o f  

internalized bacteria (Figure 6 6 ). Tissue analysis after five days o f  infection also 

confirmed the bacteremia results: Vancomycin microspheres were significantly more 

effective in reducing tissue bacteria load than either solution or blank microspheres 

(Table 16 and Figures 67 -  70). In all cases bacterial levels in the whole o f  the liver was 

much more than in either the spleen or the lung, however, the number o f  bacteria per 

gram o f liver was much less than in either organ.
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Bacteremia Count after Prophylactic Vancomycin 
Treatment of S. aureus infected Rats

~  3000

>  1  2500
C  t rC  <£?
2  — 2000

^  |  1500

jjj |  1000

|  c  500 
z !

o
Li.

-500 ^ 50 100

Time (hrs)

Control (Blank MS)

Vancomycin Solution

150

Vancomycin
Microspheres

Figure 6 6  Shows vancomycin microspheres more effective in reducing systemic bacterial 
load than the solution form or control, p < 0.05
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Table 16. Organ levels o f  bacteria after prophylactic vancomycin treatment

Determination o Orqan bacterial load after 5 days of infection.

Treatment Orqan Type wt of Organ (gm) Count cfu/ml # S. aureus/qm of tissue i avg.wt/gm SD
Liver

Control (blank MS) 7 70 1400 200 238.983051 55.13
5.9 82 1640 277.9661017

r  VCN solution 8.06 44 880 109.1811414 97.3740034 10.666
8.82 39 780 88.43537415
9.1 43 860 94.50549451

VCN microspheres 9.1 19 380 41.75824176 44.5060982 5.8458
8.2 21 420 51.2195122
7.4 15 300 40.54054054

Spleen
Control (blank MS) 0.45 26 520 1155.555556 1321.96382 235.34

0.43 32 640 1488.372093
VCN solution 0.44 19 380 863.6363636 663.710273 175.26

0.41 11 220 536.5853659
0.44 13 260 590.9090909

VCN microspheres 0.34 9 180 529.4117647 576.860452 46.44
ti 0.45 14 280 622.2222222
n 0.38 11 220 I 578.9473684

Lunq
Control (blank MS) 1.63 111 2220 1361.96319 1138.92552 315.42

2.14 98 1960 915.8878505
VCN solution 1.59 32 640 402.5157233 460.100844 55.842

r—  2.14 55 1100 514.0186916
2.07 48 960 463.7681159

VCN microspheres 1.2 11 220 183.3333333 199.384203 14.14
II 1.66 17 340 204.8192771
ii 2 21 420 210

.................
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Figure 67 shows bacterial levels in rat liver after 5 days o f  infection. Vancomycin (VCN) 
microspheres (MS) were significantly more effective in reducing intrahepatic bacterial 
load (p< 0.05).
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Figure 6 8  Shows the bacterial levels in the spleen o f  rats after 5 days o f  infection. Both 
vancomycin (VCN) microsphere (MS) and solution formulation were significantly more 
effective in reducing the bacterial load than the control (p<0.05), however there was no 
significant difference between the effect o f  the two formulations (p>0.05).
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Figure 69. Shows the bacterial levels in the lungs after 5 days o f  infection. 
Vancomycin(VCN) microspheres (MS) were significantly more effective in reducing the 
bacterial load than the solution or control (p< 0.05).
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Simultaneous Vancomycin Treatment

Simultaneous treatment o f  S. aureus infected rats produced similar results as the 

prophylactic treatment, although not as significant a difference. Vancomycin 

microspheres reduced the bacteremia levels more than either blank microspheres or 

vancomycin solution (Figure 71); however a significant difference in bacterial levels was 

seen only at 48 and 96 hours post infection. The presence o f  bacteria in the systemic 

circulation despite treatment could be due to either low systemic drug concentration or 

continued exocytosis o f  intracellular bacteria. It is possible that bacterial multiplication 

exceeded drug action.

Tissue analysis after five days o f  infection also showed that vancomycin 

microspheres were more effective in reducing intracellular bacterial load than either 

vancomycin solution or blank microspheres (Table 17 and Figures 72 -  75). In all cases 

the blank microsphere group had the largest number o f bacteria in the tissue.
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Bacteremia Count after Simultaneous Treatment of
S. aureus Infected Rats
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Figure 71. Shows vancomycin microspheres more effective in reducing systemic 
bacterial load than the solution form or control. The difference in effects was not 
significant (p> 0.05).
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Tablel7. Organ levels o f  bacteria after simultaneous vancomycin treatment

Determination of Liver bacterial load after 5 days of infection.

Treatment Organ Type wt of Organ (gm) Count cfu/ml #S . aureus/gm of tissue avg.wt/gm SD
Liver

Control (blank MS) 8.6 70 1400 162.7906977 137.876831 35.234
10.8 61 1220 11Z962963

VCN solution 9.3 59 1180 126.8817204 134.74195 10.292
9.7 71 1420 146.3917526
8.4 55 1100 130.952381

VCN microspheres 9.7 28 560 57.73195876 82.85815 23.827
n 8.4 36 720 85.71428571
n 7.8 41 820 105.1282051

Spleen
Control (blank MS) 0.43 21 420 976.744186 1180.6798 288.41

0.26 18 360 1384.615385
VCN solution 0.38 23 460 1210.526316 1086.8421 295.12

0.4 26 520 1300
0.4 15 300 750

VCN microspheres 0.45 11 220 488.8888889 512.84476 143.35
0.47 9 180 382.9787234

n 0.39 13 260 666.6666667
Lung

Control (blank MS) 2.35 44 880 374.4680851 318.38158 79.318
2.44 32 640 262.295082

VCN solution 2.42 23 460 190.0826446 274.09175 107.26
1.57 31 620 394.9044586
2.36 28 560 237.2881356

VCN microspheres 1.3 10 200 153.8461538 146.12274 12.266
n 1.97 13 260 131.9796954
n 2.36 18 360 152.5423729
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Bacterial Levels in Liver after 5 days of Infection

Bacterial Levels in Liver

Figure 72. shows bacterial levels in rat liver after 5 days o f  infection. Vancomycin (VCN) 
microspheres (MS) were more effective than solution or control in reducing intrahepatic 
bacterial load (p < 0.05). There was no significant difference between the solution and the 
control group (p> 0.05).
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Figure 73. Shows the bacterial levels in the spleen o f rats after 5 days o f  infection. Only 
the vancomycin (VCN) microspheres (MS) were significantly more effective in reducing 
the bacterial load than the control (p<0.05). There was no significant difference between 
the solution and control (p>0.05).
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Figure 74. Shows the bacterial levels in the lungs after 5 days o f  infection. 
Vancomycin(VCN) microspheres were more effective in reducing the bacterial load than 
the solution or control (p< 0.05).
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Figure 75. Bacterial levels in all three organs after 5 days o f  infection.
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Delayed Vancomycin Treatment

In the delayed treatment o f  S. aureus infected rats it was observed that the 

solution form was better than the microsphere form in reducing the intracellular bacterial 

load after 8 hours o f  infection. It is expected that by the time treatment is initiated, the 

systemic and intracellular bacterial load would be very high due to bacterial 

multiplication. The dose o f  drug used was unchanged; hence the bacteremia count was 

high due to insufficient drug action. A  possible explanation for the higher efficacy o f  

vancomycin solution after eight hours o f  infection is that, the drug was readily available 

in the solution form. Drug release from the microsphere formulation increased with time 

thereafter and that was the reason for the decreased bacterial load at later time points. 

Vancomycin microspheres reduced the bacteremia load significantly more than either the 

solution or the blank microspheres at 48 and 72 hours post infection (Figure 76).

Analysis o f  tissue samples excised after five days o f infection showed that 

vancomycin microsperes were more effective than either solution or blank microspheres 

in reducing the bacterial load in the liver and spleen (Figures 77 & 78). There was no 

significant difference between the formulations in reducing the bacterial load in the lungs 

(p >0.05) (Table 18 and Figures 79 & 80).
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Figure 76. Shows vancomycin microspheres significantly more effective in reducing 
systemic bacterial load than the solution form or control at 48 and 72 hours post infection 
(p <0.05).
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Tablel8. Organ levels o f  bacteria after delayed vancomycin treatment
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Treatm ent Organ Type w t of Organ gm) C ount cfu/ml fS .a u re u s /g m o f tis s u e avg, count/gm SD
Liver

Control (blank MS) 10.7 1 153 3060 285.9813084 317.4804501 44.547
9.8 171 3420 348.9795918

VCN solution 8.5 82 1640 192.9411765 216.7935967 24.678
9,2 99 1980 215.2173913
9 109 2180 242.2222222

VCN microspheres 8.5 32 640 75.29411765 108.0322129 38.595
ii 11.2 55 1100 98.21428571
ii 8.5 64 1280 150.5882353

Spleen
Control (blank MS) 0.44 180 3600 8181.818182 8350.16835 238.08

0.27 115 2300 8518.518519
VCN solution 0.24 93 1860 7750 5513.814617 2003.5

Q33 i 81 1620 4909.090909
0.34 66 1320 3882.352941

VCN microspheres 0.49 19 380 775.5102041 1968.413311 1328.4
ii 0.37 32 640 1729.72973
n 0.3 51 1020 3400

U m g
Control (blank MS) 2.02 110 2200 1089.108911 1019.964292 97.785

1.83 87 1740 950.8196721
VCN solution 1.85 51 1020 551.3513514 487.1264892 106.97

1.94 53 1060 546.3917526
2.42 44 880 363.6363636

VCN microspheres 1.63 39 780 478.5276074 563.6606066 81.527
ii 1.54 44 880 571.4285714

1.56 50 1000 641.025641
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Figure 77. Bacterial levels in rat liver after 5 days o f  infection. Vancomycin (VCN) 
microspheres (MS) were more effective in reducing intrahepatic bacterial load than either 
solution or blank microspheres (p< 0.05).
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Figure 78. Bacterial levels in the spleen o f  rats after 5 days o f  infection. Only 
vancomycin (VCN) microspheres were more effective in reducing the bacterial load 
(p<0.05).
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Figure 79. Bacterial levels in the lungs after 5 days o f  infection. Vancomycin(VCN) 
solution was more effective in reducing the bacterial load than the microspheres (MS); 
however the difference was not significant (p> 0.05).
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Biodistribution o f  Labeled Microspheres and S. aureus

The relative biodistribution o f vancomycin microspheres and S. aureus in 

different organs is shown in figures 8 1 - 8 5 .  The results show that both microspheres and 

bacteria were highly distributed in the liver and spleen, with the spleen showing more 

uptake than the liver. Both the spleen and liver contain a large number o f resident 

macrophage cells. These macrophages are phagocytic in nature and are mainly 

responsible for the uptake and clearance o f  particulate matter from the systemic 

circulation. Uptake o f  microspheres and bacteria in the lungs was also significant; 

however it was about 70% o f uptake in either the liver or spleen. Uptake o f  particulate 

matter by the lungs is due mainly to the presence o f  alveolar macrophages in the organ. 

Microsphere uptake by the lungs was higher than bacterial uptake probably due to larger 

sizes (>7pm) o f  some particles (Figure 84).
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Microsphere Distribution in Liver S. aureus Distribution in Liver

Figure 81. Fluorescent microscope images o f  vancomycin microsphere and S. aureus 
distribution in rat liver
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Figure 82. Fluorescent microscope images o f  vancomycin microsphere and S. aureus 
distribution in rat liver
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Microsphere Distribution in Lung S. aureus Distribution in Lung
Figure 83. Fluorescent microscope images o f  vancomycin microsphere and S. aureus 
distribution in rat lung
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Figure 84. Fluorescent microscope images o f  vancomycin microsphere and S. aureus 
distribution in rat lung
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Microsphere Distribution in Spleen S. aureus Distribution in Spleen

Figure 85. Fluorescent microscope images o f  vancomycin microsphere and S. aureus 
distribution in rat spleen
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CONCLUSIONS

In vivo evaluation o f the vancomycin microspheres formulated reinforced most o f  

the in vitro results. The sharp decrease in plasma vancomycin concentration within the 

first thirty minutes indicated the presence o f  non-encapsulated surface drug. Plasma 

vancomycin concentration increased steadily for four hours showing drug release from 

microspheres. This kinetic profile o f  vancomycin microspheres is indicative o f  a 

sustained released formulation. The higher AUC as well as half-life o f  the microsphere 

formulation suggests it would be more efficacious and have a longer duration o f  action 

than the solution.

This suggestion was somewhat proven in the in vivo challenge studies o f  septic 

shock rats. In all three scenarios, namely prophylactic, simultaneous, and delayed 

treatment, the microencapsulated form o f vancomycin was more effective in reducing the 

systemic bacteria load than either blank microspheres or free vancomycin. Similar results 

were seen in the tissue analysis o f  bacteria levels.

The comparable distribution o f  both microspheres and bacteria in the spleen and 

liver will ensure effective killing o f  microbes (by encapsulated drugs) which infect these 

organs. In cases where the lungs are the infected organs, microspheres o f  larger sizes (>7 

pm) would be more effective. In sepsis, bacteria within endothelial cells are the main 

target, hence treatment would be more effective i f  professional phagocytes are initially 

saturated with blank microspheres, before treatment is initiated (Jin 2004).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



176

OVERALL SUMMARY AND CONCLUSIONS 

Drug delivery to the appropriate site o f  action is a major challenge for the 

pharmaceutical industry. There are many highly efficacious drugs on the market; 

however their inability to successfully reach their site o f  action renders most o f  them 

ineffective. In order to deliver a drug molecule to its target tissue, an appropriate 

formulation is essential. In this research, the main goal was to effectively deliver an 

antibiotic, vancomycin, to the intracellular compartment where most virulent pathogens 

take refuge. To achieve this goal particulate drug formulations, for example 

microspheres, had to be made. Microspheres were prepared by two methods -  the 

nubulizer and spray-dryer methods. Microspheres prepared by both the nebulizer and 

spray-dryer methods produced majority o f  microspheres with sizes between 1 -  5 pi.

Both methods were equally effective in preparing microspheres, however the spray-dryer 

method produced a higher yield, was reproducible, and the method has been validated. 

The spray-dryer method was therefore be used to make microspheres for all experiments. 

Microspheres crosslinked with 4%  glutaraldehyde had a burst release o f  20% in the first 

hour, and a cumulative release in PBS o f about 45% in 24 hours. More than 90% o f the 

drug was released in trypsin solution in 24 hours, indicating that most o f  the drug will be 

released under normal intracellular enzymatic conditions. This formulation was 

ideal for future experiments, since the goal was to target intracellular bacteria. Uptake o f  

microspheres and bacteria by endothelial cells, occured maximally in 1 -  3 hours, hence
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most o f  the drug will be delivered to the intracellular compartment and be most effective 

against bacteria therein. It was therefore a targeted delivery rather than a sustained release 

formulation that was required.

Uptake studies o f  microspheres and bacteria by endothelial cells were completed. 

It was confirmed that endothelial cells, though not professional phagocytes, do engulf 

particulate matter appreciably. In these experiments endothelial cells were able to engulf 

both drug-loaded microspheres and bacteria in a time and concentration dependant 

manner. Bacterial uptake was impeded by the presence o f  cytochalasin D, confirming that 

the mechanism o f  uptake by endothelial cells is by phagocytosis through actin 

polymerization.

Having established that endothelial cells do take up bacteria and microspheres 

separately, the next step was to allow the cells to engulf both bacteria and drug loaded 

microspheres in vitro, and to evaluate the effect o f  the drug on intracellular bacteria.

This group o f  experiments has shown that endothelial cells do internalize bacteria, drug 

solution, and microspheres. It was shown also that, irrespective o f  the treatment, the drug 

in the microsphere formulation was more effective than the solution in killing 

intracellular bacteria. The next appropriate step was to evaluate a similar situation 

in vivo. Before in vivo experiments were done, however, it was necessary to determine if  

S. aureus, when internalized, is exocytosed. It was also interesting to know i f  bacterial 

cell wall components do affect endothelial cell monolayer integrity. This finding would 

prove the hypothesis that bacterial presence alters endothelial cell barrier integrity and 

hence lead to vascular leakage.
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Analysis o f  the extracellular media after bacterial uptake by endothelial cells 

confirmed the presence o f  bacteria. It was then concluded from results obtained that 

S. aureus is exocytosed after it is taken up by endothelial cells. Exocytosis and 

phagocytosis o f  bacteria occur simultaneously, however, initially, the rate o f  

phagocytosis far exceeds exocytosis. With increasing intracellular bacterial load, the 

exocytosis rate as well as extracellular bacterial multiplication exceeds phagocytosis. The 

partial inhibition o f  exocytosis by cytochalasin D shows that actin polymerization is a 

possible mechanism o f exocytosis as well as phagocytosis.

Endothelial cells responded differently to various bacterial cell wall components. 

The presence o f  any o f  bacterial cell wall components (Gram positive or negative) altered 

the endothelial cell monolayer; however the profound effect that the combination o f  LTA 

and PepG had on the endothelial cell monolayer integrity showed that both components 

o f  the gram positive cell wall are required for vascular leakage to occur considerably.

In vivo evaluation o f  the vancomycin microspheres formulated reinforced most o f  

the in vitro  results. The sharp decrease in plasma vancomycin concentration within the 

first thirty minutes indicated the presence o f  non-encapsulated surface drug. Plasma 

vancomycin concentration increased steadily for four hours showing drug release from 

microspheres. This kinetic profile o f  vancomycin microspheres determined that we had a 

sustained released formulation. The higher AUC as well as half-life o f  the microsphere 

formulation suggests it would be more efficacious and have a longer duration o f  action.

This suggestion was somehow proven in the in vivo challenge studies o f  septic 

shock rats. In all three scenarios, namely prophylactic, simultaneous, and delayed
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treatment, the microencapsulated form o f vancomycin was more effective in reducing the 

systemic bacteria load than either blank microspheres or free vancomycin. Similar results 

were seen in the tissue analysis o f  bacterial levels.

The comparable distribution o f both microspheres and bacteria in the spleen and 

liver will ensure effective killing o f  microbes (by encapsulated drugs) which infect these 

organs. In cases where the lungs are the infected organs, microspheres o f  larger sizes 

(>7pm) would be more effective. Targeting o f  other organs with drug loaded 

microspheres would require manipulation o f microsphere particle sizes as well as mode 

o f administration. For example, where blood vessels are the target o f  drug delivery, other 

organs can be saturated with blank microspheres before drug administration is initiated.

It can therefore be concluded from results obtained from this project that 

encapsulation o f  a drug in an albumin matrix is safe and does not alter the activity o f  the 

drug. Drugs in the microencapsulated form can be effectively delivered to intracellular 

sites.
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