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SYNOPSIS

Name of the Constituent Institution: Raja Ramanna Centre for Advanced

Technology
Name of the Student: Khageswar Sahu
Enrolment No: LIFE03200904002

Title of the Thesis: Applications of photodynamic effects in dermatology

In today’s society, chronic wounds represent a major health care burden. Normally
wounds heal in about 2-3 weeks and the healing has four overlapping phases:
coagulation, inflammation, proliferation, and remodeling. Abnormality in any of these
phases, caused by either systemic factors like vascular insufficiency, diabetes,
neuropathy, or local factors such as pressure and infection of wounds can cause delay
in healing. The growing emergence of antibiotic resistance in bacteria commonly
infecting wounds is another concern particularly in diabetic and immunocompromised
conditions. To overcome this problem various alternative strategies are being explored.
These include use of (i) antimicrobial peptides, (i) efflux pump inhibitors, and (iii)
antimicrobial photodynamic therapy (APDT). Of these, APDT is particularly
attractive, because, while bacteria are expected to develop resistance mechanisms
against the other approaches, the possibility of developing resistance against APDT is

considered remote.

APDT involves excitation of an exogenously applied or endogenously synthesized

photosensitizer (PS) by visible light. This can lead to generation of lethal level of




singlet oxygen via energy transfer to molecular oxygen present in the wound tissue.
This is referred to as type II process. The other process contributing to the inactivation
of microbes, referred to as type I process, involves generation of radicals through
electron transfer to nearby molecules. In contrast to the conventional antibiotics that
are designed to target a specific bacterial site, in APDT, the generated reactive oxygen
species (ROS) destroy all cellular components and are not target specific. This is the
reason why it is considered highly unlikely that bacteria could evolve resistance
mechanisms against APDT. In addition, PDT can inactivate bacterial virulent factors,

biofilms and proinflammatory cytokines, which also can contribute to faster healing.

The important parameters that an ideal PS for APDT should have include (i) high
ROS quantum yield, (ii) cationic charge as well as amphiphilic nature to ensure higher
accumulation at the polyanionic microbial cell surfaces and (iii) a strong absorbance
in the red region to minimize the energy deposition in tissue. Cationic
phenothiaziniums, like methylene blue and toluidine blue have been the most widely
investigated photosensitive drugs currently being investigated for APDT. However,
these have relatively lower triplet yield, hydrophilic nature, and efflux pump
dependent uptake into bacterial cells. Therefore there is interest in exploring other PS.
Chlorophyll derivatives like chlorine p6 (cp6) are particularly attractive because these
have good triplet yield, amphiphilicity and strong absorbance in the red (660 nm)
region. Since cp6 is anionic, its conjugation with cationic peptides like poly-L-lysin
(pl-cp6) is therefore expected to enhance the targeting of the cp6 to bacterial cells.
The objective of the thesis was to explore the photobactericidal efficacy of cp6 and pl-

cp6 for both Gram positive and negative bacteria and investigate the use of pl-cp6



mediated APDT for the healing of bacteria infected and uninfected wounds in normal

and diabetic mice.

The thesis is organized as follows.

In Chapter 1, we provide a brief overview of the processes involved in the healing of
wounds and the factors that can lead to the development of the chronic wounds.
Therapeutic modalities for the management of antibiotic resistant bacteria, with

particular emphasis to APDT, are discussed next

In chapter 2, we describe the strains of bacteria used for our studies, photoirradiation
protocol, procedure for synthesis of pl-cp6 and establishment of wound infection in
normal as well as diabetic mice model. A brief overview of biochemical techniques
such as immunoblotting, hydroxyproline assay, that were used for our studies on

wound healing, is also provided in the chapter.

In chapter 3, we present the results of the investigations carried out to study the
phototoxicity of cp6 and pl-cp6 against Staphylococcus aureus (Gram positive),
Pseudomonas aeruginosa (Gram negative) and keratinocyte cell line (HaCaT). The

latter was used as a model for host cell.

In chapter 4, we present the results of the studies carried out by us towards
understanding the mechanism of bacterial cell damage induced by APDT mediated by
different photosensitizers, cp6, pl-cp6 and a standard phenothiazinium, toluidine blue
O (TBO). Changes in cellular morphology resulting from APDT were monitored
using atomic force microscopy. Fluorescence microscopy of cell impermeable dye
(Propidium lodide) uptake and absorbance spectroscopy were used to monitor damage

to cell membrane and leakage of intracellular contents, respectively. As noted in



chapter 3, for S.aureus and P. aeruginosa, cp6 showed lower phototoxicity and did
not result in significant morphological alterations. APDT mediated by both TBO and
pl-cp6 resulted in a significant reduction in the mean cell height, flattening of Gram
negative bacteria (P.aeruginosa, E.coli) suggesting damage to the bacterial membrane
and reduction of cell volume due to the loss of cytoplasmic materials. For S.aureus,
the change in morphology observed subsequent to APDT mediated by TBO and pl-
cp6 was significantly different. While the major effect of TBO mediated APDT was
breakage in the contact between the cell wall and the membrane, pl-cp6 mediated

APDT resulted in damage primarily to outer peptidoglycan layer.

In chapter 5, we describe the results of the studies carried out to investigate the effect
of pl-cp6 mediated topical APDT on the healing of P. aeruginosa infected wounds in
mice. Apart from monitoring the decrease in bacterial load, the levels of different
cytokines like interleukin-6 (IL-6), Tumor necrosis factor-a (TNF-a) were measured
to quantitate the effect of APDT on the inflammatory response. The results showed
that 96 hr post APDT, bacteria load, IL-6 and, TNF-a level in the infected wounds
were reduced by ~1.5 log, ~6 times and ~ 4 times, respectively. The resulting
reduction in hyperinflammatory response in wounds may also be contributing to the

observed faster healing.

In chapter 6, we present the results of the studies carried out to investigate the effect
of pl-cp6 mediated topical APDT on collagen remodeling response of methicillin
resistant Staphylococcus aureus (MRSA) and P. aeruginosa infected wounds.
Collagen remodeling was monitored by measurement of tissue retardance using
Polarization sensitive Optical Coherence Tomography (PSOCT) as well as by

measurements on hydroxyproline content and matrix metalloproteases (MMP-8 and

4



MMP-9) level in wounds. As expected, compared to the uninfected wounds, slower
collagen restoration and higher MMP-8,9 expressions were observed in infected
wounds. Further, compared to the infected wounds treated with pl-cp6 alone, in
infected wounds treated with both pl-cp6 and light the hydroxyproline content and
retardance were higher by a factor of ~3 and ~2 respectively but MMP 8, 9 levels
were lower. This suggests that APDT leads to promotion of collagen remodeling of

wounds.

In chapter 7, we present results of the studies carried out to investigate the effect of
single or multiple APDT on the healing response of MRSA infected and uninfected
wounds of diabetic mice. The parameters monitored include bacteria regrowth,
thiobarbituric acid reactive substrates (TBARS), protein carbonyl (PC) and
glutathione (GSH) levels in wound tissues. Further, to quantify the effect of APDT on
inflammatory cells of wounds, measurements were also made on the level of
myeloperoxidase (MPO) and neutrophil elastase (NE). Results show that, compared to
untreated wounds, in MRSA infected wounds of diabetic mice subjected to APDT at a
fluence of ~120 J/cm? there was ~ 1.5 log decrease in bacteria load after APDT.
However, at 24h post APDT (day 3) there was ~ 5-fold bacteria regrowth. The use of
APDT repeated at 24 hr intervals for 3 days was investigated to address this issue.
APDT at a higher fluence of ~120 J/cm? led to a significant increase in TBARS (~70
%), PC (~ 25 %) and a decrease in MPO, while there was no change in NE and GSH
levels. Multiple APDT at fluence of ~60 J/cm? led to better responses like reduction in
bacterial regrowth by a factor of ~ 2.5, increased levels of MPO (~50%), NE (~35 %)),

GSH (~35%), moderate increase in TBARS (~ 40 %) but no change in PC levels.



Further, effect of multiple APDT at a fluence of ~60 J/cm? on angiogenesis in wounds
of diabetic mice was also investigated. Measurements were made on the levels of
nitric oxide (NO) and vascular endothelial growth factor-A (VEGF-A) of wound
tissue, which play important role in angiogenesis and healing of wounds. Results
show that multiple APDT leads to an increase in the levels of NO and VEGF-A by
factor of ~3.5 and ~60 %, respectively, on day 3. Furthermore, a good correlation was
observed between NO concentration and wound closure time (R? = -0.90, p < 0.05).
These results suggest that enhanced angiogenesis caused by APDT may also lead to

improvement in wound healing.

Finally, in the chapter 8, we provide a brief summary of the findings of the studies

included in the thesis and discuss the future potential.
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1. Introduction

Abstract

In this chapter we provide a brief overview of the processes involved in the healing of
wounds and the factors that can lead to the development of the chronic wounds.
Therapeutic modalities for the management of antibiotic resistant bacteria, with
particular emphasis to APDT, are discussed next. Finally, a brief account of the
results of studies on use of APDT for wound infections in animal models is presented

and the major objectives of the thesis are discussed.
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1.1 Introduction

Photodynamic therapy (PDT) is a therapeutic approach, which involves interaction of
light with an exogenously administered or endogenously synthesized photosensitizer
(PS) that preferentially gets localized in the diseased tissue, leading to generation of
reactive oxygen species (ROS) that is cytotoxic to diseased cells. PDT provides a
selective way of treating carcinoma in situ and other diseases like macular
degeneration and has been used successfully in clinical medicine for more than 2
decades for the management of tumor related pathologies in head and neck,
gastrointestinal tract, skin and bladder with promising results. Even tumors of bone

marrow and hepatobilliary organs have responded well.

In the last one decade, there is a considerable interest to use PDT as an alternative to
antibiotics for management of localized infections such as dental and skin related
infections. Application of PDT is a promising approach particularly for promotion of
healing of acute and chronic wounds infected with antibiotic resistant bacteria.lt is
believed that PDT can benefit patients who suffer from localized infections of wounds
caused by antibiotic resistant bacteria and those who require prolonged antimicrobial

therapy.

1.2 Basics of Wound Healing

In this section, we provide a brief overview of the different phases of wound healing
and the different factors like inflammatory cytokines, ROS and growth factors in

wound healing.
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1.2.1 Different phases of Acute wound healing

The main cellular events involved in acute wound healing are haemostasis,

inflammation, cell proliferation and collagen remodeling [1, 2].

1.2.1.1 Haemostasis (immediate)

This phase is initiated immediately after wounding and lasts up to 6 h. The tissue
injury causes microvascular injury and extravasation of blood into the wound, which
is followed by clot formation and platelet aggregation. The platelets trapped in the
clot degranulate and release alpha granules [3], which contain several growth
factors and chemotactic factors such as platelet-derived growth factor (PDGF),
insulin-like growth factor-1 (IGF-1), epidermal growth factor (EGF) and
transforming growth factor- (TGF- ). This helps in initiation of the inflammation

response.

1.2.1.2 Inflammation

Early inflammatory phase begins with infiltration of the wound by neutrophils, which
are attracted to the wound site within 6 to 24 h post wounding (p.w.), by a number of
chemoattractants such as fragments of extracellular matrix proteins that are released
upon injury, TGF- B, complement components (e.g. C3a, C5a) and products released

from bacteria like formyl-methionyl peptide [1, 4].
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Figure 1.1: Stages of acute wound healing, reprinted from reference 1 with

permission from Elsevier.

The infiltration of neutrophils begins with their adherence to the endothelial cells
in the adjacent blood vessels (margination) followed by their active movement
through blood vessels (diapedesis) towards the wound. In the wounds, they
phagocytose bacteria and other foreign particles and destroy them by releasing
degrading enzymes and reactive oxygen species (ROS). Once the contaminating
bacteria and damaged cells are cleared, the neutrophils are disposed of by extrusion
to the wound surface as slough and by apoptosis. The cell remnants and apoptotic
bodies are phagocytosed by macrophages which arrive at the wound site around day 1
p.w. Macrophages are attracted to the wound site by a variety of chemoattractants,
like clotting components, fragments of immunoglobulin G, breakdown products of
collagen and cytokines (e.g. leukotrine B4, platelet factor IV, PDGF, TGF-B) and

complements [4].
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Growth Source(s) Function in wound healing

factors

PDGF Platelet, fibroblast, Mitogenic for smooth muscle, endothelial
macrophage, cells and fibroblasts.
endothelial cells Chemoattractant for neutrophils, fibroblasts.

Fibroblast proliferation and collagen
metabolism.

FGF Fibroblast, Proliferation of fibroblasts, epithelial cells,
endothelial cell, matrix deposition, wound contraction,
smooth muscle cell, | angiogenesis.
macrophage. Formation of granulation tissue.

EGF Platelet, Differentiation, Proliferation and migration,
macrophage, adhesion of keratinocytes.
keratinocytes . o

’ F f 1 .
fibroblast, ormation of granulation tissue
endothelial cell,
smooth muscle cell.

VEGF Platelet, neutrophil, | Stimulates angiogenesis in granulation
macrophage. tissue, formation of collateral blood vessels

in peripheral vascular disease, macrophage
apoptosis, chemotaxis (integrins), Increasing
vascular permeability.

KGF Fibroblast Proliferation and migration of keratinocytes.

G-CSF Monocyte, fibroblast | Stimulates production of neutrophils.
lymphocyte. Enhances function of neutrophils and

monocytes.

GMCSF Keratinocytes, Mediates proliferation of epidermal cells.
macrophage,
lymphocyte,
fibroblast

TGF-B Platelet,macrophage, | Fibroplasia, matrix production.

fibroblast,
neutrophils,
keratinocytes.

Chemotaxis for macrophages, inhibition of
reepithelialization.
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IL-1 Neutrophils, Inflammation, reepithelialization.

monocytes
macrophages.

IL-6 Neutrophils Inflammation, reepithelialization.
macrophages.

IL-8 Keratinocytes, Keratinocyte proliferation.
fibroblasts .

. h t f PMNS.

endothelial cell. Chemotaxis o >

IL-10 fibroblasts, Growth and/or differentiation of

endothelial cell immune cells, keratinocytes and endothelial

cell.

Anti-inflammatory action.

TNF-a Neutrophils Inflammation, reepithelialization.
macrophages.

Table 1.1 Important cytokines, growth factors,their sources and role in wound

healing , adapted from reference 1 and § .

The macrophages function as phagocytic cells and also secrete growth factors like
PDGF, VEGF, TGF-B, FGF, interleukins (IL) and tumor necrosis factor-o (TNF-
a).These cytokines and growth factors carry out multiple regulatory roles such as
fibroblast chemotaxis, production of the extracellular matrix, proliferation of smooth
muscle cells and endothelial cells (table 1.1. and fig. 1.2). Macrophages also release
proteolytic enzymes like matrix metalloproteases (MMP) which help in debridement
of the dead, necrotic tissue of wound. However, prolonged presence of high number
of neutrophils and macrophages, observed in infected and chronic wounds, leads to
excessive production of proinflammatory cytokines like IL-6, TNF- a and MMPs,

that delay the onset of cell proliferation.
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Figure 1.2 Regulation of healing of acute wounds by growth factors, cytokines and

oxidative species. HOCIl: Hypochlorous acid. Adapted from reference 8 .

1.2.1.3 Cell proliferation

Cell proliferation phase starts around day 1 p.w. and involves epithelialization,

angiogenesis, extracellular matrix (ECM) formation that ultimately leads to

granulation tissue formation. Epithelialization begins with dissolution of cell-cell,

cell-basement membrane contact followed by mitotic division of keratinocytes

followed by theirmigration from the wound edge towards to the wound bed around
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day 2 p.w. that establishes a protective barrier against fluid loss and further
contamination. The signal for epithelialization comes from EGF and TGF secreted

by the activated platelets and the macrophages.
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Figure 1.3 Redox regulation of wound healing. ROS is involved in diverse processes
such as inflammation, chemotaxis, platelet aggregation, angiogenesis, NO production

and MMP activation. Reprinted from reference 5 with permission from Elsevier.

Fibroblasts then proliferate and migrate (fibroplasia) to the wound bed under the new
epithelium layer during day 2 p.w. Several growth factors like PDGF, FGF (table 1.1),

ROS (fig. 1.3) and NO are also produced during this time (fig. 1.4.) which regulate
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crucial phases of wound healing like angiogenesis, cell proliferation (fig. 1.3) and

MMP production [5].

Regeneration

Proliferation

Inflammation

4

Relative number of cells

Days

Figure 1.4 Kinetics of cellular response in wound healing. NO synthesis peaks around
day 3 p.w. and coincides with the inflammatory phase of wounds. Reprinted from

reference 7 with permission from Elsevier.

Angiogenesis starts around day 2, accompanying fibroplasia and is essential for both
granulation tissue formation and scar maturation. This process is initiated when
endothelial cells sprout from preexisting blood vessels, which then migrate and
proliferate to form a cord-like structure. Several factors such as hypoxia, tissue
damage products and denatured type I collagen are the inducers of angiogenesis at the
wound site. Injured parenchymal cells at the site of a wound also release basic
fibroblast growth factor (bFGF), which is essential for angiogenesis during the first 3

days of wound repair. Keratinocytes and macrophages at the wound edge secret
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VEGF during low oxygen tension (hypoxia) resulting from rapid cell proliferation.
VEGF increases angiogenesis by vasodilation, degradation of basement membrane,
increasing endothelial cell migration and stimulation of endothelial cell proliferation
[6]. It has been observed that NO produced during this phase (fig 1.3) by
macrophages [7] contributes to cell proliferation, VEGF production and collagen

deposition.

MMPs digest the endothelial basement membrane, followed by digestion of the
surrounding ECM. This allows endothelial cells to proliferate and migrate via a
gradient of cytokines such as bFGF and VEGF to the site of the digested basement
membrane. Integrin receptors like av/B3, av/BS5 which are present on the endothelial
cells, mediate the cell-matrix interactions and allow this migration. Fibroblasts also
synthesize and deposit proteoglycans, glycosaminoglycans and collagens, particularly,
collagen III which form a provisional matrix. All these processes lead to completion
of granulation tissue formation which comprises inflammatory cells, fibroblasts,

endothelial cells, the newly formed capillaries and the collagen III.

1.2.1.4 Maturation and Collagen remodeling

At the end of granulation phase differentiation of myofibroblasts ( fig 1.2) occurs
which is required for wound contraction. Concomitant to the wound contraction, the
provisional matrix rich in collagen of type III is gradually replaced by more complex
and cross linked collagen type I . The originally disorganized collagens are now

arranged in an ordered fashion, which results in recovery of the tissue tensile strength.
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Ordering of collagen fibres also contributes to their birefringence property, a feature
exploited by optical imaging techniques to assess wound healing and therapeutic
efficacy. The second feature of this phase is the well coordinated apoptosis of
fibroblasts, macrophages, keratinocytes and myofibroblasts, that converts the highly
cellular granulation tissue into a collagen rich tissue [8-10]. Some of the blood

capillaries are also removed by apoptosis during this phase.

1.2.2 Regulation of wound healing

Timely completion of wound healing requires participation of different biochemical
intermediates like growth factors, cytokines, enzymes, ROS and NO etc. A sound
understanding of the factors that influence healing is vital for the successful
management of any type of wound. In this section we provide a brief overview of

some of the important regulators of wound healing.

1.2.2.1 Growth Factors and cytokines

Several growth factors like PDGF, FGF,VEGF, KGF, EGF, TGF play important role
in timely completion of healing. Role of these growth factors in wound healing is
summarized in table 1.1 and figure 1.2. In addition to the growth factors, many
cytokines also play important role in wound healing [9]. Of these cytokines, IL-6 and

TNF-a have prominent role in inflammation.

IL-6 is mitogenic for keratinocytes, and also acts as chemoattractant for neutrophils
[8,10]. Level of IL-6 is two to four times higher in chronic wounds [11] and the

excessive level is associated with cutaneous scarring, and excessive MMP production.
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IL-6 gene expression is under the influence of Nuclear Factor kappa beta (NF-kB), the
later being overexpressed in response to bacterial components. It has been reported

that in bacteria infected wounds IL-6 is overexpressed [12].

During wound healing, TNF- o is primarily released by mononuclear cells after their
stimulation by bacterial and matrix products. It up regulates its own synthesis in
macrophages and also stimulates macrophages to express other cytokines like IL-6,
IL-8, GM-CSF, G-CSF, MCP-1 and IL-1. TNF- a is also implicated as a possible
mediator of angiogenesis and can activate monocytes to mature into macrophages [8,
9]. The level of TNF- a in chronic wounds is higher than in acute wounds. In addition,
excessive TNF- a triggers the activation of MMPs [13] , inhibition of angiogenesis

and ECM formation.

1.2.2.2 MMPs and Wound Healing

Healing of acute wounds involves the formation of fibrin clot, which physically
impedes the epithelial layer migration. Clot degradation occurs through the action of
MMPs. During wound healing several MMPs like MMP-1 (interstitial collagenase),
MMP-8 (collagenase), MMP-9 (gelatinase B), and, MMP-10 (stomelysin-2) are
produced. Out of these MMP-8, 9 play more important role than other MMPS in
wound healing. MMP-8 is expressed mainly by neutrophils and is important for
collagen matrix remodeling. MMP-9, produced by migrating keratinocytes and
macrophages, degrades collagen IV and laminins present in the basement membrane.
This allows epithelial cells to leave the basement membrane and migrate towards the

wound. VEGF also activates MMP-1, 2 and 9 that are required for degradation of
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endothelial basement membrane. When reepithelialization is completed the
production of MMP by keratinocytes is turned off allowing formation of
hemidesmosomal adhesions between the keratinocytes and the basal lamina. MMPs
also activate some of the inflammatory cytokines and generate chemokine gradients
[14]. Although the presence of MMP is essential for wound maturation, the presence
of high amount may lead to delay in healing of wounds. In chronic wounds, MMPs
such as MMP-8, 9 are observed to be over expressed [15], as a result of which there is
continued degradation of endogenous as well as supplemental growth factors, thus

arresting the healing at the inflammation phase.

1.2.2.3 ROS and wound healing

ROS are generated predominantly during inflammatory phase by the neutrophils and
macrophages for pathogen clearance. ROS also regulate key processes during wound
healing (fig. 1.4.) like monocyte function, chemotaxis, neutrophil degranulation,
VEGF production and MMP production [5]. It is also believed that one of the ways by
which some of the cytokines and growth factors like PDGF, FGF regulate wound
healing is by stimulating ROS generation. ROS are rapidly removed by intracellular
antioxidant enzymes like superoxide dismutase, catalase and non enzymatic
antioxidants like glutathione. When ROS production exceeds the capacity of the
antioxidant molecules, it may induce oxidative modification of signaling proteins (e.g.,
RTKs and MAP3Ks). High concentration of ROS are also detrimental to cells, as
these can induce lipid peroxidation, protein carbonyl formation, DNA damage leading

to cell death either by apoptosis or necrosis.
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1.2.2.4 NO and wound healing

NO is a key mediator of cutaneous physiology. Expression of NO is controlled by
tissue-specific stimuli, such as inflammatory cytokines or exogenous materials, such
as bacterial lipopolysaccharide (LPS), lipoteichoic acid (LTA). In human skin,
keratinocytes, fibroblasts, and endothelial cells can produce NO. Epithelial migration,
wound angiogenesis, and granulation tissue formation are primarily influenced by the
activation and upregulation of the NO. At low concentrations NO promotes gene
expression of growth factors like VEGF, nitrosylation of NF-kB, inhibition of MMPs,
collagen synthesis via protein kinase C activation. In diabetic ulcers, reduced NO
level is one of the reasons for reduced VEGF, cell proliferation and delayed healing
response [5,6,7]. At the same time, at very high levels, NO is known to induce

inflammation and cell death response.
1.2.2.5 NF-kB and wound healing

NF-kB, the central regulator of stress response also plays determinant role in wound
healing, by regulating transcriptional expression of inflammatory cytokines like IL-6,
TNF-a. NF-kB influences generation of ROS and various growth factors by various
cells [5]. Also, activation of NF-kB is influenced by bacterial infection, NO and
ROS [16,17]. In hyperinflammatory conditions, down regualting the excess level of
NF-kB to physiological level, therefore might be one of the ways to ensure timely

wound healing.
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1.3 Problems associated with chronic wounds

Chronic wounds can be perpetuated by many factors, which include vascular
insufficiency (venous or arterial), prolonged inflammation, pressure necrosis,
infection, radiation therapy and cancer. It is estimated that nearly seventy percent of
skin wounds, however, are due to pressure ulcers, venous ulcers, and diabetic foot
ulcers. Chronic wounds have high incidence of bacterial biofilms.This leads to
persistent inflammation, excessive proteolysis mediated by MMPs (fig. 1.5),
degradation of crucial growth factors, receptors, the ECM and degradation of the

tissue inhibitors of matrix TIMP.

Platelet degranulation with
growth factor release

Activation of macrophages
growth factors

Debridement |l Growth factors Jll TNF-q, IL-1B

Influx of fibroblasts and endothelial cells

Collagen synthesis
Scar formation, epithelialization, Remodeling
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Figure 1.5 Probable mechanisms of chronic wound formation. In the chronic wounds
there is overexpression of TNF -o, IL -1, MMPs, excess proteolysis. The blue and
red marked regions demonstrate the features of acute and chronic wounds,respectively.

Some of the steps which are common to both the pathways are also shown here (both
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blue and red color). TIMP = Tissue inhibitors of matrix metalloproteases. Adapted

from reference 11.

In addition to the presence of biofilms, in chronic wounds the cell proliferation and
migration response are reduced because of the absence of functional receptors or
appropriate matrix substrates. Also, angiogenesis and neovascularization are
impaired in chronic wounds, resulting in insufficient oxygen and nutrient supply for
the cells residing within the wound bed [11,18]. Effective therapeutic approaches for
management of chronic ulcers should not only reduce the bacterial load but also
should the hyperinflammatory cytokines and excessive MMPs produced by the

inflammatory cells.

1.4 Diabetes and delayed healing

Wound healing is impaired in diabetes due to several factors associated with
hyperglycemia.Formation of advanced glycated end products during prolonged
hyperglycemia is one of the major reasons for the complications of delayed healing.
The other key reasons include persistent inflammation [19,20,21], excessive
proteolysis by MMPs, reduced cell proliferation, impaired cell migration response,
downregulated angiogenesis, reduced growth factor and NO production [21, 22].
Diabetic patients also show increased susceptibility to infection due to impaired
microbicidal function of the immune cells e.g; reduced phagocytic and decreased

respiratory burst capability [20].
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1.5 Wound infection and their management

Microbial infection prolongs the wound healing and predisposes the wounds towards
a chronic state [fig 1.6] due to overexpression of proinflammatory cytokines [23],
delayed cell proliferation and excessive MMP production [24]. Bacterial toxins also
elicit death of fibroblast and endothelial cells. Normally, infection of wounds occur
when contaminating microorganisms overcome the host defense,and subsequently
invade viable tissues thus provoking both local and systemic host responses. The local
response to infection often involves cellulitis, which manifests because of either the
direct action of bacterial virulent factors or the host mediated excess inflammatory
cytokines and proteases production [24, 25, 26]. The systemic response involves
sepsis which sometimes proves fatal. In case of diabetes, the infection persists longer
because of the incapability of the immune cells to clear the pathogens from the
wounds. This adds to the already existent complications such as reduced growth

factor level and cell proliferation response.

Chronic wounds are inhabited by multiple species of microbial organisms. The
incidences of infection of ulcers by drug resistant bacteria are increasing world wide.
The common drug resistant pathogens encountered in chronic wounds include the
methicillin resistant Staphylococcus aureus (MRSA), multidrug
resistant Streptococcus pneumoniae, and vancomycin resistant Enterococcus spp.
among the Gram positive bacteria and multidrug resistant 4. baumannii, K.

pneumoniae, and P. aeruginosa [27] among the Gram negative bacteria.
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Figure 1.6 Putative mechanisms of impaired wound healing in bacteria infected
wounds. The important responses might be increased or delayed because of either

over expression or (11) down regulation (|| ) of the cytokines and growth factors.

1.5.1 Infection of wounds caused by S.aureus

S. aureus is a major cause of community acquired and nosocomial infections.
S.aureus employs a wide variety of defensive mechanisms to develop antibiotic
resistance and produces many virulent factors for evasion of the immune systems.
These include proteases and toxins which can kill leukocytes, inhibit neutrophil
chemotaxis, resist phagocytosis, inactivate complement and neutralise  host
antimicrobial peptides [28, 29]. It has been shown that wound infections caused by
this bacteria often result in hyperinflammation and impairment of wound healing.

Rise in incidences of infections by S.aureus is a matter of great concern worldwide,
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specially, amongst the diabetic mellitus patients [30]. It has been reported that
diabetic foot ulcers infected by MRSA, multidrug resistant organisms (MDRO) are
associated with a higher incidence of lower limb amputation (36 % versus 11 % in

non-MDRO infection)[31, 32].

1.5.2 Infection of wounds by P. aeruginosa

P.aeruginosa infection is common among patients who have experienced trauma or a
breach in cutaneous or mucosal barriers as observed in severe burns and surgical
wounds. P.aeruginosa is often associated with refractory skin infections because of its
intrinsic resistance to many antibiotics [33], ability to produce virulent factors [34]
including collagenases [35, 36] and existence in form of biofilms on ulcer surface.
Quorum sensing molecules produced by biofilms of this bacterium can also act
directly on host cells to induce expression of proinflammatory cytokines [37]. In
addition, the type III secretion systems produced by these bacteria inject protein
effectors into host immune cells, inhibit phagocytosis and induce the release of

proinflammatory cytokines into the wounds [38].

One of the causes of increased inflammation in infections caused by P.aeruginosa and
other Gram negative bacteria can occur due to release of LPS either spontaneously
from bacterial biofilms in from of membrane vesicles [39] or due to antibiotics or
antiseptics treatment induced lysis of bacteria [40]. LPS elicits proinflammatory
cytokines production, ROS generation and NF-kB activation via its direct interaction
with membrane receptor, toll like receptor-4. Overexpression of NF-kB and

proinflammatory cytokines upregulate MMPs causing delayed collagen remodeling.
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In addition, bacterial LPS interfere with the membrane-associated phosphatidylserine
in neutrophils, because of which the macrophages do not recognize and phagocytose
the neutrophils. The latter then disintegrate by necrosis in the wound environment and
release elastase, which can cleave cells and extracellular matrix. The soluble
fragments from the host elastase-degraded neutrophils/other cells stimulate additional
proinflammatory response [41]. The elevated proinflammatory cytokines present in
the wound, interfere further with the cellular signaling of neutrophils [42] inducing a
delayed apoptotic [43] response resulting in more and more necrotic cell death [44].
All these processes ultimately lead to release of very high levels of proteases in
wounds, thereby the host’s antiprotease defense mechanisms [45] are overwhelmed.
Excess proteases also induce apoptosis of other host cell types, for example in

endothelial cells, causing further delay in the wound repair [46].

1.6 Management of wound infections

Controlling the microbial load in wounds is crucial for healing, and this can be
achieved in several ways. Antibiotics can be used either prophylactically for the
treatment of wounds that are likely to be contaminated following surgery or
therapeutically in the treatment of clinically infected wounds. Since wounds are
infected by both the Gram positive and negative bacteria, broad-spectrum antibiotics
are often the choice. However, the indiscriminate use of broad spectrum antibiotics

contribute to development of resistance which is a matter of concern world wide.

Antibiotic resistance arises mainly because of the following reasons: (1) drug

inactivation or modification (penicillin resistant bacteria),(2) alteration of metabolic
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pathways (sulphonamide resistant bacteria), (3) alteration of target sites (MRSA) and
(4) reduced drug accumulation [47]. It may be noted that the increasing bacterial
resistance to antibiotics also limits the exploitable target sites and hence the
development of new class of antibiotics has become more difficult. For instance, in
the last 20 years, just two antibacterial agents, linezolid and daptomycin, with novel
mechanisms of action have been developed [48]. In India, in recent decades, both
MRSA and metallo- B- lactamases producing P. aeruginosa are emerging as

important cause of nosocomial infections [49].
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To overcome the problems of antibiotic resistance, alternative strategies (fig. 1.7)
such as phenotypic modification, antimicrobial peptides, phage therapy have been
investigated [50,51]. Inhibition of antibiotic resistance determinants in genotypically
resistant bacterial cells by these methods may help in increasing antibiotic sensitivity
so that these can be eliminated by host inflammatory cells. Though these approaches
may be effective for antibiotic resistant strains, these methods also act on single target
and bacteria may develop resistance to these treatments also. For example, in case of
antimicrobial peptides, rapid mutation in bacterial envelope providing resistance

against the antimicorbial peptides has also been reported previously[51].

An attractive approach for inactivation of antibiotic resistant bacteria is the
photosensitization approach; in which the interaction of visible light and a
photosensitive agent could generate lethal level of singlet oxygen and ROS, which
can target several bacterial components resulting in rapid cell death (fig 1.7). In the
following section of this chapter, brief descriptions of the basics of the antimicrobial

photodynamic therapy (APDT), its applications in dermatology have been provided.

1.7 Antimicrobial Photodynamic Therapy (APDT)

Use of PDT as an alternative antimicrobial modality was demonstrated in 1980s.
Applications of APDT for localized infections have grown rapidly since then. This
approach has been explored extensively for treatment of periodontal diseases.
However, the studies on APDT for wound infections are not as advanced as in

dentistry and is mostly restricted to preclinical studies.
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In the following sections we provide overview of the basic mechanism of action of

APDT and its applications.

PS incubation (5-30 minutes) Light exposure ROS generation

Bacteria
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Mammalian cell ( e . g. keratinocytes) Unharmed cell

Figure 1.8 A schematic representation of the basic processes involved in APDT. The
figure depicts selective uptake of PS (green circle) by bacterial cell (rectangle). Upon
light irradiation there is generation of more amount of ROS (grey stars) in bacterial
cells than mammalian cells. Note the presence of intact mitochondria inside

mammalian cells even after photoirradiation.

1.7.1 Basic mechanism of APDT

APDT follows principles similar to that of PDT, which is more widely known for its
application in the treatment of cancer and also diseases like macular degeneration,
blood sterilization. APDT can be defined as the eradication of microbial cells by the
ROS generated during the interaction of a photosensitizer (PS) and light of the
appropriate wavelength (ideally at the maximum absorption of the PS). The basic
processes involve : excitation of an exogenously applied or endogenously synthesized

PS by light of suitable wavelength. This can lead to generation of lethal level of
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singlet oxygen via energy transfer to molecular oxygen present in the wound tissue.
This is referred to as type II process. The other process contributing to the inactivation
of microbes, referred to as type I process, involves generation of free radicals through
electron transfer to nearby molecules (fig 1.8). These ROS react with different cellular
components and induce oxidative damage to different macromolecules leading to
bacterial cell death [52,53]. There are two basic mechanisms that have been proposed
to account for the lethal damage caused to bacteria by PDT: 1) damage to the cell
envelope which causes leakage of cellular contents or the inactivation of membrane
transport systems and enzymes and the other is 2) damage to nucleic acids; DNA and
RNA . Because singlet oxygen diffuses very short distance before reacting (<100 nm)
with the components of biological tissues, the effects of APDT are highly localized.
Also the various cell killing mechanisms act primarily on the cell envelope, hence, the

lethality is largely unaffected by growth phase of the bacteria.

1.7.2 Advantages of APDT

One of the key factors that differentiate APDT from common antibiotic therapy is the
that APDT leads to inactivation of the bacterial virulent factors [54] like LPS and
proteases that are responsible for triggering inflammation, overexpression of MMPs.
In contrast, LPS is released from bacteria during cell lysis induced by conventional
antibiotics, antiseptics treatment and results in systemic toxic effects that can prove
fatal to a patient [55]. Therefore, inactivation of both the virulence factors [ 56-58] as
well as the causative organism are two of the beneficial responses of APDT that can

stimulate healing in bacteria infected wounds by controlling inflammation and
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possibly attenuating the infection induced collagen degradation, though these aspects

need to be confirmed .

The main targets of APDT are the external cell envelope . The PS need not enter into
the microorganism and interact with DNA or other intracellular machinery, and its
interaction with the structures like LPS, LTA is sufficient for inducing the cell death,
upon photoirradiation. Therefore, unlike antibiotics, in case of APDT the target
microorganisms/bacteria have lesser chance to develop resistance by reducing uptake,
increasing metabolic detoxification or increasing efflux of the drug. In this respect,
previous studies have shown that repeated photosensitizations of bacteria do not
induce expression of genes that might induce resistance [59] as singlet oxygen and
free radicals interact with multiple cell structures and different metabolic pathways in
microbial cells. Further, it has been shown that human cells like keratinocytes, blood
cells, neutrophils and fibroblasts can survive APDT conditions that are lethal to

bacteria.

Inactivation of the bacterial biofilms [60], the activation of both innate and adaptive
arms of the immune system [61] and inactivation of pro inflammatory cytokines [62]
are amongst some of the other advantages, induced by APDT which might also
contribute to wound healing. For instance, in an in vitro study, the ability of APDT to
directly inactivate proinflammatory cytokines at drug and light fluence resulting in
~99.99 % bacterial survival loss has been studied in detail . This study showed that
between APDT and the antibiotics minocyclin , the protease inhibition effect caused
by APDT is much superior to that of the antibiotics.As the the level of inflammatory

molecules are very high in chronic wounds and suppression of proinflammatory
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cytokines is likely to restore cell chemotaxis, there is also a possibility that APDT can

elicit such beneficial responses in wounds.

1.7.3 Factors affecting APDT efficacy

Nature of PS Bacterial cell Mammalian cell
e Cationic charge/ | e Anionic e Zwitterionic cell
cationic moiety | phospholipids membrane
conjugation (more (phpsphatldyl ethgnol e Cholesterols on  cell
net positive charge) amine, phosphatidyl
membrane
. Size glycerols but lesser
cardiolipins) e Phosphatidyl glycerols

e Amphiphilicity (leads
to better membrane
partition)

e Self promoted uptake
( in case of cationic,
amphipathic peptide-

e Presence of anionic
lipopolysaccharide ,
lipoteichoic acid.

e Higher negative

transmembrane

on the inner leaflet of
plasma membrane.

e Transmembrane
potential is within -90
to-110 mV

PS conjugate) potential (-130 to -150 | ¢ Endocytosis (lysyl

mV) compared to conjugates of PS)
mammalian cells
e Presence of
endomembranes

Table 1.2 Some of the factors which may influence the selective localization of the
cationic PS or cationic peptide-PS conjugate in bacterial cells during APDT [64,

67,68].

APDT efficacy depends upon the nature of PS and the composition, charge of the

bacterial envelope. Gram positive bacteria cell wall constitutes a peptidoglycan wall
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constituting molecules like LTA, negatively charged teichuronic acids, and displays a
relatively high degree of porosity. Macromolecules with a molecular weight of 30-60

kilodalton (kDa) can diffuse into the inner plasma membrane through the

peptidoglycan wall, which does not act as a permeability barrier for the most
commonly used PS such as phenothiazines and porphyrins, with molecular weight
generally in the range of 1.5-1.8 kDa. In contrast, Gram negative bacteria contains an
additional outer membrane outside the peptidoglycan layer, which shows an
asymmetric lipid structure composed of anionic LPS, saccharine, protein and proteins
with transport function (porins). This layer inhibits the penetration of compounds with

MW >700 Da [63] across the outer envelope of these bacteria.

The features that an ideal PS for APDT should possess are cationic charge, good
triplet yield, amphiphilic nature, absorbance in red/far red regions and photo stability
[64]. Of these, the cationic net charge of the PS is the most crucial feature for
efficient binding of the PS to bacteria, especially in case of Gram negative bacteria,
because their anionic envelope resists uptake of anionic PS [64]. To circumvent this
problem, treatment with penetration boosters like ethylenediamine tetraoxide and
Polymyxin B Nonapeptide (PMNB) have been investigated. PMNB, in particular, has
also been shown to affect virulence potential [65]. However, one of the concerns with
the penetration boosters is the possible mammalian cell toxicity [66]. A cationic PS on
the other hand, can achieve bacterial envelope targeting without the need of external

penetration boosters [64].

A cationic PS is preferentially taken up by bacterial cells over human cells, because of

the differences in cell size and structure (table 1.2). Bacterial outer cell envelope has
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predominantly anionic phospholipids and molecules like LPS, LTA. Mammalian cell
membranes, in contrast, have mostly zwitterionic phospholipids, cholesterol [67].
Cholesterol imparts rigidity to the cytoplasmic membrane and also acts as a scavenger
of ROS [63]. The importance of cholesterol in APDT can be clarified if one considers
the lesser photosensitivity of the cholesterol rich Mycoplasma hominis than the
cholesterol deprived Acholeplasma laidlawii [63]. In addition to these structural
differences, the trans membrane potential of bacteria is more negative compared to
that of mammalian cells (table 1.2), thus providing selectivity for cationic

drug/cationic peptide drug conjugate incorporation in the bacterial cell envelope [67].

Amphiphilic PS is preferred over hydrophobic or hydrophobia PS because this helps
in partitioning of the cationic amphiphilic PS into microbial membrane. This has been
proven in studies comparing the efficiency of synthetic meso substituted cationic
porphyrin with tetra-, tri-, di- or monocationic charges on bacterial inactivation. These
Results of those studies have shown that di and tri cationic derivatives with aromatic
carbon side chains are more efficient than tetracationic ones [64]. Another study in
Staphylococcus warneri showed that, a tricationic PS (tri-Py+-Me-PF) binds to a
lesser extent than its tetracationic counterpart (tetra-Py+-Me) but the amount of PS
removed after washing is lower, therefore suggesting that molecules with amphiphilic
character remain more tightly bound to bacteria [64], presumably because of a better
cell membrane partitioning. The other advantages of amphiphilic PS are that
amphiphilicity avoids aggregate formation and ensures effective penetration of the PS
through the lipid layer of the cell membrane [64]. In addition to the above discussed
factors (such as cationic charge and amphiphilicity), the molecular weight of PS can

also be an important factor for the higher accumulation of PS in bacterial cell than the
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mammalian cells. For example, because of the increased molecular weight (few kDa)
associated with conjugation of the PS to cationic peptides like poly-I-lysine, PS
uptake into mammalian cells will occur mostly via phagocytosis [68] which is a time
taking process.Therefore, when photoirradiation will be carried out after a shorter
incubation time, the uptake of PS into mammalian cells will be lower and hence the

ROS generated will be lesser.

Cationic phenothiaziniums, like methylene blue and toluidine blue have been the most
widely investigated photosensitive drugs currently being investigated for APDT [69].
However, these have relatively lower triplet yield, hydrophilic nature, and efflux
pump dependent uptake into microbial cells [70, 71]. Therefore, there is interest in
exploring other PS. Chlorophyll derivatives like chlorine p6 (cp6) are particularly
attractive because these have good triplet yield, amphiphilicity and strong absorbance
in the red (660 nm) region [72, 73]. Since cp6 is anionic [72], conjugation with
cationic peptides like poly-L-lysin (pl) is therefore expected to enhance the targeting

of the cp6 to bacterial cells.

1.7.4 Clinical applications of APDT

APDT is being used clinically for acne treatment and in dentistry using
phenothiazinium dyes. In dentistry, APDT has been applied to treat peridontitis,
gingivitis etc leading to favorable clinical outcomes such as reduction in periodontal
bacteria load and inflammatory cytokines level [61]. It has also been observed that
repeated APDT does not adversely affect acute stress markers such as C-reactive

protein, serum amyloid A, fibrinogen, procalcitonin, and a-2 macroglobulin in the
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gingival crevicular fluid [74]. APDT is also observed to modulate extracellular
matrix remodeling by upregulating the levels of tissue inhibitors of MMPs [75]
during periodontal wound healing. Further, studies also suggested that a single or
double exposure of APDT had some additional benefit over other treatment options

like use of multiple ultrasonic treatment for periodontal infections.

1.7.5 Use of APDT for inactivation of bacteria in wound infection
models

There are several reports on use of photodynamic approach to inactivate bacteria
infecting wounds in animal models [76-80]. The main observations from these studies
are that topical APDT induced by application of PS concentration of 50-300 uM and
light fluence in the range ~ 50- 400 J/cm? led to rapid eradication of different strains
of bacteria such as S. aureus (MRSA), V. vulnificus, E.coli, and P.aeruginosa.
However, despite the encouraging photobactericidal effects observed, the effect of
PDT on wound healing is contradictory. There are reports that PDT does not influence
wound healing [81,82] or may even lead to epidermal necrosis, decrease in tensile
strength and delayed healing [83]. The likely causes of these discrepancies could be
oxidative damage to the host cells arising due to accumulation of high concentration
of PS in host cells as a result of systemic administration (intraperitoneal/intravenous)
of PS and use of high light fluence beyond ~200 J/cm? [81-83]. It is therefore

necessary to optimize the treatment parameters to study the effects on wound healing.
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Complete eradication of bacteria in wounds post APDT requires phagocytosis of the
survivors by the immune cells. Therefore, bacteria regrowth post APDT is a likely
problem in ulcers of diabetic subjects, wherein there is already reduced microbicidal
functions of immune cells. In fact, in a placebo controlled phase-II clinical trial, it
was demonstrated that APDT can be effective in inducing significant bacterial killing
in diabetic foot ulcers (DFU) and leg ulcers colonized with upto 10° CFU/cm?
bacteria. However, there was bacterial regrowth in DFUs at 24 h and 7 day post
APDT. Also, improved healing was observed in only ~ 50 % of the treated DFUs [84].
Though the exact reason for these observations are unclear, one of the causes could be
bacteria regrowth post PDT, as wound closure is inversely related to bacteria load. It
may be expected that multiple PDT may lead to better control over bacteria regrowth.
However, one concern pertaining to use of APDT for wound healing of diabetic
subjects will be the possible oxidative damage to the inflammatory and other cells of
wounds as there is already significantly reduced levels of antioxidants. At the same
time, it is known that the low/moderate amount of ROS can lead to increased levels of
growth factor [85] and antioxidants in tissues.Therefore, lower amount of ROS
generated due to APDT carried out at lower light fluence may also lead to such
beneficial responses in wounds which would contribute to healing. However, there are

no definitive studies so far.

1.8 Summary of the chapter

Wound healing has four overlapping phases: coagulation, inflammation, proliferation,

and remodeling. Abnormality in any of these phases, caused by either systemic factors
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like vascular insufficiency, diabetes, neuropathy, or local factors such as pressure and
infection of wounds can cause delay in healing. The growing emergence of antibiotic
resistance in bacteria commonly infecting wounds is another concern, particularly in
diabetic and immunocompromised conditions. To overcome this problem various

alternative strategies are being explored.

APDT mediated generation of lethal level of singlet oxygen or radicals are not target
specific. This is the reason why it is considered highly unlikely that bacteria could
evolve resistance mechanisms against APDT. Chlorophyll derivatives like cp6 are
attractive PS for APDT because these have good triplet yield, amphiphilicity and
strong absorbance in the red (660 nm) region. Further, conjugation with cationic
peptides like poly-L-lysin is expected to enhance the targeting of the cp6 to bacterial
cells. One of the objectives of the thesis thus was to explore the photobactericidal

efficacy of cp6 and pl-cp6 for both Gram positive and negative bacteria.

Though, several published studies show the use of a photodynamic approach to
destroy P.aeruginosa, S.aureus, Vibrio vulnificus bacteria infecting a wound in animal
models, several concerns pertaining to the successful therapeutic outcome need to be
addressed. In fact, some contradictory reports are also there. For example, there are
reports that PDT does not influence wound healing at all or may even cause epidermal
necrosis, decrease in tensile strength, and delayed healing. On the other hand, since
APDT can inactivate bacterial virulent factors, it can contribute to faster healing
possibly by attenuating the bacterial virulent factors induced over expression of the

proinflammatory cytokines and MMPs in infected wounds. Therefore, in this thesis
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work, the effect of APDT on wound healing has been studied with particular emphasis

on inflammatory and collagen remodeling response.

Both hyperglycemia and oxidative stress can directly activate cell adhesion molecules,
pro and anti-inflammatory molecules, vascular endothelial growth factor signaling in
cells and neutrophil granulation in inflammatory cells. APDT induced ROS
generation thus can generate many beneficial response in wounds. Also, bacterial cell
degradation products like DNA, proteins, membrane products released upon APDT
induced bacterial cell destruction can generate chemotactic response for inflammatory
cells. However, the light fluence and PS concentration that would maximize bacterial
inactivation and inflammatory cell accumulation simultaneously in diabetic wounds
needs to be carefully optimized. There is also hypothesis that PDT can modulate
innate immunity and may lead to increased growth factor production in wounds, thus
helping in promotion of wound healing. However, there is no definitive study so far.
Therefore, in this thesis while investigating the effect of APDT on wound healing in
wounds of the diabetic mice, we have emphasized upon the effect of APDT on levels

of markers of oxidative stress , inflammatory cell sequestration and angiogenesis .

1.9 Objective

The objective of the thesis was to explore the photobactericidal efficacy of cp6 and pl-
cp6 for both Gram positive and negative bacteria and investigate the use of pl-cp6
mediated APDT for the healing of bacteria infected and uninfected wounds in non

diabetic and diabetic mice.
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2. Material and Methods

Abstract

In this chapter, we describe in detail bacteria used for our studies, experimental
protocols of photoirradiation, procedure for synthesis of pl-cp6 and establishment of
wound infection in normal as well as diabetic mice model. A brief overview of
biochemical techniques such as immunoblotting, hydroxyproline assay, that were

used in our studies on wound healing, is also provided in the chapter.
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2.1 Bacteria and photosensitizer

We have used S. aureus (ATCC 43300) and P. aeruginosa ( MTCC 3541 ) for our
experiments. The MRSA strain was procured from Himedia and is reported to be a
clinical isolate. The P. aeruginosa strain was obtained from [IMTECH, Chandigarh .
This is a pathogenic strain and is reported to express several virulent factors such as

exotoxin A, exoenzyme, elastase, protease, phospholipase-C, siderophores.

2.1.1 Staphylococcus aureus

S. aureus is a facultative aerobic, Gram positive coccus of the Staphylococcaceae
family and is the most common pathogen in community acquired and nosocomial
infections. It employs different defensive mechanisms to develop antibiotic resistance
and produces many virulent factors like proteases and toxins which play crucial roles
in evading immune system [25, 28, 29]. These include wide range of toxins and
enzymes such as hemolysins, proteases, lipases and hyaluronidase [86] which can kill
leukocytes, inhibit neutrophil chemotaxis, resist phagocytosis, inactivate
complement and neutralize host antimicrobial peptides [87,88]. It has been shown
that infections caused by this bacteria often result in hyperinflammatory response and
impairment of wound healing. Further, the rise in incidence of infections caused by
antibiotic resistant strain of S.aureus is a matter of great concern worldwide, specially,
amongst the diabetic patients [30-32]. Particularly, the diabetic foot ulcers infected

by MRSA strains are associated with a slower healing rate. Therefore, a MRSA strain
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has been used for both in vitro and for studies on wounds of diabetic, non diabetic

mice.

2.1.2 Pseudomonas aeruginosa

P.aeruginosa 1s a bacterium responsible for life threatening infections in
immunocompromised patients like burns as well as chronic infections in cystic
fibrosis patients. P.aeruginosa is often associated with refractory skin infections
because of its intrinsic resistance to many antibiotics [33] and its ability to produce
virulent factors [34], collagenases [35, 36] and form biofilms on ulcer surface. There
are mainly two types of virulent factors secreted by this bacterium. The first category
includes factors that are involved in the acute infection. These factors can be either on
the surface of P. aeruginosa or are secreted. The cell surface factors include pili
which allow these bacteria to adhere to the epithelium, enzymes like the exoenzyme S
and other adhesins that reinforce the adherence to epithelial cells. This bacterium also
produces phospholipase C, exoenzyme S and collagenase which can induce
hemolysis, disruption of cytoskeletal organization and tissue necrosis, respectively.
The second category of virulent factors are involved in the chronic infection. These
include siderophores like pyocyanin which allow the bacteria to multiply in the tissues.
Also, the alginate produced by this bacterium protects it from phagocytosis,
antibiotics and help in biofilm formation. The quorum sensing molecules produced by
P. aeruginosa biofilms can induce sustained overexpression of proinflammatory

cytokines [37]. LPS is another significant virulent factor for P.aeruginosa infection
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responsible for inflammatory response [38-40].The P.aeruginosa strain used in this

study produces pyocyanin, alginate and extracellular proteases.

2.1.3 Photosensitizer preparation

Chlorins are receiving considerable interest as potential drugs for PDT of cancer and
premalignant conditions. These molecules have strong absorption in the therapeutic
window (650-900 nm), high singlet oxygen quantum yield (0.7-0.8), low dark
toxicity, amphiphilic nature and cost of synthesis is low. Chlorin p6 was prepared
following the procedure described by Hoober et al. and the pl-cp6 was prepared by
carbodiimide coupling method described in [89] with slight modifications. In brief,
cp6 was dissolved in dimethyl sulfoxide (DMSO, Sigma) and an equimolar solution
(4.5 mM) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (Sigma-
Aldrich) in DMSO was added to it drop-wise under continuous stirring. To this, a
known volume of of poly-L-lysin hydrobromide (average molecular weight 22000
Da, Sigma-Aldrich) prepared in DMSO (25 mg/ml) and 20 pl of tri-ethyl amine was
added. After stirring for 48 h in dark, this mixture was diluted with equal volume of
50 % methanol. Poly-L-lysin-cp6 (pl-cp6) conjugate was precipitated from this
mixture by addition of chilled acetone (1:9). The green precipitate thus formed was
collected by centrifugation at ~1800 g for 10 min, washed again with 90% chilled
acetone and evaporated to dryness. The residue was again dissolved in 10 mM sodium
acetate buffer (pH 5.0), passed through a column of Sephadex G-25 and eluted using
the same buffer. The green fraction containing poly-L-lysine cp6 conjugate (pl— cp6)
was collected, reprecipitated with chilled acetone, evaporated to dryness and stored at

-20° C until use. Stock solutions of both the photosensitizers (cp6,pl-cp6) were
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prepared in PBS. Absorption spectra of free and conjugated cp6 were measured to
determine the concentration.The absorption coefficient of conjugated cp6 was

assumed to be the same as that of free cp6 ( 94,600 M-'cm™! at 400 nm).

2.2 Establishment of wound infection

Mouse (Swiss albino) was chosen as it is an ideal model for inducing

superficial,excisional wounds [90].

2.2.1 Development of diabetes in mice

The mice strain used in this study is Swiss albino strain which has been widely used

for studies on wound healing as well as diabetes related complications.

2.2.2 Rationale for choosing chemical treatment induced diabetic
mice model

There are 4 types of rodent models being used for studies on diabetes which include
spontaneous, transgenic, chemical and nutrition based models [91]. The spontaneous
diabetic models involve genetic factors and the animals develop characteristic features
resembling human type 2 diabetes, allowing genetic studies. However, these rodent
models lack the genetic heterogeneity seen in humans, show high mortality due to
ketosis and are expensive. The transgenic rodent models of diabetes are useful for
mutation studies, and regular screening of type 2 diabetes. These require very

sophisticated procedure and are expensive for regular screening experiments. The diet
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based models require long dietary treatment and sometimes no clear hyperglycemia
develops. Sreptozotocin (STZ) and Alloxan (ALX) treatment induce development of
hyperglycemia quickly, the animals live longer without insulin treatment [91]. The
procedure is cheaper, easier to develop and maintain. In addition, diabetes induced by
this procedure provides a relevant example of endogenous chronic oxidative stress
due to hyperglycemia resulting in neuropathy, cardiomyopathy and well marked
retinopathy [92]. ALX and STZ treatment induced diabetic animals are most widely
used for screening the various drugs for their insulinomimetic, insulinotropic and
other hypoglycemic/ antihyperglycemic activities. STZ, because of its relatively
longer half life (15 min) and ability to cause sustained hyperglycemia for longer

duration, is preferred over ALX.

STZ damages pancreatic B cells, resulting in hypoinsulinemia and hyperglycemia.
Its structural similarity with glucose allows STZ binds to GLUT2 glucose transporter
receptor and preferential accumulation in B cells. STZ can induce a diabetic state
in 2 ways , depending on the dose. At high single dose (150-200 mg/kg) treatment ,
STZ targets P cells by its alkylating property corresponding to that of cytotoxic
nitosurea compounds. At low doses of multiple exposures (40-50 mg/kg, 5 days), STZ
elicits an immune and inflammatory reaction. Under this condition, the destruction
of B cells and induction of the hyperglycemic state is associated with inflammatory
infiltrates including lymphocytes in the pancreatic islets [92]. Also the severity and
mortality of diabetes with high STZ dose is more in comparison to multiple sub
diabetogenic dose [93]. STZ treated rodents display some of crucial biochemical

alterations seen in human diabetic subjects like decreased GSH pool, reduced
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angiogenesis, reduced phagocytic function of inflammatory cells , delayed collagen

remodeling events crucial to wound healing.
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Figure 2.1: STZ treatment (single and multiple) induced hyperglycemia in swiss

albino mice as function of time.

2.2.3 Establishment of diabetes

Diabetes was induced by either single high dose (150 mg/kg) or multiple (five) low
doses (50 mg/kg/day) of intraperitoneal STZ injection [21]. Blood sugar was assessed
at 1 to 12 week post treatment using a commercial glucometer (one touch horizon,
Johnson and Johnson). Mice (female and male) with blood sugar > 250 mg/dl were
considered diabetic (fig. 2.1). While both the protocols induced diabetes within a
week (fig. 2.1), the single STZ protocol induced ~25 % mortality. In addition, mice in
which the hyperglycemia was developed by multiple low dose STZ injection, the

hyperglycemic state remained stable for 3-4 months. Therefore, multiple STZ induced
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diabetic mice model was used for further studies. For experimental purpose both
female and male mice with blood glucose level > 250 mg/dl were randomly

categorized into the untreated control and other experimental groups.

Total white blood cell (WBC) counts in normal and diabetic mice was determined by
drawing blood from the tail vein of mice into vials containing 2.5% sodium citrate.
The blood was diluted (1:20) in solution containing 1 % acetic acid and 0.1% crystal
violet, so as to cause lysis of the RBCs (i.e. cells are destroyed by bursting), and stain
the WBC nuclei. Blood dilution was done very quickly to prevent clotting of the
blood and to ensure accuracy. The WBC count was determined manually with a

hematocytometer [94]

2.2.4 Wound creation and establishment of infection

For developing wounds, mice (both immunocompetent and immunocompromised)
were anesthetized by intraperitoneal injection of Ketamine (80 mg/kg) and Xylazine
(10 mg/kg) cocktail. Subsequently, hair was removed from back of the mice using a
depilatory cream. The hairless skin region was then cleansed first with alcohol and
then with betadine. A region of defined area was marked and the skin from this region
was excised aseptically, down to the region of panniculus carnosus, using sterile

surgical scissors and forceps.

Infection of the wounds in mice (both non diabetic and diabetic) was initiated by
applying topically bacteria suspension immediately after wounding and spreading the
bacterial suspension uniformly over the wound surface with help of a micro pipette tip.

Establishment of infection was verified by assessing changes in

58



wound such as pus formation, edema and inflammatory response, enumeration of

bacterial load in wounds.

2.3 Photoirradiation

Parameters Value
Wavelength (nm) 660 + 25
Power output (mW) 260
Spot diameter (cm) 1.6
Sample distance from probe (cm) 4.5
Area (cm?) 2.5
~ 100

Power density (mW/cm?)

Time of irradiation (sec)

Fluence

2 J/cm? 20

5 J/cm? 50
10 J/cm? 100
20 J/cm? 200
60 J/cm? 600
120 J/cm? 1200
240 J/cm? 2400

Table 2.1: Photoirradiation parameters used for photosensitization (both in vitro, in

vivo studies on cp6, pl-cp6).
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For studies involving (cp6) the light source used was a halogen lamp (LUMACARE,
UK). The light fluence delivered during a specified period of irradiation was
calculated using the following formula: Light fluence (J/cm?) = power density
(mW/cm?) x irradiation time (sec). The light irradiation parameters are given in table
2.1. For all in vitro experiments, the sample to be irradiated was placed in well of 24/
96 well microtitre plates and the adjacent wells were covered with aluminium foil
in order to prevent leakage of light. For most of the in vivo studies ( in non
diabetic mice), following 30 min of application of PS , the wounds were exposed
once to red light for 10 or 20 min to achieve light fluence of ~60 or ~ 120 J/cm? ( fig.
2.2). It may be noted that for some of the experiments, involving the diabetic mice,
the wounds were exposed to repeated PDT at 24 h , during day 1-3 p.w. (multiple
APDT). During photoirradiation, only wounds were exposed to light and rest of the
skin of the back of mice was covered by a black paper. All photoirradiation

experiments were carried out in a dark room.

MRSA(~ 107)

Multiple APDT
Single APDT l-cp6 and light fluence ~ 60 J/cm?
g P g
pl-cp6 and light [ (onday 1-3 p. w.)
(on day 2 p.w.) at 24 h interval

Biochemical analysis,
CFU assay, histology

Figure 2.2: APDT protocol followed for infected wounds of diabetic mice.
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2.4 Enumeration of bacterial load of wounds

It is known that bacteria load at a level of ~10° CFU/gm or presence of ~10°CFU/ml
wound fluid are signs of infection. Therefore, enumeration of bacterial load in swabs,
wound tissue homogenates alongwith histology is carried out to confirm development
of infection. Bacterial counts in wounds were determined by quantitative culture of
wound tissue homogenates as described in [95]. It is expected that the wound
infections in neutropenic [96] and diabetic mice may lead to generalized infections
such as sepsis. To ascertain sepsis in distant organs , at predetermined intervals after
wound infection, mice were sacrificed by cervical dislocation and liver, spleen were
removed aseptically. The organs/ wounds tissues were rinsed with sterile saline,
blotted dry, and then minced in PBS for ~3 min at 2 gm/ml concentration (w/v). The
homogenized tissue lysate were centrifused at 5000 rpm and the supernatant were
diluted appropriately. A 50 pul of the supernatant was plated on TSB plates. From the
bacterial counts obtained, total CFU/ wound were calculated by multiplying the

counts with dilution factor and normalizing with respect to the weight of the tissue.

For some experiments, bacteria load in wounds as a function of time was determined
by surface swabbing method [97] as it is known that the surface counts of wounds
show good correlation with the counts obtained from the tissue homogenates. For this
each wound was rinsed by placing a sterile glass tube (15 mm in diameter) in an
inverted position on the back of mouse in such a manner that the total crust of the
wound was tightly enclosed . Then 100 ul of PBS were added to the glass test tube,
the contents were mixed 10 times with a pipette to remove the infecting organisms

from the surface of the wounds. Then each wound was swabbed with a cotton swab
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for 5 times. The cotton swabs were placed in 0.5 ml PBS and vortexed for ~30
seconds. The contents obtained from the surface rinsing and swabbing were mixed,
appropriately diluted and plated. Colonies were counted and expressed as total

bacterial counts per wounds.

2.5 Preparation of tissue lysate and western blotting

Animals were euthanized at determined time points by cervical dislocation. Wounds
along with ~ 2 mm normal skin were excised and the tissues were snap frozen in
liquid nitrogen. The tissues were then transferred to -80° C and used for assays within
3 days. For preparing tissue homogenates samples were thawed on a cool glass plate.
Approximately 150 mg of tissue was suspended in Tris (20 mM) Hcl buffer (pH 7.4),
maintaining the ratio of tissue to buffer as (1: 5) (w/v). Buffer contained 150 mM
Nacl, | mM EDTA and a cocktail of protease inhibitors (Cat No INHIB1-1 KT Sigma
Aldrich,USA). The concentration of the inhibitors in buffer were as follows, 400 nM
aprotinin, 0.5 mM AEBSF,50 uM antipain, 2 mM benzamidine HCI, 40 uM Bestatin,
10 puM E-64, 0.5 mM N-ethylmaeimide, 50 uM leupeptin,0.5 mM pepstatin. The
tissues were homogenized with a dounce homogenizer at the speed of 5000 rpm and
then incubated for 20 min at 4°C. To the homogenate, 1 % Triton-X 100 (v/v) was
mixed and the suspension was then sonicated at 20 kHz for four cycles of 10 s each
with gap of 10 s. The lysate thus obtained was then incubated on ice for 30 min
following which it was centrifuged (10000 rpm at 4°C) for 10 min. The clear
supernatant was collected and divided into aliquots and transferred to -80°C. The

aliquots were thawed and used for western blotting within a week or two. An aliquot
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of the supernatant was used for protein estimation according to the bicinchoninic acid

method.

Sample proteins (~50 pg) were separated by SDS-PAGE. Electrophoresis was carried
out at 10 mA constant current (56 V) per 0.75-mm gel till the dye front reached the
bottom of the separating gel (15 min). Then the current was increased to 20 mA (90 V)
per gel, till the loading dye reached the bottom of the resolving gel (45 min). Sample
proteins separated by SDS-PAGE were transferred to nitrocellulose membranes
(Hoefer, Inc., USA) using a semidry blotter (Hoefer, Inc., USA) set at constant
current (0.8 A/cm?) for 1-1.5 h. Membrane were blocked in 5% non-fat dried milk,
0.1% (v/v) Tween 20 in PBS for 1 h at room temperature on an orbital shaker and
then rinsed using two changes of PBS/0.05% Tween-20 (PBS/Tw), for 5-10 min per
wash at room temperature. The membranes were then incubated overnight at 4°C
with polyclonal antibodies (0.5 pg/ml) specific for murine MMP-8 (sc-8848), MMP-9
(sc-6840), obtained from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). The
membranes were washed thrice for 5 min with PBS/0.05% Tween-20 (~ 4ml/cm?) at
room temperature. Each membrane was then incubated with the corresponding
secondary horseradish-peroxidase-conjugated antibodies diluted 1:4000 in 5% non-
fat dry milk for 1.5 h at room temperature, washed 4-6 times with PBS/Tw for ~5
min per wash, at room temperature. Then the membranes were incubated for 1 min
at room temperature with the chemiluminescence detection substrate (0.125 ml/cm?)
provided along with the kit (RPN 2135, Amersham Biosciences, GE Health Care Life
Sciences, US). Chemiluminescence imaging of the blot was carried out with a cooled
CCD camera attached to a chemiluminescence imaging system (Chemi-HR-16,

Syngene, UK).The images were captured and processed using software (GENESNAP,
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Syngene, UK). Densitometric band analysis was carried out using GENETOOL

software (Syngene, UK).

2.6 ELISA measurements for cytokines

In experiments involving ELISA for measurement on different biomarkers (of
inflammation and angiogenesis), the powdered tissues were mixed with lysis buffer
provided along with the individual ELISA kit and kept on ice for 30 min. The lysates
were sonicated (section 2.6) by keeping on ice and then centrifuged (5000 rpm, 10
min, 4°C). The sample supernatant of each group was mixed (1:1, v/v) with a sample
diluent  buffer = and incubated in the capture antibody coated
micro wells provided with the kit, for 18 h at 4°C. The assay was carried out
according to the protocol described in the kit and absorbance was recorded using a

microplate reader.The absorbance were normalized with protein concentration.

2.7 Hydroxyproline assay for collagen remodeling

Hydroxyproline assay was carried out according to the protocol described in [98].
Wound tissues were mixed gently with 6N HCI (25 mg/ml final concentration). The
hydrolysate was then lyophilized. The lyophilized powders were suspended in 200 pl
distilled water. This solution was neutralized by adding 10 pl of 10 N NaOH to adjust
pH upto 7.3. From this solution, 50 pl was taken and was mixed with 450 pl of
chloramine-T , mixed gently, and the oxidation was allowed to proceed for 25 min at
room temperature. Then 500 pl of Ehrlich's reagent was added to each sample,

mixed gently, and the chromophore was allowed to develop by incubating the
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samples at 65 °C for 20 min. Absorbance of each sample was read at 550 nm using

a spectrophotometer .

2.8 Histology and Masson’s trichrome staining

The tissues were fixed in 10 % neutral buffered formalin for 24h, following which all
the tissue sections were processed using standard histological procedure. The
deparafinized sections were stained with Masson’s trichrome staining. The slides

were examined under a microscope to determine tissue changes such as inflammation,

reepithelialization, arrangement of collagen fibres, and presence of blood micro

vessels.

The trichrome stained slides were viewed under a microscope at 400 X magnification.
In each microscopic view the main histologic outcomes measured included the
amount of acute and chronic inflammatory infiltrates, collagen deposition,
reepithelialization [99]. Trichrome stain, in addition to the collagen specific staining,
consists of other dyes which can stain different cells and other components such as; (i)
inflammatory cell with multilobed nuclei ( as dark purple) , (ii) epithelial cells as
red/purple (iii) erythrocytes — yellow (or red), (iv) cytoplasm, fibrin, muscle — red.
Hence, it can be used for studying presence of inflammatory cells, reepithelialization,
neovascularization as well as crust/necrotic layer. Further, compared to hematoxylene
& eosin staining protocol, the contrast between different types of cells appears to be
better in case of trichrome staining. Indeed, this staining method has been used

previously for studying reepithelialization and neovascularization.
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Using the Abramov’s scoring system [100], we assessed cell inflammatory infiltration.
The scoring was done independently by three scores and assigned a score of 0—3. For
acute and chronic inflammatory infiltrates, grading was done as: 0 (none), 1 (scant <
10% of cells ), 2 (moderate , between 25 % to 50 % of total cells), 3 (abundant, more
than 50 % of total microscopic view). Three independent persons performed the
histological examination and applied the scoring system in a blinded fashion. For each
slide, 4-5 microscopic views were considered and for each sample experiment atleast
3 slides were scored. The scores obtained from atleast three experiments were

averaged and represented as mean inflammation score.
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3. Photodynamic effects of free and poly lysine
conjugated chlorin p6 on Gram positive, negative
bacteria

Abstract

In this chapter, we present the phototoxicity of cp6, and its poly-L-lysine conjugate
pl-cp6 on methicillin resistant Staphylococcus aureus (MRSA), Pseudomonas
aeruginosa and HaCaT, a keratinocyte cell line, used as a model system for host cells.
Results show that photobactericidal efficacy of pl-cp6 is higher than that of cp6. Also,
for these bacteria, photokilling efficacy of pl-cp6 is independent of growth phase, a
desirable feature because in wound milieu bacteria may be in different phases.
Furthermore, at given PS concentration, and light fluence resulting in 2-3 log survival

loss in bacteria, sub lethal (20 -50 %) of survival loss was observed in HaCaT cells .
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3.1 Introduction

Antimicrobial photodynamic therapy (APDT) is a promising therapeutic modality for
the inactivation of antibiotic resistant bacteria causing infections of wounds [52, 53 ,
64, 101, 102]. This approach is based on interaction of PS and visible light of
appropriate wavelength to generate ROS which damage biomolecules and kill the
target cells [53, 54, 64, 103]. The advantages of APDT over conventional
antimicrobials is that the treatment is limited to light-irradiated regions of the drug-
treated area [53,54,64] and as singlet oxygen and free radicals generated in the
photochemical reactions react with almost every cellular component, it is highly
unlikely for bacteria to develop resistance. Nevertheless, a disadvantage of many of
the PS used for APDT is that these act on a single class of bacteria and do not have
the desired broad spectrum activity. While Gram positive bacteria are photosensitive
to both anionic and cationic photosensitizers, Gram negative bacteria are less
susceptible to photoinactivation by anionic drugs due to the structural complexity of

cell envelope [53, 54, 64].

The important parameters that an ideal PS for APDT should have include (i) high
ROS quantum yield, (ii) cationic charge as well as amphiphilic nature to ensure higher
accumulation at the polyanionic microbial cell surfaces and (iii) a strong absorbance
in the red region to minimize the energy deposition in tissue [64]. Cationic
phenothiaziniums, like methylene blue (MB) and toluidine blue (TB) have been the
most widely investigated photosensitive drugs currently being investigated for APDT.

However, these have relatively lower triplet yield (0.39), hydrophilic nature, and
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efflux pump dependent uptake into bacterial cells [70, 71]. In fact the photodynamic
efficacy of the commonly used cationic PS (TB, MB) is also low for Gram negative
bacteria compared to Gram positive bacteria [103, 70]. Therefore, there is interest in
exploring other PS which can address these issues. Chlorophyll derivatives like
chlorin p6 (cp6) are particularly attractive because these have good triplet yield (~0.8),
amphiphilic nature and strong absorbance in the red (660 nm) region [72]. Since cp6
is anionic [72], its conjugation with cationic peptide poly-L-lysin (pl-cp6) is expected

to enhance the targeting of the cp6 to bacterial cells [104-106].

In this chapter, we report the results of our investigations on the photobactericidal
effect of cp6 and pl-cp6 on MRSA and P.aeruginosa, which are frequently
responsible for infections of wounds. In addition, result of the studies carried out to
assess cytotoxicity induced by cp6 and pl-cp6 mediated APDT on HaCaT, a

keratinocyte cell line, used as a model system for host cells, has also been reported.

3.2 Materials and methods

3.2.1 Bacterial strains

The two organisms used in this study were, a MRSA strain procured from ATCC
(ATCC 43300); and P. aeruginosa stain procured from IMTECH (MTCC 3541,
Chandigarh, India). Both the bacteria were maintained by routinely subculturing on
tryptone soya agar (TS) (Himedia, Mumbai, India). For experiments, a colony was
inoculated into tryptone soya broth (TSB) and was grown aerobically for 18 h at 37°C
using a shaker incubator. Cells were then harvested by centrifugation (10,000 rpm,

Smin) and resuspended in sterile PBS. Exponential phase cells were obtained by
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growing overnight culture in fresh medium to an optical density (OD) of 0.4 and 0.5

at 600 nm corresponding to ~108 cells/ml for MRSA and PAO respectively.

3.2.2 Preparation of polylysin-cp6 conjugate

Cp6 was prepared following the procedure described by Hoober et al [89] and the
conjugate of cp6 with polylysin was prepared by carbodiimide coupling method

described in [107] with slight modifications. This has been elaborated in chapter 2.

3.2.3 p-nitrosodimethylaniline photobleaching and Nitro blue
tetrazolium reduction assay

Detection of singlet oxygen generation from cp6 or pl-cp6 was achieved by irradiation
in the presence of imidazole and RNO (p-nitrosodimethylaniline) [108]. Production of
singlet oxygen leads to reaction with imidazole to form a peroxide intermediate,
which subsequently reacts with RNO to cause photobleaching and decrease in
absorbance. A total reaction volume of 1000 ul was prepared containing 15 puM RNO,
8 mM imidazole, and 2 uM cp6 or pl-cp6 in phosphate buffer (10 mM phosphate, pH
7.4). Photoirradiation of different groups (2, 4 and 8 min) was carried out using the
parameters as described in table 2.1, same as that used for bacterial killing
experiments. During irradiation, the reaction mixture was stirred. At the end of
irradiation, the reaction mixtures were drawn out and photobleaching of RNO was
detected by measuring absorbance at 450 nm using a spectrophotometer. The RNO
photobleaching observed in samples exposed to different light fluence was expressed

as decrease in OD with respect to the unirradiated control.
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Detection of superoxide generation was carried out by photoexcitation of both cp6
and pl-cp6 in the presence of NADH and nitroblue tetrazolium (NBT). A total
reaction volume of 1 ml was prepared containing 2 pM cp6 or plc-cp6, 10 mM
NADH, and 80 uM NBT [109]. Illumination was carried out in the same manner as
RNO photobleaching experiements. Reduction of NBT resulting in the production of
a formazan was detected by absorbance at 600 nm using a spectrophotometer. The
NBT reduction observed in samples exposed to different light was expressed as

increase in OD with respect to unirradiated control.

3.2.4 Uptake of cp6 and pl-cp6 by bacteria

Suspensions of bacteria (~10® CFU/ ml) in PBS were incubated in dark at 37°C with
with different sensitizer concentrations (1-10 uM) for 15 min. The cultures were
centrifuged (3000 g for 15 min) and then resuspended with PBS. The cell pellets,
obtained by centrifugation (3000 g for 15 min) and three washing steps, were
dissolved in 2 ml of 0.1 M NaOH-2% sodium dodecyl sulfate(SDS) for 24 h at 4°C
and then sonicated for 30 min. The fluorescence of dissolved pellets was measured
using spectrofluorimeter. The excitation wavelength was set at 400 nm and the
emission spectra of the solution were recorded in the wavelength spanning 580 to 700
nm. Calibration curves were made from a stock of the PS dissolved in NaOH-SDS
and used for determination of PS concentration in the suspension. Uptake values were
obtained by normalizing the concentration of PS with the protein content (mg) of

bacteria.
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3.2.5 Photoxicity study in MRSA and P.aeruginosa

MRSA (containing ~ 1 x 108 cells/ml) and P. aeruginosa (containing ~ 1 x 107
cells/ml) in sterile PBS, were incubated with different concentrations of PS which
ranged from 1.0-8.0uM for cp6 or 0.1-5.0 uM for pl-cp6 for 15 min in the dark. 1ml
of PS treated and untreated cell suspensions were placed into 12 well microplates.
Wells containing sample were then exposed to red light (660 nm + 25 nm) fluence of
~2-50 J/em? , delivered from a broadband light source (LC122-A, Lumacare, Ci-
Tec,USA) using a fiber optic probe (diameter 1 cm). Untreated control samples were
neither treated with PS nor exposed to light. Following exposure to light, 100 ul
aliquot was removed from each well and added to 900 pl PBS. Serial dilutions were
made, and 50 pl aliquot (in duplicate) from each dilution was plated on to TS agar,
and grown overnight at 37°C. Surviving bacterial colonies were counted. The
surviving fractions (N/No) of cells were determined by counting the number of
colony-forming units (CFU) formed per ml in treated samples (N) and untreated

sample (No).

3.2.6 Cytotoxicity assay of HaCaT cell line

HaCaT cell line was obtained from NCCS, Pune. The cells were routinely maintained
and sub cultured in DMEM: F12 (1:1) medium with 10 % Fetal Bovine Serum. The
cells were grown in 5 % CO» at 37°C. For studies on cp6 and pl-cp6 mediated PDT,

~10°cells were plated into each well of a 12 well plate, grown till mid exponential
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phase and then incubated with different concentrations (0.1 — 10 pM) of cp6 and pl-
cp6 for 15 min. Cells were then washed twice with DMEM:F12 medium without FBS
and replenished with DMEM: F12 (1:1) medium containing 10 % FBS. Cells were
then exposed to 660 + 25 nm light (~100 mW/cm?) for different durations to achieve
fluence of ~10- 50 J/cm?. Cytotoxicity in HaCaT cells was assessed by MTT assay.
The absorbance of the formazon formed in the untreated (Ao) and photodynamically
treated samples (A), at 565 nm, was used to calculate fraction of surviving cells (A/Ao)

absorbances in the .

3.2.7 Data analysis

All experiments were performed at least thrice. Values expressed are mean + SEM.
The difference between two means was assessed for significance by two-tailed
Student’s t test, assuming equal or unequal variances of the standard deviations. A

value of p < 0.05 was considered significant.

3.3 Result

3.3.1 Characterization of conjugate

The absorption spectra of cp6 and pl-cp6 in 0.1 M NaOH-1% (w/v) methanol are
shown in figure 3.1. The spectrum of free cp6 shows a strong absorption peak at 404
nm (Soret band), a weaker absorption peak at 654 nm. The spectrum of conjugated

cp6 showed higher absorption at 280 nm .
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Figure 3.1 Absorption spectra of cp6 (solid line) and pl-cp6 (dotted line) in 0.1 M
NaOH-1% sodium dodecyl sulphate. In the peptide conjugated cp6 wavelength peak

was red shifted to 656 nm.

3.3.2 RNO photobleaching and NBT reduction

We then investigated whether the photophysical properties of cp6 had been altered
after conjugation reactions. The photochemical assays involving singlet oxygen
mediated oxidation of RNO in the presence of histidine and superoxide mediated
reduction of NBT in the presence of NADH were carried out address this question.
The results presented in figure 3.2 (A and B) show RNO photobleaching (fig 3.2 A)

and NBT reduction (fig 3.2 B) caused by cp6 and pl-cp6 mediated photosensitization.
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Figure 3.2 RNO photobleaching (A) and NBT reduction assay (B) for measuring
singlet oxygen and superoxide anion in cp6 and pl-cp6 in PBS. The assays were

carried out using protocols described in section 3.2.

The results show that for the given concentration (1 uM) of both cp6 and pl-cp6, at all
the light fluence used, photochemical singlet oxygen production was similar.
However, the photochemical superoxide anion generation in case of pl-cp6 mediated

photosensitization was higher.

3.3.3 Uptake of cp6 and pl-cp6 in MRSA and P.aeruginosa

The drug dose dependent uptake of unconjugated and poly-1-lysine conjugated cp6 by
MRSA and P.aeruginosa was studied by measuring fluorescence of bound drugs
extracted from bacteria after incubation with drugs in dark for 15 min (fig . 3.3 A and
B). The results show that rate of uptake of cp6 and pl-cp6 was higher in MRSA when
incubated at lower concentrations of PS as compared to P.aeruginosa. At high
concentrations, rate of uptake of both cp6 and pl-cp6 changed negligibly for MRSA
indicating saturation of binding sites. Cp6 accumulation by MRSA incubated with 1

uM pl-cp6 was comparable with bacteria incubated with 8 pM of cp6. As compared
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to MRSA, uptake of cp6 was lesser in P.aeruginosa. Nevertheless, the concentration
of pl-cp6 bound to P.aeruginosa was about two fold higher than the concentration of
cp6 at all the concentrations with the difference in uptake being more pronounced at

higher concentrations.
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Figure 3.3 Uptake of cp6 and pl-cp6 by MRSA (3.3.A) and P.aeruginosa (3.3.B)
incubated with different concentrations of cp6 and pl-cp6 in dark. Values represent

mean = SD.

3.3.4 Lethal photosensitization of MRSA and P.aeruginosa by cp6
and pl-cp6 mediated APDT

3.3.4.1 Lethal photosensitization of MRSA

In figure 3.4 (A and B) we show the dependence of the phototoxicity induced by free
and conjugated cp6 on MRSA as a function of concentration and light fluence,
respectively. For cp6 concentration range studied (1-8 puM), no dark toxicity was

observed. The phototoxicity was not significant when MRSA was irradiated with red
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light at a fluence of ~ 25 J/cm? in presence of 1 uM cp6. However, survival reduced
by ~ 0.9 log and ~ 2.3 log in MRSA incubated with 4 and 8 uM cp6, respectively, on
being exposed to the same light fluence. In contrast, even at 1 pM of pl-cp6,
significant dark toxicity (~1.0 log) was observed and survival reduced by ~4 log
following irradiation at light fluence of ~25 J/cm? as compared to the survival
observed in the untreated bacteria. In figure 3.4 B, we show the effect of light fluence
on MRSA treated with free cp6 and pl-cp6. In MRSA treated with 8 uM of cp6,
surviving fraction reduced by ~1.3, ~2.4, and ~2.6 log at light fluence of ~12.5, ~25
and ~50 J/cm? respectively as compared to unirradiated bacteria treated with cp6. In
contrast, a concentration of 1.0 uM of pl-cp6 was sufficient to reduce the bacterial
counts by ~1.3 log, ~3.4 log and ~3.9 log when irradiated at light fluence ~12.5, ~25

and ~50 J/cm?, respectively.
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Figure 3.4 Photodynamic inactivation of MRSA with ¢p6 and pl-cp6. (A) Surviving
fraction of MRSA treated with cp6 and pl-cp6 at the indicated concentrations for 15
min in the dark and then exposed to ~ 25 J/cm? red light. (B) Surviving fraction of
MRSA treated with cp6 or pl-cp6 for 15 min in the dark and exposed to various

fluences of light as indicated.
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3.3.4.2 Lethal photosensitization of P.aeruginosa

In figure 3.5.A we show the surviving fraction of P.aeruginosa incubated with
different concentrations of cp6 and pl-cp6 with and without irradiation. While cp6 did
not exhibit phototoxicity in these bacteria in the concentration range (1-8 uM), for pl-
cp6, at concentration of 2.5 uM , survival of P. aeruginosa reduced by ~ 70 % even
in absence of light. Incubation of cells with 2.5 and 5 uM of pl-cp6 followed by
exposure to light fluence of ~ 25 J/cm? reduced the cell survival by 3.5 log and 5 log,
respectively. Figure 3.5 B shows the surviving fraction of P.aeruginosa incubated
with 2.5 uM of pl-cp6 and exposed to different light fluence. Survival reduced by ~4
log at a light fluence of ~ 25 J/cm? as compared to bacteria treated with drug alone.

Beyond this light fluence, no significant change in phototoxicity was observed.
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Figure 3.5 Photodynamic treatment of P.aeruginosa with cp6 and pl-cp6. (A)
Surviving fraction of P.aeruginosa treated with cp6 and pl-cp6 at the indicated
concentrations for 15 min in the dark and then exposed to red light fluence ~ 25 J/cm?.
(B) Surviving fraction of P.aeruginosa treated with cp6 (8 uM) or pl-cp6 (2.5 uM) for

15 min in the dark and exposed to different light fluence as indicated.

79



3.3.4.3 Effect of bacteria growth phase on c¢p6 and pl-cp6 mediated
phototoxicity
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Figure 3.6 Effect of growth phase on the photosensitivity of : (A); MRSA to cp6 (8
uM), (B); MRSA to pl-cp6 (1 pM), and C) P.aeruginosa to pl-cp6 (2.5 uM).
Exponential and stationary phase cells were incubated with PS at the indicated
concentrations for 15min. Cells were either kept in the dark [grey bars, (L-S+)] or

exposed to ~50 J/cm? red light fluence [black bars, L+S+)]. L = Light. S = Sensitizer.

In figure 3.6 we present the results on phototoxicity of cp6 and pl-cp6 on MRSA and
P.aeruginosa in stationary and exponential growth phases. For MRSA, viability of
exponential and stationary phase bacteria treated with 8 pM cp6 was comparable.

Phototoxicity of free cp6 (8 uM) following irradiation at light fluence ~ 50 J/cm? was
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also not significantly different (p>0.05) for stationary and exponential phases (fig. 3.6
A). Similarly, no growth phase dependent change in viability was observed in bacteria

treated with 1 uM of pl-cp6 and irradiated with ~ 50 J/cm? light (fig. 3.6 B).

In P.aeruginosa incubated with 2.5 uM pl-cp6, and exposed to red light fluence ~ 50
J/em? toxicity was higher in stationary phase cells as compared to exponentially
growing cells treated under identical conditions (fig. 3.6 C). Under these conditions
while viable count of stationary phase cells reduced by ~4.8 log, for exponential
phase cells, it reduced by ~3 log as compared to bacteria treated with pl-cp6 alone.
For P.aeruginosa, since no phototoxicity was observed with cp6, growth phase

dependence effect was not studied.

3.3.4.4 Cytotoxicty induced in HaCaT cell line by cp6 and pl-cp6
mediated PDT
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Figure 3.7 Phototoxicity induced by cp6 and pl-cp6 mediated photosensitization in
HaCaT cells. Cells were incubated with drugs for 10 min followed by washing and

exposure to red light.

The results in figure 3.7 show the cytotoxicity induced cp6 and pl-cp6 mediated PDT

in HaCaT cells. As can be inferred from the figure that for the drug concentration of 1
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uM for cp6, pl-cp6 and a light fluence of ~25 J/cm? while there is > 2 log survival loss
in MRSA or PAO, the survival loss in HaCaT is < 50 %. Furthermore, compared to
the cytotoxicity induced in HaCaT cells by free cp6 and light fluence ~ 25 J/cm?, the

cytotoxicity induced by pl-cp6 and light (~ 25 J/ecm? ) is much lesser .

3.4 Discussion:

In this study, photobactericidal potential of free cp6 and poly-lysine conjugated cp6
on MRSA and P. aeruginosa, the two common wound-infecting bacteria has been
compared. While free cp6 shows significant phototoxicity to MRSA, P. aeruginosa
was photosusceptible only to pl-cp6. Even for MRSA, pl-cp6 was more effective in
killing than cp6. For example, eight times lower concentration of conjugated cp6 (1.0
uM) than free cp6 co uld induce comparable (~98%) cell killing when irradiated at
similar light fluence (~ 12.5 J/cm?). The greater photodynamic potency of pl-cp6 may
be due to the enhanced binding of the cationic and amphiphilic PS to bacteria [110]
which upon photo irradiation induces higher level of damage to the bacteria. Free cp6,
though smaller in size, has anionic charge which reduces its overall uptake and hence

the phototoxicity.

In our study we also observed that the uptake of the cp6 from poly-lysine conjugate
was higher as compared to free cp6 in both Gram positive and Gram negative bacteria.
This is believed to be due to the more efficient binding of the positively charged pl-
cp6 to the outer membrane of PAO as well as to the phosphate groups of the wall
teichoic acids of MRSA, which have negative charge [105]. Due to the porous nature

[63] of the peptidoglycan wall in Gram positive bacteria, uptake of cp6 and pl-cp6
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occurs faster and leads to accumulation of higher concentrations of the drug as
compared to P.aeruginosa. For P.aeruginosa, which has larger size as compared to
MRSA, higher quantity of drug is required to attain saturation. In addition,
mechanism of uptake in P.aeruginosa may also differ from MRSA. In Gram negative
bacteria, poly lysine may bind first to anionic sites of LPS and weaken the
interactions of constituents in the outer membrane and due to which the permeability
of cp6 to inner membrane and cytoplasm is enhanced [105,110]. The lesser
accumulation of anionic free cp6 observed in Gram positive and Gram negative
bacteria is because of the negative charge on the outer wall/envelope. This
observation is in agreement with data reported previously for conjugates of poly
lysine with chlorin e6 for different Gram positive and Gram negative bacteria by
Sukos et al [105]. They reported almost two to four times higher uptake of ce6 poly
lysine conjugate as compared to unconjugated ce6 by Actinomycetes viscosus a, Gram

positive bacterium found in subgingival plaques.

After studying the uptake in MRSA and P.aeruginosa we then investigated the
relative photobactericidal efficacy of the cp6 and pl-cp6. P. aeruginosa was observed
to be refractory to photodynamic treatment with cp6. However, as the results
presented in figures 3.5 A and B show, pl-cp6 mediated photosensitization induces
substantial killing in P.aeruginosa. This is expected, because the polycationic nature
of pl-cp6 allows it to bind more effectively and displace the divalent cations from the
LPS,PG molecules in the outer membrane, increase outer membrane permeability,
thus allowing the cationic peptide PS conjugate access to intracellular targets [111].
This process, known as self-promoted uptake, is exemplified by the bactericidal

mechanisms of cationic peptides including naturally occurring cationic antimicrobial
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peptides such as defensins, cecropin, and gramicidin [112]. The photokilling efficacy
of pl-cp6 for P.aeruginosa was slightly lower than that observed in case of MRSA.
For example, for achieving ~99.9% cell killing in P. aeruginosa, under similar light
irradiation conditions, ~ 2.5 times higher concentration of pl-cp6 was required than
the concentration used for MRSA. This may be expected due to the lesser
permeability for the penetration of PS into the Gram negative P. aeruginosa because
of the presence of the outer membrane [113,107]. It is known that Gram positive
bacterial cell wall displays higher degree of porosity. Macromolecules with molecular
weight of 30,000-60,000 Da (glycopeptides, polysaccharides) can readily diffuse into
the inner plasma membrane. In contrast, Gram negative bacteria contain an additional
highly organized outer membrane in the cell wall and also their envelope contains
lesser amount of PGs than the Gram positive bacteria [64]. Such a highly organized
system inhibits the penetration of several compounds, even hydrophilic molecules of

MW 600-700 Da, which can otherwise diffuse through the porin channels [63].

This study shows that, for MRSA, phototoxicity induced by cp6 and pl-cp6 is not
strongly dependent of growth phase (fig. 3.6 A, B). Various factors such as slime
production, charge and hydrophobicity of slime and expression of surface receptors
may lead to the dependence of photosensitivity on growth phase [114,104]. Earlier
studies on phototoxicity carried out in wild type S.aureus (SA113 (PS/A" slime") and
S. epidermidis (M187sn3 (PS/A™ slime”) and their isogenic mutants deficient in slime
production have shown that extracellular slime could be one of the important factors
for the growth phase dependent phototoxicity of cationic and anionic photosensitizers.
It has been shown that S.aureus (SA113 (PS/A* slime") in exponential phase is more

photosensitive to free ce6 mediated PDT than the bacteria in the stationary phase
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which can be attributed to trapping of the anionic PS within the slime produced
during stationary phase and thereby inhibits the binding of drugs to bacterial
components. The same study also reported that poly lysine conjugated ce6 being
cationic and more hydrophilic than free ce6 induces comparable phototoxicity to S.
aureus (SA113 (PS/A* slime®) in exponential and stationary phases which was
presumed to be due to the binding of drug to bacteria rather than slime. In our study,
no growth phase dependent photosensitivity was observed with both free cp6 and pl-
cp6. This may be because the MRSA used in our study is not a slime forming bacteria,
so, it is probable that the uptake of free as well as conjugated PS was similar in
MRSA growing in both the stationary as well as exponential phases, which in turn
contributed to the observed lack of differences in phototoxicity. These results are
consistent with results reported previously [115], in which it is shown that killing
induced by AIPcS2 mediated photosensitization is not dependent on growth phase of

MRSA.

The results presented in figure 3.6.C imply that in contrast to MRSA, P.aeruginosa is
more photosensitive to pl-cp6 mediated photosensitization in the stationary phase than
in the exponential phase. Since this strain of P.aeruginosa produces more
extracellular polysaccharide (alginate) in stationary phase [116], the increased
sensitivity of the exponential phase may not be related only to extracellular
polysaccharide production. However, the growth phase dependent changes in
hydrophobicity and surface charge of the Gram negative bacterial outer membrane
may cause differences in uptake/accumulation of PS [117, 118]. It has been reported
that more phosphate groups are exposed in the outer membrane of stationary phase

Gram negative bacteria than that in early growth phase [117]. Therefore, it is possible
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that poly cationic drug uptake in stationary phase cells is higher and also the PS is
located in more sensitive sites which may have led to higher phototoxicity on

exposure to light than phototoxicity in the bacteria of exponential phase.

The results presented in figure 3.7 suggest that pl-cp6 mediated APDT induced far
less toxicity in a keratinocyte cell line compared to bacteria. The reason for this
observation could be the combination of the polycationic nature, amphiphilicity and
increased size due to conjugation. The selectivity of a cationic peptide binding to
bacterial membrane arises because of anionic nature, higher negative transmembrane
potential (-130 to -150 mV) via a vis the zwitterionic nature, lower transmembrane
potential (-90 mV to -110 mV) of mammalian cell membranes [67]. Also, the cationic
peptides have higher affinity to the phosphatidylglycerols (PG) which are
predominantly present in bacterial outer envelope while in mammalian cells the PGs
are more sequestered in the inner leaflet of the cell membrane. While the cationic
charge ensures accumulation of the cationic PS at polyanionic microbial cell surfaces,
the combination of hydrophobic and hydrophilic substituents results in an
intramolecular polarity axis which will facilitate the PS straddle the interface of the
hydrophilic head groups and the fatty acyl chains of membrane phospholipids. This is
also observed in case of many naturally occurring antimicrobial amphipathic peptides
that assume a helical structure with the cationic charges on one side of the helix and
hydrophobic amino acid residues on the opposite side. The results presented in fig 3.7
also show that the survival loss induced in HaCaT cells by pl-cp6 mediated APDT is
lesser compared to that induced by cp6. It may be noted here that both singlet oxygen
and superoxide generation by cp6 was not affected because of conjugation, (fig 3.2.)

and in fact there is higher uptake of the drug when bacteria are incubated with the
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conjugate. So the lesser phototoxicity of pl-cp6 in the keratinocytes is most likely
because of its lesser uptake. This may have occurred because of the increase in
molecular weight (few kDa) caused by the conjugation of the PS to polylysin (~ 22
kDa). It is known that pl-cp6 uptake into cancer cells occur largely via the relatively
slower endocytosis process [68]. Whereas, cp6 being anionic and smaller is taken up
through diffusion [119], which is a faster process compared to endocytosis. Therefore,
when applied to wounds, while pl-cp6 will bind faster to bacteria, cp6 would bind to a
lesser degree to the bacteria and taken up more rapidly by host cells like keratinocytes.
Further, when illumination is performed at short intervals (min) after PS application
PDT induced damage to host tissue will be minimized in case of pl-cp6, whereas, in
case of cp6, light illumination will cause higher host tissue damage, together with the
reduced photobactericidal effect, leading to bacterial regrowth. In fact this has been
shown in a study of soft tissue infection treated with ce6 and its poly lysin conjugate,

wherein pl-ce6 proved to be more effective in killing bacteria without causing host

tissue damage, while the free ce6 induced more host tissue damage [120].

3.5 Summary

In summary, singlet oxygen and superoxide generation capability of pl-cp6 is not
adversely affected compared to cp6. The photobactericidal efficacy of pl-cp6 is higher
than that of free cp6 and is independent of growth phase of bacteria. Further, in
HaCaT cell line, only sublethal phototoxicity is induced by pl-cp6 mediated PDT at

drug concentration and light fluence which caused 2 log survival loss in bacteria.
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4. Effect of antimicrobial photodynamic treatment on
bacteria cell envelope

Abstract

In this chapter, we present the results of the studies carried out by us on the
mechanism of bacterial cell damage induced by APDT mediated by the different
photosensitisers; cp6, pl-cp6 and a standard phenothiazinium PS, toluidine blue O
(TBO). Results show that while APDT mediated by both TBO and pl-cp6 resulted in
a significant reduction in the mean cell height, flattening of Gram negative bacteria
(P.aeruginosa and E.coli) suggesting damage to the bacterial membrane and
reduction of cell volume due to the loss of cytoplasmic materials, in Gram positive
bacteria (S.aureus) significant differences were observed in the morphological
changes subsequent to APDT mediated by TBO and pl-cp6. While the major effect of
TBO mediated APDT was breakage in the contact between the cell wall and the
membrane, pl-cp6 mediated APDT resulted in damage primarily to the outer

peptidoglycan layer.

Some aspects of the results presented in this chapter have appeared in J. Photochem. Photobiol. B 96, 9—-16

(2009) .
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4.1 Introduction

Photodynamic inactivation of bacteria depends upon the nature of photosensitizing
drug as well as its interaction with the bacterial cell envelope [63]. Several studies
have shown that photobactericidal efficacy of PS are different for Gram positive and
Gram negative bacteria [69,121]. This has been attributed to the differences in the
structure and the composition of the cell wall of bacteria. Further, for a particular
species of bacteria, the nature of cell envelop damage caused by different PS may
vary significantly according to hydrophobicity and size of the PS. For example,
amphiphilic PS are expected to be better partitioned in the bacterial cell membrane
[67, 110]. Also, a smaller PS is likely to diffuse to inner layers through porins, the
larger PS (> 1000 Da) are more likely to initially localize at the outer layer because of
the permeability barrier imposed by the outer membrane in Gram negative bacteria.
Since the interaction of PS with the cell envelop plays a critical role in the initiation of
photoinactivation process, direct observation of morphological changes on the cell
surface induced by the photodynamic treatment provides useful information for
understanding the mechanism of action of different PS in different types of bacteria.
Scanning and transmission electron microscopies (TEM) are the most widely used
techniques for elucidating the morphological alterations in bacteria [122, 123].
Ultrastructural alterations like formation of blebs, holes on cell surface and
appearance of electroluscent areas in cytoplasm of photodynamically treated bacteria
have been observed. Based upon these observations mechanism of action of different

PS have been proposed. However, the electron microscopic techniques are tedious
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and require elaborate sample preparation which may alter the dimensions of the

cellular structures [124].

Of late, it has been recognized that atomic force microscopy (AFM), because of its
high resolution and less complicated sample preparation procedures can be an
attractive way to investigate the surface morphology of biological specimens [124-
132]. For example, AFM has been used recently for elucidating the mechanism
involved in membranolytic effects of different antimicrobial peptides in E. coli [130-
134], for studying the cell surface alterations induced by membrane permeabilizers
[133] and antibiotics in bacteria [134]. In these studies distinct morphological changes
ranging from formation of holes in the membrane to cell lysis could be observed by

AFM in bacteria following treatment with different antimicrobial agents.

In this chapter, we present the results of the studies carried out by us on the
mechanism of bacterial cell damage induced by APDT mediated by the different PS;
cp6, pl-cp6 and a standard phenothiazinium, TBO using AFM, absorbance
spectrophotometry and fluorescence microscopy. TBO was chosen because this PS has
been very widely examined for APDT [69,121, 135-137] as it binds to different
structural components of both Gram positive and Gram negative bacteria. For instance,
while in Gram positive bacteria TBO binds to the teichuronic acid residues of the
outer wall [122,123], in Gram negative bacteria it predominantly binds to the LPS
present in the outer cell envelope [64, 69,121]. Therefore, it is expected that that
cationic TBO may induce different kinds of morphological alterations in Gram
positive and Gram negative bacteria. Poly-L-lysin conjugate of cp6, is cationic,

amphiphilic, and has larger molecular weight because of the attached peptide. Hence,
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it may be expected that the kind of topological alterations induced by pl-cp6 mediated

APDT would be different from that induced by TBO .

4.2 Materials and Methods

4.2.1 Photosensitizers

TBO (80% purity), was procured from Himedia (Mumbai, India) and used as such. A
stock solution (1.5 mM) of TBO was prepared by dissolving appropriate quantity of
the dye in sterile distilled water. Solution was filter sterilized and stored at 4°C in the

dark for not more than a week before use.

Cp6 was prepared following the procedure described in [89] and pl-cp6 was prepared

by carbodiimide coupling method described in the material and method section 2.2.

4.2.2 Bacterial cell culture

S. aureus (MTCC 740, ATCC 9144) was procured from Himedia. P. aeruginosa
(MTCC 3541) was procured from Institute of Microbial Technology, (Chandigarh,
India). E. coli DH5a was a gift from Dr. S. Tole (TIFR, Mumbai, India). All the
bacteria were routinely grown overnight in Lauria Broth (Himedia, Mumbai, India)
under aerobic conditions at 37°C using a shaker incubator. For experiments designed
to study the membranolytic actions of TBO, both the bacteria were grown to the
exponential phase corresponding to an optical density (OD) 0.4 at 660 nm. At this OD,
the colony forming units (CFU) per ml was ~0.3 x 107 for E.coli and ~ 0.7 x 107 for

S.aureus. For P.aeruginosa, OD of 0.5 (~0.7 x 107) was taken. The cultures were
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centrifuged (7000 g, 5 min, 4°C) and the cell pellets were resuspended in PBS. The
cell suspensions of bacteria were divided into two aliquots. To one of these aliquots of
bacteria, a suitable volume of the stock solution of PS (TBO, cp6 and pl-cp6) was
added to achieve the required dye concentration. To the other aliquot, used as control,
PBS was added to make its total volume equal to that of the PS treated sample. Both
the PS treated and untreated cultures were incubated at 37° C for different durations in

the dark.

4.2.3 Photodynamic treatment of bacterial cell suspension

MRSA and P. aeruginosa suspended in sterile PBS, were incubated with different
amount of PS; 1.0-8.0 uM cp6 or 2.5 uM pl-cp6, for 15 min in dark. 200 pl of PS
treated and untreated cell suspension was placed into 96 well microplates. Wells
containing sample were then exposed to 660 nm (+ 25 nm) light fluence ~1-50 J/cm?.
Controls were neither treated with PS nor exposed to light. The photoirradiation

parameters for these studies are mentioned in table no 2.1 of chapter 2.

For assessment of photobactericidal efficacy of TBO, bacterial cell suspension was
treated with TBO (25 uM) for 60 min and transferred to a cuvette of path length 1 cm.
Dye treated bacterial cell suspension was irradiated for different durations with
Helium-Neon laser (632.8 nm). Laser beam was expanded to a spot of 1 cm diameter
for uniform irradiation of the entire cell suspension. The power output of the laser at
the sample plane, as measured by a power meter (LASERMATE, Coherent Inc,USA),
was 14 mW. The intensity of laser light at the plane of the cells was ~18 mW/cm?.

The cell suspensions were irradiated for different durations to achieve the light
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fluence of ~1-40 J/cm 2. During irradiation, the cell suspensions were stirred and

temperature was maintained at 37° C.

4.2.4 AFM imaging of bacterial cell suspension subjected to
photosensitization

4.2.4.1 Sample preparation

For AFM analysis, bacterial samples were prepared following the protocol described
by Robichon et al [127]. Briefly, 4-5 pl (~2.5 x 10 > CFU/ml) of photodynamically
treated and untreated cells were spread on a clean glass coverslip and air dried at
room temperature in the dark for 10 min. It has been reported that bacteria remain
alive when dried in ambient conditions [125]. Though AFM imaging can be
performed in liquid, the image resolution is unsatisfactory because of the noise arising
due to the poor adhesion of bacteria to the substratum and the motility of their floating
appendices [127]. We have used air dried samples for AFM imaging as this mode of
imaging is generally used for evaluating the changes in morphology of bacteria

caused by antibacterial agents [125].

4.2.4.2 AFM imaging

Surface topography of photodynamically treated and untreated (control) bacteria were
imaged using a multimode scanning probe microscope (NT-MDT, SOLVER-PRO,
Russia). AFM measurements were carried out in a non contact mode using silicon
cantilever tips having radius of curvature of ~10 nm and a spring constant of 5.5 N/m

at resonance frequency of 190 KHz under ambient conditions. From the topographic
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images of both treated and untreated cells, mean length and width of individual cells
were measured using the imaging software (SOLVER-PRO, Russia). Measurements
on mean cell height (MCH) were carried out from the 3-dimensional (3-D)
reconstructed images using the same software. In each sample (control as well as
treated), an average of 100 cells were imaged to ascertain the effect of photodynamic
treatment on cell surface morphology. Analysis was carried out in triplicate samples

for each light fluence.

4.2.5 Absorbance measurements of cellular contents released
after photosensitization of bacteria

Leakage of cytoplasmic contents is an indication of damage to the bacterial
cytoplasmic membrane [138]. Absorbance at 260 nm was used to estimate the amount
of intracellular contents leaked from bacteria subjected to different light fluences of
photosensitization. For these experiments, 1.2 ml of bacterial suspension was
irradiated at fluences of ~1, 2 and 4 J/cm?. The samples were centrifuged at 5000 pm
for 10 min and then filtered to remove bacteria [138]. The supernatants were then
diluted appropriately and OD at 260 nm (OD260) was measured. The % increase in
ODasp of the photodynamically treated samples with respect to the dark control as a
function of light fluence was calculated. In order to monitor the kinetics of release of
intracellular contents, cell suspensions of both the bacteria were transferred to 37°C
following photoirradiation. Aliquots (400 pl) were drawn out immediately (0 min)
and at 60, 120 min post irradiation time points. After filtering cells, OD2so of the

supernatants were measured. The % change in ODa2so at 60 and 120 min post
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irradiation time was calculated with respect to the OD2go of the sample measured at 0

min.

4.2.6 Fluorescence microscopic imaging of Propidium Iodide
uptake in bacteria

Cell membrane integrity of photodynamically treated bacteria was also assessed by
monitoring the uptake of the fluorescent probe, PI (Sigma, USA). It is a membrane
impermeant nuclear stain and is used as an indicator for determining the cell
membrane integrity [139]. For determining the intracellular PI uptake, cell
suspensions of the dark control and photodynamically treated bacterial samples were
centrifuged (1700 g, 2 min,) and the pellets were resuspended in PBS. The cell
suspensions were incubated with PI (5 ug / ml) at 37° C for 10 min in the dark. Cells
were centrifuged at 5000 rpm and the pellet was washed twice in PBS following
staining to remove the unbound PI. An aliquot of these suspensions was placed on a
coverslip and observed under an inverted fluorescence microscope (Zeiss, Axiovert
135, Germany) using 100 X oil immersion objective (1000 X magnification). The PI
stained cells were viewed using 546 nm excitation and 620 nm emission filters. Both
phase contrast and fluorescece images were recorded using a cooled CCD camera

(DC 350 F, Leica Microsystems Imaging, Cambridge, UK).

4.2.7 Data analysis

Data from at least 3 experiments were used to calculate the mean and the SD.
Student’s t-test was used to determine the significance of the difference between two

means. Level of significance was set at p < 0.05.
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4.3 Results

2-D topography _ 3-D reconstruction

Untreated
ITBO

TBO
+~ 2 J/lcm?2

TBO 56
+~4 J/cm21_5

Figure 4.1 AFM 2-D topography (left panel) and the corresponding 3-D
reconstructions (right panel) images of S. aureus cells treated with 25 uM TBO alone
(a and b, scan area: 4 um x 4 pm) and irradiated with light fluence of ~2 (¢ and d,
scan area: 4 um x 4 um ) and ~ 4 J /cm? (e and f, scan area: 3 pm x 3um). Height

scale in figs b, d, f is 0-500 nm. Arrow (white): blebs.
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4.3.1 Morphological alterations induced by TBO mediated APDT
in S.aureus

In figure 4. 1, the 2-D and the corresponding 3-D reconstruction images of S. aureus
treated with TBO (25 uM) in the dark and after irradiation with laser light (632.8 nm)
causing ~ 70 % (LD70, ~2 J/cm?) and ~ 2 log survival loss (~4 J/cm?), are shown.
Images of the cells treated with TBO in the dark revealed cocci in clusters which is
typical morphology of S. aureus (fig. 4.1, a and b). The surface of these bacteria was
smooth in texture (fig. 4.1 a). However, cells have indistinct borders indicating the
presence of extra cellular slime. This has been confirmed by crystal violet assay (data
not shown). These images were similar to the bacteria that were neither treated with
TBO nor light (untreated control). Mean diameter and MCH measured from AFM
images were 700 £ 80 nm and 350 £+ 50 nm, respectively. In contrast, the morphology
of the irradiated cells displayed significant perturbations (fig. 4.1, c-f). The surfaces of
the some of the TBO treated cells exposed to light fluence of ~ 2 J/cm? (LD79) were
rough and showed 2-3 blebs measuring ~ 100 nm each. The slime surrounding
bacteria was also less obvious in the photodynamically treated samples. For TBO
treated bacteria subjected to higher light fluence (~4 J/cm?), majority of cells showed
morphological changes(fig. 4.1, e and f). Also, the cell surface roughness and number
of blebs (~5-7 per cell) increased . However, as compared to untreated controls, no

significant change in cell width were observed in irradiated cells.
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4.3.2 Morphological alterations induced by TBO mediated APDT
in E.coli

The 2-D and 3-D reconstructed AFM images of E. coli treated with TBO (25 uM) in
the dark showed characteristic rod shaped structure (fig. 4. 2.; a and b). The average
length, width and height of the bacteria, calculated from the 2-D and 3-D images were
1900 £ 40 nm, 900 = 50 nm and 400 £ 20 nm, respectively. In addition, several
indentations of the dimensions ~ 40 nm, characteristic of the surface roughness, were
observed . TBO treatment did not cause any change in the dimensions as compared to
the bacteria not treated with either PS or light (untreated control, data not shown). The
size of bacteria determined in our study is in agreement with the other reports [127,
128]. In figure 4.2 (c-f), the 2-D images and the corresponding 3-D reconstructions of
E. coli irradiated with light fluence responsible for ~ 70 % (~10 J/cm?) and ~ 2 log
(~40 J/cm?) survival loss, are shown. Though exposure to ~10 J/cm? did not induce
any obvious change in shape, surface roughness was observed to increase (fig. 4.2. ¢
and d). A significant reduction (four times) in the MCH was noted as compared to the

cells treated with TBO in the dark.
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2-D topography 3-D reconstruction

Untreated
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TBO

TBO
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J/icm?

Figure 4.2 AFM 2-D topography (left panel) and the corresponding 3-D
reconstructions (right panel) images of E. coli cells treated with 25 uM TBO alone (a

and b) and irradiated with light fluence of 10 (c and d ) and ~ 40 J/cm? (e - h).
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Figures a-f, Scan area: 10 pm x 10 pm. Figures g and h: Scan area: 3 pm x 3 pum.
Damaged cells and cell debri are represented by solid and dashed arrows, respectively.

Height scale in figs b,d,,f, h is 0-500 nm.

2-D topography _ 3-D reconstruction
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150 uM TBO
+ ~ 10 J/cm?2

i  Corrugated cell

surface
400
350
300 nm; «
= 00
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50 300

Figure 4.3 AFM 2-D topography (left panel) and the corresponding 3-D
reconstructions (right panel) images of E. coli cells treated with 150 uM TBO and
irradiated with light fluence of ~ 10 J/cm? (a & b; Scan area: 10 um x 10 pm). The
marked area in fig. b is magnified and shown in ¢ & d (Scan area: 3 pm x 3 pum).

Height scale in fig.b,d is 0-500 nm.

100



) §0'075 a- 0.1507 o S qureus + b
g & i g 0.125] TBO +4 J/cm?
8 Eo.oso g 0.100 .
e § . £ 0.0751
§ Eo.ozs ) % 0.0501
E % s S.aureus + TBO g 0.025-
e~ 0.000 7 3 3 4 0.000

0 20 40 60 80 100 120

Fluence (J/cm?) Time (mins)

d
025 ¢ 0.020
N u E.coli+ TBO

020 s
&0.015] + 20 J/em? 1

0.151

I 0.010 7
010{ * !
00s| _ * u Ecoli+TBO

0.00
0

0.005

Increase in OD 260
Relative to Dark Control
Increase in OD

: : : . 0.000 R
5 10 15 20 0 20 40 60 80 100 120
Fluence (J/cm? Time (mins)

Figure 4.4 Measured OD at 260 nm for cellular materials released from S.aureus (a
and b) and E. coli (¢ and d) subjected to photodynamic treatment, as a function of
light fluence (a and c ) and post irradiation time (b and d ). Data points and the error

bars represent mean and SD of three experiments, respectively.

At higher light fluence (~40 J/cm?) surface of almost all the cells were highly ridged
and large depressions (~ 200 nm) were observed in some cells (e and h). An overall
reduction in size (length) was also noticed in some cells. For cells treated with 150
uM of TBO and then exposed to ~10 J/cm? light, there were much larger alterations in
the morphology (fig. 4.3; a and b) and the cells appeared completely distorted with
deeper grooves and highly corrugated cell surfaces. There was also considerable

reduction in cell height (fig. 4.3; ¢ and d).
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4.3.3 Intracellular contents release from S.aureus and E.coli
subjected to TBO mediated APDT

In order to understand whether the morphological alterations observed in AFM
images were due to the membrane damage, we measured the leakage of cytoplasmic
contents by measuring the OD at 260 nm. In S. aureus (fig. 4.4; a and b), the leakage
of intracellular contents increased with increase in both the light fluence and the post
irradiation time. At light fluence corresponding to ~ 70 % and ~ 2-log reduction in
viability, the ODaso of the supernatant of irradiated cells measured at 0 min, increased
by ~ 20 % and ~ 30 %, respectively, as compared to the unirradiated controls. Further,
the leakage of the 260 nm absorbing material from S. aureus cell suspension subjected
to light fluence responsible for ~ 2 log reduction in viability, increased with increase
in post irradiation time and reached ~ 40 % at 60 mins beyond which the leakage

appeared to slow down (fig. 4.4;b).

In E. coli irradiated at light fluence corresponding to ~ 70 % and ~2 log reduction in
viability,as compared to unirradiated cells, OD2so measured at 0 min increased by ~
40 % and ~ 60 %, respectively, (fig. 4.4; c). Also, leakage of the cellular material was
higher in magnitude than that observed in S. aureus. Distinct difference was also
observed in the kinetics of 260 nm absorbing cellular contents release with respect to
S. aureus (fig. 4.4;d). The maximum release of cellular material was observed
immediately after irradiation. At later time points (120 mins) only a slight increase

(15- 20 %) was observed.

102



]
" 5
L 2 T
LY y
= »
" % .
C
.1
e 3 ¥y
! \
\
~
- K
gx,g,/] ®

Figure 4.5 Pl uptake in S. aureus and E. coli. Bright field (left panel) and
fluorescence (right panel) micrographs of (a & b) S. aureus, (e & f) E. coli treated
with TBO in the dark and (c and d) S. aureus, (g and h) E. coli irradiated with the

light fluence corresponding to LD7¢. Scale bar: 2 pm.
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4.3.4 PI uptake in bacteria subjected to TBO mediated
photosensitization

In figure 4.5 we present the phase contrast (left panel) and fluorescent microscopic
images (right panel) of S. aureus (fig 4.5; a-d) and E. coli (fig 4.5; e-h) treated with
TBO in the dark (fig 4.5; a,b and e,f) and after exposure to light fluence of ~2 J/cm?
(fig 4.5; ¢, d and g,h) and ~10 J/cm?, respectively are presented. Bright fluorescence
due to PI uptake was observed in TBO treated S. aureus (fig. 4.5; ¢ and d) and E. coli
(fig. 4.5; g and h) exposed to light. These results suggest loss of the permeability of

the inner cell membrane in case of both S .aureus and E. Coli.
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4.3.5 Morphological alterations induced by cp6 and pl-cp6
mediated APDT in MRSA

_ Untreated/dark control Irradiated (~ 50 J/lcm?)

>

«

pl-cp6
(1 nM)

pl-cp6
(2.5 uM)

Figure 4.6 Morphological alterations induced on bacterial surface envelope by cp6
and pl-cp6 mediated lethal APDT. 4.6 A) AFM images of MRSA treated with cp6 (8
uM), a) unirradiated (dark), b) after exposure to light fluence ~50 J/cm?, (c) MRSA
treated with pl-cp6 (1 uM), a) unirradiated, b) after exposure to light fluence ~ 50
J/em?. 4.6 B) P. aeruginosa treated with pl-cp6 (2.5 uM), a) unirradiated, b) after
exposure to light fluence of ~ 50 J/cm?. Magnified images of damaged cells are shown

in the inset.
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It may be noted that for AFM studies on morphological alterations induced by cp6
and pl-cp6 also, the PS concentration and light fluence required for ~ 2 log survival
loss was used. Figure 4.6 shows the AFM images of MRSA treated with cp6 (8.0 pM)
or pl-cp6 (1.0 uM) in the dark and irradiated subsequently with red light. Images of
the cells treated with cp6 in the dark showed cocci in clusters with smooth surface
which is a typical morphology of S. aureus (fig. 4.6 A; a). These images were similar
to the bacteria that were neither treated with PS nor light (untreated control). Bacteria
treated with cp6 did not undergo significant change in morphology upon irradiation
(fig 4.6 A;b). On the other hand, pl-cp6 treated bacteria even in absence of light
showed corrugated morphology (fig. 4.6 A ; c¢). Some of the bacteria showed rough
surface with lobes suggesting damage to cell envelops. Mean height measured from
AFM images of these bacteria were 430 = 15 nm. This was slightly lower than the
untreated controls (450 + 10 nm). Morphology of the bacteria treated with pl-cp6 and
exposed to light, however, displayed significant changes (fig. 4.6 A ;d). Most of the
irradiated cells were flat with mean height of 190 = 20 nm and rough surface (inset).
Some of the cells showed distinct indentations. These results suggest that the cell wall,
particularly the peptidoglycan layer, the principal mechanical support, was severely

damaged by PDT.
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Figure 4.7 PI uptake in MRSA and P. aeruginosa subjected to pl-cp6 mediated APDT.
Bright field (left panel) and fluorescence (right panel) micrographs of (a & b) MRSA
(e & 1), P. aeruginosa treated with pl-cp6 in the dark and (¢ & d) MRSA(g & h),

P.aeruginosa irradiated with the light fluence ~50 J/cm?. Scale bar: 2 pum.
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4.3.6 Morphological alterations induced by cp6 and pl-cp6
mediated photosensitization in P.aeruginosa

Figure 4.6. B shows the AFM images of P.aeruginosa with and without pl-cp6
mediated photosensitization. The untreated bacteria ( no pl-cp6, no light) showed rod
shape cell with monotrichous flagella, relatively smooth surface, and length of 1950
+134 nm and height of ~ 220 nm. Bacteria treated with 2.5 uM pl-cp6 in the dark,
showed no change in height but a decreased length (1600 = 64 nm). In contrast,
surface of the pl-cp6 treated and irradiated bacteria were highly corrugated, and in
many cells significant reduction (p < 0.05) in length (1300 + 54 nm), MCH (180 + 14
nm, inset) and destruction of the flagella were observed. In addition, some fluid and
cellular debris could be observed around the damaged cells indicating severe damage

to outer membrane, inner membrane and release of intracellular contents (fig 4.6 B; b).

4.3.7 PI uptake induced by pl-cp6 mediated photosensitization in
MRSA and P.aeruginosa

In figure 4.7. the phase contrast and fluorescence images of MRSA ( fig 4.7; a-d),
P.aeruginosa (fig 4.7; e-h) treated with pl-cp6 in the dark (fig 4.7; a,b and e,f) and
after exposure to light fluence of ~25 J/cm? ( fig 4.7; ¢, d), ~50 J/cm? are presented.
Bright fluorescence due to PI uptake was observed in TBO treated MRSA (fig. 4.7; c,d)
and P. aeruginosa (fig. 4.7; gh) exposed to light. These results suggest loss of

integrity of the inner cell membrane of both MRSA and P.aeruginosa.
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4.4 Discussion

The objective of this study was to investigate the mechanism of membranolytic
effects of cp6, pl-cp6 and TBO induced photodynamic effects in Gram positive (S.
aureus) and Gram negative (P. aeruginosa, E. coli) bacteria. The data obtained from
AFM on TBO mediated photosensitization induced morphological alterations in
photosensitized bacteria were correlated with absorbance measurements of released

intracellular contents and fluorescence microscopic imaging of PI uptake, respectively.

AFM results presented in figure. 4.1 show that photodynamic treatment with TBO
induces substantial alterations in the cell surface of S. aureus. Increase in cell surface
roughness and disappearance of slime suggest damage to the cell wall. This is
consistent with the fact that TBO being cationic, readily binds to the negatively
charged teichuronic acid residues present on the cell wall [63]. However, due to its
smaller size (~300 Da), TBO may diffuse to the inner layers of the peptidoglycan via
porins, which upon illumination would generate damage in the inner layers of
peptidoglycan layer. In fact, bleb formation following photodynamic treatment
suggested breakage in the contact between cell wall and membrane [140] which may
be due to the damage induced in the membrane components. Further, the increased
leakage of cellular contents with increase in light fluence together with a significant
PI uptake (fig. 4.5; c,d) observed in this study corroborate loss of membrane integrity
and suggest this may be the primary cause for the loss of bacteria cell survival.
However, since irradiation is carried out in presence of TBO it is also possible that, in
addition to causing damage to membrane components, TBO could also penetrate into

the cytoplasm causing damage to other cytoplasmic components such as DNA [136].
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The results presented in figure 4.2 and 4.3 show that the morphological alterations in
E. coli caused by TBO induced photodynamic action are quite different from that of S.
aureus. At low photosensitization fluence (Fig 4.2; c,d) the increased roughness of
cell surfaces and flattening observed may arise due to structural perturbations in the
outer membrane components and damage to inner membrane. This is consistent with
the fact that LPS is the predominant constituent of the outer membrane of Gram
negative bacteria and because of its highly anionic nature (due to presence of
covalently bound phosphate groups, acidic sugars, and fatty acyl groups) TBO binds
to LPS readily [64, 69,121]. Light fluence dependent loss of virulence of LPS in
E.coli following photodynamic treatment with TBO has been reported previously and
is believed to be due to structural alterations in this endotoxin [57]. Further, the
damage to outer membrane would lead to enhanced localization of photosensitizer
molecules to the inner membrane, causing damage of the inner membrane constituents
upon irradiation. Indeed, at higher light fluence deep grooves (~200 nm) observed on
the surfaces of E. coli suggest the total destruction of cell envelope including the inner
membrane. This would lead to leakage of the intracellular contents [141] and
concomitant cell flattening as observed in the AFM images .This also correlates with
the light fluence dependent increase in leakage of 260 nm absorbing cellular contents
observed in this study. The extensive cell surface blebbing and distorted cell shape
observed in photodynamically treated cells at higher concentration of TBO is
indication of the increased damage to outer envelope and is in agreement with the
TEM results of Wong et al. [142] on Vibrio vulnificus, a Gram-negative bacterium,

subjected to photodynamic treatment with TBO.
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Our results presented in this study also show that fluid loss is more conspicuous and
takes place at a faster rate in E. coli (fig. 4.4 b), as compared to S. aureus (fig. 4.4.a)
exposed to TBO and light. This may be because in E .coli the peptidoglycan layer (2
to 3 nm) is much thinner than the multilayered peptidoglycan layer (20 to 80 nm)
present in the cell wall of Gram positive bacteria. Therefore, in Gram negative
bacteria damaged peptidoyglycan and cell membrane can no longer provide the
mechanical rigidity leading to cell flattening which would facilitate faster leakage of
the intracellular contents. This correlates with the cell membrane damage studied by
PI uptake (fig. 4.5.) and the concomitant flattening observed in the AFM images of E.
coli. Further, our results on the slower release of intracellular contents from Gram
positive bacteria are consistent with the results of Romanova et al. [143] wherein it
was shown that, after photoirradiation with TBO/methylene blue leakage of
intracellular ATP was much slower in Gram positive bacteria, Listeria monocytogenes

as compared to the E. coli.

The results shown in figures 4.1-4.5 suggest that the morphological alterations
induced by TBO mediated APDT have a good correlation with fluorescence
microscopy data on PI uptake and absorbance spectroscopy data on intracellular
contents release. Having established this, we then characterized morphological
alterations induced by cp6 and pl-cp6 mediated APDT using AFM. We first studied
the morphological alterations induced in MRSA. AFM results presented in figure. 4.6.
A (a-d) show that photodynamic treatment with cp6 and pl-cp6 induces different
alterations in the cell surface of MRSA. In MRSA exposed to only cp6 while no
change in surface roughness is observed there is increase in cell surface roughness

and loss of mucoid appearance in MRSA following treatment with 1.0 uM pl-cp6,
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suggesting pl-cp6 induced damage to outer surface which would explain the dark
toxicity observed at this concentration (fig 3.3, chapter 3). Rough cell surface and
indentations observed in some bacteria treated with 1.0 uM pl-cp6 and ~50 J/cm? (fig
4. 6 A; c) is due to damage of cell wall and resulting exposure of the cell membrane
beneath it. Flattening of cells and reduction in cell height observed in many bacteria
may be the result of leakage of cellular material due to damage of cytoplasmic
membrane. These features are somewhat different than the morphological alterations
observed by us in the antibiotic sensitive strain of S.aureus subjected to photodynamic
treatment with TBO previously (fig 4.1). This indicates that pl-cp6 preferentially
binds to the peptidoglycan wall causing extensive damage to the cell wall. Since the
thicker peptidoglycan wall provides support, damage to the wall resulted in the cell
membrane damage (fig 4.7 c,d), flattening of cells (fig 4.6 A, d) and explains the
observed loss of cell survival. This observation is consistent with earlier report on
transmission electron microscopic observation of cavities in the cytoplasm of bacteria
treated with pl-ce6 and red light that is presumably caused by combination of damage
to cytoplasm and DNA [123]. Absence of noticeable changes in morphology of
MRSA following photodynamic treatment with cp6 even at 8§ uM concentration
suggests that outer cell peptidoglycan wall is not the target of photodamage (fig 4.6. A;
b). This might be explained on the basis of the anionic charge of ¢cp6 which will not
permit much of cp6 molecules to bind to the anionic surface of the bacterial wall.
Also, the relatively more hydrophobicity of cp6 can also be a factor for its lesser
uptake via the hydrophilic pores of wall. It may be still possible that being smaller in

size, some cp6 can diffuse through the porous wall but it will be probably localized
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more in the inner regions than the outer wall. Hence upon irradiation, the

morphological changes are not vivid.

The results presented in figure 4.6 B shows that the morphological alterations
observed in P.aeruginosa due to pl-cp6 induced photodynamic action are quite
different from that of MRSA. There is increased surface corrugation in pl-cp6 treated
bacteria (no light) suggesting the polymer bound cp6 incorporates into the
components of outer membrane. This is well in accordance with action of many
antibacterial cationic peptides and is supported by the fact that polycationic molecule
can displace divalent cations from LPS in the outer membrane [112]. This binding
may weaken the interactions of the LPS constituents and increase the permeability of
the drugs to cytoplasmic membrane [111]. It is known that molecules possessing; (i)
protonatable biscationic groups separated by ~14 A°, facilitate interactions with the
adjacent phosphate moieties on the lipid A component of LPS and (ii) a long chain of
aliphatic hydrocarbon to promote hydrophobic interactions [144] can bind and
neutralize LPS. Consistently, several endotoxin-binding proteins show presence of
Lys/Arg cationic clusters [145]. In addition to the cationic motif which is the principal
determinant for the binding, presence of an heteroaromatic ring, such as the Trp indol
group, is also known to contribute to the preferential LPS binding [144]. Therefore,
the pl-cp6 having both the aliphatic polylysin moiety and heterocyclic tetrapyrrole
rings, will probably possess a preferential binding ability to the LPS present on Gram
negative bacteria. In fact, the crumpled cell surface and the indentations observed on
the cell surface observed in AFM images of P. aeruginosa following APDT suggest
outer membrane damage leading to exposure of inner cell membrane. Debris observed

surrounding the bacteria and reduction in height confirms the leakage of cytoplasmic
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contents due to damage to inner cytoplasmic membrane. Similar morphological
alterations have been observed in our studies on FE.coli following photodynamic
treatment with cationic dye TBO and P.aeruginosa treated with sushi peptide [132].
Further, it may be argued that because the damage caused by the pl-cp6 mediated
APDT occurs primarily to the cell envelope (fig. 4.2, 4.3 and 4.5), the lethality is
largely unaffected by the growth phase of the bacteria (fig. 3.5). This is also a
desirable feature for inactivation of bacteria in wound milieu wherein the bacteria

may remain in different growth phases.

4.5 Summary

AFM images of S .aureus and E. coli subjected to photodynamic treatment in
presence of TBO show marked differences in the nature of the topographical
alterations. While in S. aureus, photodynamic treatment with TBO resulted in surface
bleb formation, in E. coli formation of grooves, leakage of cytoplasmic fluids and the
concomitant cell flattening were more evident. These results indicate that the
membranolytic effects of TBO induced photodynamic treatment are different in Gram
positive and Gram negative bacteria. Further, in S.aureus, significant differences were
observed in the morphological changes subsequent to APDT mediated by TBO and
pl-cp6. While the major effect of TBO mediated APDT was breakage in the contact
between the cell wall and the membrane, pl-cp6 mediated APDT resulted in damage
primarily to the outer peptidoglycan layer. These results suggest that for pl-cp6

mediated APDT the outer membrane is the primary target. The study also
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demonstrates that AFM imaging allows both qualitative and quantitative nanometer
scale topographical information of the different kinds of alterations induced by

different PS on bacterial membrane.

115



5. Effect of APDT on healing of wounds infected with P.
aeruginosa

Abstract

In this chapter, we present the results of the studies carried out to investigate the effect
of pl-cp6 mediated topical APDT on the healing of P. aeruginosa infected wounds in
mice.Apart from monitoring the bacterial load, the levels of proinflammatory
cytokines like IL-6, TNF-a were measured to quantitate the effect of APDT on the
inflammatory response. The results show that 96 h post APDT, bacteria load, IL-6
and TNF-a level in the infected wounds were reduced by ~1.5 log, ~6 times and ~ 4
times, respectively. The resulting decrease in hyperinflammatory response in wounds

may also be contributing to the observed faster healing.

Some aspects of the results presented in this chapter have appeared in Lasers Med. Sci. 28, 465-471 (2013).
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5.1 Introduction

Infections of wound are major health care associated problems worldwide because
these not only delay wound healing and lead to longer hospital stays but also increase
mortality [146-149]. Among the different nosocomial pathogens, Pseudomonas
aeruginosa is a common opportunistic Gram negative bacterium [33]. This bacterium
produces several extracellular virulent factors [149] like pyocyanin [34], proteases
[35,36], quorum sensing inducers [37] and LPS [38-40] which can cause
hyperinflammatory response, delayed collagen remodeling, bloodstream invasion, and
dissemination. In addition, P.aeruginosa can easily form biofilms on ulcers. This
pathogen has the abilities to colonize and infect the burn as well as post operative
wounds [150], often resulting in fatal infections in immunocompromised hosts [151]
and chronic infections [152]. For instance, P.aeruginosa is detected in ~50 % of
chronic refractory wounds. Considering the global rise in acquired antibiotic
resistance and intrinsic resistance of this bacterium [33] to many antibiotics, there is a
need to develop alternate antimicrobial approaches for treatment of wound infections

caused by this pathogen [153].

Results of our in vitro studies presented in chapters 3 and 4 suggest that pl-cp6
mediated APDT inactivates P.aeruginosa. Therefore, it may be expected that that pl-
cp6 mediated APDT can be a good alternative for treatment of P.aeruginosa
infections of wounds. In this respect, in vitro studies carried out elsewhere have also
shown that APDT can inactivate bacterial virulent factors [56, 57] which are known
stimulators of proinflammatory cytokines. It is also known that PDT can induce

release of proinflammatory mediators as well as matrix metalloproteinases in tumors
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[154]. Therefore, in bacteria infected wounds, which already has a hyperinflammatory
condition, APDT is expected have profound influence . We have investigated the
effect of topical APDT mediated by pl-cp6, on levels of proinflammatory cytokines
IL-6 and TNF-a in excisional wounds of mice infected with P. aeruginosa and its

influence on wound healing.

5.2 Materials and Methods:

5.2.1 Bacteria

The bacteria used in this study were P.aeruginosa PAO (MTCC 3541) procured from
IMTECH Chandigarh, India. This organism is virulent and produces several virulent
factors [56]. The bacteria were maintained by sub culturing in tryptone soya agar
(TSA, Himedia, Mumbeai, India) routinely. For experiments, a colony was inoculated
into TSA and was grown aerobically for 18h at 37°C using a shaker incubator. Optical
density of the overnight culture was measured at 600 nm and diluted according to

required concentration.

5.2.2 Photodynamic treatment of P.aeruginosa infected wounds

5.2.2.1 Excisional wound model and establishment of infection

Female Swiss albino mice (28-30 g, 6-8 weeks old) were used for all experiments. All
animals were housed in individual cages under constant temperature (20 + 2 °C) with
a 12-h light Adark cycle, and had free access to food and water. All procedures

involving animals were approved by the Institutional Animal Ethical Committee in
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accordance with the institutional guidelines on animal care. Leukopenia in these mice
was developed by injecting cyclophosphamide intraperitoneally, as described in [96].
To ascertain leukopenia, 5-10 pl of blood was withdrawn from the tail vein, blood
was diluted in acidified (acetic acid) crystal violet and total number of leukocytes
were counted according to the protocol described in [94] and has been elaborated in
section 2.3.1.2, chapter 2. On the 4" day post cyclophosphamide injection, ~80 %
reduction in total leukocytes was observed and excisional wounds were then created

in these animals.

The procedures for wound creation and infection have been elaborated in section 2.4.
of the chapter 2. All the mice in which a single excisional wound was created on the
lower back, were divided into following groups as follows: (1) uninfected wound
(control), (2) infected untreated control (infected but neither treated with pl-cp6
conjugate nor light), (3) dark control (wounds infected with bacteria and treated with
pl-cp6 in dark), (4) APDT group (wounds infected with bacteria, treated with 1-cp6
and red light). In addition to these four groups, to compare the efficacy of APDT on
bacteria load and healing of wounds with standard antibacterial treatment, in some of
the animals the infected wounds were treated with 20 pl of 0.5 % AgNOs at 24 h post
infection. The concentration of AgNOs3 (0.5 %) chosen has shown good bactericidal

effect for infected wounds in clinical as well as pre clinical studies [155].

5.2.2.2 Standardization of pl-cp6, light fluence for in vivo APDT

Cp6 was prepared following the procedure described previously [89]. Conjugation to

poly-L-lysin was carried out according to protocol described in chapter 2. In order to
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standardize pl-cp6 concentration required for inactivation of bacteria growing in
wounds, photobactericidal efficacy of different concentrations of pl-cp6 was tested on
a lawn of P. aeruginosa grown on agar plates as described in Caminos et al. [157].
Bacterial suspension containing 107 CFU/ml was spread on agar. After 30 min, 5 pl of
pl—cp6 of different concentrations was placed on a pre-designated position. The drug-
treated surface of the agar was exposed to light after allowing the solvent to evaporate.
For testing dark toxicity of drug, the same volume of a specified concentration of pl—
cp6 (dark control) was placed beside the irradiated region. The plates were incubated
overnight at 37°C in the dark. The zone of inhibition of the bacterial growth due to

drug and light treatment was measured.

5.2.2.3 Photoirradiation

To investigate the efficacy of pl-cp6 mediated APDT for inactivation of P.aeruginosa
growing in wounds, pl-cp6 (200 uM in 25 ul) was applied topically to the infected
wounds at 18 h post bacteria application. After 30 min of pl-cp6 application, wounds
of the mice in the APDT group were illuminated with red light fluence of ~ 60 and
120 J/ecm?(table 2.1.). All the experimental procedures following incubation of

wounds with pl-cp6 were carried out under subdued light.

5.2.2.4 Assessment of bacterial load

Bacterial counts in wounds were determined using the tissue surface rinsing and
swabbing protocol described in [97]. Bacteria number determined by this method is

reported to have good correlation with CFU assay of wound homogenates.
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5.2.2.5 Preparation of tissue extract and cytokine analysis by
ELISA

Animals were euthanized at determined time points by cervical dislocation. Wounds
comprising the scab and granulation tissue were excised, snap-frozen in liquid
nitrogen, weighed, and transferred to — 80°C. Frozen tissues were powdered with help
of a mortar-pestle, and homogenized according to the protocol described in chapter 2
and also in the ref [158]. Inflammatory cytokines [IL-6,TNF-a] level in wound tissues
of different treatment groups were measured using a Mouse Inflammatory Cytokines
and Chemokines Multi analyte™ ELISA Array Kit (Cat No MEM 004A, SA
Biosciences Corp, Frederick, Md). The assay was carried out according to the
instructions given in the assay protocol of the kit. Detection was carried out in a
mircoplate ELISA reader by reading absorbance at 450 nm within 30 min of stopping
the reaction with a wavelength correction at 570 nm. The results were expressed as
absorbance (O.D.) values [159] per milligram protein. Protein concentration was

estimated by Bicinchoninic acid (BCA) assay [160].

5.2.3 Assessment of healing response

To assess the effect of PDT on wound closure, the dimensions of wounds (width and
length) were measured on different days after wounding by vernier calipers and the
wound area was calculated. A time (days) dependent relative change in the area of
each wound with respect to the initial wound area (on day 0) was determined in

different groups to assess the effect of treatments.
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In order to study the histological changes in response to infection and APDT, wound
tissues of the different groups of mice were excised on day 14 p.w. The tissues were
fixed in 10 % neutral buffered formalin for 24 h, processed using standard histological
procedures. The deparafinized sections were stained with Masson’s trichrome staining.
The slides were examined under a microscope to determine tissue changes such as
inflammation, reepithelialization, arrangement of collagen fibres, and presence of
blood micro vessels. The criteria used to score each histological parameter have been

described in [99].

5.2.4 Assay for virulent factors of P.aeruginosa

The effect of photoirradiation on virulent factors present in the supernatant of P.
aeruginosa cell suspension was studied following the protocol described in [56,57].
Briefly, 100 pl of culture supernatant of bacteria grown overnight was incubated with
200 uM pl—cp6 for 30 min in the dark in a 24-well plate and then exposed to a light
fluence of ~60 J/cm? In both control and treated samples, extracellular protease
activity was measured. Optical density values were normalized with respect to
proteins present in the sample and expressed as percent change with respect to dark

control.

5.2.5 Statistical analysis

All the experiments were repeated at least thrice and data were presented as mean + S

EM. For assessment of treatment effects, comparisons between the means of different

122



groups were carried out by one-way ANOVA. Values of p < 0.05 were considered as

statistically significant.

5.3 Results

5.3.1 Photodynamic inactivation of P. aeruginosa on agar

Photodynamic activity of pl-cp6 was tested under in vitro conditions by irradiating an
area of bacterial lawn on agar surface which was pretreated with pl-cp6. No dark
toxicity was observed with drug concentration up to 200 uM pl—cp6. Light induced
inhibition of bacterial growth on agar plates treated with 200 pM pl-cp6 and ~60 J/
cm 2 light fluence is shown in figure 5.1. This result suggested that pl- c¢p6 and ~ 60

J/ecm? is effective for inactivation of surface bound bacteria.

Figure 5.1 Photodynamic inactivation of P. aeruginosa grown on agar plates. Scale

bar, 5 mm.
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5.3.2 Establishment of infections of wounds with P. aeruginosa
and photodynamic treatment

For initiating infection in wounds of mice, P. aeruginosa suspension containing ~107
CFU (20 ul) was applied on wounds. This resulted in a recovery of >2 x 107 CFU per
wound after 24 h and the wounds had more yellowish regions and purulent discharge
compared to uninfected wounds. These features confirmed the development of
infection. However, no significant death occurred due to infection. This indicated that
the infection was not fatal in the normal mice model used. In cyclophosphamide
treated mice, however, ~80 % mortality was observed. Change in bacterial counts in
untreated control (no pl-cp6, no light), dark control (pl-cp6, no light), and
photodynamically treated (pl-cp6 and light exposure) wounds of normal mice as a

function of time is shown in figure 5.2.
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Figure 5.2 Effect of APDT on bacterial counts in wounds as function of time in

different groups. P.aeruginosa (~107 CFU) was applied on wound. APDT and AgNO3
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(0.5 %) was given on 24 h post APDT (day 2 p.w). Bacterial counts were determined
at 24 , 48, 72 and 240 h post treatment time (inset) as described in section 2.5. The

results represent mean + SE; n = 6, except for the AgNOs group (n = 4).
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Figure 5.3 Effect of light fluence on P.aeruginosa in wounds of
immunocompromised mice. Infection in the immunocompromised models were
developed by topically applying ~10° CFU P.aeruginosa to wounds. After 6 h,

wounds were subjected to APDT. The results represent mean + SEM; n=6.

In the untreated and dark control wounds, at 24 h post APDT the bacterial counts
increased by ~ 30 % compared to initial inocula (~107) and then decreased at 72 h. In
wounds irradiated with light fluence at ~ 60 J/cm? or ~ 120 J/cm? bacterial counts
reduced by ~1.5 log or ~ 2.5 log respectively at 72 h. Increase in bacterial counts was
observed in untreated, only pl-cp6 and photodynamically treated wounds at 240 h (fig.
5.2., inset). Nevertheless, the counts in the PDT group were significantly lower than
that of untreated and dark control wounds, but comparable to that of AgNOs treated

wounds.
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In leukopenic mice, irradiation of wounds with APDT at fluence of ~60 J/cm? led to
~90 % reduction in bacterial counts. Increasing the light fluence to ~ 120 J/cm?
reduced the bacterial count by ~ 1.5 log (fig 5.3) and improved the survival of mice.
For example, while ~10 % of the mice in which the infected wounds were left
untreated or treated with pl-cp6 alone survived beyond 48 h, only ~ 80% of the mice

in which the infected wounds were photodynamically treated survived.

5.3.3 Effect of APDT on healing of P. aeruginosa infected wounds

Wound healing in treated and untreated mice was monitored only in
immunocompetent mice as the leukopenic mice which received no treatment, did not
survive beyond 48 h. Change in wound area with respect to original wound dimension
in different groups as function of post treatment time is shown in figure 5.4.A.
Compared to untreated or only pl-cp6 treated infected wounds, dimension of the
photodynamically treated wounds decreased faster. The difference in wound area
between photodynamically treated and untreated wounds was significant (p<0.05)
upto day 10 p.w. Effect of APDT on closure of infected wounds is shown in figure
5.4.B. The untreated infected wounds healed by day 21 p.w. At the same time, the
uninfected wounds and photodynamically treated infected wounds healed 4-5 days
faster than the infected wounds which did not receive APDT. In the infected wounds
treated with AgNO; the healing occurred marginally faster (p > 0.05) than the
untreated or pl-cp6 treated wounds, but slower (p < 0.05) than that of

photodynamically treated wounds (fig. 5.4. B).
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Figure 5.4 Wound area reduction (A) and wound closure (B) in different groups. It
may be noted that the wound area reduction for AgNOs3 group is almost similar to that
of untreated and pl-cp6 treated groups. Hence, the data for AgNO3 group have not
been included in figure 5.4 A. The results and error bars represent mean and SE,
respectively, for n = 5. **: p <0.05 comparison of means between the untreated and

photodynamically treated wounds (one way ANONA).
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5.3.4 Effect of APDT on level of proinflammatory cytokines
(interleukin-6 and TNF-a) in wounds infected with P.aeruginosa

Increase in dermal inflammatory cytokines IL-6 and TNF-a has been reported in P.
aeruginosa infected wounds [161,162]. PDT also has been shown to upregulate
inflammatory cytokines expression [154,163]. Therefore, level of IL-6 and TNF-a
proteins in wounds was investigated in an attempt to clarify whether PDT would
aggravate the already hyperinflammatory environment of infected wounds. IL-6 and
TNF- a levels in wound tissue were measured at early (day 2 p.w.) and late (day 5
p.w.) inflammatory phase of wound healing in uninfected, untreated infected, and pl-
cp6 treated infected wounds exposed to a light fluence of ~ 60 J/cm ? (fig. 5.5 ). A
significant increase in expression of IL-6 ( ~1.9 times) and TNF- a (~3 times) proteins
was noted in infected wounds as compared to uninfected wounds (p < 0.05). At 96 h
post APDT (day 5 p.w.), compared to day 2 p.w., the levels of these two cytokines in
infected wounds increased further although the bacterial counts decreased by ~40 %

( fig 5.2).

In contrast to untreated wounds, photodynamic treatment led to down-regulation of
IL- 6 and TNF- a protein at both 24 h (day 2 p.w.) and 96 h (day 5 p.w.) post APDT.
Interestingly, in photodynamically treated infected wounds, levels of IL-6 and TNF- o
were four to five times lower as compared to untreated infected wounds at 96 h time
point although there was no significant difference in bacterial counts in these groups

(fig. 5.2, inset).
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Figure 5.5 Proinflammatory cytokines expression in treated and untreated infected
wounds on 24 h (day 2 p.w.) and 96 h (day 5 p.w. ) post APDT. UI : uninfected

wounds, Inf : infected untreated wounds, Inf PDT: infected wounds treated with pl—

cp6 and ~60 J/cm? light fluence. ** p <0.05; Inf vs UL, * p <0.05 Inf PDT vs Inf.

The results are expressed as mean + SE of three different experiments.

5.3.5 Histopathological analysis

The histomicrographs and the histological attributes for diffrent wounds of treated and

untreated wounds excised on day 14 p.w., are shown in figure 5.6. and table 5.1,

respectively.
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Figure 5.6 Masson’s trichrome stained sections (200 X magnification) of normal skin

| Infécted + pl-cp6

(a), uninfected wound (b), infected wounds (c), infected wounds treated with pl- cp6
(200 uM) (d), infected wounds treated with pl-cp6 (200 uM) and light (~60 J/cm?) (e).
Collagen layer : blue.Fibroblasts : spindle shaped cells. Inflammatory cells : dark

stained, multilobed nuclei. Crust : red. Scale bar in each image : 100 um.
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Criteria Uninfected Infected Infected + Infected +
untreated pl-cp6 +
pl-cp6 ~60 J/em?
Inflammation Discrete Intense Intense Discrete
Reepithelialization Present Incomplete Incomplete Covering
0
Covering > | Covering <25 | Covering <25 Eleggv (fl’l §(f1
90 % of the % of the % of the wound .
. ; o with
wound with wound with with irregular
) . regular
regular irregular thickness thickness
thickness thickness
Epidermis 40 £ 1 Discontinuous 20+£2.5 75 £10%*
Thickness (um) (Continuous) (Discontinuous) | (Continuo
us)
Neoangiogenesis Numbers Newly formed Large blood Numbers
less than that | blood vessels microsections less than
of untreated | with number upto 150 pm. that of
infected greater than untreated
wounds that seen on infected
healthy skin wounds
Collagen fibers Parallel to Disorganized. Disorganized | Parallel to
wound Sparsel Sparsely wound
surface. parsely deposited. surface.
deposited.
Dense. Dense

Table 5.1 Histomorphometric analysis of photodynamically treated and untreated

wounds. The photomicrographs of wound samples of day 14 p.w. were used for

analysis. The results are representative of three different measurements. **: p <0.05;

for comparison of means of Inf Vs Inf-PDT group (ANOVA).

Histology of normal skin shows orderly arranged collagen, hair follicle and fat cells

(fig 5.6.a). Uninfected wounds showed complete reepithelialization with little

inflammatory region, discrete blood cells and lack of any dead (necrotic) tissue (fig.

5.6. b, table 5.1). However, dermal papillae and fat cells were absent. On the other

hand the untreated infected wounds (fig. 5.6. c¢) and infected wounds treated with the
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conjugated drug alone (fig. 5.6. d) showed histological features indicative of
incomplete healing (table 5.1). The photodynamically treated wounds exhibited
complete reepithelialization, little inflammatory regions (fig. 5.6. ¢). The tissue
architecture below the continuous epidermis layer was compact and rich with parallel

collagen fibers (table 5.1).

5.4 Discussion

The results presented in this chapter shows potential of pl-cp6 mediated APDT for
inactivation of P.aeruginosa in wounds. The results show that in the wounds of both
immunocompetent and immunocompromised mice infected with P.aeruginosa and
treated with pl-cp6 there is light fluence dependent reduction in the bacterial load .
Inactivation of bacteria is expected to be achieved due to enhanced binding of the PS
(cp6) due to its conjugation with poly-L-lysine and subsequent destruction of cellular
components on irradiation. APDT, however, did not induce apparent erythema or
edema in wounds. Lack of adverse effect in the photodynamically treated wounds
show that APDT is selective to bacterial components and is consistent with the results
of our studies presented in figure 3.6 and earlier studies of other groups wherein it has
been shown that concentration of PS and light fluence resulting in significant survival
loss of bacteria in infected tissue spares the host tissue [120]. Our results on APDT
induced destruction of bacteria are also comparable with the magnitude of
P.aeruginosa inactivation reported in a previous study [156], wherein similar
magnitude of reduction in bacterial counts of wounds infected with invasive strain of

bioluminescent P. aeruginosa following treatment with 200 puM conjugated ce6 and
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~240 J/em? light fluence was observed. However, in these studies, photodynamic
treatment of wounds were carried out soon after application of bacteria. In present
study, for assessing efficacy of APDT, we used an established infection wound model
in mice. The post treatment time dependent decrease in bacterial count observed in
photodynamically treated wounds of mice suggests that PDT is effective for not only
killing the bacteria but may also inactivate the virulent factors of P. aeruginosa which
otherwise would have affected the microbicidal functions of immune cells. Indeed,
inactivation of the virulent factors of P. aeruginosa subjected to PDT has been

reported under in vitro condition [56-58].

Our study in P.aeruginosa infected wounds also showed that wound healing was
delayed in untreated wounds when compared with photodynamically treated wounds.
One of the reasons for this could be the release of the virulent factors of P. aeruginosa
which are potent inducers of inflammation. This difference in wound healing may be
attributed to interference of toxins with the healing processes. Previous studies have
shown a significant increase in IL-6 and TNF-a level in wounds treated with purified
exotoxin A [164]. Extracellular protease [165] and quorum sensing molecules [166]
produced by P. aeruginosa have also been shown to induce hyperinflammatory
response.The virulent factors secreted from P. aeruginosa, have been reported to
delay wound repair by inducing premature cellular senescence and altering actin
skeleton [167]. P. aerugionsa exotoxin, exoenzyme S induces disruption of actin
microfilaments [168], immune cell apoptosis [169] and the endotoxin
lipopolysaccharide causes endothelial cell injury [170, 171]. High TNF-a level is
known to inhibit angiogenesis [172] and promote tissue degradation through higher

MMP production [13, 173, 174]. Similarly, elevated IL-6 production has also been
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shown to predispose the host to subsequent immunosuppression, depressed cellular
immunity, and sepsis [175]. Therefore, it seems likely that the bacterial infection
sustains a higher level of TNF-a and IL-6, causing higher inflammation which would
in turn result in increased proteolytic cleavage of growth factors, tissue degradation as

well as decreased blood microvessel growth at initial wound healing phases.

In contrast to untreated infected wounds, photodynamic treatment led to down
regulation of IL-6 and TNF-a protein at both 24 and 96 h time points. Interestingly, in
photodynamically treated infected wounds, levels of IL-6 and TNF- a were four to
five times lower as compared to untreated infected wounds at 96 h post APDT
although there was no significant difference in bacterial counts in these groups (fig.
5.2, inset). This indicated that APDT leads to inactivation of bacterial virulent factors
which may influence the inflammatory response in wound. To test this hypothesis, we
measured the protease activity in P. aeruginosa cell supernatants after treating with
pl—cp6 and exposing to a light fluence of ~60 J /cm?. PDT at this light fluence led to
~50 % decrease in protease activity. These results also agree with the anti virulent

effect of APDT demonstrated previously in cell free endo and exotoxins [56-58].

It is known that only reduction in bacterial load without bringing down the
inflammation is not sufficient to induce favorable wound healing response [176,177].
In fact, it has been reported that the use of bacteriolysis-inducing antibiotic agents
generate counterproductive results like sepsis [42] or may lead to delayed healing
because of the release of cell components like LPS [40, 55]. In our study, we
observed that though the AgNOs treated wounds showed a similar decrease in

bacterial counts as that caused by APDT fluence of ~60 J/cm? on day 3 , the wound
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closure in AgNOs treated wounds occurred in a lesser time scale compared to that
observed in photodynamically treated wounds. This may be because AgNOs is not
known to directly inactivate the bacterial virulent factors. In fact, it has been observed
that AgNO3 may not cause any change or even induce an increased MMPs levels of
infected wounds [155]. Considering the role played by the overexpressed MMPs in
chronic wound development, it is clear that APDT has better wound healing
promoting effect in the infected wounds. Our results also showed that that apart from
killing bacteria APDT led to inactivation of proteases which could have attenuated the
hyperinflammatory response of infected wounds. In fact, while the untreated infected
wounds show presence of a heavy inflammatory infiltrate, incomplete
reepithelialization and disorganized collagen in (fig 5.6. ¢) on day 14 p.w, there is
faster regeneration of epidermis and collagen remodeling phase in infected wounds
subjected to APDT, confirming shortening of inflammatory phase in the infected
wounds due to APDT. These features suggest that wound repair is faster due to a
shortened inflammatory phase and correlates well with the decreased IL-6 and TNF-a
and the results of previous studies which show that that wound repair is promoted
due to inhibition of TNF-a [178]. To the best of our knowledge, this is the first study
which shows APDT induced attenuation of hyperinflammatory response in bacteria
infected wounds, which may have contributed in improved healing by expediting the

ensuing processes, for instance, the collagen remodeling.
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5.5 Summary

In this chapter we demonstrated that photodynamic treatment of P.aeruginosa
infected wound with pl-cp6 not only reduced the bacteria load but also reduced the
levels of IL-6 and TNF-a. Since overexpression of proinflammatory cytokines such as
TNF-a is implicated in delayed growth factor production and angiogenesis, the results
indicate that APDT, at least in part, improved healing by reducing the
hyperinflammatory conditions and increasing growth factor production of P.

aeruginosa infected wounds in mice.
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6. Effect of topical antimicrobial photodynamic
treatment on collagen remodeling of bacteria infected
wounds of mice

Abstract

In this chapter, we present the results of the studies carried out to investigate the effect
of pl-cp6 mediated topical APDT on collagen remodeling response of methicillin
resistant Staphylococcus aureus (MRSA) and P. aeruginosa infected wounds.
Collagen remodeling was monitored by measurements on tissue retardance using
Polarization sensitive optical coherence tomography hydroxyproline content and
matrix metalloproteases (MMPs) level in wounds. The results show compared to the
untreated infected wounds or treated with pl-cp6 alone, in the infected wounds
treated with pl-cp6 and light, the hydroxyproline content and retardance were higher
by a factor of ~3 and ~2 respectively but MMP- 8§, 9 levels were lower, suggesting

APDT induced promotion of collagen remodeling of wounds.

Some aspects of the results presented in chapter 6 are published in Photomed. Laser Surg. 32, 23-29 (2014).
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6.1 Introduction

In wounds, invasion of host tissues by bacterial pathogens can initiate destruction of
structural proteins including collagens. This is caused by either the direct
collagenolytic action of bacterial proteases [35] or bacterial protease induced
activation of latent host collagenases [26,179] like MMPs [180] which contribute to
delayed wound healing. Bacterial endotoxins are also known to inhibit development
of wound tensile strength [181]. Therefore, inactivation of bacteria and the bacterial
proteases [56-58] is expected to reduce inflammation and restore collagen remodeling
in wounds. Indeed, in our earlier study reported in the chapter 5, we show that topical
APDT in P.aeruginosa infected wounds, reduced the hyperinflammatory response
[182] on day 4 p.w.. Since, MMP level in wounds peak during this time point and also
the over expression of proinflammatory cytokines are often the cause behind
overexpression of MMPs, the results presented in chapter 5 suggested that one way by
which the PDT induced decease in IL-6 and TNF-a contribute to faster healing is by
bringing down the levels of MMPs in wounds. At the same time, it is known that ROS
may lead to the activation of MMPs, either through reaction with the thiol groups in
catalytic domains of the MMPs or may even cause destruction of tissue inhibitors of

MMPs [183,184].

One approach used commonly for monitoring collagen remodeling is hydroxyproline
assay [185]. A limitation of this approach is that it provides an estimation of collagen
content and does not indicate collagen cross linkage which is required for wound
closure and recovery of tissue tensile strength. Histology followed by Masson’s

trichrome staining is also another approach used to study collagen deposition in
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wounds during healing. However, histology provides semi quantitative information on

collagen remodeling and because of its invasiveness leads to random sampling.

Collagen is birefringent and its ordering contributes to tissue birefringence. This can
be quantified using Polarization sensitive optical coherence tomography (PSOCT), a
real-time, non invasive cross-sectional imaging tool: Both OCT [186] and PSOCT
[187-189] have been utilized for visualization of morphological changes, in wound
healing particularly collagen remodeling. In a previous study, using PSOCT, we were
able to quantify the decrease in collagen remodeling in bacteria infected superficial
wounds by measuring birefringence of wounds [190]. In this chapter, we report the
results on the effect of pl-cp6 mediated APDT on collagen restoration in murine
excisional wounds infected with MRSA and P.aeruginosa, studied using PSOCT.
These results have been validated by trichrome staining of histological sections,

hydroxyproline assay and immunoblotting of MMP-§, 9.

6.2 Material and Method

6.2.1 Bacteria

The bacteria used in this study were P.aeruginosa PAO (MTCC 3541, Chandigarh,
India) and MRSA (ATCC 43300, Himedia India). Both bacteria were maintained
routinely by sub culturing in TSA (Himedia, Mumbai, India). For experiments, a
colony of the bacteria was inoculated into TSA and was grown aerobically for 18h at
37°C using a shaker incubator. For infecting wounds, optical density of the
exponential culture of bacteria was measured at 600 nm and diluted to obtain required

concentration.
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6.2.2 Establishment of wound infection and photodynamic
treatment of wounds

A total of 60 female Swiss albino mice (weight ~25g, 8 weeks) were used for all
experiments. All animals were housed in individual cages under constant temperature
(20 + 4 °C) with a 12-h light /dark cycle, and had free access to food and water. In
anesthetized mice, excisional wounds of ~1.2 x 0.8 cm (length x width) were created
on the dorsal skin. Infection of the wounds was initiated by applying ~ 108 CFU
MRSA or ~ 10" CFU P.aeruginosa growing in exponential phase. Mice with wounds
were divided into following groups: (1) uninfected wound, (2) Infected (with either
MRSA or PAO) untreated wounds, (3) Infected dark control (treated with only pl-
cp6), (4) Infected PDT group (treated with pl-cp6 and light). Photoirradiation was
carried out using the the irradiation parameters descibed in table 2.3 to achieve light
fluence ~ 60 and 120 J/cm?. The Institutional Ethical Committee, in accordance with

the institutional guidelines on animal care approved all procedures involving animals.

6.2.3 PSOCT imaging of wounds

Figure 6.1 shows a schematic of the PSOCT setup used for imaging of the wounds.
OCT (back scattered intensity) image is obtained by summing the squares of
amplitude of the orthogonal polarization components. The PSOCT (phase retardance)
images are displayed as spatial maps of optical phase retardation obtained by
computing the arctangent of the ratio of Iy and Iv [189]. The axial and lateral
resolutions of the setup are ~11 and ~17 um, respectively. The image acquisition time

was about 2 min for an image comprising of 200 x 1000 pixels. In each wound, ~ 6-8
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different regions were scanned. A-scan registration was performed to minimize the
motion artifacts arising due to breathing of anesthetized mice. The measured phase
retardation as function of depth was averaged over ten consecutive lateral positions
(spaced by ~17 um). From this the phase retardation per unit length was calculated by

a linear fitting of these data. Each imaging measurement was repeated thrice.
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Figure 6.1 PS OCT set up used for imaging. P= polarizer; L= lens; M= mirror;
NPBS= nonpolarizing beam splitter; QWP= quarter wave plate; DAQ= data

acquisition board. SLD = Superluminescent diode. MTS = Manual translation stage.

6.2.4 Histopathological analysis

On day 18 p.w., mice were euthanized by cervical dislocation. A ~1 x 0.8 cm portion

of dorsal skin including the wound region was excised. The tissues were fixed in 10 %

neutral buffered formalin for 24 h and processed using standard histological
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procedure. The deparafinized sections were stained with Masson’s trichrome stain and
examined under a microscope to observe reepithelialization and arrangement of

collagen fibers.

6.2.5 Hydroxyproline assay

Mice were euthanized on day 18 p.w. and a ~1 x 0.8 cm portion of dorsal skin
including the wound region in the middle was excised, weighed, frozen in liquid
nitrogen and stored at -80°C till use. Hydroxyproline assay was carried out according
to the protocol described in [98] and has been elaborated in chapter 2. The values

were expressed as milligram (mg) hydroxyproline per gram (gm) tissue weight.

6.2.6 Western Immunoblot analysis and densitometry

On day 5 p.w., mice were euthanized and wounds (scab and granulation tisue) were
excised. The supernatant of wound homogenates, prepared according to the protocol
described in chapter 2 was used for western blotting and protein estimation. Protein
samples (~50 pg), separated by SDS-PAGE were electroblotted to nitrocellulose
membrane. The membranes were incubated with anti-MMP-8 (sc-8848), MMP-9 (sc-
6840) antibodies (Santacruz biotech, USA) followed by incubation with HRP-
conjugated secondary Ab. Blots were developed using protocol described in an ECL
kit (RPN 2135, Amersham Biosciences, GE Health Care Life Sciences, USA).
Chemiluminescence images were captured with an imaging system (Chemi-HR-16,
Syngene, UK) and processed using GENESNAP software (Syngene, UK).

Densitometry was carried out using software GENETOOL (Syngene, UK). Glyceral
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dehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Blot
intensities of MMPs were divided with that of the GAPDH. To quantify treatment
effect, intensities of the blots of uninfected wounds were divided with that of other

groups.

6.2.7 Statistics

The results were represented as mean = SD of three independent measurements
performed in at least six animals. The statistical significance of the difference
between means was assessed by one way ANOVA. P < 0.05 was considered

statistically significant.

6.3 Results

6.3.1 Effect of APDT on collagen remodeling of MRSA infected
wounds.

In figure 6.2 we show representative OCT, PSOCT and histological images of
uninfected (fig. 6.2, a-f) and MRSA infected wounds (fig. 6.2, g-1). In uninfected
wounds, on day 7 p.w. (fig. 6.2 a), the back scattering images show a highly scattering
wound crust on the wound surface, below which, the newly formed epithelial layer is
observed. The patches of scattering regions observed below this new epithelium layer
(star mark, fig. 6.2 a) near the wound margin, indicate the early granulation tissue.
The corresponding retardation image (fig. 6.2 b) of the wound bed shows a relatively
week polarization contrast [15]. At this time point, phase retardance ~0.03 degree/pm)

of wounds is much lower than that of normal skin (~0.2 degree/um). On day 14 p.w.
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(fig. 6.2 c¢) and day 18 p.w. (fig. 6.2 ¢), the crust is completely absent and the back-
scattered intensity of wounds is increased considerably. The birefringence images, on
day 14 p.w. (fig. 6. 2 d) and day 18 p.w. (fig. 6.2 f), also show increased retardation
compared with that of day 7 p.w.. The phase retardance of wounds on day 14 and 18
p.w. are ~0.05 and ~0.07 degree/ pum, respectively, indicating restoration of

connective tissue.

Uninfected

Figure 6.2 Time-dependent structural changes in uninfected (a-f) and MRSA infected
(g-1) excisional wounds of mice. Panels (a, c, e, g 1, k) and (b, d, f, h, j, 1):
backscattered (OCT) and phase retardation (PSOCT) images. Image dimension: 1.5

mm (H) x 3 mm (L). Oppositely facing arrows and double arrow show the crust and
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gap between crucnew epithelium layer (E). Lowermost panel: Trichrome stained
histological sections of uninfected (m) and infected (n) wounds, scale bar : 100 um. *:

Granulation tissue (Histology and OCT images).

Infected + pl-cp6 Infected + pl-cp6 + 60 J/cm?

Figure 6.3 Effect of APDT on collagen remodeling of MRSA infected wounds.

Panels (a,c.e, g, 1, k) and (b, d, f, h, j ,I) : backscattered and phase retardation images.
Image size in OCT images: 1.5 mm x 3 mm. Lowermost panel : trichrome images of
infected wound treated with plcp6 in dark (m) and irradiated with light (n), scale bar:

100 um. E : New epithelium layer.® : Granulation tissue.
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The OCT images of MRSA infected wounds (fig. 6.2 g, i, k) show presence of much
thicker crust, prolonged edematic response. Also, considerably less polarization
contrast is observed at all the post wounding time points (fig. 6.2 h, j and 1). On day
18 p.w.,the phase retardance of infected wounds (~0.032 degree/um), in comparison
to that of uninfected wounds,is significantly lower ( p < 0.05). The structural features
observed in the OCT images of the uninfected and infected wounds are consistent
with that of the histology images. Compared to uninfected wounds (fig. 6.2m),
infected wounds (fig. 6.2 n) showed more inflammatory exudates, incomplete

epidermis, lesser trichrome staining indicating less ordered collagen.

After confirming the delayed collagen remodeling of wounds due to MRSA infection,
we then studied effect of APDT on collagen remodeling response of wounds by using
PSOCT.Prior to carrying out this investigation, we carried out preliminary
experiments to ascertain whether PDT alone caused any adverse effect on collagen
remodeling of wounds. The results of those studies showed that in wounds exposed to
APDT induced by pl-cp6 (200 uM) and light fluence of either ~ 60 or ~120 J/cm? did
not have any quantifiable adverse effect on collagen remodeling (data not shown). In
addition, in MRSA infected wounds exposed to pl-cp6 and APDT fluence of ~ 60 or ~
120 J/cm?, immediately after the APDT, the bacterial load of wounds decreased by
~1.2 or ~ 2 log, respectively.Therefore, for studying APDT effect on collagen
remodeling of infected wounds we used these two light fluence. Figure 6.3 shows
OCT, PSOCT and histological images of wounds of MRSA infected dark control and
APDT (~ 60 J/cm?) group. The scattering and phase retardance patterns observed in
the OCT images of the infected dark control wounds, on day 7 p.w. (fig. 6.3 a,b), 14

p.w. (fig. 6.3 c,d) and day 18 p.w. (fig. 6.3 e,f) were similar to that of the untreated
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infected wound (fig. 6.2 g-1). In contrast, infected wounds subjected to APDT on day
7 (fig. 6.3 gh), 14 (fig. 6.3 i, j) and day 18 p.w. (fig. 6.3 k1) show increased
backscattering and less edematic regions. The phase retardance of the
photodynamically treated wounds on day 14 (~0.045 degree/um) and day 18 p.w.
(~0.06 degree/um) are significantly higher (p < 0.05) than the phase retardance values
of both untreated and pl-cp6 (100 uM) treated wounds on day 18 p.w. (~0.032
degree/um). Consistent with the PSOCT images and the calculated retardance, the
histological analysis of infected wounds subjected to APDT show lesser inflammatory
cells, completely formed epidermis and denser trichrome staining, compared to
MRSA infected dark control (fig. 6.3 m,n) wounds. Infected wounds subjected to
higher light fluence (~ 120 J/cm?) show no significant differences in the scattering
features, birefringence and trichrome staining pattern (data not shown). It may be
noted here that in our previous study on P.aerugionsa infected wounds (Fig 5.4 B,

chapter 5), we did not observe any light fluence dependent effect on healing .

6.3.2 Effect of APDT on hydroxyproline content of MRSA infected
wounds

In order to confirm the changes in retardance and collagen staining pattern observed
in the wounds, hydroxyproline content was estimated in wound tissues on day 18. The
results (fig. 6.4) show that in infected wounds subjected to APDT, hydroxyproline
contents are ~3 fold higher (p<0.05) than that of untreated or dark control wounds.

However, the hydroxyproline levels of the wounds subjected to APDT fluence of ~60
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or ~120 J/cm? do not vary significantly (p > 0.05). It may be noted here that a lack of
light fluence dependent APDT effect on healing was also observed in the PSOCT
images of MRSA infected wounds and also in our studies on P.aeruginosa infected
wounds, presented in chapter 5 (Fig 5.4 B) suggesting that the maximum beneficial

response is achieved with the fluence of ~60 J/cm?.
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Figure 6.4 APDT induced changes in hydroxyproline content and calculated phase
retardation (mean = SD) of MRSA infected wounds on day 18. **: p < 0.05 compared

to uninfected wounds. ## : p < 0.05 compared to untreated and pl-cp6 treated.
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Figure 6.5 (A) Effect of APDT on collagen remodeling of P. aeruginosa infected
wounds. Panels (a,c,e, g, 1, k) and (b, d, f, h, j, 1) : backscattered and phase retardation
images. Image size in OCT images: 1.5 mm x 3 mm. *:Granulation tissue.E=
Epithelial layer. Lowermost panel: trichrome sections of infected wound treated with
plcp6 in dark (m) and irradiated with light (n). E : New epithelium layer. Histological
images scale bar 100 um. (B) Retardance calculated from PSOCT images of wounds

day 18 p.w. (C) Photographic images of wounds on day 1 and 14 p.w. Scale bar: 1 cm.
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6.3.3 Effect of APDT on collagen remodeling of P. aeruginosa
infected wounds

We then studied whether APDT also influenced the collagen remodeling of
P.aeruginosa infected wounds. In figure 6.5 (A) OCT, PSOCT, histological images
and in fig 6.5 B the calculated retardance of the P.aeruginosa infected wounds are
shown. Further, in figure 6.5 C we show the photographic images time dependent
wound closure. The OCT and PSOCT images of untreated and dark control (pl-cp6
treated) infected wounds are almost similar and showed presence of thick crust, more
signal poor regions indicative of infection induced edema and lower retardance on day
7 and 14 (fig. 6.5 A; a-f). On day 18, the phase retardance in untreated and pl-cp6
treated infected wounds were much lower (p< 0.05, ANOVA) compared to that of
uninfected wound. However, in photodynamically treated wounds (fig. 6.5 A; g-1),
reepithelialization occurred much earlier and there was significant increase in the
phase retardance (~0.052 degree/um, figure 6.5. B). Histological analysis of
photodynamically treated wounds show lesser inflammatory cells, complete epidermis
and more compact dermis compared to infected dark control (fig. 6. 5 A; m, n). The
photographs of uninfected and P.aeruginosa infected (untreated and
photodynamically treated) wounds at day 1 and 14 p.w , showing faster closure in

wounds subjected to PDT also confirm the PSOCT and histology data.
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6.3.4 Effect of APDT on MMP expression in P.aeruginosa infected
wounds

A 3T = B
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Figure 6.6 Effect of PDT on MMPs expression in P.aeruginosa infected wounds on
day 5 p.w.. A; Immunoblots of MMP-8,9 and GAPDH (internal control). B;
Densitometric analysis (mean + SD) of immunoblots from three independent
experiments. U; Uninfected, I; Untreated Infected, and P; Infected + pl-cp6 + ~60

J/em?.,

P. aeruginosa toxins are known to stimulate over production of MMPs [179] which
can cause excessive degradion of the collagen deposited in the granulation matrix.
Therefore, we studied MMP expression in P. aeruginosa infected wounds. The results
(fig. 6.6) show that in the untreated infected wounds of MMP-8, 9 protein levels were
overexpressed. In the photodynamically treated wounds, however, MMP levels were

reduced considerably (p <0.001).
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6.4 Discussion

It is known that in bacteria infected wounds, collagen remodeling is compromised
because of the collagenolytic enzymes secreted by bacteria [35] and infection induced
stimulation excess collagenase [26,179] production by host cells. This affects the
collagen fibril arrangement and tensile strength during scar maturation phase of the
wound. Therefore, in order to assess the effect of an antibacterial therapeutic

intervention in wounds more accurately, monitoring collagen remodeling is necessary.

Our results presented in figures 6.2, 6.3 and 6.5A showed persistence of scattering
poor regions and lower retardance in PSOCT images even during 3" week indicating
prolonged edematic and collagen degradation response due to bacteria infection
[26,35, 179, 191]. It is known that the toxins produced by S. aureus can cause
extensive host tissue damage by eliciting either apoptotic response in epithelial cells
[192] or hyperinflammatory response [193, 194]. There may also be infection induced
increased interstitial matrix metalloprotease MMPs [179, 195] production by
inflammatory cells. Similarly, P. aeruginosa elastase can cleave directly the collagen
type III [35] of the early granulation tissue. In addition, P. aeruginosa infection can
stimulate local overproduction of proinflammatory mediators such as TNF-a [190]
and pro-MMP [180]. TNF-a inhibits of collagen I synthesis [196] and promotes
higher MMP production [197]. MMP-8 degrades type-I collagen into gelatins which
are substrates for MMP-9 [180]. Excess MMP-9 (fig. 6.6) leads to reduced collagen
IV at the leading edge of the epithelial tongue [198]. Therefore, MMP-8, 9

overexpression in infected wounds delays collagen restoration.
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The results presented in figures 6.3 and 6.5 A show that collagen remodeling in
photodynamically treated MRSA and P. aeruginosa infected wounds was faster as
compared to wounds treated with pl-cp6 in dark. The faster collagen remodeling in
mice wounds was confirmed by hydroxyproline measurement (fig. 6.4), histology and
PSOCT measurements (fig. 6.3 and 6.5 A). Increased (~3 fold) retardance, more
ordered collagen fibrils, and higher hydroxyproline content (~4 times) in
photodynamically treated MRSA infected wounds as compared to untreated infected
wounds confirmed the faster collagen remodeling (fig. 6.4). Similarly, significant
increase in retardance (fig 6.5.B) and parallel collagen fibers (fig 6.5.A) in P.
aeruginosa infected wounds following APDT also suggest better scar maturation. The
faster recovery in treated wounds may be because of abrogation of hyperinflammatory
response and collagen degradation induced by bacterial toxins. Our previous study has
shown that APDT mediated by pl-cp6 reduces expression of IL-6 (~ five fold) and
TNF-a (~four fold) in P. aeruginosa infected wounds. The results presented in this
study showed that there is no adverse rise in MMP level in the wounds subjected to

PDT fluence of ~60 J/cm?, in fact there is considerable decrease in MMPs (fig. 6.6).

The results of our study show that phase retardance of wounds increases with time.
Previous studies have demonstrated that a similar trend also exists for wound tensile
strength [185]. Since both wound tensile strength [185] and birefringence [199] reflect
collagen arrangement, therefore, PSCOT based retardance can be a good indicator of
tissue tensile strength and wound repair. In contrast, hydroxyproline level, beyond
certain time point, does not increase alongwith wound tensile strength [185] and in
several situations, though the hydroxyproline content of wounds subjected to

therapeutic intervention may be same, the tensile strength may differ significantly
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[200]. Hence, predicting an outcome based on hydroxyproline level may be erroneous

[200].

There were reports that PDT does not influence wound healing or may even cause
epidermal necrosis, decrease in tensile strength and delayed healing. These variations
might have arisen mainly because of the differences in photosensitizer administration
modes (intra peritoneal or intravenous), use of higher light fluence ( > 200 J/cm?) and
the random sampling by invasive techniques like histology [83]. Therefore, one of
issues that is clarified by our results presented in chapter 6, is that single topical
APDT at fluence of ~ 60 J/cm? accelerates healing in bacteria infected wounds by
attenuation of collagen degradation (fig 6.5) of bacteria infected wounds, but, in
wounds exposed to the higher fluence of ~120 J/cm?, the healing outcomes such
collagen remodeling and hydroxyproline contents does not seem to be further
enhanced (fig 6..3 and, fig 6.4). These results are also consistent with our results on
wound area reduction and closure time presented in fig 5.4.While the exact reasons
for this observation is not clear, this may have arised due to increased damage to host
cells such as macrophages and other cells at higher fluence [201]. APDT fluence
dependent host inflammatory cell damage, delayed infection resolution and repair of
injury has been demonstrated in a study using murine model of MRSA infection
induced arthritis wherein it has been shown that, while a fluence too low (~5 or 20
J/cm?) leads to insufficienct bacteria inactivation, high fluence (~120 and 160 J/cm? )
causes synovial microvessels damage and bacterial regrowth. Further, the light
fluence of ~ 50 J/cm? produces maximum bacteria inactivation and inflammatory cell

migration to the infection site [201]. However, a direct extrapolation of conclusions
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obtained from the study involving arthritic mice in which an inradermal PS delivery
was used, to the possible outcomes in case of APDT (topical) for wounds, may not be
accurate. Therefore, to establish a possible link between APDT fluence dependent
oxidative stress with healing outcome in wounds more investigations are needed,
particularly in diabetic conditions wherein reduced inflammatory cell functions,

antioxidant levels are observed.

6.5 Summary

Collagen remodeling response, post APDT, in excisional wounds of mice infected
with antibiotic resistant and virulent strains of bacteria could be quantified by PSOCT
based retardance measurements. The data on retardance, MMP-8,9 expression,
hydroxyproline content and histology suggested that topical APDT induced by pl-cp6
and red light expedites collagen restoration in bacteria infected wounds of mice by
attenuating collagen degradation. It benefits wound repair in bacteria infected wounds
by significantly enhancing epithelial layer migration, hydroxyproline content, and

collagen fibril arrangement.
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7. Effect of topical antimicrobial photodynamic
treatment on healing of wounds of diabetic mice
infected with methicillin resistant Staphylococcus aureus

Abstract

In this chapter, we present results of the studies carried out to investigate the effect of
single or multiple APDT on the healing response of MRSA infected and uninfected
wounds of diabetic mice. The parameters monitored include bacteria regrowth,
thiobarbituric acid reactive substrates (TBARS), Protein carbonyl (PC) ,GSH, NO and
VEGF-A levels in wound tissues. Further, to quantify the effect of APDT on
inflammatory cells of wounds, measurements were also made on the level of
Myeloperoxidase (MPO) and neutrophil elastase (NE).The results show that APDT
enhance healing of wounds in diabetic mice by increasing NO, GSH and VEGF-A
levels. Further, there is also increased MPO and NE level in wounds of diabetic mice
subjected to APDT which may have additional beneficial response in infection

resolution.

Some aspects of the results presented in chapter 7 have appeared in Lasers Med Sci. 30:1923-9 (2015).
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7.1 Introduction

Impaired wound healing is a serious complication for diabetic patients which is
caused by several systemic and local abnormalities [19-22]. These abnormalities
include compromised immune response like defective phagocytic functions of
immune cells, defective angiogenesis [19, 20] and reduced production of NO
[7,21,22,202,203], which is important signaling intermediate for diverse cellular
responses of wound healing such as cell proliferation, angiogenesis, macrophage
function and collagen remodeling [7]. These abnormalities predispose the wounds to
higher risk of infections [204]. Infections can become fatal if causative
microorganism is resistant to antibiotics. Indeed, infections of wounds caused by
MRSA has been reported as one of the leading causes of lower limb amputation and
mortality in diabetic patients [ 30-32]. Therefore, alternative therapeutic methods,
which can eliminate antibiotic resistant bacteria and improve healing, are essential for

management of wounds in diabetic conditions .

Our results on APDT induced beneficial effects like reduction in hyperinflammatory
response [182], MMPs but better collagen remodeling [205] response in wounds of
normal mice, presented in chapter 5 and 6, suggest that APDT can be a potential
alternative for management of wound infections in diabetic subjects. However, an
important concern pertaining to the use of APDT for infected wounds in diabetes is
control of regrowth of bacteria and avoidance of possible oxidative damage to
inflammatory cells [201], as it is known that diabetes causes marked reduction in
function of neutrophils [206-208], persistent inflammation [209] and oxidative stress

[210], reduction in levels of antioxidants [211]. In addition, some previous studies
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have shown that PDT can modulate angiogenesis [212] in tumors. However, for
diabetic wounds, this aspect has not received any attention so far. Therefore, in this
study we have also investigated effect of pl-cp6 mediated APDT on angiogenesis of

wounds of diabetic mice.

In this chapter, we have presented the results of the investigations on (i) effect of
APDT on level of oxidants, antioxidants and inflammatory cell sequestration and (ii)
the possible APDT induced alterations in NO and angiogenesis in wounds of diabetic

mice.

7.2 Material and Methods

7.2.1 MRSA growth in suspension and Dbiofilm biomass
quantitation.

The MRSA strain (ATCC 43300) used in this study was maintained routinely by sub
culturing in TSA (Himedia, Mumbai, India). For experiments, a colony of the bacteria
was inoculated into TSA and was grown aerobically for 18 h at 37°C using a shaker
incubator. For infecting wounds, optical density of the overnight culture of bacteria

was measured at 600 nm and diluted to obtain required concentration.

In order to study the effect of glucose on growth of bacteria, MRSA were incubated
with TSA with and without externally added glucose (0, 0.2, 0.4 %) for different
duration. At specified time duration, OD measurement and colony forming units assay
were carried out. MRSA biofilms were grown on fibrinogen coated surface. For this,
96 well polystyrene plates were coated with fibrinogen by placing 50 pl of 1%

fibrinogen for 48 h and air dried. Biofilm biomass quantitation was carried out
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according to the protocol described in [60]. Briefly, biofilms formed on the plates
were washed twice with PBS. Then, the cells were fixed with 95% ethanol for 10 min
and stained with 0.1% crystal violet for 15 min, and after several washings, the wells
were air dried. For a quantitative estimation of biofilms, crystal violet was solubilized
with 10 % glacial acetic acid and absorbance of the solubilized dye was determined at
590 nm in a microplate reader. Biofillm quantitation was also carried out by MTT
assay. Briefly, in the fibrinogen 96 well plate, bacteria were grown for 48 h in TSA
containing different glucose concentrations. At 48 h, to each well 150 ul PBS, 50 ul
MTT (0.5% in PBS) was added. The plate was incubated at 37° C for 2 h in dark. Post
MTT incubation, medium containg MTT was removed and to each well 150 pl of
DMSO was added. The color intensity of the soluble formazan formed was

determined by using microplate reader at 570 nm with 630 nm as reference.

7.2.2 Induction of diabetes and establishment of infection in
wounds

A total of seventy six Swiss albino mice (male and female weight 30-35 g, 12 weeks)
were used for all experiments. The Institutional Animal Ethical Committee (IEAC) in
accordance with the institutional guidelines on animal care approved all procedures
involving animals. Induction of diabetes, creation of wounds were carried out
according to the protocol described in [92, 93] which has been elaborated chapter 2.
Presence of biofilm on wounds were studied by Gram staining of the histological
sections. Then the bacteria inocula required for development of a chronic infection in
diabetic mice were ascertained. The mortality for diabetic and non diabetic mice in

which the wounds were infected with 10 8 CFU MRSA, was ~ 70 % and ~15% ,
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respectively , on day 5 p.w. Without any treatment, the bacterial load was observed to
increase by ~ 0.8 log and ~1.8 log for wounds of non diabetic and diabetic mice on
day 3 p.w. Also, even if all the wounds were infected with same number of bacteria,
the wounds of diabetic mice showed higher bacteria load (~ 2.5 times) than wounds of
non diabetic mice. Therefore, for developing chronic infection, while in each diabetic
mice a bacterial inoculum of ~10 7 CFU MRSA /wound was used, for non diabetic

mice a bacterial load of ~102 CFU MRSA /wound was used .

In order to check the reasons for increased bacteria growth in wounds of diabetic mice,
experiments on bactericidal action of blood derived from tail vein of both non diabetic
and diabetic mice was studied [213]. Blood (200 pul) was collected in vials containing
sodium citrate (2.5%) mixed with exponential culture of MRSA in a 2:1 ratio to yield
a final concentration of 10° CFU/ml for MRSA. The samples were incubated at 37°C
on a shaker, and aliquots were removed to determine the bacterial number at 0 and
120 min by plating on TSA. The data were expressed as percent reduction (or increase)

from the initial inoculum (10° CFU/ml).

7.3 Antibacterial treatment for MRSA infected wounds of diabetic
mice

For establishing infection, bacteria were allowed to grow for 48 h in wounds of both
normal and diabetic mice. All the mice with wounds were divided into following
groups: (1) uninfected wound, (2) infected untreated wounds, (3) infected dark control
(infected wounds treated with only pl-cp6), (4) infected APDT group; single (treated

with both pl-cp6 and light fluence of 60 or 120 J/cm?) and (5) multiple APDT.
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Photoirradiation was carried out according to the protocols described in table 2.2. For
multiple APDT ,a repeated PDT protocl was used in which wound were treated with
pl-cp6 and exposed to red light photoirradiation at 24 h intervals during day 1-3 w.w
(figure 2.1). Wound tissues were excised 24 h post PDT (day 3 p.w.),weighed and
homogenized in PBS (1 gm tissue in 5 ml PBS). Appropriate dilutions of the
supernatant were plated on TSA. CFU per wound was calculated by taking into
account the dilution factor, volume of the tissue homogenate and then normalizing

with tissue weight [182,205].

In order to compare the effect of multiple APDT with the other wound healing
promoting treatments, in some of the diabetic mice, multiple applications of 0.5 %
AgNO;s (topical, thrice) [155, 214] were given during day 1-3 p.w or multiple (4 times)
intraperitoneal aminoguanidine (AG) treatments were given 6 h prior to wound

creation and during day 1-3 p.w. [ 215, 216] .

7.3.1 Oxidative Markers and non enzymatic antioxidants assay of
tissues

Wounds of different groups were excised on day 3 p.w., weighed, snap frozen in

liquid nitrogen and stored at -80°C till use. All the assays were carried out within a

month.
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7.3.2 Measurements on Thiobarbituric acid reactive substrate,
Protein carbonyl contents of tissues

Normal skin and wound were homogenized in phosphate buffer (pH 7.4). In the
homogenates, the level of TBARS was carried out following method described in
[217], with some modifications. Tissue supernatant (0.1 ml) of different groups was
mixed with 0.5 ml of 5% (w/v) chilled trichloroacetic acid (TCA) and incubated for
30 min at room temperature following which ~0.5 ml of 0.67% (w/v) Thiobarbituric
acid (TBA) was added. The reaction mixture was centrifuged at 1000 g for 15 min.
Thereafter, the supernatant was collected and placed in a boiling water bath (95° C)
for 10 min. The absorbance of pink color produced in different samples was measured
at 535 nm in a spectrophotometer. Protein concentration was measured by BCA assay
[160]. The TBARS content was calculated by using the molar extinction coefficient of

1.56 x 10° M! cm™ and expressed as nmol of TBARS per mg of protein [218].

The protein carbonyls in the tissue homogenates were measured according to the
protocol described in [218, 219]. Briefly, 200 pl of the tissue supernatant, in 100 mM
phosphate buffer was treated with 2 mM DNPH dissolved in 2N HCI, for 1 h. The
TCA- precipitated proteins were washed with a mixture of ethanol-ethy acetate (1:1)
to remove free DNPH. The DNPH- coupled carbonylated proteins were then
measured spectrophotometrically at 366 nm. The PC concentration was calculated
using a molar extinction coefficient of 22 x 10* M~'cm™'using 22,000 t and expressed

as mM/ mg protein.
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7.3.3 GSH level in wound tissue

GSH level in skin and wounds was estimated by the method of Ellman [220] using a
96-well microplate assay [221]. Supernatants from homogenized tissues were
deproteinated by adding 2.5 % TCA and the precipitate was removed by
centrifugation (600 g, 10 min). To a 5 pl of the supernatant, 0.5 M sodium-phosphate
buffer (pH=8.0) and then 5 mM Ellman’s reagent were added. The samples were
incubated for 30 min at room temperature followed by the absorbance measurements
at 412 nm. The concentration of GSH in the samples was estimated using a standard
curve of GSH prepared at concentration ranges of 0—1 mM and expressed as

mmol/mg protein [221].

7.3.4 Myeloperoxidase and neutrophil elastase assay

Myeloperoxidase (MPO) activity in skin and wounds was measured
spectrophotometrically by using 3,3’, 5,5 -tetramethylbenzidine (TMB) as a substrate
according to the protocol described in [222]. Briefly, the wounds were homogenized
in 0.1 M phosphate buffer, pH 7.4. The homogenates were then centrifuged at 800 g
for 5 min at 4°C and the supernatants were decanted and stored , for use in neutrophil
elastase (NE) assay. The pellets were resuspended in 1 ml 50 mM phosphate buffer
containing 0.5% hexadecyltrimethylammonium bromide (HTAB). After three freeze-
thaw cycles, the samples were briefly sonicated (20 kHz, 10 s, 4 times with gap of 10
s) on ice and incubated at 60°C for 2 hrs. The samples were centrifuged at 500 x g for

10 min, and the supernatants were transferred to 1.5 ml tubes. Aliquots of samples (50
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ulL) were placed in 1.5 ml centrifuge tubes with 500 pl assay buffer containing 0.1 M
phosphate buffer, pH 5.4, 1% HTAB, 0.43 mg/ml TMB. The reaction was initiated by
the addition of 50 pl 15 mM HO.. After addition of the substrate, the kinetics of
absorbance was measured at wavelength of 630 nm in an ELISA plate reader for 20
min period [223] at 50 second intervals. The slope of the linear portion of the OD
graph denotes the change in OD per min (milli OD per min) . Using this slope value
MPO activity was expressed as units per gram tissue weight, as an enzyme unit is
defined as the amount of enzyme that produces an increase of 1 absorbance unit per

min [222].

NE activity was measured according to the protocol described in [224] using N-
methoxysuccinyl-Ala-Ala-Pro-Val p—nitroanilide (Sigma Chemicals, US) as substrate.
Briefly, supernatants of wound tissue homogenates was incubated at 37 °C for 24 h
with 1 mM substrate prepared in 0.1 M Tris—HCI buffer (pH 8.0) containing 0.5 M
NaCl and the amount of p-nitroanilide liberated was measured spectrophotometrically

at 405 nm and NE activity was expressed as nmol/mg/24 h.

7.3.5 Nitrite and VEGF-A measurements in wound tissue

In wounds, during the inflammatory phase (day 3 p.w.) a peak NO level occurs which
is mainly due to the migrated macrophages [4,7]. NO is rapidly oxidized to nitrite
[225]. Therefore, nitrite level was measured in tissue homegnates of non diabetic as
well as diabetic mice, according to the protocol described in [ 225]. For measurements
on nitrite level, the tissues were first pulverized in liquid nitrogen with the help of

mortar/ pestle. The tissue fragments were mixed (1; 5, w/v) with 0.1 M chilled
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potassium phosphate buffer (pH 7.4), homogenized (3500 rpm, 5 min) and then
sonicated at ~20 kHz, 10 s for 4 times, with gap of 10 s (Model CPX 130, Cole
Parmer,US). Briefly, a 50 pl of tissue supernatant of each test sample was mixed with
50 pl of freshly prepared Griess reagent [0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride, 1% sulphanilamide and 5 % phosphoric acid in a 1:1:1 ratio] in 96
microwell plate and then the plate was incubated for 30 min at room temperature. The
absorbance of the colored reaction product was measured at 550 nm using a
microplate reader (Powerwave 340, Microtek, USA). Concentration of nitrate in
samples was determined from the standard curve obtained by measuring the
absorbance of known concentration of sodium nitrite (0- 500 pg/ml) and Griess
reagent. The total protein content of the wound lysate was estimated by BCA assay
[160], using BSA as standard. The nitrite values (ug nitrite/ml) of samples obtained,
was normalized with protein concentration (ug/ml) and were expressed as pug nitrite

/mg protein

Levels of VEGF-A in the wound tissue supernatant was estimated by following the
protocol described in the ELISA kit (Sigma-Aldrich, USA). Briefly, the powdered
tissues were mixed with lysis buffer provided along with the ELISA kit and
kept on ice for 30 min. The lysates were sonicated by keeping on ice and then
centrifuged (5000 rpm, 10 min, 4°C).The supernatant was collected, divided into two
aliquots. One aliquot was used for determination of VEGF-A by ELISA and the other
aliquot was used for protein estimation by BCA [160]. For the determining total
VEGF-A content, supernatants of tissue samples were diluted (1:1) with the sample
diluent buffer and incubated in the capture antibody coated microwells provided along

with the kit for 18h at 4°C. Following the incubation, the assays were carried out
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according to the protocol described in the kit and absorbance of the final product was
recorded at 450 nm in a microplate reader (Powerwave 340, Mircotek). VEGF-A
concentration (pg/ml) in the samples was calculated from the slope of the linear fit of
the standard curve prepared using the absorbance values of the known concentrations
of VEGF-A (10 pg - 10 ng/ml ) provided along with the kit and values obtained was
normalized with the respective protein concentration of the tissue and expressed as pg

VEGF-A/mg tissue protein.

7.3.6 Masson'’s trichrome staining and Abramov Scoring

In order to study the response of wounds to diabetes and infection, wounded tissues
from mice of different groups excised on day 18 p.w. were fixed in 10 % neutral
buffered formalin for 24 h, following which all the tissue sections were processed
using a standard histological procedure. The deparafinized sections were processed
for Masson’s trichrome staining. The slides were examined under a microscope to
determine tissue changes such as inflammation, reepithelialization, and arrangement
of collagen fibers [99, 182, 203]. Scoring was carried out according to the Abramov
scoring [226] with some modifications, as described in [227], by three individuals
who were blinded to the sample groups and the time of wounding. In each
microscopic slide the sections were scored on a scale of 0-3 for inflammatory cells (0 :
no inflammatory cells, 1: scant , ~10 % of the total cells were inflammatory cells , 2 :
moderate, ~20-50 % of the cells in each microscopic view are inflammatory cells, 3 :
abundant, more than 50 % of the cells in each microscopic view are inflammatory

cells) [100,226,227]. At least 15 microscopic views were scored per group. The
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inflammatory scores of each group obtained by the individuals were averaged to

obtain mean inflammation score.

7.3.7 Statistical analysis

Data were analyzed using Origin 8.5 scientific plotting software. The data were
expressed as mean and SD. Statistical comparison between means was carried out
using one way ANOVA. To quantify the correlation between the wound nitrite level
and wound closure time, we used the regression coefficient ‘R’ from the linear

regression analysis . p<0.05 were considered significant.

7.4 Results

7.4.1 Effect of APDT on bacterial load of wounds of diabetic and
non diabetic mice

Figure 7.1 A shows bacterial load in wounds of diabetic mice assessed on day 3 p.w
(24 h post APDT) after treating with two different concentrations of pl-cp6 and
irradiated at a light fluence ~ 60 J/cm?. Results show that APDT efficacy increases
with increase in pl-cp6 concentration. In figure 7.1.B we show bacterial load in
wounds assessed immediately (day 2 p.w.) and 24 h post APDT (day 3 p.w.) for the
wounds of diabetic and non diabetic mice treated with 200 uM pl-cp6 and exposed to
light at fluence of ~120 J/cm?. The results show that although immediately after
APDT the reduction in the bacterial load in the wounds of the non diabetic and
diabetic mice, are comparable, at 24 h post APDT (day 3 p.w.), the wounds of

diabetic mice show a much higher (p < 0.05) bacteria regrowth compared to that of
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non diabetic mice. Bacterial regrowth is observed to vary with increase in glucose
levels in diabetic mice. In the wounds of diabetic mice with blood glucose level >500

mg/dl the bacterial load increased by ~ 5 fold on day 3 p.w (fig 7.1 B).

10+ A 4.5, B
**:p<0.05comparedto g 4.0] Il Normal (<150 mg/dl)
Tgi 8 l untreated. 3 3.5 (I Diabetic (250-400 mg/dl)
g Light dose 60 Jem? i 3.0 Diabetic (> 550 mg/dl)
2 6 S 2.5 ##
< ¥ 1 T 20
* 4 *% ~ 1.5
5 (u:; 1.0+
L 2- 0.5 *% )
° 00; il
0 * < <
Untreated pl-cp6 pl-cp6 ea““e“ 0.5&?0 05’\?0
100 uM 200 uM s o™ pw?

Figure 7.1 (A) Effect of APDT induced by pl-cp6 and red light on bacterial load of
wounds of diabetic mice as a function of pl-cp6 concentration. (B) Comparison of
photobactericidal efficacy of APDT in wounds of diabetic and non diabetic mice. In
non diabetic and diabetic mice, wounds were infected with ~10% and 10’ CFU MRSA,
respectively. **: p <0.05 compared to respective pretreatment group . Data represent
mean values of three different assays performed in 8 animals of non diabetic and

diabetic group.

To further check whether higher regrowth of bacteria observed in photodynamically
treated wounds of diabetic mice was due to high level of glucose in blood, we studied
the effect of increasing glucose concentration in LB medium on bacterial growth.
When glucose concentration was increased to 0.4 %, enhancement in growth of

bacteria (fig 7.2 A) was marginal (~15 % higher OD).
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Figure 7.2 Effect of glucose on MRSA growth in suspension culture (A) and biofim
(B) Biofilms were grown in presence of LB medium containing different glucose
concentration on fibrinogen coated polystyrene surface. (C) Bactericidal activity of
blood from non diabetic and diabetic mice against ~10° CFU MRSA, represented as
percent decrease in bacteria load with respect to (w.r.t) initial number. (Inset) Percent
increase in bacteria number observed at 120 min incubation w.r.t initial number, in
LB medium with different glucose concentrations. The data represent the mean values
of 3 different experiments performed on 6 non diabetic and 6 diabetic mice (day 30

post STZ treatment) of each group.
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Similarly, biofilm growth enhanced only by 10-15 % with increse in glucose
concentration (fig 7.2 B). The PDT effect on bacteria grown in suspension and

biofilms was also not different in presence and absence of 0.4 % glucose.

Neutrophils from diabetic patients have been shown to exhibit impaired bactericidal
activity [206, 208]. To determine whether the leukocytes from STZ treated diabetic
mice exhibit a similar decrease in bacteria killing capability, we studied the
bactericidal action of blood derived from non diabetic and diabetic mice and
compared with bacteria growth in LB alone and LB with 0.4 % glucose (fig. 7.2 C).
Results showed that while the blood of non diabetic, moderately diabetic (glucose
level 250-450 mg/dl) killed ~90 % and ~ 40 % MRSA, respectively, after 120 min,
the bacterial counts in blood derived from highly diabetic mice (glucose level > 450
mg/dl), decreased by ~ 5 %. Also, it may be noted that when MRSA was incubated, in
LB alone or LB with 0.4 % glucose for the same period, the growth of bacteria
increased by ~ 40 % and ~35 %, respectively. To further verify whether the observed
decrease in bactericidal effect of blood of diabetic mice with high glucose level was
due to change in WBC counts, their number was enumerated in blood. In contrast to
the expectation, the WBC count (2-3 x 10%ml) of diabetic mice was ~10-15 % higher
than the counts observed in case of non diabetic mice. These results suggested
antibacterial defense capability of diabetic mice was much lower [213]. This could
have resulted in increased bacteria regrowth in APDT wounds of diabetic mice with

blood glucose level > 450 mg/dl.
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Figure 7.3 Effect of multiple APDT (thrice), AG (4 times) and AgNOs (thrice) on
bacterial load in wounds of diabetic mice with blood glucose level >500 mg/dl.
Wounds were infected with ~ 107 CFU/wound MRSA. Treatment frequency is
indicated in parentheses.Topical APDT and AgNOs treatment were given on day 1-3
p.w. at 24 h intervals. AG treatment (intraperitoneal) was initiated 6 h before wound

creation and continued for next 3 days at 24 h interval.

To reduce the regrowth of MRSA in wounds of diabetic mice, we investigated the
effect of multiple APDT given during day 1-3 p.w. (figure 2.1) using light fluence ( ~
60 J/cm?) and compared the relative wound healing efficacy of multiple APDT with
that of multiple treatment of AG and AgNO;. AG was chosen because it is an
inhibitor of AGE formation and is known to improve healing in diabetic conditions
although it has no direct antibacterial action. AgNO; was selected because of its
antibacterial property [155, 214]. Effect of these three treatments on bacterial load of
wounds of diabetic mice is shown in figure 7.3. It is evident from the figure among all

the treatments, multiple APDT of wound induced by 200 uM pl-cp6 and ~ 60 J/cm?
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red light was the most effective for inhibiting bacterial regrowth in wounds of diabetic

mice.

TBARS PC GSH NE
Group (nmol/mg (nmol/mg | (mmol/mg | MPO (U/gm) | (nmol/m
protein) protein) protein) g/24 hr)
Skin non diabetic 0.15+ 0.026 + 154.5 +
Skin diabetic 8 4 () 2KEH 0.08 £ 0.114 + 0.12+ 9341 +
mice*** ) ) 0.003*** 0.01 0.01*** 7.9 wkE
Wound non 027 + 889.1 +
diabetic mice 0.51+0.04 |0.07+0.004 0.025 0.75 +0.06 13324
Wound diabetic 0.08 + 395+
mice ** 0.2+0.02 ]0.06+0.002 0.02 ** 1.6+02 119
Wound non
diabetic mice and
DT 15+£02% | 0.085% O 13203 | 12M4*
(~ 120 J/cm?)*
unnd diabetic T
miceand PDT | 0354001 [0.076+0.01 | $i15 0.7 394 *
(~120 J/em? ) # '
MRSA infected
wound diabetic | 0.11 £ 0.004 0(.)033; OOOgli 11.3+1.3 288.5
mice ) )
MRSA infected
wound diabetic 0.04 +
mice and PDT 0.3 +£0.007 0.08 25 +1.7 436.5
(thrice, ~ 60 0.01
J/cmz) +++

Table 7.1 Effect of APDT on oxidative events and inflammatory cell response of early

wound healing phase [228]. * ##,++,+++ : p <0.005 , one way ANOVA .
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7.4.2 Effect of APDT on oxidative markers level

Effect of APDT on oxidative markers (TBARS, PC) and level of antioxidant (GSH)
was studied in wounds of diabetic and non diabetic mice. The results presented in
table 7.1 show that as compared to non diabetic mice, cutaneous tissues of diabetic
mice have higher levels of oxidative markers, but lower levels of GSH. However,as
compared to the wounds of non diabetic mice [228], in wounds of diabetic mice on
day 3 p.w., levels of TBARS, PC and GSH were reduced considerably (p <0.05, one
way ANOVA). Infection of wounds of the diabetic mice was seen to result in a further

reduction in the levels of PC, TBARS and GSH .

However, in response to APDT at a fluence of ~120 J/cm?, PC, TBARS and GSH
levels increased in both uninfected and infected wounds of non diabetic and diabetic
mice. (Table 7.1). Levels of TBARS, PC and GSH in MRSA infected wounds of
diabetic mice subjected to multiple APDT at fluence ~60 J/cm?, were comparable to
that of non diabetic mice skin. It should be noted that as compared with other
treatments, multiple AgNOs treatment led to significant increase (~2 times) in
TBARS level (0.35 nmol/mg). However, as compared to untreated control and
photodynamically treated counterparts, ~ 30 % decrease in GSH level was observed
in these wounds. At the same time, as compared to untreated controls, no significant
change in the GSH (~0.042 mmol/mg) and TBARS (~0.13 nmol/mg) levels were

observed in MRSA infected wounds of mice treated with AG.
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7.4.3 Effect of APDT on inflammatory cell sequestration level

The level of inflammatory markers (MPO, NE) in skin and wounds of diabetic and
non diabetic mice is shown in table 7.1. The results show that MPO levels in skin and
wounds (uninfected and infected) of diabetic mice was higher than the levels observed
in wounds of non diabetic mice. In infected wounds of both non diabetic and diabetic
mice, MPO levels increased further with the values were higher for wounds of
diabetic mice . However, compared to untreated controls, although APDT at fluence
~120 J/cm? led to significant increase in level of MPO in uninfected wounds of non
diabetic mice, in the wounds of diabetic mice MPO level decreased significantly.
Compared to untreated or pl-cp6 treated controls, MPO levels in infected wounds of
diabetic mice subjected to multiple APDT at lower fluence (~60 J/cm?) increased by
a factor of ~ 2.5 (‘table 7.1). In contrast, multiple AgNO3 and AG treatment of MRSA
infected wounds of diabetic mice, led to increase in MPO levels by factors of ~5 and

~ 3, respectively.

Our investigations on the NE level in wounds show that as compared to the level
observed in skin and wounds of non diabetic mice, in diabetic mice, NE level was
reduced ~2 times. Infection in wounds lowered the levels of NE further. In wounds
subjected to APDT, NE level was higher compared to their respective untreated

control or only pl-cp6 treated control (table 7.1).
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7.4.4 Effect of APDT on total nitrite content and VEGF-A level of
wounds

It is known that levels of NO and VEGF-A are reduced in diabetes [7] and studies
have shown that low levels of ROS can upregulate both NO and VGEF-A levels [212].
Therefore, we assessed the effect of APDT on NO and VEGF-A level of wounds. In
table 7.2 we show comparison of the level of NO and VEGF-A in wounds of non
diabetic and diabetic mice. The level of NO in wounds of diabetic mice was
considerably reduced (~ 4-5 times). MRSA infection led to further reduction in the
NO level in diabetic mice, However, APDT of wounds led to increase in levels of

both NO and VEGF-A (table 7.2.).

VEGF-A (pg) /| Nitrite ( pg)

Sample mg protein /mg protein

Mean + S.D. Mean + S.D.
Wound non diabetic mice 3634.5+ 160 205+1.4
Wound Diabetic mice ** 2024 +73.5 437+0.8

Wound non diabetic mice and

APDT (~60 J/em?) * 4090.5 =49 | 17.6+0.9
~ cm

Wound Diabetic mice and APDT ( ~60 J/cm? ) # 3593 +94 16.7+2

MRSA infected wound diabetic mice 2437 £ 224 29+0.2

MRSA infected wound diabetic mice and

+ +
APDT (thrice, ~60 J/cm?) *** 3637 322 6.7+0.9

Table 7.2 Effect of APDT on VEGF-A and nitrite level of wounds on day 3 p.w.
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Figure 7.4 Effect of APDT on wound closure.
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Figure 7.5 Photomicrograph of Masson’s trichrome stained deparafinized sections of
wounds of non diabetic (a, b, €) and diabetic mice (c, d, f) excised on day 18 p.w.,
respectively. Panels; (a, ¢) uninfected wounds, (b, d); infected untreated wounds; (e),
infected wounds of non diabetic mice treated with pl-cp6 and exposed to light fluence
of ~ 120 J/em? ; (f) infected wounds of moderately diabetic mice exposed to single
APDT fluence of ~ 120 J/cm? ; g: AG treated wounds. SC : Stratum corneum. PMN :

polymorphonuclear leukocytes.
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The results presented in table 7.2 show that VEGF-A level is reduced considerably in
wounds of diabetic mice. However, following APDT treatment their level was
increased by ~ 60 % in both uninfected and infected wounds of diabetic mice on day 3.
It may be noted that the enhancement in VEGF-A level was better in wounds of

diabetic mice wounds as compared to non diabetic animals.

We also compared the effects of multiple APDT with multiple AG and AgNOs
treatments for MRSA infected wounds of high diabetic mice. Further, as compared to
the level observed in untreated wounds, while the wounds treated with APDT and AG
showed ~3 and ~2 times increase in the NO level, the wounds treated with AgNO3

exhibited no significant change in NO.

7.4.5 Effect of APDT on healing response of MRSA infected wounds
of diabetic mice

In figure 7.4 we show the morphology of wound. The histomicrographic features of
the wounds excised on day 14 p.w (non diabetic) and day 18 p.w (diabetic) are shown
in fig. 7.5 and the semi quantitative scores on inflammation obtained following

Abramov scoring pattern, are shown in table 7.3.
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Experimental group Inflammation
score
Non diabetic mice Uninfected wounds 0.4+ 0.06
(blood glucose <
150 mg/dl) Untreated infected wounds 1.26 £0.18
Infected wounds and APDT (pl-cp6 and ~ 120 | 0.75 £ 0.33**
J/em?, once)
Diabetic mice Uninfected wounds 1.2+0.3
(blood glucose
250-450 mgy/dl) Untreated infected wounds 2.5+0.29
Infected wounds and APDT (pl-cp6 and ~ 120 1.75 £0.25##
J/em?, once)
Diabetic mice Untreated infected wounds 28+0.3
(blood glucose >
450 mg/dl) Infected wounds and multiple APDT (pl-cp6 1.5+0.3++
and ~ 60 J/cm?, thrice)
Infected wounds and AG (4 times 2.1 £0.34%%*
(100 mg/kg, i.p.)

Table 7.3 Effect of APDT on inflammatory cells level, as scored by Abramov
histological scoring method. The data represent mean + SD.**##++ : p < 0.05
compared to untreated wounds (one way ANOVA). ***: p > (0.05 compared to

untreated infected wounds.

While the uninfected wounds of non diabetic mice show complete healing on 14" day
p.w, as evidenced by completely formed epithelium layer and ordered collagen fibers
(fig. 7.5 a), the healing in uninfected (fig. 7.5 b) wounds of diabetic mice and all the
infected wounds was compromised. In the infected wounds of non diabetic mice on

day 14 p.w (fig. 7.5 ¢), one could observe random deposition of collagen fibers along
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with higher numbers of immune cells and incomplete reepithelialization (table 7.3).
For the infected wounds of diabetic mice, even on day 18 p.w, a thick abscess, higher
number of inflammatory cells, necrotic regions and complete lack of collagen fibers
were observed (fig. 7.5 d). APDT at a fluence of ~120 J/cm? led to complete healing
of the infected wounds of non diabetic mice, on day 14 p.w (fig. 7.5 e). However, for
infected wounds in diabetic mice, the outcome was observed to depend on blood
glucose level. While in moderately diabetic mice (fig. 7.5 f), there was partial
recovery as suggested by presence of moderate inflammatory cells(table 7.3), in
highly diabetic mice single APDT did not lead to significant improvement in wound
repair outcome. However, multiple APDT at fluence of ~60 J/cm?, led to better
healing response , also evident in the results presented in table 7. 3. In MRSA infected
wounds of high diabetic mice subjected to multiple AG treatment, (fig. 7.5 g), much
lesser inflammatory exudates ( table 7.3) were observed. Further, the results presented
in figure 7.6 which show a correlation between NO and wound closure times

suggest that wound closure time decreases with increase in NO level of wounds.
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Figure 7.6 Correlation of wound closure (days) with wound NO level. NO level was
ascertained by measuring nitrite level. The data points and error bars represent mean

and SD, respectively.

7.5 Discussion

The objective of this study was to evaluate the use of APDT for infected wounds of
diabetic mice. In this respect, it is known that hyperglycemia and oxidative stress can
directly activate cell adhesion molecules, pro and anti-inflammatory molecules,
VEGEF signaling, inflammatory cell sequestration and neutrophil degranulation. In this
study, we therefore emphasized on the possible effects of APDT on cellular response
of wound healing like oxidative events, inflammatory and angiogenesis in addition to

studying the photobactericidal effect.

The results presented in figures 7.1 B and table 7.1 show that though there is higher
inflammatory cells in wounds of diabetic mice, the bacterial load in untreated wounds

of diabetic mice is higher than the non diabetic mice and shows dependence on blood
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glucose level. Our data are consistent with the reduction in bactericidal effect
observed in the blood drawn from the diabetic mice (fig. 7.1 C) as well as the reduced
levels of oxidative markers TBARS, PC and NE observed in wounds of diabetic mice
(table 7.1). These data are in accordance with previous studies wherein it has been
shown that in diabetes, despite of increased inflammatory cell migration [229] there is
impaired oxidative burst [207-209, 229, 230] , reduced superoxide [224], NE [231]
and NO production by inflammatory cells [7, 21, 22, 202, 232]. One of the reasons for
the decreased oxidative markers levels could be depletion of NADPH [207, 232], the
latter being a cofactor for NAPDH oxidase, i-NOS and glutathione reductase [232].
The other reason for decreased GSH and NO in wounds could be the fact that during
diabetes, persistent hyperglycemia can cause increased production of free radicals and
oxidative stress via autoxidation of glucose and also via glycation of nonenzymatic
proteins [212]. It has also been demonstrated that decreased glutathiolation of cellular
proteins is also related to decreased NO availability in diabetic rats [232]. We also
observed that compared to non diabetic mice, in cutaneous tissue of diabetic mice

there are higher levels of oxidative stress markers but decreased level of antioxidants.

In infected wounds, compared to the uninfected wounds, there is a further decrease in
levels of oxidants and NE levels despite of increased MPO level. This may be because
of the S.aureus toxin mediated apoptotic cell death response in macrophages [233-
235], which are potential source of ROS and NOJ[7]. Increased MPO level in infected
wounds suggests prolonged presence of phagocytosis defective neutrophils in the
wounds [43, 207, 209, 236]. One would presume that even in absence of functional
phagocytosis of bacteria by neutrophils of diabetic mice, the released MPO can

directly bind and kill extracellular bacteria or form neutrophil/macrophage
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extracellular traps (NET/MET) [237, 238]. However, bacterial killing by MPO or by
NET/MET would require an optimum level of oxidants as well as NE. Therefore, the
increase in MPO alone is not of much significance and there is a higher bacterial
growth in wounds of diabetic mice, causing further sequestration of higher number of
phagocytosis defective neutrophils to wounds. This delays the arrival of macrophages
and inflammation resolution at the wound site. The impaired inflammation resolution
processes lead to elevated proinflammatory cytokines levels in the wound, which may
interfere further with the cellular signaling of neutrophils [42], inducing either a
delayed apoptotic response [43] or necrotic response [44]. All these processes
culminate in release of more and more proteases in wounds that could induce
apoptosis of host cells, delay collagen remodeling and wound repair [46], evidenced
by the presence very high number of neutrophils even on day 18 p.w. in the histology

images of infected wounds , in our study .

Results presented in figure 7.1 A shows that although pl-cp6 mediated single APDT
(~ 120 J/cm?) reduced bacteria load by ~ 1.5 log in wounds, high bacteria regrowth
was observed in wounds of diabetic mice with glucose level > 450 mg/dl. This is not
solely because of the reduced immune cell functions. The observed decrease in MPO
level indicates that PDT could have caused oxidative damage to the inflammatory
cells [201]. Since, bacterial phagocytosis by the immune cells is crucial for complete
elimination of the pathogens post treatment, the decrease in MPO level in wounds
combined with the high level of oxidative stress and the already reduced NE levels
might have contributed to bacterial regrowth, elicit a prolonged neutrophil presence
which would further augment inflammation and tissue damage. In addition, the

reduced inflammatory cell content at the early inflammation phase is also a signal for
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suboptimal response in the release of critical growth stimulatory signals necessary for
neovascularization, epithelialization, keratinocyte migration and proliferation at the
later stages [239]. Therefore, the reduced MPO indicate that the high fluence APDT
not only affects the inflammation but also other cellular response. The higher
inflammation, incomplete reepithelialization (fig. 7.5 f, table 7.2) and delayed wound
closure (fig. 7. 4, 7.5 B) observed in wounds subjected to APDT fluence of ~120

J/em? are suggestive of the delay in wound closure response.

Data presented in this study (fig. 7.3) show that bactericidal effect is better in wounds
subjected to multiple APDT than the wounds subjected to single APDT. This could be
due to enhanced inflammatory cell sequestration and lower damage to these cells due
use of lower light fluence for PDT. This contention was consistent with the
enhancement in levels of MPO and NE observed in these wounds as compared to
single APDT group. This increased inflammatory cell sequestration can arise due to
the PDT induced destruction of S.aureus, its toxins and release of bacterial cellular
contents like DNA [240]. Indeed, it has been reported that bacterial products such as
DNA, LPS, flagella, pilli, can elicit inflammatory and antimicrobial response [43].
Improvement in MPO, NE levels can also arise due to PDT induced ROS generation
[237, 238], leading to increased permeability of the azurophilic granules to cations
[241], dissociation of the glycosaminoglycans bound NE [237]. Increase in NE, MPO
will help in infection resolution as these two enzymes are part of the antibacterial
defense mechanisms like NET/MET [237]. Our data in fact suggest a new way by
which PDT can also lead to generation of enhanced antibacterial response which
could have contributed to faster inflammation resolution, reepithelialization and

wound closure (fig. 7.4 A) observed for the multiple APDT group. In addition, our
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results show multiple APDT also led to increase in GSH levels of wounds. The
observed increase in level of GSH of wounds because of APDT are qualitatively
similar to the effects of AGE inhibitor [216], plant extracts [242] and growth factor
treatment [243]. This is also expected to benefit wound repair outcome, because GSH
is known to reduce MMP / TIMP leading to timely extracellular matrix production,

possibly via redox dependent signaling [5] or increase in proliferation response [6,7].

Our results on APDT induced inflammatory reaction are consistent with the results of
previous studies [201] where the use of APDT for treatment of MRSA infection
induced arthritis in mice was investigated. In the study, while APDT carried out at
very low fluence (~5 or 20 J/cm?) was observed to lead to insufficient bacteria
inactivation, high fluence (~120 and 160 J/cm?) resulted in synovial microvessls
damage, reduced neutrophil accumulation and higher bacterial regrowth. The best
outcome (high inflammatory cell sequestration to the infected site and low bacteria
load) was obtained at a moderate light fluence of ~50 J/cm?. In this context, our
results suggested that use of an optimum fluence can also contribute to inflammation

response.

The results presented in this study (table 7.2) also showed that level of both the
angiogenic markers (NO, VEGF-A) in the wounds of diabetic mice are significantly
lowered compared with that of non diabetic mice. This may be due to impairment of
iNOS activity due to hyperglycemia induced depletion of NADPH [244,245].
Reduced NO and VEGF levels observed in infected wounds is suggestive of the delay
in onset of proliferation phase of wound healing. It is known that S. aureus infection

can delay angiogenesis [77] by inducing prolonged presence of neutrophils [236,246],
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apoptosis in macrophages [247], which reduces NO levels as well as downregulates
VEGF signaling [248], and reduced VEGF stability in the wound environment [77].
The enhancement in angiogenic markers VEGF-A and NO observed in infected
diabetic mice in response to multiple PDT, could have occured due to higher
macrophage recruitment to the wound site as a result of inactivation of S. aureus
toxins such as the alpha toxins and other proteases This would result increased NO
production. The other possible explanations for increased NO level in wounds due to
PDT may be activation of i-NOS [3], oxidative denitrosylation of proteins [249]. It is
also possible that ROS induced by PDT may regulate VEGF signaling, which in turn
can operate in a feedback loop to increase NO production [5-7] via i-NOS

upregulation.

Our results of the studies carried out to compare the efficacy of multiple APDT with
AgNO;s and AG treatment on wound healing suggest that APDT has better healing
enhancing response in diabetic mice. This is evident from the fact that though,
AgNO3 caused a comparable reduction in bacterial regrowth in bacteria in wounds of
diabetic mice, the oxidative damage to wounded tissue was enhanced as indicated by
significant enhancement in TBARS and reduction in GSH level. Although, multiple
intraperitoneal AG treatment (4 times) leads to reduced bacteria load and enhanced
NO level, the bactericidal effect of AG was not comparable to wounds subjected to
multiple APDT (fig. 7.3) in diabetic mice. This may be because, although AG
promotes the migration and respiratory burst of neutrophils [216], has no direct
bactericidal action. In addition, the response of AG is slow which is evident from the
fact that infected wounds of diabetic mice that received AG treatment, showed higher

inflammatory infiltrates on day 18 p.w. (table 7.3), compared to that of the wounds

186



subjected to APDT. Our results suggest that for diabetic animals with blood glucose
>550 mg/dl , APDT could be better options as this approach reduces the bacterial
regrowth considerably and also increases the NO, GSH level. However, the levels of
inflammatory cells (table 7.3) in photodynamically treated wounds are still higher
than that of uninfected counterparts. This is because though APDT causes local
alterations in wound healing biomarkers, the systemic abnormalities in case of
diabetes like reduced bactericidal action of neutrophils/macrophages still persists.
Therefore, a possible combined approach like use of AG or NO donor [21, 22]
alongwith low fluence APDT ensuring optimum inflammatory, proangiogenic and
collagen remodeling response may be more useful for management of infected

wounds in diabetes.

7.6 Conclusion

APDT induced by pl-cp6 causes inactivation of MRSA in wounds of moderately
diabetic mice. Further, PDT efficacy can be improved in wounds of diabetic mice
with blood glucose level > 550 mg/dl by treating wounds with multiple fluences of
APDT without affecting inflammatory cell sequestration and function. Results of this
study also suggest that apart from inactivating bacteria, APDT may contribute to
healing of the wound tissue by increasing proangiogenic response and recruitment of
inflammatory cells. In addition, APDT induced alteration in non enzymatic

antioxidants may help in faster closure of healing of wounds of diabetic mice.
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8. Summary and future scope

8.1 Summary

The main objective of thesis was to investigate the photo bactericidal efficacy of poly
lysine conjugate of chlorin p6 (cp6) and to explore its use for photodynamic treatment
of bacteria infected wounds in normal and diabetic mice. Cp6 is a chlorophyll
derivative which possesses many characteristics of an ideal PS such as (i) high triplet
yield which is important for ROS generation (ii) a strong absorbance in the red region
to minimize the energy deposition in host tissue. However, to improve bactericidal
efficacy of cp6 which is anionic in nature poly-L-lysin a cationic peptide was
conjugated. The important findings of the present thesis can be summarized as

follows:

1. Studies on phototoxicity of cp6 and pl-cp6 on MRSA (Gram positive), P.
aeruginosa (Gram negative) showed that conjugation of cp6 with pl-cp6 led to
significant enhancement of photobactericidal efficacy for MRSA and P.

aeruginosa which were resistant to photoinactivation with cp6.

2. Studies carried out on the mechanism of bacterial cell damage induced by APDT
mediated by cp6, pl-cp6 and a standard phenothiazinium, toluidine blue O (TBO)
on S. aureus and P.aeruginosa by using AFM showed that cp6 treatment did not
result in significant morphological alterations in bacteria. For S.aureus and P.
aeruginosa, APDT mediated by both TBO and pl-cp6 resulted in a significant

reduction in the mean cell height, flattening of Gram negative bacteria
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(P.aeruginosa, E.coli) suggesting damage to the bacterial membrane and reduction
of cell volume due to the loss of cytoplasmic materials. For S.aureus, the change in
morphology observed subsequent to APDT mediated by TBO and pl-cp6 was
significantly different. While the major effect of TBO mediated APDT was
breakage in the contact between the cell wall and the membrane, pl-cp6 mediated

APDT resulted in damage primarily to outer peptidoglycan layer.

. Studies on the effect of pl-cp6 mediated topical APDT on healing of P.aeruginosa
infected wounds showed that at 96 h post APDT (day 5 p.w.), inflammatory
cytokines like IL-6 and TNF-o were reduced significantly in addition to decrease
in bacterial load (~1.5 log). This suggested that reduction in hyperinflammatory

response in wounds contribute to faster healing of wounds.

. Effect of pl-cp6 mediated topical APDT on collagen remodeling response of
MRSA and P. aeruginosa infected wounds studied by using PSOCT as well as by
measurements on hydroxyproline content and MMP-8,-9 level in wounds showed
that APDT restored collagen remodeling in bacteria infected wounds of mice by
attenuating excessive MMP-8/9 levels. This also enhanced epithelial layer

migration, hydroxyproline content, and collagen fibril arrangement.

. Effect of APDT studied in MRSA infected wounds of diabetic mice showed a light
fluence dependent decrease in bacteria and healing response. While the use of
higher fluence of ~120 J/cm 2 led to higher oxidative stress and bacteria regrowth
24 h post APDT, a multiple APDT with lower fluence of ~ 60 J/cm? showed a
better response in terms of decreased bacteria regrowth, increase in the levels of

antioxidants and proangiogenic molecules such as NO and VEGF-A. These

189



observations suggested that multiple APDT with lower fluence may be more
effective in controlling bacterial growth and reducing host cell damage as well as
inflammatory cell sequestration and granulation in wounds. In summary, studies
carried out in the thesis demonstrate that APDT enhance the growth factor levels

which is essential for healing of diabetic wounds.

8.2 Future scope

The work presented in the thesis show the potential of pl-cp6 mediated APDT for
applications in wound healing. Futher research may be aimed at addressing following

points.

o For clinical application, suitable formulation for photosensitizer such as use of
gel matrix like collagen may improve the efficacy of PS by protecting the

conjugate from degradation in chronic wounds rich with proteases.

. Recent clinical studies suggest that Low level light therapy (LLLT) can
promote healing in infected foot ulcers of diabetic patients after the bacteria
load is brought down to a manageable level by antibiotic treatment. Therefore,
use of APDT to reduce antibiotic resistant bacteria load prior to LLLT should

be a explored for management of wound healing in diabetes.
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