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ABSTRACT

Hospital acquired infection affects approximately 10% of patients admitted to
hospital, and is responsible for over 5000 deaths in the UK annually. The cost to the
NHS has been estimated at around £1 bn per year. Infections acquired during
invasive procedures have particularly high mortality rates, and the majority of these
infections are thought to be caused by airborne bacteria present during procedures.
High-intensity narrow-spectrum (HINS) light is a novel light-based disinfection

system which may be able to aid in the continuous battle against bacteria.

HINS-light has been shown to have bactericidal properties, causing near complete
inactivation of a number of medically relevant bacteria. The purpose of this study
was to investigate potential patient-based applications of HINS-light, to establish if
HINS-light could be used during invasive procedures where exposure of tissue to

HINS-light would occur.

The effect of HINS-light on wound healing was investigated with a fibroblast
populated collagen lattice (FPCL) wound model. High intensities of HINS-light (15
mWem™: 1 hour exposure) were found to delay FPCL contraction, inhibit a-smooth
muscle actin expression and reduce cell viability. Exposure to intensities at and
below 5 mWem™ for 1 hour had no significant inhibitory effects on any measured

aspect of fibroblast function.

Infection is a significant risk in orthopaedic joint replacement procedures. To
establish if HINS-light could be employed to reduce the number of bacteria present
during these procedures without damaging exposed bone tissue, osteoblast cells were
exposed to HINS-light. Cell viability was assessed via alkaline phosphatase assay,
osteoblast collagen production, osteocalcin expression, and microscopy techniques.
Exposure to 15 mWem™ HINS-light for 1 hour was found to have inhibitory effects,

while exposure to 5 mWem™ and below for 1 hour had no significant effects.



Having established that 5 m\Wcm™ HINS-light could be applied to mammalian cells
for 1 hour without significant detrimental effects, this dose was applied to polyester
prosthetic vascular graft materials. This dose of HINS-light had no significant
effects on the mechanical properties of the tested materials, and caused no visible
damage. Extracts produced after treatment of the materials with HINS-light did not

cause cytotoxicity to human aortic smooth muscle cells.

The bactericidal effects of 5 mWcm™ HINS-light were investigated on various
clinically relevant bacterial species with variable success. Significant reductions in
populations of Staphylococcus epidermidis, Staphylococcus aureus and Methicillin
resistant Staph. aureus could be achieved when exposed to HINS-light in liquid
suspension, with lesser inactivation of Acinetobacter baumannii and Pseudomonas
aeruginosa, and no effect on populations of Escherichia coli. However, reduced
inactivation rates for all bacteria were observed when exposing the bacteria on agar

surfaces, a situation which closer resembles the wound environment.

Despite showing that a bactericidal level HINS-light exposure could be established
that would not be detrimental to living tissue, the bactericidal benefits of this dose
may not be sufficiently beneficial for medical use in practice. Reduced bacterial
inactivation by HINS-light in nutritious environments such as a wound bed,
combined with the limited penetration into tissue, suggest that the ability of HINS-
light to reduce the number of bacteria in a wound would be limited. It is suggested
that medical uses of HINS-light should focus on environmental disinfection, and

decontamination of medical devices, rather than direct disinfection of wounds.
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Chapter 1

INTRODUCTION

1.1 Hospital acquired infection

Hospital acquired infections (HALI), defined as infections which are not present at the
time the patient enters hospital, are an ever increasing problem in modern healthcare
affecting approximately 1 in 10 patients admitted to UK hospitals. Current attempts
to resolve the problem involve campaigns to improve hygiene in the hospital,
particularly hand washing (figure 1.1). Yet despite these campaigns, HAI still cause
significant patient mortality. It is clear that a novel approach to bacterial inactivation

is required to reduce the prevalence of HAI.

Don't let your a Help keep our
lasting impression ) patients safe
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FIGURE 1.1 Posters from the Health Protection Scotland and Healthier Scotland
“Wash your hands of them” campaign, 2010.



1.1.1 Prevalence

The most recent large scale survey of HAI in the UK was performed by Health
Protection Scotland on 13754 inpatients in Scottish acute and non-acute hospitals
between October 2005 and October 2006. They discovered an overall prevalence of
9.5% in acute hospitals and 7.3% in non-acute hospitals (Reilly et al., 2007). Higher
rates have been reported in intensive care units, where 20.6% of 10038 patients from
1417 Intensive Care Units across Western Europe were reported to have acquired an
infection (Vincent et al., 1995). The study by Reilly and co-workers found that the
prevalence of HAI increased with patient age, with a sharp increase in patients over
60. The distribution between male and female patients is fairly even, with significant
differences only being observed in the 25-44 year old age group, where prevalence
was found to be increased in males. This study also investigated the distribution of
HAI over specialities, with surgical and geriatric wards having the highest

prevalence (table 1.1). Similar trends were reported in non-acute hospitals.

TABLE 1.1 Prevalence of HAI by speciality in Scottish NHS acute hospitals (Reilly
et al., 2007)

Speciality Number of in-patients HAI prevalence %
with HAI
Care of the Elderly 199 11.9
Dentistry 2 125
Gynaecology 10 4.8
Haematology 8 6.7
Medicine 491 9.6
Obstetrics 4 0.9
Oncology 12 8.8
Orthopaedics 105 9.2
Other 0 0
Psychiatry 9 35
Surgery 247 11.2
Urology 16 6.3
Total 1103 9.5




1.1.2 Morbidity and mortality

HAIs have a significant effect on the patient. A study of approximately 4000
patients admitted to an English district general hospital found the average duration of
hospital stay for patients who had contracted an HAI was increased from 8 to 22
days, and the period before the patient could return to work was increased from 23 to
29 days (Plowman et al., 2001). Similar results were found in another study by
Erbaydar and co-workers performed between 1992 and 1994 at Istanbul University
Hospital. This study used one-to-one matching of patients, such that variables such
as age, pre-operative stay, presence of malignancy or diabetes and use of in-dwelling
medical devices were accounted for. In a sample size of 151 patients who had
acquired an HAI and were able to be matched to an uninfected comparison patient,
the hospital stay was found to be increased by 10.6 days (Erbaydar et al., 1995).

Inconvenience and discomfort are not the biggest concern though. The Plowman
study reports an 11% increase in mortality rates in patients who acquire an infection
during their hospital stay. The mortality rates of in-patients with an HAI which
presented during their hospital stay was 13%, compared with 2% for those who did
not present with an HAI in hospital (Plowman, 2000). A report published by the
House of Commons in 2004 found that HAIs are responsible for over 5000 deaths in
the UK each year, and are a contributing factor in over 1500 deaths (Improving
Patient Care by Reducing the Risk of Hospital Acquired Infection: A Progress
Report, National Audit Office 2004). In the US, deaths associated with HAIs in
hospitals exceeded the number attributable to several of the top ten leading causes of
death. A survey performed in 2002 found 1.7 million patients with an HAI, of which
155,668 died. 98,987 were deemed to be caused by or associated with the HAI
(Klevens et al., 2007).

The greatest risk factor for HAI is prolonged hospital stay (Tess et al., 1993), which
is of course necessary for those already in a poor state of health. HAI therefore are
most commonly seen in elderly patients, or patients with underlying medical

conditions. Patients with compromised immune systems are particularly at risk.



This could take the form of a medical condition such as autoimmune diseases, or
patients in which the primary barrier to infection, the skin, is compromised by
surgical procedures or for example placement of catheters (Kollef et al., 2008).

1.1.3 Financial burden of HAI

The economic burden of HAI is also considerable, and is closely linked to the
increased duration of patient hospital stay. The study by Plowman et al (2001) found
the mean cost of treating a patient with HAI to be £4782, an increase of £3153 over
an un-infected patient. The cost of resolving the infection itself does not contribute a
great deal to the increased cost. Microbiological tests and investigations,
antimicrobials, antibiotics and other drug costs represented around 10% of the
increase. The largest contributing source to the increase in cost was found to be
nursing costs at 42% followed by hospital overheads associated with the extended
stay at 33%. Many studies include nursing costs as part of the cost of extended stays,
giving contributions towards total cost of infection of the extended stay as high as
95% (Coello et al., 1993). Extending these findings to a national scale gives
estimates of costs to the NHS of around £1bn each year. The estimates made in the
Plowman study were considerably higher than a previous study performed in 1995
by the Department of Health and the Public Health Laboratory, and the Plowman
report has received some criticism for the sampling method. The study was
performed in only one location, making extrapolation of the data to a national scale
difficult due to variations in infection control practices across different hospitals.
They also investigated the cost associated with all types of HAI, and although the
study number of approximately 4000 patients was relatively large, some infections
such as bloodstream infections had a sample size of only four, giving large
confidence intervals for associated costs for certain infections. However, a review of
studies shows that the added cost per HAI calculated in the Plowman study is
comparable to other findings (Wilcox & Dave, 2000). The findings of this review
are summarised in table 1.2, where the cost per case has been converted to pounds

sterling and standardised to 1995/1996 valuations.



TABLE 1.2 Studies on effect of HAI on length of stay and associated costs. Adapted
from (Wilcox & Dave, 2000)

Country| Infection Increase Cost

(sample size) in per

length case (£)

of stay

Haley et al. (1981) USA All (177) 1 891

Girard et al.(1983) France Neonatal (61) 6.7 1118
Mugford et al.(1989) UK Caesarean (41) 2.1 1011
Kappstein et al. (1992)  Germany Pneumonia (34) 10.1 5533
Coello et al. (1993) UK UTI (35) 3.6 498

Coello et al. (1993) UK Wound (12) 10.2 1553
Wilcox et al. (1996) UK C. Diff 21 4107
Zoutman et al. (1998) Canada  Wound (108) 10.2 1780
Plowman (2000) UK All (309) 11 3000
Reilly (2007) UK All (1103) 6.6 2548

The Reilly study is the most recent study to have been performed in Scotland. Of the
11608 patients surveyed in all 45 acute hospitals in Scotland, HAIs were found in
1103 patients. HAIs were found to increase the length of stay by 6.6 days, from 10.2
to 16.8 days. The cost of additional days in hospital was calculated at £319 per day.
Extrapolating these data to a national level gives an extra 575200 bed days due to
HAI, at a cost of £183 million (Reilly 2007).

1.2 Types of infection

Hospital acquired infections take many forms. The most common infection type
reported in the Scottish National HAI Prevalence Survey was found to be urinary
tract infection (UTI), accounting for 17.9% of cases, while the Plowman study

reported a greater figure of 35% (table 1.3). The major risk factor for UTI is the use



of indwelling catheters, with risk increasing with increasing length of catheterisation
period. The bacteria most commonly associated with UTI are the endogenous
intestinal flora such as Escherichia coli, Enterobacter, Klebsiella, Enterococci, and
Proteus spp. However, more general skin flora such as the staphylococcus species
and corynbacterium are also found, and it is thought that inadequately
decontaminated equipment and hands of healthcare workers may introduce
environmental and common skin bacteria during insertion or maintenance of the
urinary catheter (Maki & Tambyah, 2001). The use of indwelling or implanted
medical devices such as orthopaedic implants and vascular grafts is increasing with
technological advancements, and so the incidence of device-associated infection is
increasing (von Eiff et al., 2005). Surgical site infections (SSI) are the next most
common, accounting for around 16% (Andersen et al., 2009; Reilly et al., 2008).
The pathogen responsible for SSI varies according to surgical site. Escherichia coli,
Enterococcus  spp., Streptococcus spp., Pseudomonas aeruginosa and
Staphylococcus aureus were found to be responsible for the majority of infection in
abdominal surgery (Munez et al., 2011), while Staphylococcus aureus and coagulase-
negative Staphylococcus such as Staph. epidermidis were more prevalent in
orthopaedic, vascular and trauma surgery (Misteli et al., 2011; Owens & Stoessel,
2008).

To take infection acquired during hip replacement surgery as a specific example of
HAI, studies have shown incidence rates from 1 — 5%, increasing considerably for
revision procedures (Hamilton & Jamieson, 2008; Ridgeway et al., 2005; Wilson et
al., 2008). Of these, Staph aureus is found to be the causative organism in the
majority of cases. In the English mandatory surveillance system data set, covering
22160 procedures performed in English hospitals between April 2004 and March
2005, Staph aureus was identified in 64% of infections, 67% of which were
Methicillin resistant strains (Wilson et al., 2008). Staph epidermidis has also been
identified in a large number of cases (Hamilton & Jamieson, 2008). Phage-typing
has been used to attempt to identify the source of the organism, showing that 31% of
organisms found to cause wound sepsis were also found on the operating staff
(Lidwell et al., 1984).



TABLE 1.3 Prevalence of types of infection from the Scottish National HAI
Prevalence Survey, 2006 (Reilly et al., 2008)

HAI type No. %
Urinary tract 222 17.9
Surgical site 197 15.9
Gastrointestinal 191 15.4
Eye, ear, nose, throat or mouth 155 125
Lower respiratory tract (other than 139 11.2
pneumonia)

Skin and soft tissue 137 11
Pneumonia 109 8.8
Blood stream 55 4.4
Reproductive 17 14
Cardiovascular system 11 0.9
Bone and joint 6 0.5
Central nervous system 2 0.2
Systemic 2 0.2

1.3 Source of infection

The human body is home to many types of bacteria, summarised in table 1.4, which
are not normally harmful to healthy individuals. In fact, most bacteria have a
symbiotic relationship with the host. Commensal bacteria found on the skin provide
protection against colonisation and infection from pathogenic microbes, and
stimulation of the development of the host immune system (Chiller et al., 2001). For
example Staphylococcus epidermidis, the most common microbe found on the skin,
has been shown to influence the immune response of keratinocytes by Toll-like
receptor signalling (Cogen et al., 2008). Bacteria in the gut ferment undigested
carbohydrates, prevent colonisation by potential pathogens, and help develop the
immune system.  In return, the surfaces of the human body provide a stable

environment for bacteria to survive on, with constant supply of nutrients.



There are six main routes of transmission through which bacteria can contaminate
and infect a susceptible host. Contact transmission is the most common mode of
contamination. It is normally divided into two sub-categories, direct and indirect.
Direct contact involves transmission through direct body to body contact, with
physical transfer of bacteria from the source to the patient. This can occur during
routine healthcare procedures, in which the medical professional is a carrier of the
pathogen, or from other patients or visitors to the patient. Indirect contact
transmission involves an intermediary step, such as the contamination and
insufficient cleaning of medical equipment which is shared between patients.
Common vehicle transmission and vector borne transmission are less commonly
found to be the cause of HAI in western healthcare environments. Common vehicle
transmission involves contamination of water supplies or food sources, and vector
transmission is where the microorganism is spread through vectors such as
mosquitoes, rats or flies. Droplet transmission can occur from an infected source
during coughing, sneezing and talking. An infecting microorganism can become
suspended in the warm, moist droplet and can travel a few metres, increasing the risk
of infection for those around the source. Airborne transmission can also occur from
coughing and sneezing, where particles of 5 um or less can become aerosolised and
remain suspended in the air where they can disperse over an entire room. Dust
particles or skin fragments containing bacteria can also be spread by airborne

transmission.



TABLE 1.4 Bacteria commonly found on surfaces of the human body, adapted from
Todar’s Online Textbook of Bacteriology. ++ = very common (nearly 100%), + =

common (~25%), +/- = rare (<5%)
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Staphylococcus epidermidis

Staphylococcus aureus + +/- + + + ++ +/- +
Streptococcus mitis + ++ +/- + +
Streptococcus salivarius ++ ++

Streptococcus mutans + +

Enterococcus faecalis +/- + ++ + +
Streptococcus pneumoniae +/- +/- + + +/-
Streptococcus pyogenes +/- +/- + + +/- +/-
Neisseria spp + + ++ + + +
Neisseria meningitidis + ++ + +
Enterobacteriaceae (Escherichia coli) +/- +/- +/- + ++ + +
Proteus spp. +/- + + + + + +
Pseudomonas aeruginosa +/- +/- + +/-
Haemophilus influenzae +H- o+ + +

Bacteroides spp. ++ + +/-
Bifidobacterium bifidum ++

Lactobacillus spp. + ++ ++ +
Clostridium spp. +/- ++

Clostridium tetani +/-
Corynebacteria ++ + ++ + + + + +
Mycobacteria + +- 4 + +
Actinomycetes + +

Spirochetes + + T+

Mycoplasmas + + + +/- +




1.3.1 Airborne transmission

High concentrations of airborne contaminants are known to be a source of infection
during surgical procedures. The number of infections following orthopaedic implant
surgery has been shown to correlate with the number of airborne bacteria measured
within a 30cm area around the wound (Lidwell et al.,, 1983). 98% of the
microorganisms found in the wound were shown to originate from airborne
transmission, and comparison of the airborne bacterial concentrations with the
number of bacteria washed out during surgery suggest that 35% of these bacteria
were thought to have fallen directly on the wound, with the remainder having fallen
on surgical instruments or the gloves of the surgeon, leading to an indirect
contamination of the surgical site (Whyte et al., 1982). Despite modern laminar
airflow operating theatres, contaminants can remain in the air following surgical
procedure. It is common practice to try and schedule “dirty” cases, that is cases
where there is known infection such as removing an infected implant, to be
undertaken after “clean” procedures. However, examples where this schedule cannot
be maintained do occur and it has been shown that there is a small but increased risk
of the following patients becoming infected with the known microorganism of the
preceding “dirty” cases (Namdari et al., 2011). This was found to be the case despite
normal cleaning procedures with broad-spectrum disinfectants between patients. The
number and activity of staff in the operating theatre has been shown to greatly
contribute to the airborne bacterial levels. It is not only staff who have direct contact
with the patient during surgery that pose a risk of infection. An investigation carried
out following three cases of post-operative Staphylococcus aureus wound infection
in the same ward identified a surgical orderly as the probably source of infection.
Bacteriological investigations identified the strain of Staph aureus to be unusual, in
that it was resistant to novobiocin and tetracycline, and sensitive to penicillin. This
particular strain was isolated in large numbers from the hair and skin of the orderly,
who suffered from eczema. The orderly had no contact with the patient, but it was
concluded that their presence during surgery had contributed to the infection. Strains
of the bacteria were also isolated from air samples taken from ward areas in which
the orderly had visited (Ayliffe & Collins, 1967). The operating theatre in this

example did not have a mechanical air flow device; laminar flow ventilation was
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pioneered in the 1960s and 70s, and only widely adopted in orthopaedic surgical
theatres in the 1980s. In laminar flow operating theatres, a continuous flow of highly
filtered ‘bacteria-free’ air is recirculated under positive pressure into the operating
field and air contaminants generated during surgery are removed from the site (figure
1.2). This has been shown to significantly reduce airborne bacterial levels, with
studies during the introduction of this technique showing 95% reductions in the
number of airborne bacteria, measured by slit-sampling (Alexakis et al., 1976).
However, even with modern laminar flow ventilation, unacceptably high numbers of
isolates are still reported during arthroplasty surgery (Owers et al., 2004). In this
supposedly ultra clean environment, bacterial concentrations as high as 236 CFU/m®
have been reported during cardiological operations, around 70% of which were
Gram-positive Staphylococci (Pastuszka et al., 2005). Qudiesat and co-workers
found the numbers of airborne bacteria in fully vented operating theatres during
cardiac surgery to be around 100 CFU/m?® with surface swabs giving counts of
around 45 CFU (Qudiesat et al., 2009). A limit of 180 CFU/m? for an average 5 min
period has been set in the UK for conventionally vented operating theatres. With the
use of ultra-clean air and total body exhaust gowns, the limit is <1 CFU/m® sampled
within 30cm of the wound (UK Department of Health document, Health Technical
Memorandum 2025).

11



Blower Blower
oS &L

e

X

<

oy & -
3 & <3
< <

<

HEPA Filter HEPA Filter -
:

A A

v v v v v v v v
Laminar Flow Sterile Air Shield A

& < OPERATION THEATRE LAMINAR AIR FLOW SYSTEM >
»

(indicative line diagrom - not fo scale)

FIGURE 1.2 Line diagram of air flow in vertical laminar flow operating theatre
(http://lwww.microfilt.com/operation_theatre.html)

Bacterial shedding from staff in the operating theatre is thought to be the source of
the majority of airborne contaminants. It has been shown that the difference in
temperature between the human body and ambient air creates a convective air current
which carries particles away from the body. As many as 10’ bacteria carrying skin
fragments can be released from the body in a 24 hour period (Clark & de Calcina-
Goff, 2009), detached mainly by the abrasive action of fabrics upon the skin
(Benediktsdottir & Hambraeus, 1982). Traditional surgical wear has also been
shown to act as bellows which pump shed fragments into the air, with Schlieren
images (images which can show optical inhomogeneities invisible to the human eye
caused by variation in optical path lengths) showing dispersal of fragments from
around the edges of a surgical gown and from the cuffs of surgical scrubs (Clark &
de Calcina-Goff, 2009) . Mechanical cleaning methods and movement of people
have also been shown to significantly contribute to the number of airborne particles,

as settled particles are disturbed and resuspended in the air (Clark et al., 1985).
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1.3.2 Bacterial survival

As well as surviving and thriving on the human body, bacteria have been shown to
survive on inanimate surfaces for extended periods of time. Table 1.5 summarises
the findings of a review carried out in 2005 on all literature concerned with bacterial
survival on dry inanimate surfaces, including steel, plastic and fabrics (Kramer et al.,
2006). Both Gram-positive and —negative bacteria that are responsible for a variety

of HAI were found to survive for several months on these surfaces.

This ability to survive on surfaces for extended periods allows transfer of bacteria
from patient to surface, then to other patients, contributing to the spread of HAI
around the hospital environment. There are specific examples of this leading to
infection outbreaks. Embil and co-workers (2001) report a case of MRSA outbreak
in 12 patients in a plastic surgery and burns unit. The outbreak also spread to a
community hospital to which a patient from the burns unit had been transferred. All
the strains were shown to be identical by pulsed-field gel electrophoresis. The
source of the outbreak was traced to a single contaminated stretcher and hand held
shower unit from the burns unit, and the outbreak was terminated by replacement of
these pieces of equipment (Embil et al., 2001). Similarly, a contaminated shared
electronic ear-probe thermometer was found to be responsible for an outbreak of
vancomycin-resistant Enterococcus infection among seven patients on a general

medical-surgical ward (Porwancher et al., 1997).
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TABLE 1.5 Survival of bacteria on dry inanimate surfaces, adapted from Kramer
and co-workers (2006).

Type of bacterium Duration of persistence (range)
| Acinetobacter spp. 3 days to 5 months

Bordetella pertussis 3—-5days

Campylobacter jejuni up to 6 days

Clostridium difficile (spores) 5 months

Chlamydia pneumoniae, C. trachomatis <30 hours

Chlamydia psittaci 15 days

Corynebacterium diphtheriae 7 days — 6 months

Corynebacterium pseudotuberculosis 1-8 days

Escherichia coli 1.5 hours — 16 months

Enterococcus spp. including VRE and VSE 5 days — 4 months

Haemophilus influenzae 12 days

Helicobacter pylori < 90 minutes

Klebsiella spp. 2 hours to > 30 months

Listeria spp. 1 day — months

Mycobacterium bovis > 2 months

Mycobacterium tuberculosis 1 day — 4 months

Neisseria gonorrhoeae 1 -3 days

Proteus vulgaris 1 -2 days

Pseudomonas aeruginosa 6 hours — 16 months; on dry floor: 5 weeks
Salmonella typhi 6 hours — 4 weeks

Salmonella typhimurium 10 days — 4.2 years

Salmonella spp. 1 day

Serratia marcescens 3 days — 2 months; on dry floor: 5 weeks
Shigella spp. 2 days — 5 months

Staphylococcus aureus, including MRSA 7 days — 7 months

Streptococcus pneumoniae 1 - 20 days
Streptococcus pyogenes 3 days — 6.5 months
Vibrio cholerae 1 -7 days
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1.4 Bacterial levels required to cause infection

Traditionally, a bacterial count around 10° to 10° CFU is associated with an
increased incidence of infection and inhibited wound healing in otherwise healthy
samples (Landis, 2008). For example, Murphy and co-workers demonstrated that
successful closure of wounds in goats with pedicled flaps would not proceed
successfully when the wound was contaminated with more than 10° CFU per gram of
tissue (Murphy et al., 1986). Similarly, Bendy and co-workers found that decubitis
ulcers would not heal until bacterial levels were below 10® CFU/mI of wound fluid
(Bendy et al., 1964), and Krizek and Davis found that visceral cultures with bacterial
counts greater than 10° CFU/g of tissue resulted in fatal sepsis (Krizek & Davis,
1966). During the Vietnam war the US Army carried out research into burn wound

sepsis with similar results (Lindberg et al., 1965; Teplitz et al., 1964).

The introduction of indwelling medical devices significantly decreases the numbers
of bacteria required to cause infection. Elek (1956) found that 7.5x10° CFU of
Staphylococcus pyogenes was the minimum dose required to cause pus formation,
swelling and redness when injected under the skin of human volunteers. However,
they also soaked silk suture material in a Staphylococcus aureus suspension and
allowed it to dry. The number of bacteria on the material was enumerated and the
suture pulled through the skin of volunteers and tied in place. Evidence of infection
around the stitch was visible with doses as low as 100 CFU (Elek, 1956). It has been
estimated that infection following total hip replacement surgery can be caused by as
few as 10 CFU (Charnley & Eftekhar, 1969), and experiments on the use of
ultraclean air and whole-body exhaust-ventilated suits show that even when the
airborne bacterial count is as low as 1 CFU/m? of air sampled, sepsis following total

hip or knee replacement surgery can still occur (Lidwell et al., 1982).

1.4.1 Biofilms

A contributing factor to the ability of such low numbers of bacteria to cause deep
infection is their ability to form biofilms (McCann et al., 2008). A biofilm is an
aggregate of bacteria which is attached to a surface and embeds itself in a matrix of

extracellular polymeric substance (EPS) known as “slime” (Mack et al., 2006). The
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process of biofilm formation can be separated into four distinct phases; conditioning
film deposition, microbial attachment, colonisation and final formation. Despite
technological advancements in material surface characteristics, upon contact with the
body a device will obtain a conditioning film consisting of various proteins and
electrolytes dependent on where the material is implanted (Tenke et al., 2004).
Bacteria which in vitro would not be able to adhere to the device surface can now
attach to the conditioning film. The process by which bacteria can adhere to the
surface is not fully understood but may involve microbial surface components
recognizing adhesive matrix molecules (MSCRAMMS) (Fitzpatrick et al., 2005).
Bacteria then begin to colonise the surface, and produce the polysaccharide slime
which helps to anchor the organisms to the surface. The slime surroundings make
the bacteria significantly less susceptible to the host response and traditional
antimicrobial treatment (von Eiff et al., 2005). It is also thought that the biofilm
provides a buffer to changing environmental conditions and easier access to nutrients
via mass transfer (Habash & Reid, 1999).

1.5 UV inactivation

UV-light in the operating theatre has been shown to be more effective than laminar
flow ventilation at reducing the number of airborne bacteria. A study by Berg and
co-workers in 1991 found the mean count of colony forming units per m® to be 7.67
with laminar flow ventilation, reduced to 2.96 CFU/m® with 254nm UV-C radiation
replacing the ventilation system (Berg et al., 1991). Similarly, Lowell and co-
workers reported a reduction in infection rates following total hip replacement of
3.06 to 0.53% by the installation of UV lamps (Lowell et al., 1980). A large study
performed over 19 years on 5980 joint replacement procedures found that UV
radiation decreased the risk of post-operative infection from 1.77 to 0.57% (Ritter et
al., 2007). The use of UV radiation is, however, associated with a number of
problems for both the patient and staff. They developed conjunctivitis and erythema
of the skin, protected against by the introduction of eye protection and fully covering
protective clothing. Sun screen was used to protect any exposed areas. Despite
claims that intensities as high as 300 pWcm™ do not cause any untoward effects,

safety considerations have meant that an intensity limit of 30 uWcm™ was introduced
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(Lidwell, 1994). However, despite the impressive reductions in airborne bacterial
counts and infection rates, UV radiation has not been widely adopted in the UK. The
protective clothing required by operating staff is deemed to be too hot, thick and
uncomfortable for routine use (Gosden et al., 1998; Taylor et al., 1995). The use of
UV lighting during procedures is more commonly used in operating theatres in the
US and Sweden.

1.6 Light inactivation of bacteria

As has been shown in the previous section, UV radiation can successfully be
employed to reduce the number of bacteria in the hospital environment. It has also
been shown that visible light is capable of inactivating bacteria (Maclean et al.,

2009). The mechanism through which this occurs is explained here.

1.6.1 The electromagnetic spectrum

Sunlight is composed of electromagnetic waves of wavelength 100 to 10° nm (1mm).
Only a small portion of this is visible to the human eye, from roughly 380 nm to
780nm. Wavelengths below 380nm are classified as ultraviolet (UV), which is
further split into three categories; UV-A, UV-B and UV-C depending on wavelength.
Wavelengths of radiation longer than visible light are known as infra-red (IR), also
spilt into A,B and C sub-categories. This is a relatively small portion of the full
electromagnetic spectrum, which also consists of very short wavelength gamma and
X-rays, which have well understood medical applications, and longer wavelength

radiation radio waves (Figure 1.3).

17



A

Increasing energy

[IAVAVAVAVAVANV NN

Increasing wavelength >
0.0001 nm 0.01 nm 10nm 1000 nm 0.01 cm 1 cm Tm 100 m
! | | | 1 1
Gamma rays Xrays Ultra- Infrared Radio waves
violet
Radar TV FM AM

_/’\;;I;thﬂ\ -

400 nm 500 nm 600 nm 700 nm

FIGURE 1.3 The electromagnetic spectrum.

Electromagnetic radiation produced by the sun has long been known to have
biological effects, probably the most common of which is sunburn caused by over
exposure of skin to UV-B radiation which damages the DNA of epidermal cells.
Visible light also has a variety of established biological applications, and is the main
treatment method for neonatal jaundice (Maisels & Watchko, 2003), through the
isomerisation of bilirubin by high intensity green-blue light. It is also commonly
used in the treatment of acne, where combinations of blue and red light have been
shown to have antibacterial and anti-inflammatory properties (Kawada et al., 2002;
Papageorgiou et al., 2000), and depressive disorders such as seasonal affective
disorder where it is thought to alter melatonin levels that affect mood (Terman &
Terman, 2005; Winton et al., 1989). Light has also been used in the treatment of
cancer, known as photodynamic therapy, where targeted light is applied in
conjunction with a photosensitising agent to destroy the cancerous cells. An
explanation of the mechanism through which this occurs is useful to help understand

the bactericidal properties of blue light.
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1.6.2 Photodynamic therapy

Photodynamic therapy (PDT) involves the administration and subsequent
illumination of a photosensitive molecule by visible light of an appropriate
wavelength, dependent on the particular photosensitiser used. Illumination causes
excitation of the photosensitising molecule and starts a series of reactions which
results in the production of reactive oxygen species (ROS). The production of these
ROS can lead to cell death through oxidative reaction with the surrounding
biomolecules within the cell (Hamblin & Hasan, 2003). This is not a particularly
new therapeutic approach; the ancient Egyptians used vegetable and plant extracts as
a photosensitiser in combination with exposure to sunlight to treat skin conditions
such as vitiligo. The basis of this therapy is still used (Mahmoud et al., 2008). As
well as cancer therapy, PDT is also licensed for the treatment of age-related macular
degeneration, arthritis, psoriasis, Barrett’s oesophagus, atherosclerosis and restenosis

in veins and arteries (Hamblin & Hasan, 2003).

The most commonly used photosensitising molecule used in cancer therapy is
hematoporphyrin derivative, a complex mixture of porphyrins which have been
particularly effective as they are retained by tumour tissues (Cao et al., 2009; Kessel,
1982). Upon illumination of the porphyrin by the appropriate wavelength of light (a
description of porphyrins and their wavelength sensitivity will follow), the porphyrin
undergoes excitation from the stable ground state to a singlet excited state. This
refers to a state where all of the electrons in the molecule are spin-paired, a quantised
measure of the angular momentum of a particle. From this excited state the
porphyrin can either decay back to the ground state, releasing energy in the form of a
photon of light with wavelength around 600 nm, or undergo intersystem crossing to a
lower energy but longer lived state known as the triplet state. The second pathway is
a “forbidden” process as it requires spin inversion, which should make it less likely
to occur than the “allowed” process of fluorescence, however, the very high
occurrence of the “forbidden” intersystem crossing pathway in porphyrins is why
they make such successful photosensitisers. Only around 5% of excited molecules
are thought to decay through fluorescence, with the rest undergoing intersystem

crossing to the triplet state (Perun et al., 2008). There are two possible pathways
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from the triplet state, known as type | and Il reactions (figure 1.4). In type I
reactions the excited triplet photosensitiser interacts directly with the substrate
molecule, either by hydrogen atom abstraction or by electron transfer to produce a
reactive radical species, mainly hydrogen peroxide and superoxide. The substrate
molecule could be amino acids within the cell or the cell membrane. In type Il
reactions the triplet state reacts with the ground state triplet oxygen producing the
excited singlet oxygen (*O,) which is highly reactive (Wijesekera & Dolphin, 1985).
It is thought that the singlet oxygen reacts with unsaturated lipids in the cell
membrane forming lipid hydroperoxides (LOOH). These hydroperoxides react with
ferrous iron initiating free radical chain reactions producing ROS, aldehydes and
other toxic products that disrupt the cell membrane leading to cell death (Schafer &
Buettner, 1999; Thomas & Girotti, 1989)
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FIGURE 1.4 Jabionski diagram of photosensitiser excitation and subsequent
pathways, modified from Sternberg (1998). Key: 1 = absorption of light, 2 =
fluorescence, 3 = Intersystem crossing, 4 = phosphorescence, 5 = type |
photoreaction, 6 = type Il photoreaction (Sternberg & Dolphin, 1998).

The majority of damage caused by PDT is thought to occur through the type 1l

pathway. Singlet oxygen is a highly reactive oxidising species that can react with a

20



variety of biomolecules (Fuchs & Thiele, 1998). It is thought that the damage caused
by PDT to cells is through reactions between singlet oxygen and the cell membrane.
Malik and Lugaci (1987) incubated Friend erythroleukaemia cells with 5-amino
levulinic acid (ALA), which stimulates endogenous porphyrin content of the cells.
Cells were exposed to 380 nm light for 2 min, with the effects after a number of days
incubation assessed by scanning electron microscopy (SEM) and flow cytometry.
After exposure and 2 days incubation with the 5-ALA, outer deformations and
irregularities were observed in the cell membrane. By day 5, PDT was observed to
form holes and cause severe damage to the membrane. However, SEM did not
reveal significant damage to the nucleus. Flow cytometry showed a rapid increase in
cell volume, associated with damage to the membrane and sudden influx of water
into the damaged cell (Malik & Lugaci, 1987). Similarly, Ahn and co-workers
(2004) employed scanning and transmission electron microscopy to examine the
effect of PDT with a hematoporphyrin derivative photosensitiser on CaSki human
cervical squamous cell carcinoma cells. One hour exposure to 630 nm light was
found to cause plasma membrane disruption, cell shrinkage and cytoplasm leakage.
There was no evidence of damage to the nuclear membranes. The plasma membrane

was observed to have completely disintegrated by 6 hours later (Ahn et al., 2004).

1.7 Porphyrins

Porphyrins are a class of naturally occurring molecules that are found everywhere in
nature. They are involved in a wide range of biological processes including
photosynthesis, pigmentation changes, catalysis and oxygen transport (Goldoni,
2002). The basic structure which is common to all of the porphyrin molecules
consists of four pyrrolic subunits which form a substituted aromatic macrocyclic
ring. The pyrrole ring consists of four carbon atoms and one nitrogen atom, each
with a hydrogen atom bound to it. The pyrrole subunits are linked together by four

methine bridges, unsaturated —CH = groups (figure 1.5).
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FIGURE 1.5 The pyrrole ring (left), four of which are joined by methine bridges to

form the basic tetrapyrrole porphyrin molecule (right).

The structure of the tetrapyrrole molecule provides a vacant site at its centre which is
ideally suited for metal incorporation, forming metalloporphyrins. The metal ion
which is incorporated, and the addition of any side chains, determine the function of
the porphyrin. For example, the addition of magnesium creates chlorophyll, while an
iron atom produces haem. Metalloporphyrins are not useful in photodynamic
inactivation, however, as the metal rapidly quenches the ROS (Krasnovskii et al.,
1982). Free-base porphyrins are present in organisms as the precursors to
metalloporphyrins (Wijesekera & Dolphin, 1985), and these are required for
photodynamic inactivation to be effective (Evensen, 1995).

The absorption spectrum of a typical porphyrin (figure 1.6) shows intense absorption
around 405 nm, known as the Soret band. This would suggest that blue light should
be the most effective at exciting porphyrins to generate the ROS required to kill
bacteria. The absorption peaks of the different porphyrin molecules have been

shown to vary slightly, but all are around 405 nm (table 1.7).

22



Tetrakis({o-aminophenyl )porphyrin

a0

oy -

200 -

Molar Extinction Coefficient

l:' 1 1 1
paLile] 00 qoi a0 Ao L]

Wavelength Cam)

FIGURE 1.6 Typical absorption spectrum of porphyrins, (Du et al., 1998).

TABLE 1.7 Absorption peaks of various porphyrin molecules. Adapted from
(Rimington, 1960)

Porphyrin Absorption max

(nm)

Uroporphyrin 111 octamethyl ester (syn.) 405-6
Uroporphyrin | octamethyl ester (nat.) 406
Coproporphyrin 111 tetramethyl ester 399.5
Aetioporphyrin | 399.5
Deuteroporphyrin dimethyl ester 399
Haematoporphyrin dimethyl ester 402
Porphin 396-5
Phylloerythrin methyl ester 415
Protoporphyrin dimethyl ester 407.5

There are several smaller absorption peaks from 450 to 700 nm, known as Q-bands
and light in this region has previously been used for inactivation of bacteria
(Nussbaum et al., 2003; Wilson, 2004). Red light is generally used in PDT for

cancer treatment as it is able to penetrate further into tissue (figure 1.7), and the use
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of exogenous photosensitising agents can amplify the photodynamic effect to the
required level. For bacterial inactivation by endogenous porphyrins, the intensity of
red light required would be considerably higher than blue light.

nm 800700 600 500 400

Membrane

1cm

FIGURE 1.7 Wavelength dependence on depth of penetration of light into tissue
(Sternberg & Dolphin, 1998).

1.7.1 Inactivation of bacteria and mammalian cells by endogenous porphyrins
activated by blue light.

The use of photosensitising agents such as the hematoporphyrins or 5-ALA is not
necessary to achieve cell damage in bacteria after exposure to light. Many strains of
bacteria naturally produce high levels of porphyrin, and these porphyrins can be
excited and generate singlet oxygen formation in the same way as exogenously
applied sensitisers. Ashkenazi and co-workers have demonstrated this with the P.
acnes bacterium.  Exposing the bacteria to 75 Jem™ blue light with no
photosensitising agent causes a decrease in cell viability of 2 orders of magnitude.
Increasing the dose further decreased the viability of the cells to a greater extent
(Ashkenazi et al., 2003). Photodynamic inactivation by excitation of endogenous
porphyrins with blue light has since been shown to be possible on a wide range of

bacteria, summarised in table 1.6.
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TABLE 1.6 Organisms shown to be susceptible to damage by blue light irradiation

without the use of exogenous photosensitisers

Organism Wavelength l0g1o Dose/logyy  Reference
(nm) reduction  reduction
Acinetobacter 405 (£ 5) 108 4.2 25.7 Maclean et al.
baumannii (2009)
Clostridium 405 (= 5) 45 4.4 10.2 Maclean et al.
perfringens (2009)
Enterococcus 405 (£ 5) 216 2.6 96 Maclean et al.
faecalis (2009)
Escherichia coli 407 - 420 75 2 375 Ashkenazi et al.
(2003)
Fusobacterium 450 - 480 94 6 15.7 Feuerstein et al.
nucleatum (2005)
Helicobacter 405 (£ 2) 32 5 6.4 Ganz et al. (2005)
pylori
Klebsiella 405 (£ 5) 180 4.2 42.8 Maclean et al.
pneumaniae (2009)
MRSA 405 (£ 5) 45 5 9 Maclean et al.
(2009)
Porphyromanas 450 - 480 62 6 10.3 Feuerstein et al.
gingivalis (2005)
Prevotella spp. 488 — 514 80 4 20 Henry et al. (1996)
Proteus vulgaris 405 (+ 5) 144 4.7 30.6 Maclean et al.
(2009)
Pseudomonas 405 (= 5) 180 3.9 46.2 Maclean et al.
aeruginosa (2009)
Staphylococcus 405 (£ 5) 36 5 7.2 Maclean et al.
aureus (2009)
Staphylococcus 405 (£ 5) 42 4.6 9.1 Maclean et al.
epidermidis (2009)
Streptococcus 405 (£ 5) 54 5 10.8 Maclean et al.
pyogenes (2009)
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The intensity of light required for complete inactivation varies for different strains of
bacteria, and this is thought to be due to the different concentrations of porphyrins
present in different cell types (Lipovsky et al., 2009). The experiments of Lipovsky
et al exposed two clinical isolates of S. aureus to broadband visible light with
wavelengths from 400 to 800nm at an intensity of 300 mWcm™. A 10 min exposure,
giving a dose of 180 Jcm™, resulted in a 99.8% reduction in viability of a methicillin
sensitive strain of Staph aureus, while the same dose only caused a 55.5% reduction
in viability of a Methicillin-resistant strain. Maclean and co-workers achieved a
complete 5-log;o reduction in population of S. aureus with a 630 Jem™ dose (350
mWem for 30 min) of broadband visible light. They used narrow band-pass filters
to identify the causative wavelength to within 10nm, finding that the largest logio

reductions were caused in the 405 £ 5 nm region (Maclean et al., 2008).

In further experiments at the 405 nm wavelength, Maclean and co-workers
established that a variety of bacterial species were susceptible to blue light
inactivation. S. aureus was shown to be the most susceptible, followed by MRSA
and S. epidermidis (Maclean et al., 2009). It appears that visible-light inactivation is
generally more efficient for gram-positive bacteria, which could be due to the higher
production of coporphyrin relative to gram-negative species as identified by Nitzan
and co-workers (2004). They measured six times higher concentrations of
coporphyrin in S.aureus and S.epidermidis bacteria than in gram-negative species,
which were shown not to produce a predominant porphyrin, instead producing
roughly equal concentrations of a variety of porphyrins including protoporphyrin,

uroporphyrin, coporphyrin, 5- and 7- carboxy porphyrin.

With each porphyrin having a slightly different peak absorption band, it is possible
that the lack of a predominant porphyrin is why Gram-negative bacteria appear to
require a higher dose of blue light exposure to achieve useful levels of inactivation.
These Gram-negative bacteria that prove more resistant to inactivation by blue light
include Klebsiella pneumaniae and Pseudomonas aeruginosa. These are bacteria
that are frequently isolated from infected patients. P. aeruginosa for example is

found to be the infecting bacteria in over 50% of burn wound infections (Al-
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Akayleh, 1999), while Klebsiella species are a common cause of hospital acquired
urinary tract infection and pneumonia (Podschun & Ullmann, 1998). E. coli, a
common cause of gastrointestinal infection and outbreaks which are well
documented in the media, has also been shown to be particularly resistant to visible

light inactivation (Maclean et al., 2009).

The dose of blue light radiation required to cause complete inactivation of the least
susceptible species is very large, and the effect on mammalian cells of this level of
radiation is unknown. Mammalian cells have previously been shown to be
susceptible to visible light induced damage. Epithelial cells (Godley et al., 2005),
gingivial fibroblasts (Taoufik et al., 2008), hepatocytes (Malik & Lugaci, 1987) and
keratinocytes (Pflaum et al., 1998) have all been shown to be affected in some way
by exposure to blue light. However, mammalian cells have various protective
mechanisms that bacteria lack that theoretically should allow them to survive higher
levels of oxidative insult (Bouillaguet et al., 2008). Various antioxidant enzymes
have been shown to scavenge ROS before they can cause cell necrosis. Wang and
co-workers identified phospholipid hydroperoxide glutathione peroxidase as being
able to reduce the effectiveness of PDT. The singlet oxygen generated by
stimulation of a porphyrin based photosensitiser reacts with unsaturated lipids in the
membrane to form lipid hydroperoxides (LOOH), which are what disrupt the cell
membrane. Phospholipid hydroperoxide glutathione peroxidase removes the LOOH
before membrane damage can occur (Wang et al., 2001). Other studies have also
shown this to be an important protective mechanism against *O,-induced cytotoxicity
(Bickers & Athar, 2006; Thomas & Girotti, 1989). Enzymes and antioxidants such
as superoxide dismutase, lactoperoxidases, peroxiredoxins, ascorbic acid and o-
tocopherol can act in combination with B-carotene (Bohm et al., 2001; Marin-Garcia,
2005; Pflaum et al., 1998).

1.8 Summary
It is clear that despite modern sterilisation and cleaning techniques, hospital acquired
infection is still a significant and costly problem. It would appear that airborne
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contamination by bacteria is a common cause of HAIL. High intensity blue light has
been shown to have significant bactericidal action on various strains of bacteria
which are known to cause these infections. The aim of this research is to investigate
potential applications of HINS blue light in the medical environment. It is clear from
the bacterial inactivation results that HINS-light could decrease the bacterial burden
in operating theatres and ward areas, potentially decreasing the prevalence of HAI,
particularly types of infection like surgical site infection and post implant infection
where airborne bacteria is thought to be the main source of infection. However, the
effects that blue light exposure may have on the mammalian tissues that would also
receive exposure have not been established. Bacterial inactivation and decreased risk
of HAI is obviously desirable, however, if the intensity of blue light required to
achieve this is such that significant damage is also caused to other exposed tissues
the potential applications of HINS-light inactivation would be limited to situations

where human exposure would be minimised.

The aim of this research is to investigate if blue light has a detrimental effect on the
function of tissues that receive exposure, and if so to establish a level of radiation

which is not harmful.

1.9 Research objectives
A potential application of HINS-light is to maintain the sterility of wounds. Wounds
present a point of entry for bacteria through which any airborne bacteria could take
hold during dressing changes. To this end, an in-vitro model of wound healing, the
fibroblast populated collagen lattice, will be used to establish if exposure of an open
wound to HINS-light may have any inhibitory effect on wound healing.
e The effect of a range of intensities of HINS-light on contraction of the
fibroblast populated collagen lattice wound model will be established.
e The effect of HINS-light on expression of alpha- smooth muscle actin, a
protein marker of fibroblast contractile activity will be investigated.
e The MTT assay will be used to quantify the number of metabolically active

fibroblasts present in the wound model following exposure to HINS-light.
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e Live/dead staining of cells on the wound model following HINS-light
exposure will be performed.

e The possibility that HINS-light induced inhibition of prostaglandin E2 is
responsible for any effects measured will be investigated.

e A maximum dose at which no detrimental effects are observed will be
established.

As described above, surgical site infection during implant of medical devices is a
common mode of HAI. Use of HINS-light during implant procedures may provide a
method of reducing numbers of bacteria in the operating field, thus minimising the
risk of an infection developing. The effect of HINS-light on the mammalian cells
which would receive irradiation will be investigated, specifically the effect on
osteoblasts, the cells responsible for bone formation. These cells would receive
exposure during the implantantion of hip replacement components, one of the most
common procedures resulting in infection. Detrimental affects on osteoblast function
would severely impede implant integration into the hip joint, and the subsequent

stability of the hip replacement.

The effect of HINS-light on osteoblast synthesis of alkaline phosphatase

(ALP), an established marker of bone formation function, will be evaluated.

e Collagen is a major component of new bone. The effect of HINS-light
exposure on collagen synthesis will be established.

e Osteoblast expression of osteocalcin following exposure to HINS-light will
be measured.

e Any damage to the cell membrane caused by exposure to HINS-light will be
visualised by scanning electron microscopy.

e A maximum dose at which no detrimental effects are observed will be

established.
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As mammalian tissue will receive exposure, so too will the materials that are being
implanted. As an example of these materials, the effect of HINS-light exposure on
the materials used in vascular repair procedures will be investigated. Infection of
prosthetic vascular grafts is a serious problem and reducing the bacterial bioburden
with the use of HINS-light could prove beneficial. The effect of the maximum safe
dose, established in the mammalian cell experiments, on prosthetic graft materials
will be investigated.

e SEM will be used to visualise any defects induced by HINS-light exposure on
the surface of the materials.

e The mechanical strength of the materials will be measured before and after
HINS-light exposure.

e Extracts of HINS-light exposed materials will be tested with human aortic
smooth muscle cells to establish if HINS-light induces any cytotoxic
leachable degradation of the materials.

o All experiments will be performed immediately following exposure and after
a period of 2 to 3 months in storage, to establish if HINS-light causes any

long-term oxidative damage.

Finally, having established a safe level of exposure for mammalian tissue to HINS-
light, the photoinactivation properties of this safe maximum dose will be investigated
on various relevant bacterial species.
e Gram-positive species
- Staphylococcus epiderimis
- Staphylococcus aureus
- Methicillin resistant Staphylococcus aureus
e Gram-negative species
- Acinetobacter baumannii
- Escherichia coli
- Pseudomonas aergunosa
e The ability of HINS-light, at the maximum safe dose, to inactivate
Staphylococcus epidermidis on prosthetic vascular graft materials was also

investigated.
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e Scanning electron microscopy was used to visualise any morphological

damage to Staphylococcus epidermidis following exposure to HINS-light.

From these results, the potential of HINS-light as a patient based decontamination
device will be assessed, and potential applications in the healthcare environment

discussed.
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Chapter 2

MATERIALS AND METHODS: GENERAL

This chapter details the materials and methods which are common throughout this
research. Any minor modifications to the general method are detailed in the
appropriate chapter. Methods specific to each chapter are detailed in the methods

section of the appropriate chapter.

2.1 High intensity narrow spectrum (HINS) light

2.1.1 HINS-light setup

The HINS-light system (Figure 2.1) delivered high intensity light in the blue region
of the visible spectrum. The system consisted of an array of nine narrow-band light
emitting diodes (LEDs) purchased from GE Illlumination (product code Vio GE-
VHD-1A-3D8). As delivered, the LEDs emit a warm white light via hemispherical
phosphor coated caps which were carefully removed to expose three 405 nm diodes.
The uncapped LEDs were arranged in a 3x3 grid pattern (6cm x 6cm) (Figure 2.1
(C)) attached to a heat sink supported by two pillars above a molded base which
fixed the position of the treatment dish. This was manufactured in the Electronic and
Electrical Engineering department of the University of Strathclyde. The distance
from the sample plate to the LEDs was 8 cm. The heat sink ensured the operating
temperatures of the LEDs remained constant for the duration of light treatments, and
that no heating of the samples occurred. Sample temperature remained constant at
22°C for the duration of experiments. Three inter-changeable bases were required to
accommodate different sample types, which consisted of a 50 mm Petri dish, 90 mm
Petri dish and a rectangular multiwell plate base (Figure 2.2 (B)). The LED units
were powered by a Rapid Electronics Switching Mode Power Supply (model number
85-1901, UK).

32



The 3x3 array of uncapped LEDs had a peak output at 405 nm and a 14 nm
bandwidth at full-width half-maximum, measured on the combined output of the 3x3
LED array by spectrometer (model HR2000, Ocean Optics) (Figure 2.2). Four light
units were available for use, and there was no variation between the intensity profiles

of the individual units.

FIGURE 2.1 HINS-light setup. Image (A) shows the treatment setup, image (B)
shows the different base plates used depending on type of sample, and image (C)

shows the 3x3 array of LED fixed to the underside of the heat sink.
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FIGURE 2.2 Emission spectrum of 3x3 array of LEDs

2.1.2 Intensity distribution

Treatments were performed at a range of intensities from 0.8 to 15 mWem™ for 1
hour, giving a total dose range of 2.9 to 54 Jcm™. To achieve a wide range of dose
responses, initial experiments were performed at an intensity of 0.5, 1.8 and 15
mWem?, for which the intensity distributions across the base plate are shown in
figure 2.3. Light intensity was measured at 0.5 cm intervals in both axes using a
radiant power meter (model 70260, Oriel Instruments) and photodiode detector
(model 1202413, Ophir) calibrated at 405 nm, and the mean intensity plotted as a
function of radial position.

Due to the non-uniform intensity distribution, only the central wells of multiwell
plates were used during exposure experiments, as indicated in figure 2.4. The
maximum distance from the central point to the furthest edge of the selected wells is

approximately 2.2 cm.
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FIGURE 2.4 Wells used for HINS-light sample exposure indicated with “X .

2.1.3 Dose calculations

To calculate the dose applied to samples, the following formula was used:

E =Pt
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Where E is the energy, or dose, applied, measured in Joules per unit area (Jcm™), P is
the power (intensity) of light per unit area (Wcm™), and t is the duration of exposure

in seconds.

2.2 Mammalian cell culture
This section details the cell lines used in this research and how they were maintained.
The methods used for measuring the effect of HINS-light exposure on cell viability

and function are detailed in the appropriate chapters.

2.2.1 Cell lines
The following cell lines were used throughout this research:
- Immortalised mouse fibroblast (3T3) cells, established from NIH Swiss
mouse embryo (Todaro & Green, 1963)
- Immortalised rat osteoblast (FFC) cells (McKay et al., 1996)

- Primary human aortic smooth muscle cells (nASMCs), Lonza (Slough, UK)

2.2.2 Maintaining a cell line

All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza,
catalogue number BE12-604F) supplemented with 10 % (v/v) foetal calf serum
(PAA Laboratories, catalogue number A15-101), 1% (v/v) non-essential amino
acids, penicillin (50 units/ml) and streptomycin (50 pg/ml). Cells were cultured as
monolayers in 75 cm? tissue culture flasks in a humidified atmosphere of 5 % CO, in
air at 37 °C. Cells were spilt every 3-4 days by decanting the growth medium and
washing adherent cells twice in versene (0.02 % w/v), a chelating agent that prevents
the cells from clumping when detached. Cells were detached from the flask by the
addition of 2 ml 0.05 % trypsin in versene (w/v) for approximately 3 min. Complete
DMEM was added to halt the action of trypsin and any cell clumps broken up by
rapidly pipetting the solution up and down. Cells were split at a ratio of 1:15.
Immortalised cell lines were continually passaged and taken for experimental use as

required. Primary hASMCs cells were used between passage 2 and 4.
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For experimental use, cells were removed from culture as for routine splitting and
cell numbers estimated by haemocytometer. The required cell concentration was
prepared in complete DMEM and seeded onto the surface in an appropriate volume;
0.2 ml, 1 ml and 3 ml, for 96 well plates, 24 well plates and 50 mm Petri dishes
respectively. The seeding density used was either 5x10° cells/cm? or 2.5x10"
cells/cm? depending on the test being performed (density used is specified in

appropriate sections).

After seeding, cells were incubated for a minimum of 4 hr to allow attachment before
HINS-light exposure. Culture medium was replaced with phosphate buffered saline
(PBS) for the duration of HINS-light exposure due to possible generation of ROS in
the culture medium. Cell viability has been shown to be significantly reduced by
exposure to visible and near-UV radiation when exposed in culture medium
compared to PBS (Smith, 2009; Stoien & Wang, 1974). The main component of
culture medium responsible for ROS generation has been shown to be riboflavin,
with tryptophan, tyrosine, pyridoxine and folic acid all enhancing the effect (Grzelak
et al., 2001). After exposure, cells were incubated in fresh media until required, with

media being refreshed every 2-3 days for the duration of the experiment.

2.3 Microbiological techniques
This section details the microorganisms and culture methods used in this research.

2.3.1 Bacterial strains used

The bacterial strains used throughout this research are listed in table 2.1. All bacteria
were obtained from the National Collection of Type Cultures (NCTC), Collindale,
UK, with the exception of methicillin-resistant Staphylococcus aureus 16A which

was isolated from an infected wound at the Glasgow Royal Infirmary.
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TABLE 2.1 Bacterial strains used in this research

MICROORGANISM SOURCE COLLECTION
NUMBER
Staphylococcus epidermidis NCTC 11964
Staphylococcus aureus NCTC 4135
Methicillin-resistant Glasgow Royal 16A
Staphylococcus aureus Infirmary
Acinetobacter baumannii NCTC 12156
Escherichia coli NCTC 9001
Pseudomonas aeruginosa NCTC 9009

2.3.2 Bacterial culture

Bacteria were obtained from the culture collection and reconstituted by inoculation
into an appropriate broth before being stored on Microbank beads (ProLab
Diagnostics) at -70 °C. For regular use, bacteria were cultured on tryptone soya agar
(TSA) slopes, by streaking a TSA plate with the bead, incubating for 24 hr at 37 °C
and sub-culturing from this onto a TSA slope. Slopes were stored at 4 °C and used
as the source of inoculum for experimental use. To ensure consistency of bacterial

strains fresh slopes were re-streaked every 4-5 weeks.

For routine experimental use, cultures were prepared in tryptone soya broth by
aseptically extracting a streak of bacteria from the slope using a sterilised loop and
transferring this into a conical flask of 100 ml broth. This was incubated at 37 °C for
18 — 24 hr under rotary conditions (120 rpm). The inoculated broth was centrifuged
at 4300 rpm for 10 min to produce a pellet which was resuspended in 100 ml PBS to
give a population density of approximately 10° colony-forming units per millilitre
(CFU/ml). Serial dilutions were used to obtain the required bacterial density for

experimental use.
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2.3.3 Serial dilutions

Serial dilutions were performed by adding 1 ml of undiluted bacterial suspension to 9
ml PBS, giving a 10 dilution. This new supension was mixed in a vortex mixer
(FisherBrand) to ensure uniform distribution and 1 ml of the new suspension added
to a further 9 ml PBS to give a 107 dilution. This process was repeated until the

required dilution was achieved.

2.3.4 Media and diluents

Culture media were prepared by dissolving the appropriate weight in distilled H,O
(dH,0). Sterilisation was achieved by autoclaving at 121 °C for 15 min (110 °C for
PBS). Table 2.2 details the media used during this research. Blood agar was
prepared by adding 35 ml defibrinated horse blood (Oxoid, UK) to the blood agar
base (500 ml) after sterilisation, giving a 7% v/v blood concentration. For
preparation of agar plates and slopes, sterilised molten agar was allowed to cool to 48
°C and maintained at this temperature in a water bath. Approximately 20 ml of
molten agar was poured into 90 mm Petri dishes or 10 ml into Universal tubes which,

once set, were stored in the incubator overnight to dry before use.

TABLE 2.2 Media and diluents used in bacterial culture.

MEDIA ‘ SUPPLIER WEIGHT ‘
Tryptone soya broth Oxoid 13 g/L

Trytone soya agar Oxoid 40 g/L

Agar bacteriological Oxoid 15 g/L

Blood agar Oxoid 40 g/L

PBS Oxoid 1 tablet/100 ml

2.3.5 Bacterial enumeration
To calculate the decrease in population during inactivation experiments, the number
of bacteria was counted before and after treatment. The count is recorded as colony-

forming units per millilitre (CFU/mI). Samples were plated onto the appropriate agar
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plate and incubated for 24 hr at 37 °C before enumeration. The plating and counting
methods used depended on the expected population, and the various methods are
described here.

2.3.5.1 Manual spread plating

Manual spread plating consisted of pipetting the required volume of bacterial
suspension onto the agar plate surface and distributing evenly around the surface
with an L-shaped spreader bar. The required volume depended on the expected
population, and serial dilutions were used prior to spreading to ensure it was feasible
to count the number of returned colonies. After incubation, a colony count of the
entire plate was obtained and multiplied by the dilution factor to give the number of

CFU/ml of the original sample.

2.3.5.2 Spiral plating

Spiral plating was carried out using a WASP 2 automatic plater (Don Whitley
Scientific, UK), shown in figure 2.5. This can be used in two different modes:

a) As a simple alternative to manual spreading whereby 100 pl of bacterial
suspension is spread onto plates in a uniform spiral distribution. In this case, after
incubation, a colony count of the entire plate is obtained and multiplied by the
dilution factor to give the number of CFU/ml of the original sample.

b) As a method that enables enumeration of a high concentration of bacteria on a
single plate. In this case the WASP 2 automatic spreader creates spiral plates by
dispensing 50 ul of bacterial suspension onto the agar surface in a logarithmic
distribution. This creates a 1000 fold dilution from the centre of the plate to the
outermost edge. Bacterial enumeration is achieved by centring a counting grid over
the plate, with segments of the grid corresponding to known volumes of sample. The
number of colonies per segment is converted to CFU/mI by reference to supplied
charts or automatically using a PC and the ACOLYTE (Synbiosis, USA) software
package. Again, if expected populations were anticipated to be too large to count,
dilutions were performed prior to spreading and the returned count multiplied by the
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dilution factor to give actual CFU/ml. An example of a spiral plate with uniform

distribution and a spiral plate with logarithmic distribution is shown in figure 2.6.

FIGURE 2.5 Don Whitley Automatic Spiral plater (WASP 2)

FIGURE 2.6 Spread plate with uniform distribution on left, spiral plate with

logarithmic distribution on right.
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Chapter 3

EFFECTS OF HINS-LIGHT ON WOUND HEALING

3.1 Introduction

The aim of the experiments described in this chapter was to investigate the use of
405 nm HINS-light as a potential wound disinfection technique, with a view to
exploiting the difference in repair mechanism between mammalian cells and bacteria
such that disinfection could be achieved without damaging the wound healing cells
(Croteau & Bohr, 1997; Roehlecke et al., 2009). Traditional disinfection
technologies are inappropriate for wound disinfection due to the damage they cause
to mammalian tissue. UV radiation, for example, is known to cause skin cancer and
damage to the eye (Norval et al., 2007). The fibroblast populated collagen lattice
(FPCL) wound healing model (Bell et al., 1978) was used to investigate the effects of
a range of doses of HINS-light on the contractile activity of fibroblasts. The effects
were assessed in terms of cell motility and morphology, contraction of the lattice,
and expression of the contractile protein a-smooth muscle actin (a-SMA). The
involvement of prostaglandins in mediating the observed effects of HINS-light was
also explored, as this has previously been shown to be a possible mechanism of

gamma radiation induced inhibition of FPCL contraction (Carnevali et al., 2003).

3.1.1 Normal wound healing

The processes involved in normal wound healing are well understood and the
description that follows has used Baum and Arpey (2005), Martin (1997) and Velnar
et al.(2009) as key sources of information.

The normal wound healing process can be divided into four distinct but overlapping

phases:

1/ Haemostasis: This begins immediately following tissue injury, where the first

requirement is to stop bleeding. It occurs via vasoconstriction of damaged vessels
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and initiation of the coagulation cascade, leading to clot formation. Platelets adhere
to the damaged tissue helping to form the initial clot, and release various growth
factors and vasoactive amines (including platelet derived growth factor (PDGF),
insulin-like growth factor 1, epidermal growth factor, transforming growth factor-3
(TGF-B), platelet factor-1V, serotonin, prostaglandins, and histamine).  The
coagulation cascade consists of two pathways, the tissue factor pathway and contact
activation pathway, which both join a final common pathway that ultimately converts
fibrinogen to fibrin, the main component of the haemostatic plug (Wolberg, 2007).
The clot, comprising of fibronectin, vitronectin, von Willibrand factor and
thrombospondin, forms a matrix allowing migration of cells. After haemostasis has
been established (approx. 5-10min) active vasodilation and increased capillary

permeability allows protein rich serum to enter the extravascular space.

2/ Inflammatory phase: Within one to two hours of injury, activation of the classical
and alternative pathways of the complement cascade leads to inflammation.
Polymorphonuclear leukocytes (PMN) are attracted to the wound area via
chemotaxis and begin to phagocytose bacteria and remove devitalised tissue
fragments and other debris, by release of oxygen free radicals and lysomal enzymes.
Following removal of bacteria (around two to three days) excess PMNs are removed
by macrophages or extrusion to the wound surface and do not contribute further to
uncomplicated wound healing. The macrophages have differentiated from
monocytes also attracted to the wound site, and by around day 3 are the most
predominant cell type in the leukocyte population. Macrophages appear to have an
important regulatory role, and are responsible for chemotaxis and proliferation of
fibroblasts, production and debridement of collagen by these fibroblasts, proliferation
of smooth muscle cells, and angiogenesis by proliferation of endothelial cells. Also
occurring in this early inflammatory phase, epithelial cells at the wound edge begin
to migrate over the wound surface and deposit components of the new basement
membrane. By the late inflammatory phase (day 3) this will have developed into a

full, thickened epidermal layer.
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3/ Proliferation phase: This begins around day three and continues for approximately
three weeks after injury. Fibroblasts are attracted to the wound site by PDGF, TGF-
B, tumor necrosis factor (TNF) and interleukins, and within 7 days are the dominant
cells in the wound. They adhere to and migrate upon the early extracellular matrix
which consists mainly of fibronectin and hyaluronan. Fibroblasts produce further
fibronectin and hyaluronan, and add collagen and proteoglycans to the matrix. The
new extracellular matrix is an important regulator of proliferation and differentiation
of cells within it. It consists of fibrous proteins (collagen, fibronectin, laminin and
elastin) which provide structural support to the cells within, and allow for migration
around, the matrix, and a glycosaminoglycan (GAG) ground substance
(proteoglycans — heparin sulphate, chondroitin sulphate, keratan sulphate, and
hyaluronic acid). Fibroblasts begin secreting collagen two to three days after
wounding with production peaking around the second week. As fibroblasts are
laying down collagen, collagenases are continually degrading it. In the proliferative
phase synthesis exceeds degradation. Once haemostasis is achieved the number of
fibroblasts decreases via apoptosis, signalling the start of the maturation/remodelling

phase.

These processes require oxygen and therefore angiogenesis occurs in this
proliferative phase. Angiogenesis is triggered by several growth factors (vascular
endothelial growth factor, PDGF, TGF-B and basic fibroblast growth factor) which
attract endothelial cells towards the “capillary sprout” of undamaged tissue. The
endothelial cells proliferate, mature and organise themselves into new capillary tubes
to oxygenate the developing fibroblast population. As the end of the proliferative
phase approaches the demand for oxygen decreases and the unnecessary blood

vessels are removed by apoptosis.

Contraction of the wound begins to occur in the proliferative phase around one week
after injury. Fibroblasts differentiate into myofibroblasts, developing bundles of
contractile microfilaments, cell-to-matrix attachment sites and intercellular
adherence and gap junctions. The transition of fibroblasts to myofibroblasts appears

to result from the combined action of mechanical tension, TGF-p and the splice

44



variant ED-A of cellular fibronectin (Gabbiani, 2003).  Myofibroblasts are
responsible for the largest proportion of wound contraction, peaking at 5 — 15 days
following injury when contraction can be occurring at around 0.75mm per day.
Contraction can reduce the area of the wound by up to 80%, at which point the

myofibroblasts stop contracting and undergo apoptosis.

4/ Maturation phase: Around three weeks after injury, collagen synthesis and
collagenase activity reach an equilibrium state. After this point, synthesis and
breakdown continue but there is no increase in collagen content in the wound.
Collagen fibrils are reorganised into thicker bundles and take on a more organised
lattice structure. The new tissue gains strength by cross-linking and the majority of
type 111 collagens are replaced with type | until they reach the 4:1 ratio of normal
skin. The wound will regain around 80% of the strength of normal tissue. The
extracellular matrix is degraded until the concentration of GAGs and other

components is that of normal tissue.

3.1.2 Fibroblast populated collagen lattice wound model

While using a collagen substrate as a more in vivo-like environment for studying
fibroblast behaviour, it was noted that “the activity of motile cells within a lattice
makes a disturbance, causing a gradual collapse of the lattice to a dense, opaque
body less than one-tenth of the original size” (Elsdale & Bard, 1972). This
phenomenon was utilised by Bell et al when experimenting on a dermal component
of a skin substitute for use in repair of skin wounds or burns (Bell et al., 1978).
Despite initial promise this was unsuccessful as a skin graft, but their fibroblast
populated collagen lattice (FPCL) has subsequently become established as an in vitro

model for wound contraction.

Three mechanisms have been proposed for the contraction of fibroblast seeded
collagen lattices; cell contraction, cell locomotion and cell elongation. Contraction
in all three mechanisms is caused by elimination of water from between the fibrils
which causes them to become more compacted. The mechanism of contraction is

dependent on the method of manufacture of the collagen lattice. In the original
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manufacture method, as introduced by Bell et al, the FPCLs are classed as free
floating, in that they are cast in a Petri dish and released to contract immediately

once set.

Cell contraction

This method of cell contraction is normally associated with myofibroblasts. Cells,
which are attached to collagen fibrils and are under tension, can contract their bodies
via ATPase activity which causes the sliding of actin-myosin filaments which in turn

causes cell contraction (Ehrlich & Rajaratnam, 1990).

Cell locomotion

This method of contraction is associated with free floating FPCLs. Fibroblasts attach
to collagen fibrils via integrins, and these integrin-fibril complexes are attached to
the cytoplasmic microfilaments of the cell. Rapid myosin ATPase activity, which is
associated with generating cell locomotion, causes the complexes to contract, pulling

the fibrils over the cell membrane and bundling them into compacted collagen fibres.

Cell elongation

This occurs in the initial stages of FPCL preparation, as cells are transforming from
the spherical form they take during culture to the stretched form they take when
attached to the collagen matrix. As the cells elongate the collagen fibrils bundle
together, expelling the water from between them and causing compaction. This
mechanism only occurs in FPCLs which are seeded at a high density. In lower

density FPCLs the force is not large enough for contraction to occur.

The FPCL has been used in many investigations since its development, but how
accurately can it model the healing wound? It has some obvious limitations;
granulation tissue in the healing wound consists of many cell types compared to the
FPCL which consists of just one, and the FPCL is limited to 2-dimensional
movement. An investigation into the FPCL as a model for chronic wound healing
found that the contraction of collagen lattices populated with fibroblast cultures from

wound biopsies did not have a correlation with the degree of wound closure in the
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patients from whom the fibroblasts were cultured (Kuhn et al., 2000). The findings
of this group also suggest that the age, source and type of fibroblasts used in the
model have a large effect on model behavior. These variations were also noted by
Finesmith et al, who seeded FPCLs with fibroblasts cultured from granulation tissue
of various ages and found that the contractile ability varied significantly. Their
results also noted that the time at which FPCL contractile activity was at its
maximum did not coincide with the time at which a full-thickness wound would
normally be experiencing maximum contraction (Finesmith et al., 1990). On the
other hand, a review of FPCLs in 2003 examined the data from hundreds of original
articles which utilised the FPCL, and showed a number of similarities between the
FPCL model with respect to granulation and scar tissue (Carlson & Longaker, 2004).
The gross and cellular morphology was found to be comparable, and it was found
that the collagen matrix of FPCLs evolves to show similarities to the extra cellular
matrix of granulation tissue. Biologically, FPCLs and scar/granulation tissue are
comparable with respect to cell proliferation, survival, apoptosis and protein
synthesis. Limitations in the model or lack of evidence pointing to model suitability
are noted with respect to matrix metalloproteinases and cytokine secretion. The
response of the FPCL model to various exogenous factors, such as corticosteroids,
interferons and TNF-a, were noted to be analogous to granulation tissue. Carlson’s
review concludes that although the FPCL is not a perfect replica of the healing
wound, with consideration taken of the known limitations, it has been an “adequate”

model for the majority of investigations.

3.1.3 Wound infection

Wound infection presents a significant complication to the normal process of wound
healing (Edwards & Harding, 2004). When the integrity of skin is compromised,
such as by a wound, pathogenic microbes can contaminate the underlying tissue.
The source of the bacteria can be environmental, from surrounding skin or from
endogenous sources. Contamination by bacteria does not necessarily cause infection;
normal wound healing can progress if bacterial levels are below 10° to 10° CFU/g of
tissue (Landis, 2008). Compromised host immune response, or the presence of

necrotic tissue, creates ideal growth conditions for bacteria which can allow bacteria
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to proliferate to a level where infection is established and wound healing is delayed
or halted. In the case of Staphylococcus aureus wound infection, extracellular
adherence protein (Eap) of the bacteria has been identified as a cause of impaired
wound healing. Eap has been shown to interfere with recruitment of inflammatory
cells through direct interactions with adhesive proteins of the host cells, particularly
intercellular adhesion molecule 1 (ICAM-1) (Chavakis et al., 2002; Haggar et al.,
2004), and also to block angiogenesis in the proliferative phase (Athanasopoulos et
al., 2006). Traditional management of infected wounds involves identification of the
infecting organism, oral antibiotic treatment of the infection, debridement of necrotic
tissue and application of appropriate dressings depending on the type of wound
(Collier, 2004; Thomas, 1997).

3.1.4 Blue light and fibroblasts

There has not been a great deal of research directed towards the use of blue light to
maintain the sterility of living tissue, however, there has been some research into
more active wound healing applications of blue light. The use of low level laser
therapy (LLLT) to enhance wound healing is well documented (Mester et al., 1985;
Ribeiro et al., 2004), however, more recently the use of blue LED light has also been
found to have similar properties. Using 10 minute exposures of 50 mWem™ 470 nm
LED light, Adamskaya et al demonstrated a significant decrease in wound size and
enhanced epithelialisation relative to untreated controls in rat excision wound models
(Adamskaya et al., 2010). Similarly, the findings of Wataha et al. that low doses of
blue light (400-500 nm) shortened the population doubling time of fibroblasts led
them to the conclusion that blue light could be used therapeutically to enhance
activity of slowly dividing cells during healing (Wataha et al., 2004). Conversely,
there has also been some interest in applications of blue light to slow down wound
healing. Recently, Oplander et al carried out an investigation into the anti-
proliferative properties of blue light on dermal fibroblasts as a novel treatment for
hypertrophic scarring, fibrotic skin disease and keloid formation (Oplander et al.,
2011).
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3.2 Methods and materials

3.2.1 Cell culture

Immortalised 3T3 mouse fibroblast cells were cultured as described in section 2.2

3.2.2 Isolation of acid-soluble collagen

Type-1 collagen was isolated from rat tail tendons. The rat tails were rinsed with
70% v/v ethanol before dissection. Tails were cut in half with a sterilised scalpel and
the skin removed by incising along the length of the section and peeling it away.
Each tail had six tendon bundles which were removed with sterile forceps. Tendons
were collected in sterile dH,0 until sufficient tails had been processed, at which point
excess water was removed by filtering through gauze (Type 13 light, Clini Supplies
Ltd). Approximately 8 tails worth of tendon was dissolved in 500 ml 0.5 M acetic
acid for 48 hr. After this time any un-dissolved matter was removed by filtering
through sterile gauze and the solubilised tendon solution transferred to 50 cm lengths
of dialysis tubing. Prior to use the dialysis tubing had been boiled for 1 hr in 50 %
(v/v) ethanol, followed by 2x 1 hr in 10 mM NaHCOz1 mM
ethylenediaminetetraacetic acid (EDTA), and 2x 1 hr in dH,0, in that order. Tubing
was stored at 4 °C in dH,O until required. The solubilised tendon solution was
dialysed twice against 0.1x DMEM for 24 hr at 4 °C. Following this, the collagen
solution was removed from dialysis tubing and sterilised by centrifugation at 10000
rpm for 2 hr at 6 °C. The supernatant was transferred into sterile bottles and the
concentration of collagen solution in each bottle calculated by weighing 1 ml of the
dried sample. The concentration was taken as the average mg/ml of three samples.
Sterility of the collagen solution was verified by incubating a 1 ml sample from each

bottle in Sabouraud’s medium and brain heart infusion for 3 days.

3.2.3 Preparation of collagen lattices

Collagen gels 0.3 % (w/v) were formed by mixing collagen solution with 1 ml of 10x
DMEM /0.4 M NaOH (2:1) and making up to 10 ml with 1/1000 (v/v) acetic acid.
The required volume of collagen solution was calculated from the concentration of

the extracted stock. Typically, collagen at around 3.57 mg/ml was used, giving 8.4
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ml collagen solution for a 0.3 % (w/v) collagen gel. The pH was adjusted to 8 — 8.5
by drop wise addition of 1 M NaOH, judging the pH by the point at which the
solution changed colour from yellow to pink/purple. 5 ml of this gel forming solution
was pipetted into 60 mm Petri dishes and allowed to set for a minimum of 4 hours at

room temperature in a laminar-air-flow cabinet before use.

3.2.4 Seeding of collagen gels with 3T3 cells

Prior to seeding, gels were washed twice in complete DMEM, by incubation for at
least 15min. Gels were seeded at 2.5x10* cells/cm?® Cells were counted using a
haemocytometer and the required cell number was prepared in 3 ml complete
DMEM which was pipetted onto the gel surface. Cells were allowed to attach for 24
hours in an incubator. The area of the gel was calculated from the internal diameter
of the Petri dish as 19.2 cm® After 24 hours the medium was removed and a sterile
spatula was used to detach the FPCL from the walls of the 60 mm Petri dish. The
FPCL was then transferred to a 90 mm dish to prevent sticking of the gel to the walls
of the dish, and floated in 13 ml complete DMEM. 5 ml of growth medium was
removed every second day and replaced with fresh DMEM.

3.2.5 FPCL contraction

The size of collagen gels was measured daily by placing the Petri dish containing the
FPCL on a piece of standard graph paper illuminated from below by a light box.
Images of the FPCL were captured on a Nikon D300 digital camera fixed in position
above the light box. The surface area was calculated using ImageJ image processing
software. The number of pixels that the FPCL occupied was measured by outlining
the gel circumference and comparison with the pixel number of a 1 cm? square of
graph paper gave the FPCL area. A matlab programme was used to automate this
process by automatic selection of the FPCL area by colour subtractions and
adjustment of the contrast threshold such that only the FPCL contributed to the pixel
count. This significantly quickened the image processing procedure and comparison
of the different techniques did not show any difference in area calculations. Six
separate measurements of the same FPCL by the ImageJ method gave a mean area of

19.4 + 0.9 cm?, while the matlab programme gave 19.3 + 0.3cm®. The contraction
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pattern of a free-floating FPCL is shown in figure 3.1. FPCL contraction can be split
into three distinct phases (Nishiyama et al., 1988). There is an initial lag phase
during which little contraction occurs, due to insufficient number of cells. The
duration of this depends on the seeding density and proliferative rate of the cells, and
was found to last less than 24 hours with the density of 3T3 cells used throughout all
FPCL experiments. Following the lag phase there is a period of rapid contraction,
termed the log phase. This begins once cell numbers reach a critical level, continues
until approaching maximum contraction, and is identified as from days 1 to 5. Slow

contraction continues from this point onwards.

contraction (% of original size)

O T T T T T T 1
0 2 4 6 8 10 12 14

time (days)

FIGURE 3.1 Contraction of free floating FPCL (n=4 £ SEM).

3.2.6 Measurment of fibroblast function/viability

FPCLs were exposed to HINS light on one of the three key points; either lag, log or
slow contraction phases, which when taking the point when FPCLs were transferred
to the large Petri dish as day 0 of contraction, were established to be day 1, 3 and 5
respectively. The tests described below were used to establish the effect of HINS-

light exposure on fibroblast function or viability.
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3.2.6.1 Fibroblast contractile function

The effect of HINS-light on the ability to contract the FPCL was assessed by daily
measurements of the surface area of FPCL as described in section 3.2.5..

3.2.6.2 MTT-collagenase assay

The MTT assay was used to quantify cell viability following HINS-light treatment.
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) enters the cell
and is reduced to a purple formazan product by intracellular reductase enzymes. At
the appropriate time points, cell culture medium was removed from the dish and the
FPCL returned to a 60 mm Petri dish. 3 ml MTT (10 mM) was pipetted onto the
surface of the collagen gel and incubated for 4 hr at 37 °C. MTT was removed and
the cells released from the FPCL by the addition of 3 ml collagenase (0.5% (w/v),
type 1l from Gibco) to the FPCL surface for up to 1 hour, or until the cells had
visibly detached from the gel. Cells were collected, centrifuged at 2000rpm, the
supernatant discarded and the cells resuspended in 2 ml dimethyl sulfoxide (DMSO)
to solubilise the product. Samples were diluted 1:10 and the absorbance measured at
540 nm using a two-channel spectrophotometer (Shimazdu, model UV-2101PC).
This method was adapted from that developed and validated by Ho et al (2009).

3.2.6.3 a-smooth muscle actin expression

Immunoblotting was used to establish the effect of HINS-light on the expression of
a-SMA in fibroblasts. Samples were taken at 48 and 144 hours after treatment.
Cells were detached from the collagen as for the MTT assay, but then centrifuged at
800 rpm for five minutes and washed twice in 1 ml PBS. Cells were then
homogenised in 1 ml 0.1M sodium phosphate (NaPi) buffer (pH 7.4) using 7 strokes
of a motorised Potter-Elvehjem homogeniser, consisting of a cylindrical PTFE pestle
rotating in a close fitting glass sample tube which subjects the cells to shearing
forces. The homogenised cell solution was immediately divided into 50 pl aliquots
and stored at -80°C until analysis. Protein concentration (mg/ml) was established via

Lowry assay (described in section 4.2.3.4) and the homogenized samples were
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prepared in Laemmli buffer (appendix A) to give a final loading concentration of 10
pg/well.  Samples were boiled in stop-lock Eppendorf tubes for 2 minutes.

Immunoblotting was carried out in two stages:

1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to separate the proteins according to molecular weight. The resolving and
stacking gels were prepared as shown in table 3.1. Samples were loaded into wells
and run at 50 mA for 15 minutes to stack the samples and then at 150 V until the dye
front approached the bottom of the gel.

TABLE 3.1 Preparation of gels for western blotting

Solution 10% Resolving gel Stacking gel
Acrylamide/bis acrylamide 5.625 ml 0.5ml
(40% (w/v) solution)

Stacking gel buffer - 1.25 ml
Resolving gel buffer 5.625 ml -

1.5% Ammonium persulfate | 1.125 ml 0.25 ml
Distilled water 10.125 ml 3ml
Tetramethylethylenediamine | 17 pul 5ul
(TEMED)

2. Immunaoblotting
After electrophoresis the proteins were transferred onto a polyvinylidene fluoride

(PVDF) membrane using the arrangement shown in figure 3.2.
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A Clear side of cassette and Scotchbrite pad

Filter paper

Membrane

———————————— SDS-PAGE gel

Filter paper

Black side of cassette and Scotchbrite pad

current

FIGURE 3.2 Cassette configuration for blot transfer.

The Scotchbrite pads, filter paper, membrane and gel were soaked in Towbin’s
transfer buffer (composition in Appendix) for 15 minutes prior to transfer. The
transfer was carried out at 200 mA overnight.

After transfer the PVDF membrane was placed in 3% (w/v) gelatin in Tween Tris
Buffered Saline (TTBS; composition in Appendix) for 1 hour at 37 °C, then
incubated on an orbital shaker for 30 min at room temperature in the same buffer.
The membrane was then washed in TTBS for 5 min with agitation, before the
primary rabbit polyclonal antibody (ab1694, AbCam, Cambridge UK) was added.
The antibody was supplied at 0.2 mg/ml and diluted to 1 pug/ml in 1% (w/v) gelatin
in TTBS. It was added for 1 hour at 37 °C, followed by 30 minutes at room
temperature with agitation. The antibody was removed, and the membrane washed
three times in TTBS for 5 minutes at room temperature. The secondary anti-rabbit
IgG antibody (Sigma-Aldrich) was diluted 1:10000 in 1% (wi/v) gelatin in TTBS and
added for 1 hour at 37 °C, and then shaken for 30 min at room temperature. The
membranes were then washed twice in TTBS for 5 min and once in Tris buffered
saline (TBS) for 5 min. Membranes were developed using an alkaline phosphatase
detection system (Bio-Rad, California), for approximately 15 minutes until the
colour developed. They were then scanned on a Canon (CanoScan, N670U) scanner

and relative optical density of the bands analysed using NIH ImageJ.
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3.2.6.4 Live/dead staining

Live/dead staining was performed with propidium iodide and acridine orange at 24,
48 and 120 hours following HINS-light exposure. 2 ml (1:1) propidium iodide (20
pg/ml in PBS) and acridine orange (100 pg/ml in PBS) was used to stain FPCLs.
The stains were added for 1 min in dark conditions before rinsing with PBS.
Samples were then fixed with approximately 10 ml formalin (40%) until analysis
was performed. The fixed FPCLs were stored at 4 °C wrapped in parafilm to prevent

evaporation of the fixative.

Propidium iodide binds to the DNA of cells with compromised membranes, thus
staining dead or dying cells. It fluoresces at 617 nm (orange/red). Acridine orange is
a cell permeable, nucleic acid selective dye with an emission maximum at 525 nm.
The nuclei of viable cells therefore appear green . Analysis was performed using a
Zeiss Axiolmager ZI microscope with 20x water lens by Mrs Elizabeth Goldie.
Samples were stored for a maximum of two weeks prior to analysis. Acridine orange
and propodium iodide have been shown to be stable stains over this period of time
(Bank, 1987; Mascotti et al., 2000).

3.2.7 Prostaglandin E2 inhibition

An increased cellular production of prostaglandin E2 (PGE2) induced by radiation
insult has been shown to inhibit fibroblast proliferation, migration, chemotaxis and
FPCL contraction (Kohyama et al., 2001). To investigate whether the inhibitory
effect of HINS-light on the fibroblast mediated contraction of the collagen gel was
also due to increased PGE2 production by the cells, the non-steroidal anti-
inflammatory drug (NSAID) indomethacin was used to inhibit PGE2 production
(Delamere et al., 1994) by the fibroblasts prior to HINS light treatment.

A stock solution of 10 mM indomethacin (Sigma, product code 17378) was prepared
by dissolving 3.58 mg in 1 ml dimethyyl sulfoxide (DMSQO) solvent. From the stock
solution, a 3 UM solution was prepared by diluting with DMEM. Gels were seeded
with fibroblasts as before but in 2 ml DMEM, and the cells allowed to attach for
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three hours before the addition of 1 ml of the 3 uM indomethacin solution to give a
final culture concentration of 1 uM. Experiments were conducted to ensure that
indomethacin itself, or the DMSO that it was dissolved in, had no toxic effect on the
cells (Figure 3.3). The DMSO alone was diluted to 10 in DMEM to give the same
volume as that used to dilute the stock solution of indomethacin to 1 uM. 3T3 cells
incubated with DMEM provided the control. Cell viability was assessed by MTT
assay as described in 3.2.5.2 at 2 and 6 days incubation. Culture medium was

changed every 2 days.

O Control B 1uM indomethacin 01/10000 DMSO

2.5 ~

1.5 +

Abs @ 540nm

Day 2 Day 6
time post exposure
FIGURE 3.3 Toxicity of 1 uM indomethacin and a 1/10000 dilution of DMSO. n=3
+ SEM. No significant effects found (P > 0.05).

Contraction was measured in the presence and absence of HINS-light exposure.
Following treatment with HINS-light, contraction was measured daily (as described
in section 3.2.5) and MTT-collagenase assay performed (as described in section
3.2.5.2) at various time points. Indomethacin was present throughout the contraction

time, with medium changes performed every 2-3 days.
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3.2.8 Statistical analysis

Where appropriate, results are expressed as mean + standard error of the mean
(SEM). Significance has been established by one-way ANOVA followed by either
Dunnett’s comparison test, which compares the means of each group against the
mean of the reference group, or Fisher’s test which compares the means of different

groups against each other.

3.3 Results

3.3.1 FPCL contraction

FPCLs were exposed to 1 hr durations of HINS-light at 0.5, 1.8 and 15 mWcm™,
Contraction curves of FPCLs following exposure are shown in figure 3.4. HINS-light
treatment during lag phase (at day 0) at 0.5 and 1.8 mWcm™ did not cause any
significant delay in FPCL contraction. Treatment at 15 mWcm™ caused an
immediate and extended halt in FPCL contraction (figure 3.4(A)). A similar trend is
observed when exposing cells during the active phase (at day 3) of contraction
(figure 3.4(B)); FPCLs exposed to 0.5 and 1.8 mWcm™ continue contracting with no
significant deviation, while FPCLs exposed to 15 mWcm™ HINS-light stop
contracting. Exposure on day 5 after FPCLs had reached maximum contraction
(figure 3.5(C)) had no significant effect on FPCL area during the following four
days, with FPCLs exposed to 15 mWem™ HINS-light maintaining ~72% contracted

size.
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FIGURE 3.4 Contraction of FPCLs exposed to 0.5, 1.8 and 15 mWcm™ HINS-light
for 1 hr, on day 0 (A), 3 (B) and 5 (C) of contraction. n = 3 + SEM, *indicates

significant difference from control at each time point (P < 0.05, ANOVA followed by

Dunnett’s comparison)
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3.3.2 MTT assay

The MTT assay results show that exposure at the start of the contraction period at 0.5
and 1.8 mWcm™ did not cause a significant difference in cell number up to 120 hours
post-treatment (Figure 3.5(A)).  Exposure to 0.5 and 1.8 mWcm™ on days 3 and 5
of contraction also did not cause a significant change in cell number over the
remainder of contraction; 72 or 24 hours respectively (figure 3.5(B) and (C)).
Treatment at 15 mWem™ for 1 h during the lag phase caused an 80 % (+ 3%)
decrease in cell number after 24 h. By 120 h post treatment, cells in FPCLs treated at
15 mWem did not show significant recovery with a reduction of 73 + 6% compared
to the untreated control. Exposure to 15 mWecm™? HINS-light during the active phase
of contraction also caused a significant decrease in cell number which remained at 72
hr post exposure (39 + 5 % at 24 hr, 23 + 5 % at 72 hr post exposure). 15 mWcm™?
exposure after the majority of the contraction had occurred caused a significant 84 +

3 % decrease in viable cell number.
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FIGURE 3.5 MTT assay results for FPCLs exposed to HINS-light at 0.5 (blue), 1.8
(red) and 15 mWem™ (green) during lag(day 0) (A), log (day 3) (B) and slow
contraction phases (Day 5) (C) phase of contraction. Treatment at 15 mWcm™ at any
time point caused a significant reduction in cell number which did not recover over
the contraction period. n=3, *P<0.05, (ANOVA followed by Dunett’s comparison)
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The MTT assay was also used to establish the intensity at which the effects of HINS-
light became significantly inhibitory (Figure 3.6). This was found to be at intensities
above 5 mWcm™, at which point cell number dropped significantly to 90 + 5 % of
the untreated control.
140 -~
120
100
80
60

% control

40
20

0 1 1 1
0 5 10 15

HINS light intensity (mWcm-2)

FIGURE 3.6 MTT assay of FPCLs 24 hr post exposure. * indicates significant
decrease in cell number as compared to exposure at 5 mWem™ (P < 0.05, ANOVA
followed by Dunnett’s comparison, n = 4 + SEM)

3.3.3 Propidium iodide and acridine orange staining

Staining with propidium iodide and acridine orange showed no discernable visual
difference in morphology between control FPCLs and those treated at 0.5 and 1.8
mWem during the lag phase of contraction (Figure 3.7). In contrast, FPCLs treated
at 15 mWem™ did not appear to proliferate at the same rate as control FPCLs, and the
cells lost the normal elongated morphology of fibroblasts. By 120 hours post
exposure to 15 mWcm-2 HINS-light, cells appeared to show some signs of recovery,

regaining the stretched morphology associated with healthy fibroblasts.
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FIGURE 3.7 Fluorescene microscopy of propidium iodide and acridine orange stained FPCLs. Scale bars are 20um.
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3.3.4 a-SMA immunoblotting

An example of the bands produced by immunoblotting are shown in Figure 3.8(A).
There was insufficient protein content in cells collected from FPCLs exposed to 15
mWem™? HINS-light taken at 48 hours post treatment to perform SDS-PAGE,

therefore there are no results for this combination.

Analysis of optical density of bands is shown in Figure 3.8(B). Exposure to 0.5 and
1.8 mWem™ HINS-light appeared to cause a slight but non-significant reduction in
a-SMA expression at 48 hours post exposure. FPCLs exposed to 0.5 mWcm™
HINS-light had 75 + 10% the expression of controls, while those exposed to 1.8
mWem? was 54 + 21%. By 144 hours post exposure, FPCLs exposed to 0.5
mWem ™ appeared to have completely recovered (95 + 5%), while the reduction in
a-SMA expression in FPCLs exposed to 1.8 mWcm™ persisted (76 + 6%). FPCL
exposure to 15 mWem™ HINS-light caused almost complete inhibition in a-SMA
expression 48 hours following exposure. By 144 hours post exposure a-SMA

expression had only partially recovered to 11 + 4% of the untreated control.
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F?GURE 3.8 (4) Western blot of a-SMA in FPCLs exposed to 1 hour of HINS-light
at intensities of 0.5 mWcm™, 1.8 mWem™ and 15 mWem™. Bands are: (1) molecular
marker, (2) control after 48 hours, (3) 0.5 mWcm? after 48 hours, (4) 1.8 mWcm™
after 48 hours, (5) control after 144 hours, (6) 0.5 mWcm™ after 144 hours, (7) 1.8
mW cm™ after 144 hours, and (8) 15 mWcm™ after 144 hours. Molecular weight of
a-SMA is 42 kDa. Figure 4 (B). Optical density analysis of a-SMA protein bands in
western blot. *P < 0.05 using ANOVA followed by Dunnett’s comparison. n = 3 +
SEM
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3.3.5 Involvement of prostaglandins in the inhibition of contraction by HINS-
light

Treatment of fibroblasts with 1 pM indomethacin had no significant effect on
inhibition of FPCL contraction either in the presence or absence of 15 mWcm™
HINS-light (Figure 3.9). Indomethacin alone was shown to have no significant
inhibitory effect on FPCL contraction (P > 0.05).

% contraction

time (days after treatment)

FIGURE 3.9 Effect of 1 uM indomethacin on HINS-light induced inhibition of FPCL
contraction. FPCLs exposed to 15 mWem™ HINS-light for 1 hour and treated with
indomethacin are indicated in purple, no treatment in green. FPCLs not exposed to
HINS-light are indicated by; (red) indomethacin treatment, and (blue) no
indomethacin. Indomethacin does not significantly reduce the inhibitory effect of
HINS-light on contraction of FPCLs treated at 15 mWem? for 1 hour (n = 3 + SEM,
P > 0.05 using ANOVA followed by Dunnett’s comparison).

MTT assay results confirm that the addition of indomethacin had no significant
effect on cell viability when exposing cells to HINS-light at 15 mWem™. At 24

hours after exposure, cell number on indomethacin treated FPCLs was 101 * 24 % of
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non-indomethacin treated FPCLs (n=3 + SEM, P > 0.05 using ANOVA followed by

Dunnett’s comparison).

3.4 Discussion

The results show that HINS-light exposure has an intensity dependent inhibitory
effect on fibroblast function. One hour exposures to low intensities of HINS-light
(0.5 and 1.8 mWcm™) have no significant inhibitory effect on FPCL contraction.
There is also no significant decrease in cell number as measured by the MTT assay,
and no noticeable changes in cell morphology in samples stained with propidium
iodide and acridine orange. Furthermore, expression of the a-smooth muscle actin
protein, a well established marker of fibroblast contractile activity (Hinz et al., 2001)
was unaffected. These findings suggest that at these doses, HINS-light has little or
no inhibitory effect on fibroblast viability or function. At higher doses of 54 Jem?,
delivered over 1 hour at an intensity of 15 mWcm™, the results show that HINS-light
does have a noticeable effect on fibroblast function. Contraction of FPCLs halts
within 24 hours of exposure, and the cells do not appear to recover contractile
function significantly within 140 hours of the exposure. Investigation of the number
of cells present on the FPCL following exposure shows that within 24 hours there is
an approximate 80% reduction in cell number, and there is no significant recovery
within 120 hours. Imaging of the FPCL visually confirms this, and also shows that
the cells lose their classic elongated fibroblast morphology (Ehrlich & Rajaratnam,
1990).

Following exposure to 15 mWem™ HINS-light, FPCLs stopped contracting. The
stage of contraction at which FPCLs were exposed had no effect on the inhibition of
gel contraction; both FPCLs exposed during the lag phase (day 0) and the active
phase (day 3) halted contraction and did not recover any contractile activity in the
remaining experimental time. FPCLs exposed during the slow contraction phase
(day 5) had already achieved maximum contraction and no effect on FPCL area was
recorded in the following few days. The use of FPCL contraction to assess the

effects of external factors is relatively common, although there are no reports of the
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effects of blue light radiation for comparison with these results. Strong et al seeded
collagen lattices with fibroblasts cultured with the photosensitiser Sn(1V) chlorin e6
before being exposed to 630 nm Argon ion laser with doses between 10 and 100

. They found that a dose of 80 Jcm™ completely halted fibroblast contraction,

Jem
and found a direct correlation between contraction rates and cell viability (Strong et
al., 1997). Another study using red laser light by Ho et al found that a dose of 3 Jcm”
2 of 5 mW 632.8 nm He-Ne laser caused a significant decrease in contraction of
FPCLs. There was no evidence of reduced cell viability accompanying this reduced
contraction; instead this was partly attributed to a rearrangement of the collagen
fibers in the matrix and distribution of the cellular actin filaments (Ho et al., 2009).
Although useful as evidence of light induced effects on FPCL contraction, the
wavelength and source of the light, and the manner in which it is applied is
sufficiently different from HINS-light that these studies are not particularly useful as

evidence to support our findings.

There is significantly more evidence on the use of the MTT assay to assess cell
viability following blue light exposure. The MTT assay is used to assess viability of
cells based on their ability to reduce a tetrazolium salt to a purple coloured formazan
end product which can be measured colorimetrically (Mosmann, 1983). The
reduction occurs in the mitochondria and cytosol of living cells, hence it can be
interpreted as a measure of viability, however, the reduction is dependent on the
activity of intracellular reductase enzymes and so variation in tetrazolium reduction
may be due to changes in metabolic activity as well as cell death (Sieuwerts et al.,
1995). Smith and co-workers exposed 3T3 fibroblasts to a blue LED light source
similar to the HINS-light used in this work (Smith et al., 2009). Exposure was
performed under comparable conditions at intensities of 0.1, 1 and 10 mWcm™ for 1,
8 and 24 hours. They demonstrated that 1 hr exposure to 0.1 and 1 mWcm™ light
had no significant inhibitory effect on viability as assessed by MTT and Neutral Red
assay. Membrane integrity was also assessed by lactate dehydrogenase (LDH)
leakage into the culture medium and response to oxidative stress assessed by
intracellular reduced glutathione levels. Both were found to be unaffected by

exposure to low intensities of blue light.
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The MTT-collagenase assay results suggest that exposure to 1.8 mWem? HINS-light
for 1 hour may increase cell metabolism. There is a significant increase in MTT
absorbance at 48 hours post treatment, indicating an increase in metabolic activity of
the cell or an increase in cell number. This is likely to be caused by an adaptive
stress response of the fibroblasts, also reported by Wataha and co-workers after
exposing human gingival fibroblasts to 400 — 500 nm laser light of 5 Jcm™ over 10
seconds (Wataha et al., 2004). Further examples of increases in viability
measurements following low doses of blue light irradiation are found by Oplander et
al (2011), who found a significant increase in cell number (assessed by neutral red)

following exposure to 30 Jcm™ 480 nm light.

Significant decreases were observed in the formazan production of fibroblasts
exposed to 15 mWem™ HINS-light. This decrease was not dependent on the phase
of contraction during which the fibroblasts were exposed, and the decrease remained
for up to 120 hours following the exposure. These findings are supported by those of
Smith et al who also found that exposure to higher doses of HINS-light caused a
significant decrease in cell viability. This was apparent after treatment duration was
increased to 8 and 24 hr for 0.1 and 1 mWcm™ exposures, and for all durations of
exposure to 10 mWem™ HINS-light. This is consistent with the findings of Godley
and co-workers who demonstrated a significant decrease in cell viability via MTT
assay after a 6 hour exposure to 2.8 mWecm™ 390 — 550 nm light (a dose of 60 Jcm™)
(Godley et al., 2005).

Other examples of blue light induced toxicity come from Lockwood and co-workers
who demonstrated a significant increase in ROS generation in epithelial cells
exposed to 30 Jem™ blue light (Lockwood et al., 2005). In addition, Wataha and co-
workers, using a modified version of the MTT assay to measure succinnic
dehydrogenase (SDH) activity, found significant decreases in the mitochondrial
activity of fibroblasts exposed to 60 Jcm™ blue light (Wataha et al., 2004), and
Hwang and co-workers also demonstrated decreased SDH activity and decreased
proliferation of human gingival fibroblast cells exposed to over 12 Jem™ blue light
(Hwang et al., 2008).
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There is little in the way of evidence to support the findings of this study that high
intensities of blue light decrease fibroblast expression of a-SMA, however, a
correlation has been shown between the expression of a-SMA and the ability of
fibroblasts to contract collagen lattices (Hinz et al., 2001). Although the results show
a decrease in a-SMA expression at 24 hours following exposure to 0.5 and 1.8
mWem™2 HINS-light, due to a large variation in samples this was not statistically
significant. However, by 144 hours following exposure a significant decrease was
measured in the cells exposed to 1.8 mWcm™. A significant and substantial decrease
was also recorded in cells exposed to 15 mWem™ HINS-light at 144 hours, although
this showed some recovery from the 24 hour sample where there was insufficient
protein content to run a sample. The decrease in a-SMA expression at lower
intensities without an associated reduction in FPCL contraction is surprising given
that a direct correlation has been shown between FPCL contraction and a-SMA
expression (Verjee et al.) However, the conditions of contraction examined in their
study are very specific, investigating Dupuytren’s myofibroblasts in tensioned
FPCLs, and it may well be the case that in the more general case of free floating
FPCLs that a-SMA is a more sensitive measure of fibroblast damage that FPCL

contraction.

Microscopic analysis of the propidium iodide and acridine orange stained FPCLs
suggests that a significant reduction in cell number occurs following high intensity
HINS-light exposure. Fibroblasts exposed to the lower doses of HINS-light appear
to have a normal morphology of elongated bodies with distinct extensions. They
also appear to assume some form of alignment, with extensions generally stretching
out parallel to their neighbours. Cells that have been exposed to 15 mWem™? HINS-
light appear to have lost this elongated morphology by 24 hours following exposure.
There also appears to be a slight increase in the number of red stained nuclei,
marking non viable cells, and a reduction in cell number suggesting that the high
intensity HINS-light has resulted in cell death and subsequent detachment from the
FPCL. This implies that the halt in contraction of FPCLs, and the decreases in MTT
reduction and a-SMA expression can be at least partly attributed to the decrease in

cell number.
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Indomethacin is a member of the nonsteroidal anti-inflammatory drug (NSAID)
family. It is used clinically for relief of mild to moderately severe pain accompanied
by inflammation, and in the treatment of conditions such as osteoarthritis,
rheumatoid arthritis and gout. It is a cyclooxygenase (COX) inhibitor, and is
relatively selective for COX 1 (Kato et al., 2001). COX 1 is an enzyme responsible
for the formation of prostanoids, including prostaglandins. Prostaglandins are a
group of lipid compounds derived enzymatically from arachidonic acid, an essential
fatty acid. Arachidonic acid is oxidised by COX enzymes to form the endoperoxides
PGG2 and PGH2, which are rapidly converted through various enzymes to the more
stable active prostaglandin compounds, including prostaglandin E2 (PGE2).
Prostaglandin E2 plays a role in wound healing, regulating inflammation, the
fibrotic response (Futagami et al., 2002) and collagen expression (Huang et al.,
2007). It has been shown to inhibit fibroblast proliferation (Huang et al., 2007),
migration, chemotaxis (Kohyama et al., 2001) and FPCL contraction (Aron et al.,
2007; Vlad et al., 2006).

There are many examples in the literature of prostaglandin inhibition by NSAIDs,
and specifically indomethacin. In 1971, three papers were published concerning the
inhibition of prostaglandins.  Ferreira et al. demonstrated the inhibition of
prostaglandin release by indomethacin from dog spleen (Ferreira et al., 1971), and
Smith and Willis inhibited prostaglandin release from human platelets with aspirin
(Smith & Willis, 1971). J.R. Vane’s experiments in 1971 showed that indomethacin
inhibits the synthesis of prostaglandins in isolated stomach strips and colon from the
rat, and reduced the level of prostaglandin-like activity in guinea-pig lung
homogenates, leading to the hypothesis that the mechanism of action of asprin-like
drugs, including indomethacin, is through prostaglandin synthesis inhibition.
Following this Nobel Prize winning work, intense research in the area confirmed
their hypothesis, and identified the role of cyclooxygenase enzymes. Indomethacin
has been shown to have inhibitory effects on PGE2 levels in many cell and tissue
types (Bhattacherjee & Eakins, 1974; Flower, 1974; Ford-Hutchinson et al., 1976;
Vane, 1996). It can be used to investigate the effect of prostaglandins on fibroblast

activity. An investigation into the effects of epidermolysis bullosa on PGE2
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synthesis used FPCL to measure fibroblast function. Fibroblasts treated with 10
ug/ml (27.8 uM) indomethacin prior to seeding in a FPCL had no effect on collagen
gel contraction after 48 hours compared to a non-treated control, but did reduce
PGE2 accumulation in the media (Ehrlich & White, 1983). In an experiment
investigating inhibition of collagen lattice contraction by granulomas, which increase
the concentration of PGE2 in the media and halt collagen lattice contraction,
indomethacin at 5 pg/ml (13.9 uM) was shown to abrogate the effects of the
granulomas on lattice contraction and again to decrease the concentration of PGE2
(Ehrlich & Wyler, 1983). A study into the effects of gamma radiation on wound
healing by Carnevali et al., also used indomethacin to inhibit PGE2 synthesis/release
in FPCLs. Gamma radiation was found to decrease the ability of fibroblasts to
contract a collagen lattice, possibly due to the increase in PGE2 concentration in the
supernatant media that was recorded. Treatment of fibroblasts with 1 uM
indomethacin prior to seeding in the collagen gel inhibited the production of PGE2
by 99% and partly reversed the inhibitory effect of the radiation on collagen lattice

contraction (Carnevali et al., 2003).

Inhibition of fibroblast prostaglandin E2 synthesis by indomethacin had no effect on
FPCL contraction following exposure to HINS-light, suggesting that prostaglandins
do not mediate the HINS-light induced inhibition of fibroblast function contrary to
the case with gamma radiation (Carnevali et al., 2003).

The cells used in this research are 3T3 fibroblasts, a cell line derived from embryonic
mouse fibroblasts (Todaro & Green, 1963). They were used in this research because,
unlike primary cells, they have unlimited number of divisions allowing for more
reproducible results. They also have well defined characteristics that do not alter
with repeated passaging and are one of the cell lines recommended in International
Standard 10993-5, “Biological evaluation of medical devices — Tests for in vitro
cytotoxicity”. However, some differences have been noted in the properties of 3T3
cells in comparison to primary human dermal fibroblasts and keratinocytes. They
have been shown to more effectively contract collagen gels than primary human

foreskin fibroblasts (Montesano & Orci, 1988), and have been shown to have
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different responses to various stimulants compared with their primary counterparts
(Gal et al., 2009; Gold et al., 2006). Steinberg et al investigated the capability of
different fibroblast cell lines to contract collagen gels, using the cell number required
to reduce the gel size by 50 % in 24 hr as their measure of contraction ability. They
found that established cell lines, including three 3T3 strains and two rat fibroblast
cell lines, needed approximately 10 times more cells (an increase from 6x10° to
6x10° cells) than primary cells to halve the gel size, and this was attributed to a
decrease in the number of actin cables in established cell types (Steinberg et al.,
1980). However, they also showed that culture conditions (temperature and serum
concentration) have at least as much of an effect on contractile ability as cell type
does. The source of primary fibroblasts and the age of subject from whom they are
sourced has also been shown to have a large effect on contractile ability in FPCL
wound models (Finesmith et al., 1990). In vitro testing of the effect of HINS-light
on fibroblasts cultured from human wound biopsies, using the method described by
Brem et al (Brem et al., 2008), would be a progression on the method used here,
however, taking into consideration the variation described above, careful attention
would need to be paid to culture conditions and seeding density to achieve a more

realistic wound model than that provided by 3T3 fibroblasts.

There are further complications that the use of primary cell cultures would not help
to clarify. The more complex situation of actual wounds involving many cell types
and interactions with wound exudates and blood products would not be modelled,
and this would need to be investigated to confirm the non-damaging properties of
HINS-light on the wound healing process. It is known that the photodynamic
inactivation of bacteria is affected by the presence of blood products (Lambrechts et
al., 2005b; Spesia et al., 2010), specifically albumin which has been shown to have
ROS scavenging properties (Iglesias et al., 1999). It is as yet unknown what effect
these blood products would have on the response of mammalian cells to HINS-light,
however, as low intensities of HINS-light did not induce significant damage in
fibroblasts, and assuming that any damage caused is through the generation of ROS,
it could be assumed that the presence of ROS scavengers would not exacerbate any

damage that did occur. Furthermore, the scavenging effects of serum albumin could
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allow for a higher maximum non-inhibitory dose of HINS-light. However, the
complexity of the situation is illustrated by the findings of Grzelak et al, who showed
that exposure of cell culture medium to white light caused cytotoxic effects when the
medium was subsequently used to culture cells. This was attributed to the generation
of ROS by light exposed riboflavin, with tryptophan, tyrosine, pyridoxine and folic
acid contributing to the effect (Grzelak et al., 2001). This is one of the reasons why
the exposures described in this chapter were performed in PBS. The inhibitory
effects of blue light are not therefore restricted to intracellular production of ROS.
The effects of production of ROS in the wound bed further limits the usefulness of in
vitro assessment of blue light effects on wound healing. In vivo testing would be the

next step required in the development of HINS-light for clinical applications.

Some examples of in vivo testing are available in the literature; Adamskaya et al
investigated the effect of 50 min exposures of blue (470 nm) and red (629 nm) LED
irradiation for 5 consecutive days at 10 mWcm™ on full-thickness excision wounds
on rats (Adamskaya et al., 2010). Blue light was found to significantly decrease
wound area by 50% relative to unexposed and red light exposed rats at 7 days post
wounding. On day 7 post operation, rats were euthanized and the entire wound area
harvested for histological assessment. No difference was found in depth of
granulation tissue in either red or blue light exposed wounds, but a significant
increase in re-epithelialisation was found in wounds exposed to blue light. Keratin-
17, part of the epithelial cytoskeleton involved in regulation of wound healing, was
found to be down-regulated in blue light exposed samples relative to red light
samples, suggesting that wound healing was more complete. Other examples of
animal models of wound healing have been used but concentrate on red or near infra-
red laser or LED exposures. Whelan et al found that 880 nm LED exposure caused a
significant reduction in size of wounds created by punch biopsies in the dorsum of
Sprague-Dawley rats (Whelan et al., 2001). These rats were exposed to a dose of 4
Jem™? (50 mWem™ delivered for 80 s) on 14 consecutive days, with wound size
measured daily and found to be 20% smaller than control wounds at 7 days post
operation, associated with an increase in fibroblast growth factor (FGF-2) as
determined by ELISA. This study also looks at the effect of 670, 720 and 880 nm
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combined LED arrays on lacerations received by crew members of U.S. Navy
submarines. Healing time was found to be reduced from 14 days to 7 days by
exposure of the wounds to a 4 Jcm™ dose. Nassbaum et al provide a further example
of in vivo studies (Nussbaum et al., 2009). They exposed lcm? full-thickness
wounds created in the lower back of Sprague-Dawley rats to fibre coupled lasers
operating at 808 or 635 nm three times per week following wounding. The laser
beam was passed through a beam expander to cover the entire wound area at an
intensity of 0.028 Wem™ with duration of exposure varied to give a dose of 1 or 20

Jem™,

At 3 days after wounding, wavelengths of 808 nm (1 and 20 Jcm™) and 635
nm (20 Jcm™) were found to increase the maximum area of the wound by 29 %, and
by day 19 wounds exposed to 635 nm at 20 Jem™ remained 10.2% larger than control
wounds. Histological examination of the wounds exposed to 635 nm light showed
that a dose of 1 Jem™ caused greater evidence of the late stages of wound healing;
less stromal odema, evidence of re-epithelialisation, more activated fibroblasts and
evidence of angiogenesis. In contrast, those exposed to 20 Jcm™ still exhibited
evidence of early wound healing, and in particular no re-epithelialisation or collagen
deposition. Further evidence of the effects of light on wound healing come from
Klebanov et al., who showed that exposure to 630 nm LED stimulated the transition
of healing wounds from the inflammatory to the proliferative phase, and subsequent
accelerated decrease in wound area (Klebanov et al., 2005). Vidinsky et al who
exposed sutured wounds in rats to 660 nm LED daily and found accelerated wound
healing caused by earlier regression of inflammatory phase, faster completion of re-

epithelialisation and acceleration in maturation phase (Vidinsky et al., 2005).

There are a great deal more examples of the effect of red light than blue light on
wound healing. Although the results in this chapter show that exposure of 3T3
fibroblast cells to 1 hour of HINS-light intensities of 5 mWcm™ and below do not
have an inhibitory effect on fibroblast function, in vivo studies such as those
described above would need to be conducted to further develop this technology.
Nevertheless, the results demonstrate that HINS-light treatment merits further
investigation as a potential tool to help maintain the sterility of a wound or as a

technique that could be used to aid wound disinfection.
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Chapter 4

EFFECT OF HINS-LIGHT ON OSTEOBLAST FUNCTION

4.1 Introduction

4.1.1 Aims

A potential application of HINS-light is as a tool to be used during surgical
procedures to maintain environmental and surface sterility. Hospital acquired
infections are an ever increasing problem in the healthcare environment. A
significant portion of medical devices fail due to acquired infection, and infection
rates following arthroplasty surgery are as high as 4%, with considerably higher rates
after revision surgery (Hamilton & Jamieson, 2008). Its well documented
bactericidal properties suggest that HINS-light may be a useful aid to help reduce the
incidence of infection, and associated costs with treatment of infection and revision
surgery. This chapter investigates the effect of HINS-light on osteoblast cells, the
cell type responsible for bone formation. If HINS light were to be implemented as a
disinfection method during arthroplasty surgery, bone would potentially be exposed
to HINS-light, and any inhibitory effects on osteoblast function may impede the
osseointegration of the implant and limit the applications of HINS-light during

surgical procedures of this nature.

4.1.2 Bone cell function

Bone is constantly undergoing a remodelling process, with osteoclasts absorbing old
bone and osteoblasts replacing it. In adults, approximately 10% of the skeleton is
replaced annually, and this is regulated by various systemic hormones such as
vitamin D and parathyroid hormone. An imbalance of osteogenesis causes clinical
conditions such as osteoporosis (increase in osteoclast activity) and osteosclerosis
(increased bone formation). Ageing and changes to mobility will also affect the

balance of bone turnover, resulting in changes to bone structure, mass and strength.
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Osteoblasts are mononucleate cells that are responsible for bone formation. They
differentiate from osteoprogenitor cells found in bone marrow and periosteum, and
this process is induced by transcription and growth factors which can be either tissue
specific (e.g bone morphogenic protein, Cbfal) or non-tissue specific (e.g. c-fos,
egr). Osteoblasts then go through a period of proliferation, encouraged by several
growth factors such as bone morphogenic proteins, transforming growth factor-p and
insulin like growth factors. The bone differentiation marker alkaline phosphatase
(ALP) is expressed at this point. Osteoblasts produce a matrix of a protein mixture
known as osteoid, which mainly consists of type 1 collagen and a ground substance
made up of compounds including osteocalcin (OC) and chondroitin sulphates. This
matrix is what mineralises to form bone. The process of mineralisation is not fully
understood, but ALP vesicles released by the osteoblast are thought to play a part.
After around ninety days the osteoid will become fully mineralised and the job of the
osteoblasts is done (Langton & Njeh, 2003). Then approximately 60% of
osteoblasts will undergo programmed apoptosis (Jilka et al., 1998), with the
remainder either eventually becoming trapped by their own matrix, at which point
they become osteocytes, or forming a layer of lining cells. Lining cells form an
inactive osteoblast cell layer covering bone surfaces that are neither undergoing bone
formation or resorption. They are thought to be capable of activating bone
remodelling, and can return to active osteoblast activity. The cells may have a role
in regulation of the movement of calcium and phosphate ions into and out of the
bone (Gallagher et al., 1996).

Osteoclasts are large mutli-nucleate cells responsible for bone resorption. They are
derived from hematopoietic stem cells. Bone resorption is required during many
skeletal processes, and plays a role both in the maintenance of blood calcium levels,
and in the continuous physiological remodelling of bone that occurs in the adult
skeleton (Vaananen et al., 2000). When an osteoclast becomes active it migrates to a
resorption site and forms a seal with the bone via a special area of the cell membrane
known as the sealing zone. Once attached the cell membrane underneath the sealing
zone takes on a ruffled appearance, with internal membranes being transferred to the

area and fusing with acidic intracellular vesicles to create long finger-like extensions
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that penetrate the bone. The hard mineral based exterior of the bone is dissolved by
the targeted excretion of HCI from the ruffled border into the resorption lacunae.
The organic bone matrix is degraded by proteolytic enzymes, probably lysosomal
cysteine proteinases and matrix metalloproteinases. The degradation products are
subsequently removed from the resorption lacunae by transcytotic vesicules, which
transport these products from the ruffled border to the secretory domain of the
membrane from which they are released into the extracellular space (Miyamoto &
Suda, 2003; Nesbitt & Horton, 1997; VVaananen et al., 2000).

Osteocytes are the most abundant cell found in compact bone. They are found in
lucanae, the small cavity formed in the matrix that the cell has produced and are
connected to other osteocytes and osteoblasts by long cytoplasmic extensions that
run through canaliculi allowing communication and exchange of nutrients and waste
products. They are less active than osteoblasts, but perform important functions in
control of bone turnover. Osteocytes sense mechanical strain on bones and translate
that into biochemical signals which control the extent and location of bone
production and resorption. More recent research has shown that osteocytes might
have a more active role than originally thought. They have been shown to modify
their enclosing bone environment in response to stimuli, and are capable of both
matrix formation and resorption to alter the mechanical properties and fluid shear
stress of bone (Bonewald, 2006).

4.1.3 Arthroplasty surgery

To ascertain if any alteration in osteoblast function caused by HINS-light would have
an effect on the success of arthroplasty procedures, it is useful to understand the
surgical process involved. Concentrating on total hip replacement surgery (figure
4.1), there are a variety of approaches used to gain access to the bone, but all result in
the tissues around the hip being parted to allow access to the joint. The femoral head
is dislocated from the socket and the surface of the acetabulum reamed away to allow
placement of a prosthetic cup. This is normally metal, ceramic or polyethylene, and
is fixed in place by either polymethylmethacrylate cement, screw, press-fit or porous

in-growth methods.
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FIGURE 4.1 Schematic diagram of AESCULAP Implant System

(http://www.soactivesofast.com/default.aspx?pageid=1528)

In total hip replacement, the femoral head is removed and replaced with either an
ultra high molecular weight polyethylene (UHMWRPE) or alloy component. The
latter is more common, with titanium, stainless steel and cobalt-chromium alloys
being used at present, with ongoing research into improving materials. The femoral
component consists of a ball section which fits into the cup and a stem section which
is fixed into the femur. This can be fixed initially with or without cement during
surgery, and is followed by a secondary fixation process which occurs during the
healing process. Secondary fixation can be split into an initial phase in which
surrounding bone is destroyed, followed by a repair phase where bone formation
integrates the implant with the bone. This is followed by a stabilisation phase during
which the bone is remodelled in response to the new mechanical loading experienced
(Dhert et al., 1998).

Good fit of the components is crucial to reduce degradation and corrosion of the
implants, and to reduce patient pain following surgery (Willert & Buchhorn, 1999).
Secondary fixation of the components obviously relies on appropriate bone cell
function. Studies have been performed to ensure that low level laser irradiation, an

emerging area of interest for acceleration of bone healing, does not have any adverse
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effects on osseointegration of implants. One such study performed by Dértbudak et
al investigated the effects of a 100 mW, 690 nm low energy laser on osteoclast
function. Holes were drilled in the iliac crest of baboons, and the surface exposed to
1 min of laser irradiation before and after inserting titanium implants. Wounds were
closed and baboons sacrificed five days post operation to assess viability of
osteocytes and resorbed bone area. Laser irradiation was found to have significantly
increased the viability of osteocytes although there was no difference in the total
number of cells per unit area. The authors also found no difference in the eroded
surface area of exposed bone. They suggest that the increased number of viable
osteocytes implies the presence of more vital bone tissue in irradiated areas, resulting
in accelerated osseointegration of the implants (Dértbudak et al., 2002). The effect
of infra-red laser irradiation on attachment of titanium implants to shin bones of mice
was also assessed by Maluf and co workers (2010). The area around the implant was
exposed to six doses of 8 Jem™ 795nm laser irradiation every two days starting
immediately after the implants were inserted into holes drilled in the bone. The
torque required to dislodge the implant was measured at 14 days post operation, and
was found to be significantly higher in the laser irradiated group relative to the
control group. lonizing x-ray radiation has been shown to inhibit the proliferation of
osteoblasts and decrease their viability, leading to the conclusion that high dose x-ray
should not be used to assess osseointegration of dental implants (Dare et al., 1997).
It is therefore not inconceivable that high intensity blue light may also have some
effect, either stimulatory or inhibitory, on osteoblasts that would be exposed to

HINS-light if it was used as a tool to help maintain sterility during operations.

Four markers of osteoblast function or viability have been used to establish what
effect HINS-light may have; alkaline phosphatase activity (ALP), collagen synthesis,
osteocalcin (OC) expression, and proliferation. ALP and OC are used clinically to
measure bone turnover. ALP is an enzyme that plays an important role in osteoid
formation and mineralisation, and is commonly used to measure osteoblast activity in
vitro. OC is a protein synthesised only by osteoblasts, ondontoblasts and
hypertrophic chondrocytes and is a well accepted marker of osteoblast function

(Price et al., 1980; Thomas et al., 1990). Picric Sirius red staining was used to
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quantify and visualise osteoblast production of collagen, and growth rate in terms of
protein content was assessed by Lowry assay. Scanning electron microscopy was

employed to establish if HINS-light had any visible effect on cell morphology.

4.2 Methods

4.2.1 Cell culture

Immortalised rat osteoblast cells were used in these experiments. The cell line was
produced by transfecting neonatal rat osteoblasts at passage 4 with pUK42, a plasmid
(10.9 kb) containing the complete sequence of SV40, except for a 6bp deletion at the
origin of replication. This plasmid also contains the RSVneo gene which provides
Geneticin resistance, and selection of positively transfected cells was by resistance to
the antibiotic Geneticin. (G418, Gibco). They were maintained as described in

section 2.2.2.

4.2.2 HINS-light

Cells were exposed to HINS-light in the central wells of multiwell plates, to achieve
a uniform distribution of intensity over the wells as described in section 2.1.2. The
HINS-light setup was as described in section 2.1.

4.2.3 Markers of osteoblast function

4.2.3.1 Alkaline phosphatase

The ALP assay was performed at 24 and 72 hours following HINS-light exposure.
Cells were seeded at 2x10” cells/cm? in the central wells of 96 well plates. When the
desired duration of incubation following exposure had passed, DMEM was removed
and wells washed with PBS. 200 pl p-nitrophenyl phosphate (pNPP) in glycine
buffer (1 mg/ml) (composition given in appendix) was then added to each well.
pPNPP is dephosphorlysed to p-nitrophenol and phosphate in the presence of ALP.
The absorbance of p-nitrophenol was measured at 405 nm immediately and at 15 min

after addition. ALP activity, measured in 1U/I, was given by:
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(0D,5 — 0D,) % 1000
tXe

ALP activity =

Where OD;5 and OD, are the optical densities measured at 15 and 0 min, 1000 is a
conversion factor to convert ml to I, t is the incubation time, and ¢ is the extinction
coefficient of p-nitrophenol (18.75 mM/cm) (Bowers & McComb, 1966).

4.2.3.2 Collagen synthesis

Collagen production by osteoblasts was measured using a modification of the
colorimetric assay described by (Walsh et al., 1992). Cells were seeded at 2x10*
cells’cm? in the central 16 wells of 96 well plates. At 24 or 72 hr following
exposure, cells were fixed with Bouin’s solution (appendix 1) before 200 pl picric
Sirius red stain (appendix 1) was added to each well for 1 hour with gentle shaking.
Wells were washed with 0.01 M HCI and the cell layer dissolved in 200 ul NaOH
(0.25 M). Absorption at 550 nm was measured against a 0.01 M NaOH blank
(Tullberg-Reinert & Jundt, 1999). Picric Sirius red staining was also used to
visualise the effect of HINS light exposure. The procedure was performed as above
except that cells were cultured on thin circular glass slides in 24 well plates. Instead
of dissolving the cell layer and measuring absorption, the cells were visualised with

bright field microscopy techniques on a Zeiss Axioimager microscope.
Known volumes of collagen from rat tail extraction, performed as described in

section 3.2.2, were used to generate a standard curve from which the collagen

concentration of samples was calculated (figure 4.2).
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FIGURE 4.2 Collagen standard curve (mean +/- SEM, n = 6). Where the error bars

cannot be seen there are so small that they are incorporated into the symbol.

4.2.3.3 Osteocalcin

Osteocalcin in cell culture media was measured via an ELISA kit (BT-490,
Biomedical Technologies Inc, Stoughton, USA) on days 3, 6 and 10 following
exposure. Cells were seeded at 2x10* cells/cm? and incubated in 1,25 dihydroxy
Vitamin D; ((OH),Ds) at a concentration of 10® M to stimulate osteocalcin
expression (Martinez et al., 2001a). Cells were exposed to HINS-light in PBS at 1.8,
5 and 15 mWem™ intensities for 1 hr. 48 hours prior to sample collection, complete
DMEM was removed and replaced with serum free DMEM, still containing 10° M
vitamin D3. At the appropriate time, medium was collected and frozen at -80°C. In
accordance with the instructions supplied by Biomedical Technologies, 50 ul of
sample buffer were added to 25 pl of samples and standards and incubated overnight
at 4°C. Standards were prepared at 0.33, 1, 2.5, 5, 10 and 20 ng/ml. Wells were
washed with PBS before 100 ul of osteocalcin antiserum was added to each well at
37°C for 1 hr. Wells were washed as before and 100 pl donkey anti-goat 1gG
peroxidise added to each well and incubated at room temperature for 1 hr. After

another wash step, 100 pl of a 1:1 mix of peroxidase substrate TMB (3,31,5,51-
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tetramethyl benzidine) and hydrogen peroxide were added for 30 min at room
temperature in the dark. 100 pl of stop solution were added before absorbance at 450

nm was measured.

Values available in the literature on the concentration of Vitamin D3 required for
stimulation of osteocalcin production varied from 107 to 10° M (Kassem et al.,
1994; Martinez et al., 2001b). The optimum concentration for the cell line used in
this work was assessed by osteocalcin production of control osteoblasts seeded at
2x10* cells/cm?® and cultured for three days prior to assay. 10° M was found to

provide the maximum osteocalcin levels (figure 4.3).
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FIGURE 4.3 Concentration of 1,25 dihydroxy vitamin D3 found to provide maximum

osteocalcin levels was 10® M (n = 2 + range)

4.2.3.4 Proliferation

Cell protein content was measured via Lowry assay (Lowry et al., 1951).
Osteoblasts were seeded at 5x10%cm? in 24 well plates. At each time point after
exposure, medium was removed from the required wells and cells washed twice with
1 ml PBS. Incubation was continued with the dried cell layers remaining in the wells
until all time points have passed, at which point all the cell samples were then

solubilised overnight in 200 ul 0.5 M NaOH. Bovine serum albumin (BSA) protein
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standards at 200, 150, 100, 50, 25 and 0 pg/ml were used to generate a standard
curve. 5 ml of a solution A (Iml CuSO,4 (1% w/v) + 1 ml NaK tartrate (2 % w/v) +
98 ml Na,CO3 (2 % wi/v)) were added to both standards and samples, mixed, and
incubated at room temperature for 10 min. 0.5 ml solution B (1:4 dilution of Folin
and Ciocalteu’s Phenol Reagent in dH,O) were then added, mixed immediately and
left for 30 — 90 min at room temperature. Absorbance of samples was measured at
725 nm against dH,0, and the concentration in the samples calculated from the BSA

standards.

4.2.4 Scanning electron microscopy (SEM)

SEM was performed at the Integrated Microscopy Unit at Glasgow University, with
the assistance of Dr Laurence Tetley and Mrs. Margaret Mullin. Cells were seeded
at 2x10* cells/cm? into 24 well plates with 10 mm glass coverslips placed in the
bottom of required wells. The wells and coverslips were coated in poly-I-lysine
(Sigma P4707) for 5 min and allowed to dry overnight prior to cell seeding. Cells
were allowed to attach for 4 hours before being exposed to HINS-light. Post
exposure, cells were fixed with 2.5% Glutaraldehyde solution (composition in
appendix) for 1 hr at 4 °C. Cell layers were rinsed with 0.1 M NaPi buffer
(Appendix) (pH 7.4) with 2% (w/v) sucrose and stored in this buffer overnight. Cells
were transported to Glasgow University the following morning and rinsed a further
three times for 5 min in 0.1M PO, buffer. Cells then underwent secondary fixation
in 1% osmium tetroxide for 1 hr, followed by three 10 min washes with dH,0. Cells
were negatively stained with 0.5% aqueous uranyl acetate for 1 hr in the dark, and
washed twice with dH,O. Cells were then dehydrated in ethanol consisting of 2x 5
min steps of 30, 50, 70 and 90% ethanol, followed by 4x 5 min Absolute and dried
Absolute ethanol steps. The coverslips were then removed from the wells and dried
with hexamethyldisilazane (HMDS) for 2x 5min. Samples were fixed onto
aluminium tabs with carbon tape, sputter coated with a gold/palladium mixture and

viewed at magnifications ranging from 250x to 30000x at 10 kV.

The surface area of cells was calculated from SEM images using a similar method to

that described for FPCL area measurements (section 3.2.6.1). The number of pixels
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that the cell occupied was compared to the number of pixels in a known area defined

by the scale bar in the images to give the surface area.

4.3 Results

4.3.1 ALP activity

A 1 hr exposure to intensities of HINS-light at or below 5 mWem™? (18 Jem™) was
shown not to cause a significant reduction in expression of ALP enzyme at 24 hr post
exposure. Intensities above 5 mWem™ caused a statistically significant decrease in
expression of ALP. By 72 hours post exposure, osteoblasts treated at 15 mWcm™
showed minimal signs of recovery. Cells exposed to 5 mWcm™ HINS- light and
below did not show a significant decrease in ALP expression compared with the

control at 72 hr post exposure (figure 4.4).
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FIGURE 4.4 ALP expression at 24 (¢) and 72 (m) hours post exposure of osteoblasts
treated at between 0.5 and 15 mWem™. * indicates significant difference from control
(P < 0.05, ANOVA followed by Dunnett’s comparison, n=3 = SEM)
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4.3.2 Collagen synthesis

Collagen synthesis was not affected by exposure to up to 5 mWem™ HINS-light, at
either 24 or 72 hr post exposure. A significant decrease in synthesis was shown in
osteoblasts exposed to 15 mWcm™ HINS light at 24 hr post exposure, and this

significant decrease persisted at 72 hr post exposure (figure 4.5).
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FIGURE 4.5 Collagen synthesis by osteoblasts exposed to HINS-light . Cells were
exposed to (from left to right at each time point); control, 0.5 mWcm, 1.8 mWcm?,
5 mWem™ and 15 mWem™ for 1 hour. * indicates significant difference from control
(P<0.05, ANOVA followed by Dunnett’s comparison, n=3 + SEM)

Differential interference contrast (DIC) microscopy images of control cells and cells
exposed to 1 hr of 15 mWcm™ HINS light are shown in figure 4.6 (A) and (B)
respectively. Microscopy was performed at 48 hours following exposure. Red areas
in the image show deposition of collagen, and there did not appear to be any obvious
visual difference between control and 15 mWcm™ exposed cells. Osteoblasts
exposed to 15 mWcem™ also retained the elongated shape of healthy osteoblasts and
no obviously damaged cells were present in the sample. Images obtained at 5 days
following exposure had such high collagen content that individual cells were

indistinguisable, however, there appeared to be no obvious difference in colour
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density of those exposed to 15 mWem™ HINS-light (figure 4.6 (D)) and the control
sample (figure 4.6(C)).
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FIGURE 4.6 DIC microscopy images of osteoblasts stained with picric Sirius red.
Image (A) and (B) show control cells and those exposed to 15 mWem™ HINS-light
for 1 hour, at 48 hr post exposure. (C) and (D) show control and 15 mWcm™ at 120

hr post exposure.  Scale bars are 100 pm.

4.3.3 Osteocalcin expression

No decrease was observed in osteocalcin expression by osteoblasts exposed to 5
mWem™ or lower HINS-light for 1 hour at up to 10 days post exposure. OC
expression was significantly suppressed in osteoblasts exposed to HINS-light
intensities of 15 mWcm™ for 1 hr at 3 and 6 days post exposure (figure 4.7). By 10
days post exposure, expression of osteocalcin in cells exposed to 1 hr of 15 mWcm™?

was not significantly different to the control.
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FIGURE 4.7 Osteocalcin expression following 1 hour HINS-light exposure. From
left to right at each timepoint; control, 1.8 mWem? 5 mWcm? 15 mWem?2  *
indicates significant difference from control (P < 0.05, ANOVA followed by
Dunnett’s comparison, n=3 + SEM, except for control and 15 mWcm™ samples on
days 3 and 6 where n = 6)

4.3.4 Proliferation

The proliferation of osteoblasts following HINS-light exposure was assessed by
measuring total protein content of the cells via Lowry assay up to 4 days post
exposure (figure 4.8). Although there were no significant differences observed in
protein content of osteoblasts exposed to up to 15 mWem™ HINS-light, it would
appear that there was a slight reduction in protein concentration, and thus the

proliferation rate, of osteoblasts exposed to the maximum intensity.
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FIGURE 4.8 Proliferation of osteoblasts following exposure to (left to right);

control, 0.5 mWem™, 1.8 mWem™ and 15 mWem? HINS-light by Lowry assay. 15

mWem™ HINS light appeared to cause a reduction in protein content of osteoblasts

although no significant differences were found (P>0.05, ANOVA followed by

Dunnett’s comparison, n=3 + SEM)

4.3.5 SEM

Scanning electron microscopy was performed on cells immediately following a 1 hr
exposure to 5 and 15 mWem™ HINS-light. Cells that had not been exposed to HINS-
light had a classic osteoblast morphology (figure 4.9 A). They appear well stuck
down and stretched out, with some cells still visibly in the process of sticking down.
High magnification images of individual cells (figure 4.9 B) showed no remarkable

surface features.

89



FIGURE 4.9 SEM of control sample, showing (A) general morphology of sample,

and (B) 2500x magnification of single cell.
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Samples exposed to 5 mWem™ HINS-light are shown in figure 4.10 (A) and (B).
High magnification images of the cell surface did not show any obvious defects.

FIGURE 4.10 SEM of osteoblasts exposed to 5 mWem™ HINS-light for 1 hour, at
(A) 300x magnification, and (B) 2000x magnification.
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Osteoblasts exposed to 1 hour of 15 mWem™ had a noticeably different appearance
to control cells (figure 4.11). Although the cell density appeared similar, the
proportion of cells that were stuck down and stretched out was less. Higher
magnification images of the cell surface showed lots of small imperfections, like cuts
or folds in the membrane. There was also evidence of blebbing on the surface of
some cells (figure 4.11 (B)).

Date
- |10 kV|400 x/17/03/11, 16:12|CPD_15mWV|287.9 pm 228.6 um| 50 pm
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FIGURE 4.11 Osteoblasts exposed to 1 hr of 15 mWcm™ HINS-light, at (A)400x,
(B)1000x, and (C) 3000x magnification. Examples of suspected bleb formation

marked with arrows.
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Analysis of the proportion of viable cells and the mean surface area of the individual

cells, calculated from a range of sample images, is presented in table 4.1.

TABLE 4.1 Analysis of osteoblast SEM images. n > 6, where each sample contained
at least 15 cells. * signifies significant difference from control (P< 0.05, ANOVA

followed by Dunnett’s comparison,)..

% viable cells (+ SEM) Surface area (um?’ £ SEM) ‘

Control 81+0.1 84.7+129
5 mWcm™ 77 +2.6 53.0 +13.2
15 mWem™® 66+3.7 % 315+85

4.4 Discussion

These results show that intensities of HINS-light of 5 mWem™ and below, applied
over 1 hour, do not have a significant inhibitory effect on osteoblast function.
Exposure to intensities above this have been shown to have a significant effect on the

normal function of osteoblasts.

ALP is an enzyme responsible for dephosphorylation of various molecules, including
nucleotides, proteins and alkaloids. Clinically, ALP levels can be used to help
diagnose bone disorders such as Paget’s disease, a condition involving imbalanced
bone resorption and formation resulting in enlarged or deformed bones. In vitro, it is
well established as a measure of osteoblast ability to synthesis bone (Hoemann et al.,
2009). It is therefore encouraging to see that 1 hour exposures to 5 mWem™ HINS-
light had no inhibitory effect on ALP activity. No significant difference compared
with control cells was measured at either 24 or 72 hours following exposure.
Increasingly large decreases relative to control were, however, seen at 24 hr post
exposure as the intensity was increased from 5 to 15 mWcm™. This significant
decrease was still in effect at 72 hours post exposure, where an 88% decrease in ALP
expression was observed following exposure to 15 mWem™ . This implies that 1 hr
exposure to intensities above 5 mWcm™ is detrimental to osteoblast function. No
examples of the effect of blue light on ALP activity have been published for
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comparison, but there are some papers that investigate the effects of red and near
infra-red laser light. One group investigated the effects of low doses (1.5 — 3 Jem?)
of 830 nm light on human osteoblast cells with a view to using the laser to modulate
the activity of cells surrounding implants during surgery. They found that these low
doses had no effect on ALP synthesis (Khadra et al., 2005). Stein et al (2008)
measured ALP levels at up to 72 hr hours following exposure of human osteoblasts
to a 400 mW diode laser with 670 nm wavelength. The duration of exposure was 2.5
or 5 s giving a dose of 1 or 2 Jem™ respectively. They found a slight increase in ALP
activity over the observation period following exposure to 1 Jcm™, but increasing the

dose to 2 Jem™ resulted in decreased ALP activity and viability.

With collagen being the major component of extracellular matrix, the ability of
osteoblasts to produce collagen is an important function in the bone formation
process. As such it is a useful measure of osteoblast function. Picric Sirius red
staining showed that 1 hr exposures to HINS-light at intensities at or below 5
mWem? did not have an inhibitory effect on the ability of the osteoblasts to
synthesise collagen. No significant change relative to control cells was observed at
either 24 or 72 hours following exposure. Collagen synthesis was shown to be
significantly reduced by exposure to 15 mWem™ HINS-light at both 24 and 72 hours
following exposure. Similar conclusions can be drawn as for the effect on ALP
activity; that exposure to intensities at or below 5 mWem™ for up to 1 hour have no
significant effect on the ability of osteoblasts to synthesise collagen, while exposure
to the higher intensities of HINS-light significantly reduces this function. Collagen
synthesis has been shown to be both stimulated (Saracino et al., 2009; Stein et al.,
2005) and inhibited (Marques et al., 2004) by laser irradiation, although no studies
have been performed using an equivalent wavelength or irradiance of light

comparable to those used in the present study.

Microscopic examination of cells stained for collagen production with picric Sirius
red are a little unexpected in that they do not show the obvious decrease in collagen
content that would be expected from the colorimetric assay results. This could

simply be due to the relatively small change in colour caused by variation in collagen
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content being imperceptible to the eye. The images from 48 hours post exposure
suggest that individual cells express similar levels of collagen, implying that the
decrease in collagen synthesis observed is due to a decrease in cell number rather
than a decrease in collagen producing function of the cells. There is no visible
evidence of any dead cells, however, any apoptopic cells or cell debris may have

been removed during the many washing steps.

Similar results to ALP activity and collagen synthesis were found when investigating
the effect of HINS-light on OC expression. OC is the most abundant non-
collagenous protein produced by osteoblasts, and studies on OC knock-out mice
suggest that it has osteogenic regulatory functions (Ducy et al., 1996). In certain
clinical situations, it is thought that OC is a more sensitive measure of osteoblast
damage than ALP (Boiskin et al., 1989). The BTI ELISA kit used in these
experiments measures the concentration of OC that has been secreted into the culture
medium, shown to be an effective and reliable method of determining osteogenic
potential (Nakamura et al., 2009). Performing the assay at 72 hours (3 days)
following exposure showed that exposure of up to 5 mWem™? did not significantly
effect the OC expression, while exposure to 15 mWecm™ caused a significant
reduction. The same pattern was found at 6 days post exposure. However, by 10
days following exposure the osteoblasts exposed to 15 mWem™ HINS-light appeared
to have recovered and the concentrations of OC found in the cell culture media were
in the same range as in the cells that had been exposed to 1.8 and 5 mWcm™

intensities.

As has previously been shown to be the case, osteoblasts did not secrete measurable
volumes of OC prior to stimulation with the hormone 1,25 dihydroxy vitamin D3
(Carpenter et al., 1998). The active form of vitamin D3 has been shown to play a role
in osteoblast differentiation by increased bone-specific ALP activity, synthesis of
growth factors and matrix proteins (Kurihara et al., 1986; Majeska & Rodan, 1982;
Spiess et al., 1986).
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There are various studies on the effect of laser irradiation on OC expression. Khadra
et al (2005) found that exposure to 1.5 and 3 Jcm™ near-UV laser irradiation did not
have inhibitory effects on OC levels of irradiated human osteoblasts. In fact, they
found that 3 Jcm™ had a stimulatory effect on OC production. Similarly, Saracino et
al (2009) exposed human osteoblasts to daily doses of superpulsed laser light at 904
— 910 nm wavelength, with minimum peak power of 45W and total energy of 60J,
for 5 min. This had no significant effect on mRNA content of OC until the tenth day
where a significant increase was observed (Saracino et al., 2009). These are the
closest comparisons available to the effects of blue light irradiation, and due to the
difference in wavelengths are not particularly useful. Both of these sources also
report an increase in other measures of osteoblast function, such as ALP activity and
collagen synthesis, and it is logical to conclude that these should go hand in hand. It
is not surprising therefore that the higher doses of HINS-light causes a decrease in
OC levels. This correlates well with the decreases seen in ALP and collagen at the

same doses.

The pattern of OC expression is consistent with that observed in other rat studies,
which show lower levels of OC expression during the growth phase of the cells, and
maximum expression once cells have reached confluence and extracellular matrix
deposition is at its peak (Owen et al., 1991). Studies on human osteoblasts appear to
show some differences in cell development to rat cells. Unlike rat osteoblasts, the
increase in OC does not appear to be dependent on proliferative phase (Siggelkow et
al., 1999b), however, similarities were noted in the production of collagen and ALP

activity between the two species (Siggelkow et al., 1999a).

The Lowry assay was used to measure the proliferation of the cells following
exposure to HINS-light. The total protein concentration of the cells was measured at
48, 72 and 96 hours following exposure, and showed that exposure to 15 mWcm™
HINS-light appeared to inhibit proliferation up to 96 hours following the exposure.
However, contrary to the previous results where no damaging effects have been
caused by the lower intensities of HINS-light, 1.8 mWcm™ exposures also appeared

to cause a decrease in protein concentration, suggesting a decrease in cell number.
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This is probably due to the large error associated with these results, and therefore
should not cause undue concern over the safety of HINS-light. The results of the
more accurate ALP, OC and collagen synthesis assays show that 1.8 mWcm? HINS-

light does not appear to reduce osteoblast function in any significant way.

SEM analysis helps to confirm the results of the osteoblast function assays.
Exposure to 5 mWem™ does not cause any visual difference to the cell morphology,
and the density of cells in the sample was not significantly reduced. The appearance
of membrane features on osteoblasts exposed to 1 hour of 15 mWem™ HINS-light is
interesting. The resolution of the images is not sufficient to positively identify the
features, but there is undoubtedly some disturbance caused to the membrane of the
cells. One possibility is that these features are the initial stages of formation of
blebs; bulges in the membrane which appear soon after exposure to lethal stimulation
(Barros et al., 2003). Fully formed blebs are apparent in many cells which had been
exposed to 15 mWem™ HINS-light. Small tears are visible at the periphery of the
cells, especially apparent at filopodial extensions. These are present in all samples,
and this is not an effect of the HINS-light exposure. It is caused by shrinking and

subsequent tearing of the cell during the dehydration process.

Quantitative analysis of the images shows significant reductions in cell viability and
cell surface area following exposure to 15 mWcm™? HINS-light for 1 hour. The
viability of a cell was not always obvious from the micrographs, and so a cell was
considered to be healthy if it was well stuck down and there was no obvious blebs or
blisters on the cell surface. Conversely, cells with a spherical appearance or with
damaged membranes were counted as dead. There is obviously a degree of
subjectivity to the distinction which limits the conclusions that can be drawn from
these data, however, it does confirm the general trend observed throughout these
results. Cell surface areas were calculated from a random sample of cells from all
images. The decrease in surface area observed following exposure to 15 mWcm™
light partly confirms the reduction in viability, as a lesser percentage of sampled cells
in this group had the stretched morphology and associated large surface area of

viable cells.
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These results demonstrate that HINS-light has a dose dependent inhibitory effect on
osteoblast function. The implication of the results is that intensities of 5 m\Wcm™
and below, delivered over an hour, should not cause damaging effects to osteoblasts
exposed during procedures such as hip replacement which result in exposure of bone
surfaces to the external environment. However, the cell line used was a rat cell type,
and as mentioned above, some studies have noted differences in the behaviour of rat
and human osteoblasts To extend these studies further, the experiments should be
repeated using a primary human osteoblast cell type. The source and age of these
cells would require careful selection to best replicate the in vivo situation. Another
option would be to use animal models, commonly used to measure the effects of red
and infra-red laser on bone healing (Tajali et al., 2010). These studies generally
involve the exposure of surgically created defects in rat bones to various doses of
laser irradiation, followed by histological examination of the exposed area to assess
bone formation. The use of an animal model would provide a more accurate
maximum value at which HINS-light would have no inhibitory effects on bone
formation. Despite 15 mWem HINS-light having significant inhibitory effects on
osteoblast function in vitro, this may well have no effect on bone formation or
osseointegration of implants in an animal model. Light of 405 nm wavelength will
not penetrate deeply into bone; much less than the same intensity of red light would.
Porcine studies have shown that a 4.3 mWcm™, 635 nm laser penetrates 0.16 + 0.04
cm into trabecular bone (Bisland & Burch, 2006). As penetration of the visible light
spectrum increases with wavelength, it would be expected that blue light would
penetrate less than this. For comparison, 50% of 800 nm red light photons will
penetrate 2 cm into soft tissue, compared to 80 um for 255 nm photons (Macrene,
2006). Any damage to osteoblasts would therefore only occur on the bone surface,
the effect of high intensities of HINS-light on overall bone turnover would not be as

significant as the results in this chapter suggest.

The lack of penetration of blue light into tissue will limit any effects that HINS-light
may have on osseointegration of an implant. Osseointegration is not a surface
process. Taking total hip replacement surgery as an example, osseointegration of the

femoral stem will occur deep within the cavity of the bone, where exposure to HINS-
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light during the procedure will be minimal. To fully establish what, if any, effects
HINS-light had on osseointegration of implants, the use of an animal model will be
required. Methods to assess osseointegration of titanium implants in a sheep model
have been described (Cunha et al., 2007). Sheep are an appropriate model for
orthopaedic research due to similarities with humans with respect to weight, size,
bone and joint structure, and bone remodelling process (Martini et al., 2001; Potes et
al., 2008).

Considering that osseointegration and bone formation occurs throughout the full
depth of the bone, and that penetration of HINS-light into bone tissue would be very
limited, it is unlikely that HINS-light could cause any significant delay in
osseointegration at the intensities and duration of exposure found to be non-
damaging in the in vitro experiments described in this chapter. The limitation in
depth of penetration which makes significant damage to bone function unlikely may
also limit how effective HINS-light could be as a tool for disinfection. Inactivation
of any bacteria that is not directly on the surface will be unlikely to occur. However,
as discussed in the introduction, the source of most infections is airborne bacteria
either from the patient or from the operating staff, that falls upon the surgical site
directly or is indirectly transferred into the surgical site (Charnley & Eftekhar, 1969;
Hussein et al., 2001). Therefore, if HINS-light is capable of inactivating bacteria
with a dose that is proven to be non-harmful to living-tissue, it could be used to

decrease the incidence of infection acquired during joint replacement procedures.

The results in this chapter suggest that HINS-light could be applied to bone tissue
without significant undesirable effects on bone formation following exposure.
Further refinement of the maximum dose at which no effect is caused is required.
One aspect of the use of HINS-light exposure during implantation procedures that
has not been discussed here is the effect of HINS-light on the material itself.
Bacteria on the surface of an implant material is known to be a cause of infection
(Vinh & Embil, 2005), and reducing numbers of surface bacteria would have obvious
benefits. However, the effects of HINS-light on biomaterials are as yet unknown.

This will be investigated in the following chapter.
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Chapter 5

EFFECTS OF HINS-LIGHT ON PROSTHETIC VASCULAR
GRAFT MATERIALS

5.1 Introduction

If HINS-light was to be applied during surgical procedures to maintain sterility,
mammalian tissue would not be the only surface that was exposed to irradiation.
This chapter investigates the effect(s) HINS-light may have on implant biomaterials
which could receive significant exposure during surgery should HINS-light be
employed during implantation procedures. The aim of this chapter was to investigate
the effect of HINS-light on polyester vascular graft materials. During surgical
procedures involving the placement of vascular graft materials, the surface of the
material would be exposed to irradiation by HINS-light if it was being employed to
maintain sterility within the operating theatre. Any detrimental effects that HINS-
light may have on the properties of the material itself would limit the potential of
HINS-light to be used as a tool to maintain the sterility of operating theatres during

surgery.

5.1.1 Hylamer polymer failure

Although it seems unlikely that blue light, something that we are exposed to daily,
could have damaging effects on a materials mechanical properties, it would not be
the first time that a sterilisation technology resulted in the unexpected failure of a
material. The most recent high profile case was that of “Hylamer” ultra high
molecular weight polyethylene (UHMWPE), a modified polyethylene introduced by
DePuy International in the early 1990s as a component of total joint replacement.
The polymer had been altered by high pressure and high temperature manufacturing
techniques to alter the crystalline structure of the polymer and increase the polymer
chain length, thought to give the material better wear resistance. This material was
considered to be a significant advancement in implant technology; it had been shown

to provide increased fatigue resistance, tensile strength, compressive strength and
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density, and had been shown to provide lower rates of wear than conventional
materials (Li & Burstein, 1994). Based on this evidence, it was widely selected for
use in younger patients where increased activity and movement was anticipated. It
was used in replacement of hip and shoulder joints, in DePuy’s “Duraloc Acetabular

liners”, “Ogee Acetabular cups” and “Global Glenoid shoulder” products.

There was no sign of any trouble in the short term, however, within around three to
five years post implant surgery, unusually high failure rates were noticed,
particularly with total hip replacements using the Duraloc acetabular liner. These
implants were failing through increased wear, with evidence of periacetabular and
femoral osteolysis and premature loosening of the hip implant (Graeter & Nevins,
1998; Livingston et al., 1997). Failure rates of the implants were found to be as high
as 67.6% at five years post operation (Norton et al., 2002). Other reviews of the
Duraloc Hylamer liner found survivorship rates of 86% at four years, with
survivorship referring to the implant rather than the patients (Chmell et al., 1996).
Fifty % of patients who received Hylamer implants required revision surgery due to
periprosthetic osteolysis and severe eccentricity of the metal head at 10 year follow
up (Visentin et al., 2005).

The surprising large failure rate has been attributed to the sterilisation method used.
All the above cases involved hip implants which had been gamma radiation sterilised
in the presence of oxygen. It has since been established that gamma radiation causes
breakage of C-C and C-H bonds in the polymer, resulting in the formation of
radicals. The radicals react with oxygen to form carbonyl groups and further free
radicals, which cause chain scissions and so reduce the molecular weight of the
polymer. This results in increased density, stiffness and brittleness, and reduced
fracture strength of the material. The case of Hylamer products was exacerbated by
the storage conditions; they were packaged in air which allowed continued oxidation
reactions with residual radicals during storage (Visentin et al., 2005). The wear rate
of implants with a shelf life of greater than 10 months was found to be significantly
higher than implants used before this point (Kiely et al., 2005). Gamma sterilisation

in air was used from 1990 to 1993, and from 1993 to 1995 sterilisation in a nitrogen
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environment and vacuum packing was employed. From 1995 onwards gas plasma
sterilisation was used. Studies of implants that had been sterilised by the different
methods confirms that gamma sterilisation in air was the cause of the Hylamer
failures (Stea et al., 2006). In 2001 the Medical Devices Agency issued a safety
warning concerning Hylamer implants and a voluntary recall was begun. In 2003
legal proceedings were issued against DePuy International by patient groups affected
by Hylamer implants. The Hylamer troubles highlight the importance of in vitro
testing of new materials, and of the effect that any new external factor may have on

the material.

5.1.2 Poly(ethylene terephthalate) vascular grafts
The effect of HINS light on poly(ethylene terephthalate) (PET) vascular prostheses is
investigated in this chapter. PET is a polymer with the repeating chemical structure

shown in figure 5.1.
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FIGURE 5.1 Molecular structure of poly(ethylene terephthalate)

It is used in the manufacture of plastic bottles and textiles where it is more
commonly known as polyester. The materials used in this chapter are made by
weaving or knitting polyester fibres into prosthetic vascular grafts. Vascular grafts
are indicated in severe cases of vascular disease where the artery has become blocked
and angioplasty has not proven successful. They can also be used to replace sections
of weakened artery wall in cases such as abdominal aortic aneurysm where the wall
of the artery has ballooned out. Success rates of vascular surgery are generally good,
with failure rates being around 15% (Kakkos et al.); possible reasons for failure of
vascular graft surgery include mechanical failure, graft occlusion and infection.
Mechanical failure is normally caused by compliancy mismatch between the graft
material and the host artery (Greenwald & Berry, 2000). Mechanical properties of

the graft material are also thought to lead to intimal hyperplasia, a thickening of the
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arterial wall, and this is the most common cause of failure in the long term (Dobrin et
al., 1989). Occlusion can also be caused by thrombogenicity of the material (Rashid
et al., 2004). Graft infection occurs in 1 — 5% of cases, depending on the site of the
graft, and 1 year mortality rates following infection have been reported as high as
37% (Chambers, 2005). Methicillin resistant Staphylococcus aureus has been shown
to be responsible for the majority of post operative infections (Taylor & Napolitano,
2004), with Staphylococcus epidermidis and other strains of Staphylococcus aureus
also being present in a large number of cases (Bandyk et al., 1984; Zetrenne et al.,
2007). The main cause of infection is thought to be from contamination of the graft

during implantation (Kuehn et al., 2010).

Vascutek Ltd., Inchinnan, Glasgow provided polyester material samples that are
either plain or gelatin sealed. Non-gelatin sealed materials require pre-clotting with
the recipient’s blood prior to implant to avoid excess blood loss immediately
following implant. The sealing process utilised by Vascutek impregnates the
material with gelatin such that it has zero porosity and so does not need pre-clotting
prior to use. Prior to impregnation the gelatin is treated with the anhydride or
chloride of a polycarboxylic acid to control the number of specific amino acid groups
present in the gelatin. After vacuum impregnation of the material with gelatin,
formaldehyde and/or glutaraldehyde is used to crosslink the remaining amino acids.
The speed at which the gelatin is hydrolysed by the aqueous component of the
recipient’s blood is determined by the amount of crosslinks present in the gelatin.
The gelatin sealed prostheses can also be loaded with antibiotics, commonly
rifampicin, and heparin anticoagulant, which is slowly released as the gelatin
dissolves (Drury et al., 1987; Strachan, 1993).

The surgical procedure varies greatly depending on location of the artery to be
replaced and complexity of surgery required. It can be carried out endovascularly
through incisions in the groin, or may require open surgery. Either way, it is
conceivable that if HINS-light was being used in the operating theatre, that the graft
material itself may receive a dose of irradiation. What effects could this have on the

material?  Photodegradation of PET is a known issue, and the mechanical
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characteristics of PET are known to be affected by exposure to UV radiation
(Fashandi et al., 2008). In a similar way as described above for gamma irradiation of
UHMWPE, UV light is known to cause free radical formation and polymer chain
scissions of PET (Fechine et al., 2004). Gamma radiation has also been shown to
affect the cytotoxicity of materials. A 10 kGy dose of gamma irradiation to
polyether-urethane was found to significantly increase the amount of cytotoxic
compounds to levels that were harmful to fibroblasts (Haugen et al., 2007). If HINS-
light was also to have these effects on PET vascular grafts, this would have
undesirable effects on cellular integration of the graft. Re-epithelialisation of
implanted grafts is desirable for long term patency of the graft in vivo. The
mechanical properties of the graft are also important for success of the graft, and any
weakening of the material or effects on elasticity by HINS-light could cause failure
of the device (Stewart & Lyman, 2004; Van Damme et al., 2005).

In this chapter the materials have been exposed to the intensity of HINS-light that
has been shown to not have any detrimental effect to mammalian cells over a 1 hour
exposure. This is the maximum intensity at which it is anticipated HINS-light could
be used in the hospital environment, and therefore represents the worst case exposure
scenario. It is unlikely that materials would be exposed for periods of an hour,
therefore the dose received would be lower than that applied here. The effects of
HINS-light on the mechanical strength of the material have been investigated.
Microscopic assessment of the topography and gelatin sealing was performed before
and after exposure. The toxicity of the material was assessed by exposure of extracts
to human aortic smooth muscle cells. These tests were performed immediately
following exposure and after a period of three months in storage, to assess any longer

term effects HINS-light may have on the materials.
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5.2 Materials and methods

5.2.1 Materials
The materials used in this chapter were vascular prostheses materials provided by

Vascutek Ltd, Inchinan, Glasgow. Four varieties of material were used:
e Kbnitted polyester
e Woven polyester
e Gelatin sealed knitted polyester

e Gelatin sealed woven polyester

SEM images of the various materials are shown in figure 5.2.
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FIGURE 5.2 SEM images of; (A) Knitted polyester, (B) Gelatin sealed knitted
polyester, (C) Woven polyester, and (D) Gelatin sealed woven polyester. Scale bars

are 500 pm.

Materials were supplied uncrimped and unsterilised in tubular form. All materials
were manufactured by Vascutek Ltd at their facility in Glasgow. All materials were
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sterilised by submersion in 80% EtOH for 15 min and rinsed three times in dH,0

prior to use.

5.2.2 Mechanical testing

Mechanical tensile testing was performed with an Instron E10000 instrument fitted
with a 25 kN dynamic load cell (figure 5.3). Materials were cut into 10cm X 2cm
strips and exposed to HINS-light for 1 hr at 5 mWcm™ on both sides. At the required
time point, strips of material were placed in the pneumatic grips of the Instron
machine and pulled taut. Stretching was then applied at a constant rate of 30
mm/min until failure. Maximum load (N), tensile strength at maximum load (MPa),
tensile strain at maximum load (%), load at break (N), stress at break (MPa), strain at
break (%) and tensile stress at yield (MPa) was recorded by Instron Bluehill
software. Testing was performed before, 24 hr after HINS treatment and at three

months following exposure.
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FIGURE 5.3 INSTRON mechanical testing setup. Image B is a magnification of the

area in the white box on image A.

5.2.3 Scanning electron microscopy (SEM)

SEM of materials was performed before, immediately after, and at 3 months
following 1 hr of 5 mWem™ HINS-light exposure. SEM was performed on a
HITACHI (Tokyo) TM-1000 table top SEM unit with up to 1200x magnification and
15 keV accelerating voltage. Samples were cut into 0.5cm? sections and affixed to
aluminium tabs by double sided carbon tape. No coatings or gold spluttering was
used. Images were examined for obvious defects to the fibres, such as strand breaks.

The integrity of the gelatin sealing was visually compared.
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5.2.4 Cytotoxicity testing

The neutral red (NR) assay was used to determine if HINS-light exposure resulted in
an increase of leachables from the material which may have toxic effects on cells it
subsequently came into contact with. Materials were exposed to HINS-light at 5
mWem™ for 1 hr on each side before extraction was performed according to 1SO
10993:12. The materials were cut into 1 cm? segments and submerged in serum-free
DMEM at a ratio of 6cm?ml DMEM. Extraction was performed at 37 °C for 24

hours with agitation in sterile glass universal bottles.

Primary human aortic smooth muscle cells (hRASMC) (Lonza, Slough, UK) were
used to test effects of the extracted medium. Cells were aliquoted and stored in
liquid nitrogen. Prior to use, cells were thawed and cultured in complete DMEM as
described in section 2.2.2. Medium was replaced every two days until cells reached
approximately 80% confluency when they were subcultured at 3.5x10° cells/cm?.
Cells were used between passage two and four, at which point they were seeded in
96 well plates at a density of 2x10* cells/cm?. Cells were cultured for 48 hours
before the addition of the extract solution.

Neutral red (NR) assay was performed in accordance with ISO 10993:5. NR
solution was prepared at 0.05% w/v in PBS and allowed to dissolve for 24 hr at
37°C. Undissolved NR crystals were removed by filtration through a 0.2pum
Millipore filter before use. Cells were incubated with undiluted control or exposed
material medium extract for 48 hr. Cell culture medium was removed and cells
incubated with 100 pl NR solution for 24 hr. NR solution was then removed and
wells washed with 150 pl PBS before the addition of 100 pl NR destain (see
appendix). Plates were agitated for 10 min until all NR was extracted from the cells
and formed a homogenous solution. The absorption of the resulting coloured
solution was measured at 540nm and the mean of the blanks subtracted to give the

final value. Microplate configuration is shown in figure 5.4.
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FIGURE 5.4 Microplate configuration for Neutral Red cytotoxicity assay. B = Blank
(no cells), C = Control (cells + culture medium), H = Extract medium from HINS-

light exposed material, N = Extract medium from control material

5.2.5 Storage conditions

After treatment and initial experiments, samples were stored for three months before
experiments were repeated. Samples were stored in air in large Petri dishes at room
temperature. Petri dishes were not sealed closed and samples were kept in darkened

conditions.

5.3 Results

53.1SEM

Figures 5.5 to 5.8 show SEM images of the materials immediately before and after
exposure to 5 mWem™ HINS-light for 1 hour. Figure 5.5 and 5.7 show non-gelatin
sealed knitted and woven material. Exposure to HINS-light does not appear to cause
any obvious defects to the fibres. There does not appear to be any changes to the
general topology of the material and there are no obviously degraded strands. Higher
magnification images of single fibres do not suggest that HINS-light exposure has
caused any microscopic defects to the material. Figures 5.6 and 5.8 show gelatin
sealed versions of the knitted and woven material. Exposure to HINS-light does not
appear to have caused any increased degradation of the gelatin sealing. Immediately
following exposure, gelatin coverage appears to be consistent with that of control

groups.
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FIGURE 5.5 Knitted PET before (A and B) and immediately following (C and D)
exposure to 1 hr of 5 mWem™ HINS-light. Scale bars are; A,C — 500 um, B,D — 100
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FIGURE 5.6 Gelatin sealed knitted PET before (A and B) and after (C and D)
exposure to 1 hr of 5 mWem™ HINS-light. Scale bars are; A,C — 500 pm, B,D — 100

um.
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FIGURE 5.7 Woven PET before (A and B) and immediately following (C and D)
exposure to 1 hr of 5 mWem™ HINS-light. Scale bars are; A,C — 500 pm, B — 100

pm, D — 50 pm.
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FIGURE 5.8 Gelatin sealed woven PET; (A,B) before, and (C,D) after 1 hr, 5
mWem™ HINS-light exposure. Scale bars are; A — 500pum, B — 200pm, C — 300pm, D
—200pum.
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At three months following exposure, there remains no visible difference to control
images (figures 5.9 — 5.12). The degree of gelatin resorption is comparable to that of
control samples, and does not appear to have been accelerated by HINS-light

exposure (figures 5.10 and 5.12).
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FIGURE 5.9 SEM images of knitted PET material after three months in storage
following exposure to 1 hr of 5 mWcm HINS-light (C & D). Control in A & B. Scale

bars shown in lower right corner of each image.
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FIGURE 5.10 SEM images of gelatin sealed knitted material after three months in
storage following exposure to 1 hr of 5 mWem™ HINS-light (C & D). Control in A &

B. Scale bars shown in lower right corner of each image.
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FIGURE 5.11 SEM images of woven materials after three months in storage
following exposure to 1 hr of 5 mWem™ HINS-light (C & D). Control in A & B. Scale

bars shown in lower right corner of each image.
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FIGURE 5.12 SEM images of gelatin sealed woven material after three months in
storage following exposure to 1 hr of 5 mWem™? HINS-light(C & D). Control in A &
B. Scale bars shown in lower right corner of each image.

5.3.2 Cytotoxicity testing of material extracts

The NR assay was used to test the viability of cells seeded with culture medium
containing extracts from HINS-light exposed knitted and gelatin sealed knitted
vascular grafts. The results of the NR assay are shown in figure 5.13 for knitted PET
and 5.14 for the gelatin sealed version. No significant differences in cell viability
were measured in hASMCs cultured with either the medium containing extracts from
the control or the HINS-light exposed non-gelatin sealed material. For gelatin sealed
knitted material, a significant decrease was observed in cell viability of hASMCs
cultured with medium containing both the exposed and control material extract.
There was no significant difference between the viability of cells cultured with the

control extract and the extract medium from HINS-light exposed material (P > 0.05).
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FIGURE 5.13 Viability of hASMC cells cultured with control medium (left), medium
containing extracts from non-exposed knitted materials (middle), and medium
containing extracts from materials exposed to 1 hr, 5 mWcm™ HINS-light. Assessed

by NR assay. No significant difference (P > 0.05, n=3)
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FIGURE 5.14 Viability of hASMC cultured with control medium (left), medium
containing extracts from non-exposed gelatin sealed knitted materials (middle), and
medium containing extracts from materials exposed to 1 hr, 5 mWem™? HINS-light. *
indicates significance (P < 0.05, ANOVA followed by Fisher’s comparison, n=3).
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5.3.3 Mechanical testing

Figures 5.15 to 5.19 show extension/load charts for a selection of material samples
from (A) control, (B) 24 hr, and (C) 3 month samples. The Instron Bluehill software
limits the number of samples per chart to 4, with any additional samples being
plotted separately. Tables 5.1 — 5.4 display quantitative results for each material at
the same time points. Statistical analysis was performed by ANOVA followed by
Dunnett’s comparison, with a confidence level of P = 0.05. No statistically
significant decreases in material properties were found between controls and HINS-

light exposed samples.
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FIGURE 5.15 Extension/load charts of knitted PET material. (A) control, and 1 hr, 5
mWem™? HINS-light exposed materials at (B) 24 hr post exposure, and (C) 3 months post

exposure.

= o -'-'-"-.;’
i . f ¥ + f
10 20 30
Extension (mm)
-
-‘.--"'"_H-FH-FF
t + t t +
10 20 30
Extension (mm)
P
_,_--ﬂ""fu'-"""d-f
L - i
e
el
¥ 1 3 ] # 1
10 20 30

Extension {mm}

118

; ‘,_A._ta A

40

40

40

50

50



TABLE 5.1 Numerical results of mechanical testing of knitted PET. Results are mean + SEM, (n=4).

Maximum Tensile stress at Tensile strain at Load at Break Tensile stress at Break | Tensile strain at
Load (N) Maximum Load Maximum Load (%) | (Standard) (N) (Standard) (MPa) Break (Standard) (%)
(MPa)
Control 200+ 7 10.0+0.4 356+25 194.8 +8.0 9.7+04 36.1+24
24 hour
200+ 4 10.0+0.2 365+04 186.8 + 9.0 93+04 376+05
post HINS
3 month
224 + 6 11.2+0.3 376+04 200 +£10.8 10.0+0.5 396+0.9
post HINS
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Gelatin sealed knitted PET
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FIGURE 5.16 Extension/load charts of gelatin sealed knitted PET material. (A)
control, and 1 hr, 5 mWem™? HINS-light exposed materials at (B) 24 hr post

exposure, and (C) 3 months post exposure.
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TABLE 5.2 Mechanical testing of gelatin sealed knitted PET (n=4).

Maximum Tensile stressat | Tensile strain at Load at Break Tensile stressat | Tensile strain at
Load (N) Maximum Load Maximum Load (Standard) (N) Break (Standard) | Break (Standard)
(MPa) (%) (MPa) (%)
Control 203+6 102+0.3 34.5+5.3 180.0 £9.3 9.0+05 36.6 £5.0
24 hour post
HINS 200+ 4 10.0+£0.2 36.5+04 186.8 £ 9.0 9.3+0.5 37.6 £0.5
3 month post
HINS 207 £ 14 10.4+0.7 46.6 £ 3.0 164.7 £ 11.1 8.2+0.6 48.0+25
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Woven PET

I
o
Q

1

|

|

|

|

|

|

|

|

|

|

|

|

|
»>

|

-100 +—+—+ + 4+ —t —t et et -t ety

2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Extension (mm)

B angr—r—m—m—m—m—mmmmom—mom¥ 0 o0 — -
A
T = .-”*".I A
300 A7 ' i

C.. e r ‘

e

+
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Extension {(mm)

- - :
0 1 2 3 4 5 &

500
C
2001 P !
300 o -~ Al
. FFFH-/'{
‘ -
2001 / -

1001 T

Load (N)

0

=100+ —t—t—+— =t = =+t F———— —+—t— ———t

-7-6-5-4-3-2-1012 3 45 6 7 8 9101112131415 161718
Extension (mm)

FIGURE 5.17 Extension/load charts of woven PET material. (A) control, and 1 hr, 5

mWem™2 HINS-light exposed materials at (B) 24 hr post exposure, and (C) 3 months

post exposure.
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TABLE 5.3 Numerical results of mechanical testing of woven PET. Results are mean + SEM. (n=4)

Maximum Tensile stressat | Tensile strain at Load at Break Tensile stressat | Tensile strain at
Load (N) Maximum Load Maximum Load (Standard) (N) Break (Standard) | Break (Standard)
(MPa) (%) (MPa) (%)

Control 362 +14 18.1+£0.7 13.2+0.7 262 + 72 13.1+3.6 145+1.3

4 hour post

HINS 375+7 18.7+0.3 13.1+0.1 266 + 36 13.3+1.8 17.3+2.8

3 month post

HINS 375+ 15 18.8+0.8 13.1+0.6 303+19 15.1+0.9 14.1+0.7

Despite there appearing to be inconsistencies between the stress strain curves of control and exposed woven PET samples, examination

of the scale on the charts shows this not to be the case. The plotting software does not allow exclusion of tests where something went

wrong, and therefore chart B above includes a test where the break point was not recognised and extension continued beyond this point,

while C includes the curve of a sample where extension was not calibrated prior to testing. Were the exclusion of these tests possible,

and the inclusion of all repeats, the stress strain curves would not appear so different. Analysis of the numerical results, which only

includes all successful sample tests, confirms that no statistically significant differences are caused by exposure to HINS-light.

123




Gelatin sealed woven material

400
A

00
200

100

Load (N)

300

200

100+

Load (N)

-‘.OOL. p——oep

O

G 7 g E,
Extension (mm)

ol b | b b —O—}

5 6 7 8 9 10 11
Extension (mm)

200

Load (N)

1001

=100 ¥ttty
0

B R}

13 14 15

TV PR P — —

10 11 12

———————}

6 7 8 9
Extension (mm)

16 17

FIGURE 5.18 Extension/load charts of gelatin sealed woven PET material. (A)
control, and 1 hr, 5 mWem™? HINS-light exposed materials at (B) 24 hr post

exposure, and (C) 3 months post exposure.

124



TABLE 5.4 Numerical results of mechanical testing of gelatin sealed woven PET. Results are mean £ SEM (n=4).

Maximum Tensile stressat | Tensile strain at Load at Break Tensile stressat | Tensile strain at
Load (N) Maximum Load | Maximum Load (Standard) (N) Break (Standard) | Break (Standard)
(MPa) (%) (MPa) (%)
Control 374 +10 18.7+0.5 14.4+0.1 374+11 18.7+0.5 144 +0.1
24 hour post
HINS 345+ 3 17.3+0.2 142 £0.3 328+9 16.4+£0.4 146 +£0.5
3 month post
HINS 335+ 17 16.7+0.8 13.3+£0.6 321+13 16.1+£0.7 13.6£0.6
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5.4 Discussion

These results have shown that HINS-light, at an intensity of 5 mWcm™ applied for 1
hour, does not have a significant detrimental effect on PET prosthetic vascular graft
materials. This is the maximum intensity that has been shown not to be harmful to
mammalian cell cultures, and so is the maximum intensity that these materials would
be exposed to. As HINS-light does not damage materials at this intensity, HINS-
light would therefore be safe to be used in hospital environments where these

materials may receive exposure.

The effect of HINS-light on the prosthetic vascular grafts was assessed qualitatively
via scanning electron microscopy. They show that HINS-light does not cause any
visible damage to the fibres, such as strand breaks or fibre deformation. The general
topography of the material is also unchanged by exposure. However, a lack of
change to the appearance of the material does not necessarily indicate that the
physical properties of the material will also remain unchanged. This has been shown
to be the case with 25 kGy fast electron sterilisation of a polyester vascular
prosthesis. Microscopic examination of the material did not reveal any visible
damage to either the material or the copolymer coating, however, mechanical testing
of the material before and after sterilisation showed a significant decrease in bursting
strength following exposure (Niekraszewicz et al., 2010). This is not particularly
surprising, given that it is known that, as with UHMWPE degradation by gamma
radiation, the damage is at the molecular level. However, the images do confirm
that exposure to HINS-light does not accelerate resorption of the gelatin coating on
either sealed knitted or woven materials. Gelatin coverage does not noticeably differ
in comparison to the control. The impregnated gelatin is designed such that it
hydrolyses over a period of 14 days. The incomplete hydrolysis shown in images
taken at three months post exposure is most likely due to the rinsing procedure used
during sample preparation, allowing a degree of degradation of the gelatin sealant

before the sample dried out.

These results also show that exposure to 5mWem™ HINS-light for 1 hour does not

increase the toxicity of the material itself. Human aortic smooth muscle cells,
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cultured in medium containing extracts of the exposed material, did not show any
signs of damage as assessed by NR assay. A decrease in cell viability was measured
in cells cultured with extracts of both the HINS-light exposed and control gelatin
sealed materials. There was a noticeable colour change in extract media of the
gelatin sealed material compared to control media, indicating a change in pH of the
cell culture medium. It is likely that the pH change has resulted in non-ideal
conditions for the cells, leading to a decrease in cell viability. Alternatively, the
gelatin sealing process involves the cross-linking of amino acids in the gelatin with
both formaldehyde and glutaraldehyde, and it is possible that residues of these
fixatives are responsible for the decrease in cell viability. This has been shown to be
the case in the evaluation of a novel composite material intended for use as a bone
substitute. The material combined tricalcium phosphate with formaldehyde cross-
linked gelatin, and cytotoxicty of extracts of the material was assessed by Trypan
Blue staining and counting of viable myoblast cells. The authors found a decrease in
cell number caused by the extraction medium, and there was a correlation between
the decrease in cell number and the concentration of formaldehyde used in the
preparation of the material. Analysis of the extracts by gas chromatography
confirmed that the extracts contained increasing amounts of uncross-linked
formaldehyde with increasing initial concentration used in the preparation (Lin et al.,
1998). However, another study using Vascutek supplied materials do not confirm
the results found here. The toxicity of extracts of two knitted and one woven gelatin
sealed PET prosthesis was tested on L929 mouse fibroblast cells. Supercritical fluid
extraction with CO, was used, and the resultant extract diluted at a ratio of 1:1 with
growth medium. Cells were incubated in the extract for 24 hr and the cytotoxic
effect assessed via MTT assay. The results did not show a significant decrease in
cell number for any of the three materials tested (Marois et al., 1996). Despite not
recording a difference in cell number, direct contact assays did, however, suggest
that one of the knitted materials was associated with cell death, with the appearance
of rounded and lysed cells. They attributed this to uncontrolled topographical
effects. The inconsistency between the extract assay results presented in this chapter
and those of Marois and coworkers could possibly be attributed to the variation in the

extraction method, or to the use of a less sensitive immortalised cell line relative to
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the primary hASMC used in the results presented in this chapter. The MTT assay
has also been shown to be not quite as sensitive as the NR uptake assay (Borenfreund
et al., 1988), which may contribute to the discrepancies between the two studies.

Whatever the cause of the toxicity observed in the extract assay, it should be noted
that it is present in extract medium from both the control material and the material
exposed to 5 mWem™ HINS-light for 1 hour prior to extraction. The cytotoxicity
therefore, is not an effect of the HINS-light.

Mechanical testing of the materials helps to confirm that exposure to HINS-light
does not damage the material or change its properties. The load/extension curves tell
us about the strength and stiffness of the material, and are useful in determining the
failure mode of the materials. Load and extension are directly related to stress and
strain, and can be calculated from the dimensions of the sample material. Stress is
defined as force per unit area, while strain is a measure of deformation of the
material, calculated from the change in length of the sample. Comparison of the
knitted materials before and after exposure to HINS-light show that the material
deforms elastically until failure at around 200N load, by which point the sample has
stretched by around 40 — 50 mm. There are no obvious changes in the profile of the
curve caused by exposure to HINS-light. The woven fabrics are significantly
stronger than the knitted material, requiring a load of around 350 N to cause failure.
Woven fabrics have previously been shown to be stronger and more dilation resistant
than knitted fabrics (Pourdeyhimi & Text, 1987; Van Damme et al., 2005). With this
load, the materials had only extended by 10 — 15 mm. The profile of the curve
suggests that after an initial elastic extension, the material yields with approximately
80 N load which is followed by plastic extension until failure. Again, the profiles of
the load/extension curves are not affected by exposure of the material to HINS-light.
Three months in storage conditions appear not to have affected the profiles of the

load/extension curves for any of the materials.
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Quantitative analysis of the results confirms that HINS-light exposure has not
affected the mechanical properties of the materials. No significant change is seen in
values of maximum load, stress and strain at maximum load, load at break, or stress
and strain at break. The maximum load and load at break are different due to the
elastic nature of the material and the definition of breaking point being a percentage
of maximum load. Therefore, if the material fails by a gradual ripping and tearing
process as is the case here, as opposed to a clean snap, the breaking load will be

lower than the maximum load.

Examples of the effects of radiation on the physical properties of PET materials are
available. It has been shown that exposure of PET fibres to gamma ray irradiation
with a dose rate of 2.25 kGy/h at room temperature in air, decreases the tensile
strength from 14.82 to 8.62 MPa and also decreases the elongation at break by 50%
over non-irradiated samples (Haddad & Ebrahimi, 2006). The stress strain curves of
UHMWPE material before and after irradiation were also compared by Haddad and
Ebrahimi in the same publication. Stress strains curves between irradiated and
control materials were visibly different, with irradiated materials displaying an
increase in slope of the stress strain curve after material yield; an indication of near-
ultimate hardening of the material. The effects of non-ionising radiation on PET
fibres are also well known. Fashandi et al (2008) exposed two different yarns of
PET fibre, differing in crystallinity and fibre orientation, to UV light from a xenon
lamp with intensity of 140 W/m? over the 300 — 400 nm wavelength region.
Exposure times varied from 75 to 300 hours. A 300 hr exposure gives a dose of 15.1
Jem™, which although in a similar range to the dose applied in the HINS-light
experiments, is applied over a much longer period at a greatly reduced intensity. The
fibres were found to have a dose dependent response to exposure, and even the
shortest exposure (75 hr) significantly decreased the tensile strength of the fibres. A
300 hr exposure reduced the strength of the materials from 35.5 to 16.7, and 18.8 to
6.1 cN/tex, a measure of breaking strength per fibre, where tex is a unit of measure
for the linear mass density of fibres and is defined as the mass in grams per 1000
meters.  Stress/strain curves show that after 300 hr exposure the extension at

breaking point is significantly reduced for both yarns (Fashandi et al., 2008). The
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effects are more pronounced in the less crystalline of the yarns, and this is attributed
to the increased amount of oxygen available relative to the tightly packed highly

crystalline yarn.

Photodegradation effects are most noticeable with UV wavelengths less than 355 nm
(Hollander et al., 1996), and do not appear to be apparent following exposure to
HINS-light. To understand why, it is useful to look at the mechanism of
photodegradation of polymers. It is thought that photons of light are absorbed by
impurities in the polymer, causing the creation of excited states which lead to
scission through two pathways; Norrish type | and Il reactions. In type I reactions,
excited triplet states cleave the ester linkage of the polymer leading to the formation
of radicals and termination of the polymer chain (Malanowski et al., 2009). Type Il
reactions involve intramolecular abstraction of a y-hydrogen leading to pairs of
saturated and unsaturated chain end groups. This leads to the production of volatile
products such as COOH, CO and CO,. (Day & Wiles, 1972; Hurley & Leggett,
2009; Ranby, 1989).

The energy of the striking photon must be equal to or higher than the chemical bond
strength of the polymer for the photodegradation process to begin. The energy of a
photon is given by the formula:
hc
FET
Where h is Planks constant, ¢ is the photon speed, and A is the wavelength.
Therefore, the energy of the photon increases with decreasing wavelength. The
energy of 300 nm UV photons is 399 kJ/mol, compared to 295 kJ/mol for 405 nm
photons. The bond dissociation energies for C-C and C-H bonds are approximately
350 kJ/mol and 410 kJ/mol respectively (Cao & Yuan, 2003), therefore, it is easy to
see why wavelengths of light in the visible region do not have the same effects as

UV radiation (Suits & Hsuan, 2003).

The mechanical properties of the material are extremely important for long term

patency of the implant. It has been shown that large variations in the material
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response to loading between the graft and host artery can lead to intimal hyperplasia
and failure of the graft (Salacinski et al., 2001). If HINS-light was to cause any
variation to the mechanical properties of the graft material, its use during implant
operations could be detrimental. Although the results show that there is no effect on
tensile strength, other properties of the material are also important to the success of
the material and testing to establish if HINS-light has any effect on these properties
would be possible. As well as longitudinal strength, bursting strength or
circumferential tensile strength could also be assessed, and the effect of HINS-light
on the force required to pull a suture from the graft could be assessed. Porosity of
the material, water permeability, leakage and water entry pressure would also all be
valid tests of the effect of HINS-light on the material properties of the graft.
However, these assessments are more aimed at the development of new materials.
Given that HINS-light has had no effect on the physical properties assessed here, and
that there has been no visible signs of accelerated degradation to the material via

SEM, it would seem unnecessary to go through such an extensive range of tests.

The effect of HINS-light on other biomaterials would also need to be investigated. It
has been shown that exposure of titanium prosthetics to UV radiation prior to implant
can affect osseointegration of the implant (Ueno et al., 2010), and the surface
chemical composition of cobalt chromium alloys has been shown to be altered by X-
ray radiation (Marconnet et al., 2008). It did not prove possible to obtain samples of
Co-Cr alloy prostheses materials from our industrial collaborators at the time of this
investigation. However, the results presented in this chapter do not suggest that
HINS-light, at the intensities that have been shown to be safe for mammalian tissue,
could have a detrimental effect on the properties of polyester based biomaterials. The
possibility that any damage may be caused to these vascular grafts by any exposure

that may occur should HINS-light be utilised in the surgical theatre is very small.

Vascutek Ltd currently use ethylene oxide (EtO) to sterilise prosthetic vascular graft
materials. EtO gas is an alkylating agent that disrupts the DNA of microorganisms
and prevents them from reproducing. It is the most commonly used low temperature

sterilisation method in use, due to its adequate bactericidal properties, high
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penetration and compatibility with a wide range of materials (Mendes et al., 2007).
However, if there is not a sufficient aeration period following sterilisation, EtO can
produce toxic residues which can react with polymers in materials and give the
material cytotoxic properties (Hastings et al., 1990). Could HINS-light be used in
combination with existing sterilisation technologies, perhaps reducing the
concentration of EtO required for complete sterilisation and so decreasing the risk of
cytotoxic effects? In this situation the requirement for HINS-light to be non-harmful
for human exposure would be lifted, allowing higher intensities and increased
bactericidal activity. Further research would be required to establish that these
higher intensities remained non-damaging to the material itself. However, the lack
of penetration into materials would limit the potential bactericidal effects. The
ability of HINS-light to inactivate various bacterial species, including on vascular

graft material samples, is investigated in the following chapter.
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Chapter 6

BACTERICIDAL EFFECTS OF HINS-LIGHT

6.1 Introduction

The previous chapters have investigated the effects of HINS-light on mammalian
tissue and PET biomaterials, with a view to establishing a maximum safe dose that
does not cause any undesirable effects on cell viability or material integrity. The aim
of the experiments described in this chapter was to investigate what effect that
maximum safe dose had on various strains of medically relevant bacteria. The
effects of various exposure conditions were investigated, and the inactivation rates of

bacteria on PET vascular graft materials were established.

6.1.2 Bacteria and infection

The bacteria used in this chapter are all medically relevant strains that are known to
cause serious healthcare associated infection (HAI). Staphylococcus epidermidis is a
Gram-positive, coagulase negative bacterium that is part of the normal human skin
flora. As it is a potential pathogen that is commonly found on the skin and is easily
transferred from person to person, it is a major cause of HAI (O'Gara & Humphreys,
2001). It is a common cause of wound infection (Bowler et al., 2001), and the main
cause of infection associated with indwelling medical devices, such as the vascular
implants investigated in the previous chapter (Broekhuizen et al., 2007). Part of the
reason for their prevalence is their ability to form protective biofilms, which give the
bacterial population increased protection from the host immune response and
antibiotic treatment (Gotz, 2002; McCann et al., 2008; Rimondini et al., 2005).

Staphylococcus aureus, a Gram-positive bacterium, is also part of the natural flora
and is carried in the nose and skin of approximately 20% of the population
(Kluytmans et al., 1997), with evidence of ever increasing prevalence (Melville,
2011). Staph. aureus has been shown to be the most common bacterium responsible

for orthopaedic implant infection (Khan et al., 2008), thought to account for around
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22% of post operative infections in a study carried out on 165 patients who had
received an orthopaedic implant which had subsequently required revision due to
infection (Khosravi et al., 2009). The other bacteria species isolated from the
infected tissues include Pseudomonas aeruginosa (16%), E. coli (15%), Staph
epidermidis (9%) and A. baumannii (4%) amongst others. Staph. aureus is the most
common cause of nosocomial infection. As with all infection, it is mostly found in
patients who are immunocompromised in some way, which could be due to a
physical break in the skin barrier, such as an open wound or indwelling catheter, or
related to an underlying disease. Skin and soft tissue infections such as impetigo and
cellulitis are the most common type of disease resulting from Staph. aureus
infection, and they can normally be treated with topical antibiotics. Bacteraemia,
endocarditis, osteomyelitis and pneumonia are more serious conditions that can
develop if bacteria enter the bloodstream and spread to other organs, for which

intravenous antibiotics may be required.

Antibiotic resistant strains of many bacteria are becoming problematic and this is
thought to be due to the increased use of antibiotics in healthcare (Andersson &
Hughes, 2011). Methicillin resistant Staph. aureus (MRSA) is the most well known
of these. Within two years of the introduction of the antibiotic Methicillin in 1959,
reports of resistant strains of Staph. aureus appeared (Jevons, 1961). With the
continued use of antibiotics, it has become a common cause of HAI. The Scottish
NHS carried out a prevalence survey in 2007 which found MRSA to be present in
17.2% of all HAI diagnosed in inpatients at acute hospitals (Reilly et al., 2007). It
was second in incidence to Clostridium difficile. As with non-resistant strains,
MRSA can be carried in the nose and skin of healthy people without any adverse
effects on their health. MRSA infection is harder to treat due to its resistance to
conventional antibiotics, and there is a constant battle to produce more effective

antibiotics before further resistant strains of the bacteria emerge.
Pseudomonas aeruginosa is a Gram-negative rod shaped bacterium that is also a part

of normal skin flora (Cogen et al., 2008). It is a relatively harmless bacterium, and

as such serious infection is relatively rare, however, it is a frequent cause of infection
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in immunocompromised patients (Japoni et al., 2009). Burn patients are particularly
susceptible to P. aeruginosa infection, where extensive breaks in the skin barrier and
the frequency of the bacteria in the hospital environment mean that over 50% of
infected burns are found to be colonised by Pseudomonas (Al-Akayleh, 1999). A
study on the source of infection found colonies to exist around sinks, on floors, on
bed frames and on nurses hands (Chitkara & Feierabend, 1981). It is a very hardy
bacterium due to its flexible metabolic requirements and innate resistance to harsh
environmental conditions and so can establish itself on a wide variety of surfaces
where it can exist for up to 16 months (Kramer et al., 2006). This means that it is
also commonly associated with device-related infections, where transmission has

occurred through contamination of a device surface.

Acinetobacter are Gram-negative rods found in soil, water and food. There are 33
different groups, of which Acinetobacter baumannii is the species most commonly
associated with human disease. It is not commonly found in the skin flora of healthy
humans (Karageorgopoulos & Falagas, 2008), although occasional and short duration
colonisations have been found in moist areas such as hairline, groin and between the
toes (Chu et al., 1999). It is problematic in the healthcare environment because it is
capable of rapidly acquiring resistance to antibiotics. Significant increases in the
prevalence of multi-drug resistant A. baumannii have been reported (Manchanda et
al., 2010). Similarly to P. aeruginosa, it is also a very persistent bacterium that is
able to exist for extended periods in non-ideal environments, with reports of bacteria
surviving for up to 5 months on dry inanimate objects (Kramer et al., 2006).
Outbreaks of infection occur with increasing frequency, with critically ill and trauma
related patients most at risk of serious infection (El Shafie et al., 2004; Sebeny et al.,
2008). Risk factors of infection include, but are not limited to; prolonged support by
mechanical respiration, prolonged hospital stay, increased numbers of surgical
interventions, and exposure to infected or colonised patients and staff (Simor et al.,
2002). Pneumonia, bacteraemia, urinary tract infection, bone infection, secondary

meningitis and soft tissue infection have all been associated with A. baumannii.
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Escherichia coli is a Gram-negative rod shaped bacterium that is found as part of the
normal gut flora, where along with many other bacterial species it has metabolic
functions, fermenting indigestible residues, and providing protection for the host
against exogenous microbes (Guarner & Malagelada, 2003). Contamination from E.
coli is often caused by faecal-oral transmission and results in non-serious
gastroenteritis. Contamination is often due to consumption of under cooked meat,
drinking contaminated water supplies, poor hygiene and contamination of food
during preparation (Aycicek et al., 2004).  Pathogenic strains of E. coli, including
0157:H7 which was responsible for the 1996 outbreak in central Scotland, are
responsible for a number of deaths each year in the UK. The recent outbreak in
Germany of a new strain of E. coli has so far resulted in 46 deaths worldwide (Shiga
toxin-producing E. coli (STEC): Update on outbreak in the EU (27 July 2011, 11:00)
from the European Centre for Disease Prevention and Control).

Environmental contamination is an important source of many of these bacterial
infections. A study on the effectiveness of cleaning methods in a Glasgow hospital
revealed surface colony counts of up to 33.8 CFU/cm? in ward areas (Dancer et al.,
2009), and airborne contaminants in hospital wards have been shown to be as high as
254 CFU/m?® (Hedin et al., 2010). Even operating theatres with full laminar flow
ventilation have been shown to have measurable concentrations of airborne
contaminants (Owers et al., 2004; Whyte et al., 1982). The ability of the bacteria to
survive for extended periods on inanimate objects allows easy transmission and
contamination throughout the hospital environment (Boyce, 2007). Any breakdown
in infection control measures can lead to outbreaks resulting in closure of wards for
extended periods. Current infection control procedures involve identification,
isolation and appropriate treatment of the source, strict adherence to infection control
guidelines on personal protective equipment and hand hygiene, and deep cleaning of
the infected areas (Dancer, 2009; Karageorgopoulos & Falagas, 2008; Towner, 2009;
Wenzel & Edmond, 1998).
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Airborne contamination is thought to be the main cause of medical-device related
infection (Gosden et al., 1998; Lidwell et al., 1983). The disastrous consequences of
implant infection have been described in previous chapters. First line treatment of
device-related infection is usually antibiotics, however, either due to the protective
properties of biofilm formation or antibiotic resistance this is often unsuccessful.
Removal of the device followed by aggressive debridement of infected tissue is often
the only viable treatment method. Once the infected device is removed, antibiotic-
loaded cement spacers may be inserted into the void, which in conjunction with
antibiotics is used to remove any remaining traces of infection before a fresh implant
is fitted (Hsieh et al., 2009). As well as the obvious risk and inconvenience to the
patient, revision surgery is associated with a large cost increase to the NHS. Risk of

repeat infection is also increased following revision surgery (Peersman et al., 2001).

With the known bactericidal properties of HINS-light, it could provide a potential
method of reducing infection rates, through the inactivation of airborne bacteria and
bacteria that land on the implant surface during surgery. It could also potentially be
used to reduce levels of bacteria in ward areas, reducing the chance of infections
spreading from patient to patient. The previous chapters have shown that a suitable
combination of intensity and duration of HINS-light exposure can be achieved that is
not harmful to mammalian tissue or certain biomaterials, which is an obvious
requirement of any disinfection procedure used in areas where people will be present.
To that end, the bactericidal properties of HINS-light at this safe limit were tested on
the bacteria described here. The bactericidal efficiency was tested on bacteria
suspended in solution and spread on various surfaces. Finally, bacteria exposed to
HINS-light were examined by scanning electron microscopy to establish if HINS-
light had any visible effects on bacteria, thereby possibly helping to elucidate the

mechanism by which the bactericidal effect occurs.

6.2 Methods
6.2.1Bacterial inactivation experiments
The bacterial strains listed in section 2.3.1 were exposed to HINS-light with an

intensity of 5 mWem™ for 1 hour. The bacteria were exposed in two ways:
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PBS suspension: The bacteria were prepared as described in section 2.3, and serially
diluted to a population density of 10® CFU/ml. 1 ml of the bacterial suspension was
pippetted into the central 4 wells of a 24 well plate which was exposed to HINS-
light. The multiwell plate lid was removed for the duration of the exposure. Control
samples were plated in an identical manner but shielded from HINS-light exposure.
Following the hour of exposure, the remaining bacterial suspension was plated onto
tryptone soya agar (TSA) plates, prepared as described in 2.3.4. The volume of
bacterial suspension plated varied depending on the expected remaining population
size, such that the number of colony forming units per plate did not exceed 100. This
allowed more accurate bacterial enumeration. Plating methods used are described in
section 2.3.5.

Surface exposure: The bacteria were prepared as above, but the bacterial suspension
was plated onto agar plates prior to exposure. 100ul of bacterial suspension
(approximately 100 CFU) was manually spread onto the agar surface. The
suspension was allowed to dry into the agar surface for 15 min before the plates were
exposed to HINS-light.

Following exposure, plates were incubated for 24 hr at 37 °C. Bacteria were

enumerated as described in section 2.3.5.

6.2.2 Bacterial inactivation on PET materials

6.2.2.1 Material preparation

For exposure on PET biomaterial surface Staphylococcus epidermidis bacteria were
prepared as described in section 2.3. Prior to use, the materials were cut into 2 cm?
segments and sterilised in 80% EtOH for 15 min. Materials were then rinsed three
times in dH,O. 100 pl of bacteria suspension at 10° CFU/mI was pipetted onto the
surface of the material, spread with an L-shaped spreader and allowed to soak into
the material. The squares of material were exposed to HINS-light for 1 hour at 5

mwWcem™,
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6.2.2.2 Bacterial recovery from materials

Three methods of recovering any remaining viable bacteria from the material

following exposure were trialled:

Contact plating: Squares of material were pressed onto a tryptone soya agar plate
and removed. Plates were incubated for 24 hr at 37°C. Colony forming units were
counted as described in 2.3.5.

Overlay: Following exposure in the centre of a 90mm Petri dish, TSA containing
triphenyl tetrazolium chloride (TTC) was poured on top of the material. Plates were
incubated for 24 hr at 37°C. Colonies are stained red by the TTC component of the
agar (figure 6.1).

FIGURE 6.1 Overlay method of bacterial enumeration on materials.

Stomaching: Following exposure, squares of material were placed in stomaching
bags containing 50 ml PBS. Bags were agitated in a MIX2 blender (DW Scientific,
UK) for 1, 3 or 5 min and the resulting bacterial suspension passed through 0.45 pum
membrane filter (Whatman, UK) by suction pump. The filter was then pressed onto
a tryptone soya agar plate and incubated for 24 hr before enumeration, aided by a

grid pattern printed on the membrane (Figure 6.2).
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FIGURE 6.2 Whatman membrane on TSA agar plate.

The overlay and contact plating method proved ineffective for enumeration of
remaining bacteria. Colonies merged together to give confluent growth so that
individual colonies were not identifiable, thus it was not possible to quantify
remaining populations. Stomaching of the material sample in PBS and filtering onto
membrane provided distinct colony forming units that were easy to count, therefore

this method was selected for use during inactivation experiments.

Table 6.1 shows the effect of stomaching time on bacterial recovery from non-gelatin
sealed, knitted polyester relative to the same number of CFU plated directly on TSA
plates as described in 2.3.5.1. Bacteria were left on the material for 1 hr before
stomaching. As no significant differences were found between stomaching times, 3

min was used in all experiments.

TABLE 6.1 Effect of stomaching time on bacteria recovery from non-gelatin sealed

knitted polyester material. Results are mean % control £ SEM (n=3)

Stomaching Time Bacterial Recovery

1 min 90 + 4%
3 min 86 + 14%
5 min 81+ 7%
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Effect of gelatin sealing of the material on bacteria recovery was assessed in the
same way and is presented in table 6.2. Comparisons were made immediately after
allowing the bacteria to dry into the sample, and at 1 hr following that, to establish if
bacteria adherence to the material increased over the duration of the experiments.

No significant differences were observed between the types of material.

TABLE 6.2 Effect of gelatin sealing and time on recovery of bacteria from materials.

Results are mean % control = SEM (n =5).

Material 0 min 60 min
Knitted PET 91+5% 113+ 35%
Gelatin-sealed knitted

109+ 17 % 83+12 %
PET
6.2.3 SEM

SEM of HINS-light exposed S. epidermidis was performed at the Integrated
Microscopy Unit at Glasgow University, with thanks to Dr Laurence Tetley and Mrs
Margaret Mullin for their assistance. Bacteria were exposed to HINS-light in 1ml
PBS suspension, in the central 4 wells of 96 well plates. Following exposure the
bacterial suspension was collected and 3 ml centrifuged at 5030g for 5 min in two
1.5 ml eppendorf tubes. The supernatant was discarded and the pelleted bacteria
resuspended in 1.5 ml 2.5% glutaraldehyde in 0.1M PO, buffer rinse solution for 45
min. After 45 min the suspension was centrifuged again at 5030g for 5 min, and
resuspended in 0.1M PO, buffer with 2% sucrose. Samples were stored at 4°C
overnight in this suspension and transported to Glasgow University immediately the

following morning.
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At Glasgow University the suspension was again centrifuged, resuspended and
pipetted onto 10 mm poly-I-lysine coated coverslips. The coverslips were then
prepared for microscopy as described for osteoblast cell culture in section 4.2.4.

To ensure sufficient bacteria numbers to visualise the bacteria, the bacterial density
prior to HINS-light exposure had to be increased to 10° CFU/mI. To achieve similar
bacterial inactivation rates as for 1 hr, 5 mWcm™ HINS-light exposure of 10°
CFU/mI, the HINS-light intensity was increased to 15 mWcm™ for 3 hours (162
Jlem™). Bacterial kill achieved by exposure to 3 hr of 15 mWcm™ HINS-light was
99.9 £ 0.02 % (n=4).

6.3 Results

6.3.1 Inactivation of bacteria in PBS suspension

Table 6.3 shows the inactivation rates of various strains of bacteria following
exposure in PBS suspension to 1 hr of 5 mWcm™ intensity HINS-light. Staph.
epidermidis was found to be most susceptible, followed by Staph. aureus, methicillin
resistant Staph. aureus and P. aeruginosa, for which significant reductions in
bacterial populations were achieved. No statistically significant decrease was

observed in populations of A. baumannii or E. coli.

TABLE 6.3 Bacterial inactivation in PBS suspension, plated on TSA agar (n=3). *
indicates significant difference from population of unexposed bacteria (P < 0.05).

Bacterium % kill (£ SEM)

S. epidermidis 99.0(x0.2) *
S. aureus 54.1 (x145) *
MRSA 47.8 (£ 14.6) *
P. aeruginosa 186 (£3.1)*
A. baumannii 12.3 (£ 2.3)
E. coli 39(x22)
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6.3.2 Inactivation of bacteria on agar surfaces

Table 6.4 shows inactivation rates of the same bacteria following exposure to 1 hr of
5 mWem™ HINS-light on two different types of agar surface. Inactivation rates of
bacteria exposed to HINS-light on TSA were generally reduced relative to exposure
in PBS suspension. Significant reduction in bacterial populations were only
achieved for S. aureus and A. baumannii. Inactivation rates on bacteriological agar
were increased relative to exposure on TSA. MRSA and P. aeruginosa population

suffered significant reductions in population

TABLE 6.4 Inactivation of bacteria spread on tryptone soya agar (TSA) and
bacteriological agar (BA) surface prior to HINS-light exposure (n=4). * indicates

significant difference from population of unexposed bacteria (P < 0.05).

Bacterium TSA (% Kill £ SEM) BA (% kill £ SEM)
S. epidermidis 7.9 (x10.1) 40.0 (£ 22.2)

S. aureus 20.6 (£5.5) * 216 (£3.2)
MRSA 17.8 (+ 10.3) 82.8 (+ 14.9) *
P. aeruginosa 8.7 (£ 6.5) 76.2(£13.4)*
A. baumannii 190(x1.6)* 27.0 (= 8.0)

E. coli 1.5 (+ 4.3) 1.7 (+ 14.3)

6.3.3 Inactivation of bacteria on PET biomaterials

Table 6.5 shows the inactivation of Staph. epidermidis on the four materials after a 1
hr exposure to 5 mWem™ HINS-light. Results are % Kkill relative to unexposed
controls that have undergone the same bacterial recovery and enumeration method as
exposed samples. Inactivation rates are decreased relative to exposure in PBS

suspension. The different materials do not appear to affect inactivation rates.
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TABLE 6.5 Inactivation of Staph. epidermidis on vascular biomaterials by 1 hr

exposure to 5 mWem™ HINS-light.

Material % kill £ SEM N
Knitted PET 63 +11
Gelatin-sealed knitted
66 + 18 3
PET
Woven PET 53+4 3

Gelatin sealed woven
PET

62+7 3

6.3.4 SEM of HINS-light exposed bacteria

Figures 6.3(A & B) show control Staph epidermidis bacteria, while (C & D) show
bacteria that have been exposed to 15 mWcm™ HINS-light for 3 hours. Despite this
dose causing almost complete inactivation, there is no obvious sign of damage to the
bacteria when viewed by SEM. Bacteria remain round and form the grape-like

clusters associated with Staphylococcus species.
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FIGURE 6.3 SEM images of Staph. epidermidis exposed to 15 mWcm™ HINS-light
for 3 hours (C and D). Images A and B show control samples. Scale bars are 1um.

6.4 Discussion

The results in this chapter show that exposure of various strains of medically relevant
bacteria to 5 mWcm™ HINS-light for 1 hour causes a significant decrease in bacterial
viability. This intensity and duration of HINS-light has been shown to not cause
significant harm to mammalian cells or vascular prostheses biomaterials (sections
3.3, 4.3 and 5.3). HINS-light was also shown to effectively reduce the number of
viable bacteria on infected PET biomaterials.

Staph. epidermidis was shown to be the most susceptible of the bacterial strains to

HINS-light inactivation when exposed in PBS, with kill rates as high as 99%. The

order of susceptibility to HINS-light induced inactivation in PBS suspension was
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found to be: S. epidermidis > S. aureus > MRSA > P. aeruginosa > A. baumannii >
E. coli as shown on table 6.3. The Gram positive bacteria, S. epidermidis, S. aureus
and MRSA were more susceptible than the Gram negative bacteria tested. This
confirms the findings of Maclean and co-workers, who, using a similar 405nm light
setup as that described in this chapter, found that Gram-negative bacteria required a
much larger dose of irradiation to achieve a similar level of inactivation as achieved
with Gram-positive varieties. In the study by Maclean et al., 2009, Staph. aureus
was found to be most susceptible, closely followed by MRSA and Staph epidermidis,
which required a dose of 42 Jcm™ to cause a 4.6 logyo reduction in the population. E.
coli required a dose of 180 Jem™ to achieve a 3.1 logo reduction. This increased
resistance of Gram-negative bacteria to photoinactivation has also been reported
following exposure of various Gram-negative bacteria to 407-420nm blue light
(Nitzan et al., 2004).

The major difference between Gram-positive and negative bacteria is found in the
membrane; Gram-positive bacteria possess a thick, porous peptidoglycan layer
surrounding a cytoplasmic membrane, whereas the peptidoglycan layer of Gram-
negative bacteria is thinner but is covered by an outer lipopolysaccharide membrane
consisting of lipid A, core polysaccharide and O antigen. Gram-negative bacteria are
generally more resistant to antiseptics and disinfectants, and it is thought that this is
due to the greater protection offered by the outer membrane which acts as a barrier to
limit the uptake of various antimicrobials (McDonnell & Russell, 1999). It has also
been shown that Gram-negative bacteria can be less susceptible to photoinactivation
than Gram-positive bacteria as the outer membrane acts as a barrier to certain
photosensitisers, limiting uptake and reducing effectiveness of the applied light dose
(Upadya & Kishen, 2009). The inactivation caused by HINS-light, however, does
not require uptake of exogenous photosensitisers, and therefore this aspect of Gram-
negative bacteria does not explain the reduced inactivation of Gram-negative bacteria
as seen in these results. The findings of Skorb and coworkers do suggest that
membrane differences may also be responsible for differences in non-sensitised
photoinactivation of Gram-negative and positive bacteria. Exposure of L. lactis

(Gram-positive) and P. fluorescens (Gram-negative) to 15 m\Wem™ 310-400nm light
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produced significantly different inactivation rates, attributed to variations in wall
thickness and resistance to damage by ROS (Skorb et al., 2008).

Another possible explanation for the variation in efficiency of HINS-light induced
bactericidal activity is variation in porphyrin production of the bacteria. It is known
that different bacteria produce different levels and different types of porphyrin.
Nitzan and co workers (2004) identified the porphyrins produced by a number of
Gram-positive and —negative bacteria via HPLC analysis following incubation with
d-ALA. The photosensitiser 6-ALA is a naturally occurring metabolite produced
during heme synthesis and acts to increase synthesis of the various porphyrins. They
showed that Gram-positive Staphylococcus species such as Staph. epidermidis and
Staph. aureus produced six times as much coporphyrin as the Gram-negative
bacteria. Coporphyrin levels were significantly higher than the other porphyrin types
in the Gram-positive Staphylococcus bacteria. Gram-negative bacteria did not
produce a predominant porphyrin, with protoporphyrin, uroporphyrin, coporphyrin,
5- and 7- carboxy porphyrins all being present. Attempting to inactivate the bacteria
with 407-420 nm blue light only proved successful for Staph. aureus and Staph.
epidermidis bacteria, and it was concluded that this was due to the high level of
coporhyrin present in these bacteria. They suggest that Gram-negative bacteria may
not be inactivated so easily because the various porphyrins present in these bacteria
exist in an aggregated state, which is known to alter the absorption profile of the
porphyrins, or that the ROS radicals produced in Gram-negative bacteria are less
efficient in attacking the essential molecules of the bacteria allowing it to survive
(Ramberg et al., 2004). An alternative theory is that the various porphyrins have
slightly different maximum absorption wavelengths, and that the very narrow band
of the HINS-light setup used in the experiments described in this chapter only excites
the coporphyrin compounds (Oliver & Rawlinson, 1955). HINS-light at the intensity
and duration of exposure used in these experiments was found to have almost no
effect at all on E. coli bacteria. This is consistent with the findings of Maclean and
co-workers (2009), and also Murdoch and co-workers, who found E. coli required a
dose of 288 Jcm™ to obtain a 5 logyo reduction in CFU/mI (Murdoch et al., 2011). E.

coli has been found to produce undetectable concentrations of most porphyrins, with
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only protoporhyrin present at a trace value of less than 0.1 umol/l (Kwon et al.,
2003).

The difference in inactivation rates between the Gram-positive and —negative
bacteria is less pronounced when exposing the bacteria on TSA surfaces, and in
general are considerably lower than inactivation rates in PBS suspension. TSA is a
relatively nutritious agar, and it is possible that access to nutrients during exposure
may lessen the effect of HINS-light induced inactivation. To investigate this,
inactivation was also attempted on bacteriological agar, a much less nutritious agar
that has very low mineral levels. Therefore, if access to nutrients was responsible for
the decrease in inactivation rates, exposure on bacteriological agar should be
increased to similar levels as inactivation in PBS. This was seen to be the case for
Staph. epidermidis, MRSA, P. aeruginosa and A. baumannii. No significant change

was observed for Staph. aureus or E coli.

For HINS-light to be useful for maintaining sterility in device implant operations,
high bacterial inactivation would be required on a variety of surfaces. The open
wound would be a very nutritious area for any bacteria that fell upon it, particularly
Gram-positive staphylococci that are known to be a common cause of wound
infection (Cokebrook et al., 1960). The inactivation of bacteria in environments that
more closely replicate the wound bed needs to be investigated. Lambrechts and co-
workers have shown that the introduction of human blood plasma and human serum
albumin reduces the sensitivity of a range of bacteria to photodynamic inactivation
(PDI) with exogenous photosensitisers (Lambrechts et al., 2005b). Spesia and co-
workers experienced a similar reduction in effectiveness of PDI when exposing E.
coli in the presence of blood plasma (Spesia et al., 2010). These decreases could be
attributed to a combination of the binding of exogenous porphyrins to albumin prior
to absorption by the cell (Moan et al., 1985), and the ROS scavenging properties of
albumin (lglesias et al., 1999). The effect of protein absorption on bacterial

inactivation by HINS-light is yet to be established.
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Another potential complication is that of inactivation in the presence of mammalian
cells. Smith (2009) found that exposing S. epidermidis to 10 mWcm™? HINS-light for
150 min caused a 99.9% decrease in bacteria population size. This intensity and
duration of exposure was also shown to cause a 42% decrease in mammalian cell
viability. Co-culture experiments were performed which involved exposing bacteria
in a suspension which was on top of a monolayer of fibroblast cells. Following
exposure the bacterial suspension was removed and enumerated in the usual way as
described in this chapter, and the viability of fibroblasts assessed by MTT assay,
similar to the method described in chapter 2 of this thesis. The results showed that
exposure in the presence of mammalian cells reduced the inactivation rate of S.
epidermidis to between 2 — 8%. Furthermore, the viability of the fibroblasts was
reduced to 9 — 18% when exposed in the presence of bacteria (Smith, 2009). This
was attributed to some unidentified factor that was released as a stress response by
the mammalian cells, either due to oxidative stress caused by HINS-light exposure or
due to the co-culture with bacteria. It seemed that the bacteria could utilise this
factor to aid their survival, possibly through accelerated growth. Although it was
thought that this effect could have been exaggerated due to the high numbers of
bacteria relative to mammalian cells, this effect would require further investigation
before HINS-light could be used in environments where bacteria and mammalian
cells would be present together. The use of animal models could prove useful here.
Zolfaghari and co-workers have demonstrated light-induced (665nm diode laser)
significant 1.4 logip CFU/wound inactivation of photosensitised MRSA that had been
seeded onto open wounds in a mouse model (Zolfaghari et al., 2009). No necrotic
effects were observed on the wound tissue. Similar results have been observed in
infected burn models in mice, again using a photosensitiser and red laser exposure
(Lambrechts et al., 2005a; Orenstein et al., 1997). As yet, no published studies have
been performed on the bactericidal effects of high-intensity blue light in infected
animal models. All in vivo studies have, however, reported significantly less
inactivation that in vitro experiments using the same combinations of

photosensitisers and light dose.
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Photoinactivation of Staph. epidermidis on the various PET vascular prosthetic
materials was found to be decreased relative to inactivation rates in PBS suspension.
The most likely cause of this is that as the bacteria are absorbed into the material, the
fibres of the material offer some protection from direct exposure to the HINS-light.
Blue light does not have sufficient energy to penetrate through the material, so any
bacteria that are not on the surface shall not receive the full dose of HINS-light.
However, inactivation rates of around 60% were still achieved. An investigation into
the inactivation of bacteria on other common implant materials would be useful to
establish the full potential of HINS-light.

A possible criticism of these experiments is that the starting bacterial population is
not sufficient to prove the inactivating properties of HINS-light. It is true that in
sterilisation experiments starting populations are often as high 10° CFU/ml, and that
bacterial counts greater than 10° CFU/mI are thought to be associated with an
increased incidence of infection and inhibited wound healing (Bendy et al., 1964;
Landis, 2008). However, the experiments in this chapter were designed to establish
what effect HINS-light may have if it was used in hospital environments. These
areas are cleaned regularly, and bacterial populations do not reach these high levels.
Airborne contamination densities of hospital wards have been shown to be around 50
CFU/m® with Staph epidermidis, Staph. aureus and E. coli being the most
commonly found contaminants (Ekhaise et al., 2008). Similar bacterial densities in
air were found in wards in the University Hospital of Rennes, France (Gangneux et
al., 2006). Contamination levels in hospitals in Sagar City, India were found to be an
order of magnitude higher, at around 6x10* CFU/m® (Bhatia & Vishwakarma, 2010).
Contact plating of surfaces in isolation rooms of the Burns Unit at Glasgow Royal
Infirmary gave total bacterial counts of 3.5 CFU/cm?® (Maclean et al., 2010).
Therefore, the starting population of 10° CFU/mI that was used in the experiments
described in this chapter are considerably higher than the levels of bacteria that
would be found in hospital environments. Coincidentally, a recent study by Reinis
and co-workers found 10° CFU/mI to be the minimal infective dose of S. epidermidis

on biomaterials implanted into rabbits (Reinis et al., 2010).
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The SEM images do little to elucidate the mechanism of HINS-light induced
inactivation. With bacterial killing thought to be caused by ROS damage to the
bacterial membrane, it was hoped that SEM images may show signs of this damage.
Various sterilisation technologies have been shown to visibly damage bacteria;
pulsed electric field for example causes obvious disruption and rupturing of E. coli
bacteria membranes (Dutreux et al., 2000), and visible-light induced inactivation of
E. coli on palladium oxide and nitrogen-doped titanium oxide surfaces show obvious
pits and holes on the bacteria surface (Wu et al., 2009). With a 99.9% inactivation
rate, it is surprising that there are any healthy bacteria present at all, but there did not
appear to be a significant change in bacteria density between the control and exposed
samples. It is possible that with the bacteria being fixed in glutaraldehyde
immediately following exposure that they have been fixed before any damage had
the chance to occur.

6.5 Summary

HINS-light has been shown to have considerable bactericidal properties. Significant
Kill of three types of Gram-positive bacteria has been demonstrated, with lesser
effects on the Gram-negative bacteria investigated, particularly E. coli. However, the
Gram-positive staphylococci for which high levels of bacterial kill were achieved are
one of the most common causes of hospital acquired infection, and therefore HINS-
light could still prove a useful tool to decrease the risk of infection. HINS-light has
also been shown to significantly decrease the numbers of bacteria on infected
vascular implant material. With contamination of the material during implant
thought to be the main cause of implant infection (Kuehn et al., 2010), and Staph.
epidermidis being the most common bacteria found to be responsible for graft
contamination (Zetrenne et al., 2007), HINS-light also has the potential to
significantly reduce the incidence of infection during vascular graft surgery. Further
work on the interaction between bacteria and mammalian tissue, and the effect that
has on photoinactivation are required to establish the full potential that HINS-light

has as a tool for reducing the risk of infection in hospital environments.
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Chapter 7

SUMMARY AND FUTURE WORK

The aim of this study has been to establish if a safe level of exposure to HINS-light
exists whereby no discernible detrimental effects to mammalian cells occur. The
effect of this safe level on various common bacteria was established to investigate

potential applications of HINS-light in the hospital environment.

7.1 Chapter summaries

7.1.1 HINS-light and fibroblast cells

This section of the work set out to determine whether HINS-light could be used to
decontaminate the environment around open wounds without influencing the rate of
wound healing. To this end, the effect of a range of intensities of HINS-light on
fibroblast function and viability were assessed. Fibroblasts are responsible for
wound healing, where their contractile activity draws the edges of wounds together
to close the wound. Wound healing is a complex process, and increased numbers of
bacteria in the wound can significantly inhibit wound closure (Edwards & Harding,
2004). Open wounds are a break in the skin natural defences against infection, and
provide a location for airborne or carried bacteria in the hospital to gain access and

establish colonies, resulting in HAI.

The effect of HINS-light on fibroblast function was assessed with the use of a
fibroblast populated collagen lattice (FPCL). This is an accepted in vitro model of
wound healing (Ehrlich et al., 2006). Fibroblasts were seeded on the surface of a
collagen gel and exposed to HINS-light for 1 hour at a range of intensities. HINS-
light was found to have an intensity dependent effect on fibroblast function.
Intensities below 5 mWcm™, applied over an hour to provide a dose of 18 Jcm?,
were found to cause no significant inhibition of fibroblast contractile activity.

Intensities above 5 mWem™ caused a significant delay in FPCL contraction, with the
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highest intensities (15 mWecm™, providing a dose of 50 Jcm™) completely halting
contraction.

The inhibition of FPCL contraction was found to correlate with the inhibition of a-
SMA protein expression, a marker of fibroblast contractile activity. There was no
observable decrease in intracellular a-SMA content in fibroblasts exposed to HINS-
light intensities at or below 1.8 mWcm™ for 1 hour, while a significant decrease in a-

SMA expression was observed in cells exposed to 15 mWcm™ intensities.

The metabolic activity of HINS-light exposed cells, assessed via the MTT assay, was
altered in parallel with the a-SMA results. Fibroblasts exposed to 1.8 mWcm™ or
less for 1 hour did not show a decrease in MTT reduction relative to unexposed
controls, implying that there was no decrease in viable cell counts or in metabolic
activity of the cells, while fibroblasts exposed to 15 mWem™ light for 1 hour were
shown to suffer a significant decrease in metabolic activity. This could have been
associated with both a decrease in the total number of viable cells or in their
metabolic activity. Microscopic examination of cells stained with propidium iodide
and acridine orange provided visual confirmation that the highest intensity of HINS-
light did cause a reduction in viable cell number, with a smaller proportion of cells

displaying the elongated morphology of healthy fibroblasts.

The effects of HINS-light were not found to be caused by blue-light induced
inhibition of prostaglandin E2 production, as has been shown to be the case for

gamma radiation induced inhibition of fibroblast function (Carnevali et al., 2003).

7.1.2 Effect of HINS-light on osteoblast cells

The effect of HINS-light on osteoblast cells was investigated because infection
acquired during joint replacement surgery is a relatively common, serious and
expensive complication of arthroplasty procedures. HINS-light could be employed
during arthroplasty surgery to reduce airborne and surface bacteria near the surgical
site. This would result in exposure of bone tissue to HINS-light, with unknown

effects.
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Alkaline phosphatase (ALP) is an established marker of the ability of osteoblasts to
synthesise bone. Osteoblasts were exposed to a range of HINS-light intensities from
1.8 to 15 mWem' for 1 hour, with ALP expression measured at 24 hours following
exposure. A significant decrease in ALP expression occurred at intensities above 5

mWem2, and this was still the case at 72 hours following exposure.

The elastic property of bone is largely attributable to collagen, therefore, the ability
of osteoblasts to synthesise collagen following exposure to 1.8, 5 and 15 mWcm™
intensities of HINS-light for 1 hour was assessed. At 24 hours following exposure,
only cells exposed to 15 mWcm™ showed a significant decrease in collagen levels.
This decrease remained in place at 72 hours post exposure, while cells exposed to 5

mWem™ and below did not differ significantly from unexposed controls.

Expression of osteocalcin was also shown to be inhibited by exposure to 15 mWcm ™
HINS-light. At 3 and 6 days post exposure, there was a significant decrease in
expression. However, by day 10 following exposure osteoblasts appeared to recover
and osteocalcin expression was on a par with unexposed controls. Exposure to 1.8
and 5 mWem™ HINS-light did not cause any deviation from control levels at any

time point.

The Lowry protein content assay was used to quantify the number of viable cells
following exposure. The results suggest that exposure to 15 mWem™ HINS-light
caused a sustained reduction in the number of viable cells, up to four days following
exposure. However, this decrease in cell number was not statistically significant.
No significant variation in cell number relative to unexposed control cells was

measured in cells exposed to 0.5 or 1.8 mWcm™ HINS-light.

SEM of cell samples confirmed that there was a decrease in cell number, with a
significantly higher proportion of apoptotic cells in samples exposed to 15 mWcm™?
HINS-light. These cells appeared to not be attached to the surface as well as
controls, and displayed a more spherical appearance and evidence of membrane

blebbing. Exposure to the highest intensity of HINS-light also appeared to cause
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some kind of disturbance to the membrane, with evidence of folds or nicks which

were not present on control cells or on cells exposed to 5 mWem™ HINS-light.

7.1.3 HINS-light and prosthetic vascular graft materials

Infection is a serious and often fatal complication of prosthetic vascular graft implant
surgery, and it is a procedure in which a method of decreasing the bacterial burden
has obvious benefits. However, it could prove disastrous if this decontamination
method also had a detrimental effect on the properties of the implant materials. The
effect of HINS-light on prosthetic vascular graft materials was investigated. A
HINS-light intensity of 5 mWcm™ was applied to polyethylene terephthalate (PET)
graft materials for 1 hour, having previously established that this dose does not have
an effect on mammalian cells. Materials were provided by Vascutek, UK, and
consisted of woven and knitted PET fabrics, and gelatin-sealed versions of the woven

and knitted material.

SEM images of the material samples taken immediately before exposure, shortly
following exposure and at 3 months following exposure did not show any visible
difference to fibre structure or integrity. The gelatin sealing on the fabrics, which
would hydrolyse over a period of 14 days in vivo, was found to not be affected by
exposure to HINS-light over a period of 3 months in storage. No obvious
degradation of the gelatin had occurred relative to unexposed gelatin-sealed fabric.

Mechanical testing of the materials was performed immediately following and at
three months following exposure. Materials were stretched at constant load to
failure, with maximum load, stress, strain and breaking load recorded. HINS-light
exposure was shown to not significantly decrease any of these properties, at either

time point.

Cytotoxicity testing was performed on extracts of HINS-light exposed vascular graft
materials, using human aortic smooth muscle cells. The material samples were
exposed to HINS-light, and extraction performed in cell culture medium. The

viability of cells cultured with the extract media was assessed by Neutral Red assay.
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The cytotoxicity of the materials was found to be unaffected by exposure to HINS-
light. Although gelatin-sealed materials were found to have some cytotoxic effects,
this was not increased by exposure to HINS-light.

7.1.4 Bactericidal properties of HINS-light

Finally, having established that 1 hour exposure to 5 mWcm™ HINS-light did not
cause detrimental effects on mammalian cell function, and did not alter the properties
of the biomaterials tested, the effects of this combination of intensity and duration on

various relevant bacterial species was analysed.

On starting populations of 10° CFU/mI exposed to HINS-light in PBS suspension,
exposure was found to cause a significant decrease in numbers of viable colony
forming units of Staphylococcus epidermidis, Staphylococcus aureus, Methicillin
resistant Staphylococcus aureus and Pseudomonas aeruginosa. S. epidermidis was
found to be most susceptible (99.0% reduction in viable colonies), followed by S.
aureus (54.1%), MRSA (47.8%) then P. aeruginosa (18.6%). No significant effect
was observed on populations of Acinetobacter baumannii (12.3%) and Escherichia
coli (3.9%).

Exposure of bacteria to HINS-light was also performed on different agar surfaces to
establish if bacterial access to nutrients affected the efficiency of inactivation. On
highly nutritious Tryptone Soya Agar, only S. aureus and A. baumannii had
significant inactivation (20.6 and 19.0% respectively), while S. epidermidis (7.9%),
MRSA (17.8%) and P. aeruginosa (8.7%) had small but statistically insignificant
decreases in viable colony counts. On less nutritious Bacteriological Agar
inactivation rates were generally higher, with MRSA (82.8%) and P. aeruginosa
(76.2%) showing significant decreases in viable colonies. S. epidermidis (40%), S.
aureus (21.6%) and A. baumannii (27%) did undergo some inactivation, and
although statistically this was not significant, it was increased relative to inactivation
tests on Trytone Soya Agar. The viability of E. coli populations was not affected by
HINS-light exposure on either Trytone Soya Agar or Bacteriological Agar.

156



Inactivation rates of S. epidermidis seeded onto prosthetic vascular graft biomaterials
were calculated, again following a 1 hour exposure to 5 mWcm™ HINS-light.
Significant reductions in viable colony forming units were achieved, however, the
material was found to provide a degree of protection towards to bacteria, likely by
absorbing a proportion of the light before it could reach bacteria which were not on
the material surface. Inactivation rates of around 60% were achieved on gelatin-

sealed or plain, woven and knitted materials.

SEM was used to visualise S. epidermidis bacteria that had been exposed to HINS-
light. Despite inactivation rates of 99.9%, no observable morphological difference
was apparent between control and exposed bacteria. This was perhaps due to
fixation being performed too soon following exposure to allow any oxidative

membrane damaging effects to occur.

7.2 Limitations, future work and conclusions

7.2.1 Mammalian cell studies

A level of exposure has been established that does not affect two types of
mammalian cell in vitro. However, more work is required before it could be claimed
that HINS-light is completely safe for patient based applications. These findings

suggest that a safe level of exposure in vivo could be established.

It should be noted that all experiments designed to assess the effect of HINS-light on
mammalian tissue were performed on cell lines. The benefits of established cell
lines are that they can undergo unlimited divisions without their characteristics
altering, giving reproducible results. They are also much easier and cheaper to
maintain than primary cells. However, cell lines do not always accurately replicate
the properties of the cell type they were derived from, and it is accepted that they can
have slightly different characteristics and can lose tissue-specific functions
(Olschlager et al., 2009; Pan et al., 2009). The next stage in the development of
patient-based applications would be to investigate the parameters assessed in this
work with primary cell types. These may well prove more sensitive to insult by

HINS-light irradiation. The response of different cell types would also need to be
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evaluated. For example, there are many cells involved in wound healing, including
leukocytes, keratinocytes endothelial cells and epithelial cells as well as the
fibroblasts investigated in this work, and the sensitivity of all of these to IHNS-light
should be established. An in vivo model would provide the most comprehensive

understanding of how HINS-light exposure may affect mammalian cell processes.

The mouse model is the most common for wound studies, with a number of
similarities to human skin that make mice particularly suitable for this purpose while
also being relatively inexpensive and easy to maintain (Wong et al., 2011). Such
models have previously been used to study the effects of low level laser therapy
(Demidova-Rice et al., 2007) and LED exposure (Whelan et al., 2001) on wound
healing. This would provide more compelling evidence than in vitro studies with
primary cells on the effects of HINS-light on wound healing.

Similarly, sheep models have been used as in vivo models of osseointegration of
implant materials (Chen et al., 2011; Likibi et al., 2004), and these could be
employed to gain a more complete understanding on what effects HINS-light
exposure may have on this process. Such an experiment could consist of the
placement of titanium screws under different doses of HINS-light exposure, while

the torque required to dislodge them provides a measure of osseointegration.

The bacterial inactivation results must be taken into account to decide if the
considerable investment in time and resources that these in vivo experiments would

require is worthwhile.

7.2.2 Bacterial work

The inactivation of Staphylococcus epidermidis is particularly impressive, with 99%
reduction in viable colonies in PBS suspension. Although inactivation results on
agar surfaces are not as impressive, the potential health benefits of such reductions
are significant. Staphylococcus aureus and MRSA, and to a lesser extent
Acinetobacter baumannii and Pseudomonas aeruginosa, have also been shown to be

susceptible to HINS-light inactivation, and these bacteria are known to be a
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considerable cause of hospital acquired infection. However, Escherichia coli
bacteria were found not to be susceptible to HINS-light inactivation at the safe level
of exposure. There are also many more bacteria than assessed in this study that are
known to cause hospital acquired infection, and it would be useful to establish the
effect of HINS-light at the intensities used in this work on a greater range of
bacteria.. Literature review suggests that other relevant bacteria may be relativley
resistant to photoinactivation (Ashkenazi et al., 2003; Henry et al., 1996; Maclean et
al., 2009). The bacterial species used in these studies were, with the exception of
MRSA, all obtained from the National Collection of Type Cultures (NCTC) which
provides bacterial cultures with known properties and guaranteed provenance.
However, as with the difference between primary and established cell lines, clinical
isolates may respond differently from standardised cultures. The effect on fungi and
viruses would also need to be assessed.

A significant finding of the bacterial exposure experiments was that the inactivation
rates were reduced when exposing the bacteria on nutritious surfaces compared to
those in either PBS suspension or on less nutritious agar surfaces. Burn wounds are
known to provide a particularly protein rich environment in which bacteria can thrive
(Church et al., 2006), while the loss of skin integrity following any surgical
procedure will result in exposure of subcutaneous tissue which provides a moist,
warm and nutritious environment that encourages microbial proliferation (Bowler et
al., 2001). Therefore, inactivation experiments on surfaces that more closely
replicate an open wound are required. Again, in vivo experiments could be used
here, such as those described by Jawhara and Mordon (2004) involving the deliberate
contamination of cutaneous wounds in rats with bioluminescent E. coli (Jawhara &
Mordon, 2004). Bioluminescent variations of Staphylococcus bacteria have also
been developed that allow real time evaluation of bacterial colonisation (Kuklin et
al., 2003), which could provide accurate, quantifiable results on the ability of HINS-
light to halt the spread of infection.

As well as having ready access to a highly nutritious environment, bacteria in a

wound will be in contact with mammalian cells. This provides a further
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complication which may further reduce the bactericidal effects of HINS-light. Smith
and co-workers found that separate exposure of 3T3 cells to 10 mWcm™ HINS-light
for 150 minutes caused only a small decrease in cell viability, and that this dose
resulted in almost complete inactivation of Staph. epidermidis bacteria. However,
co-culture experiments had surprising results. When cells were exposed to HINS-
light in the presence of bacteria, cell viability was found to be significantly reduced,
while bacterial populations were now relatively unaffected by exposure. Through
experiments involving refreshing of the bacterial suspension media between
exposures to HINS-light, it was concluded that the mammalian cells released a factor
into the suspending media, which the bacteria could use as a protective mechanism,
but which resulted in increased mammalian cell death (Smith, 2009). A possible
explanation of this is that infecting microbes have been shown to be capable of
intercepting neurohormonal products of the stress response of the host cells, and can
interpret these signals to initiate growth and the pathogenic process (Freestone et al.,
2008). It is possible that the 3T3 cells may have released a chemical signal in
response to the oxidative stress caused by HINS-light exposure, or by the presence of

bacteria, or a combination of both, which resulted in increased bacterial survival.

It should be noted that the co-culture experiments performed by Smith were of a
preliminary nature, and the number of mammalian cells relative to bacteria were not
representative of early wound colonisation. However, the findings should introduce
some caution into interpreting the bacterial inactivation results reported in this thesis
with respect to inactivation on a wound surface. This effect of increased bacterial
survival and decreased mammalian cell viability, in combination with the decreased
bacterial inactivation rates when bacteria is exposed to HINS-light in highly
nutritious environments such as a wound, may provide a significant limitation to the

application of HINS-light to kill bacteria in an open wound.

Even disregarding the possible complications outlined above, the bacterial
inactivation results are certainly not good enough to suggest that HINS-light could be
utilised as an active patient-based disinfection technology. In chronic wounds or

surgical sites which are already infected, the number of colony forming units will
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almost certainly be too large for HINS-light to be beneficial at non-harmful
intensities.  In cases of chronic wound infection, a further limitation to the
application of HINS-light is the limited depth of penetration of blue light into tissue.
Blue light penetrates the least distance into human tissue of the visible light
wavelengths. This is because both the absorption and scattering of light in tissue are
much higher in the blue region. The high absorption of blue light by chromophores,
and subsequent production of ROS as described in section 1.6.2, is why blue light is
theoretically the most effective wavelength for photodynamic inactivation.
However, this high attenuation of blue light also means it cannot normally be used
for photodynamic therapy (McCaughan, 1999). Blue light photodynamic therapy is
only applicable for surface conditions, and similarly bacterial inactivation by HINS-
light will only occur on the skin surface. Blue light will not penetrate deeper than
2mm into human tissue (Moan et al., 1996), therefore the bactericidal applications of

HINS-light will be limited to surface treatments.

7.2.3 Exposure conditions

All exposures in this work have been performed over 1 hour, with the intensity of the
HINS-light varied to give different total doses. However, many procedures can last
much longer than 1 hour which would result in doses greater than those used in this
work. Further experiments to ensure the safety of prolonged exposures to HINS-
light are required. It would also be interesting to establish if the effect of HINS-light
is dose or intensity dependent. Would an exposure to twice the intensity for half as
long result in the same effects as half the intensity for double the duration? This
could provide more effective bacterial inactivation in procedures which are known to

be of shorter duration.

7.2.4 Biomaterial compatibility

The effect of HINS-light on biomaterials has only been established on PET vascular
graft materials. There are many more materials that could be adversely affected by
exposure. It was impossible to source a reasonably priced sample of orthopaedic

implant material for this work, but it would be essential to ensure that exposure to
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HINS-light did not cause cytotoxic effects on these if it was going to be applied

during orthopaedic implant procedures.

7.2.5 Device design

HINS-light is currently undergoing trials in the Burns Unit of the Glasgow Royal
Infirmary as a general environmental disinfection system (HINS-EDS) (Maclean et
al., 2010). The findings of the work reported in this thesis suggest that HINS-light
could potentially be used as a more directed form of environmental disinfection.
This could take the form of 405 nm LEDs incorporated into a lamp unit similar to the
overhead lights used in operating theatres which can be manipulated such that the
operating field and surrounding surfaces will be exposed. For localised exposure of
a short duration, such as during high risk surgical procedures, HINS-light may be
able to achieve a decrease in numbers of airborne and surface bacteria in the area
immediately surrounding the surgical site without damaging the exposed mammalian
tissues. To produce a light source which also provides practical illumination, the 405
nm LEDs could be combined with white light LEDs, resulting in a predominantly
white illumination effect. This combination of 405 nm and white light LEDs is
currently being trialled in ceiling mounted lights at the Glasgow Royal Infirmary
(Maclean et al., 2010). The results reported by Maclean and co-workers are
encouraging, with significant reductions in surface bacterial levels being achieved
following extended exposures to low levels of HINS-light. The intensities of
exposure used in the HINS-EDS system, up to a maximum intensity of 0.5 mWcm,
is well below the intensities found to inhibit mammalian cell function in this study,
and therefore there is nothing in the findings of this study that should discourage the
current work of utilising HINS-light as an environmental disinfection system.

HINS-light on its own is perhaps not the solution to infection acquired during
invasive procedures. However, these results show that it has the potential to decrease
the bacterial burden without inhibiting mammalian cell function, and that in
combination with existing practices a significant reduction in environmental

concentrations of certain bacterial populations could be achieved. For applications
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such as exposure during high risk surgical procedures, the potential benefits of such a

reduction are significant, and further development of HINS-light is encouraged.
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Appendix A - SOLUTIONS

Bouin’s solution:
75 ml picric acid (saturated)
25 ml 40% formaldehyde
5 ml glacial acetic acid
Glutaraldehye fixative:
2.5 ml 25% glutaraldehyde
12.5 ml 0.2M PO, buffer
10 ml dH,0

Laemmli buffer:
4 ml dH,0
1 ml 0.5M Tris pH 6.8
0.8 ml glycerol
1.6 ml 10% (w/v) SDS
0.4 ml B-mercaptoethanol
0.2 ml 0.05% (w/v) bromophenol blue

NaPi buffer 0.1M:
A —0.2M NayHPO, (14.2g in 500ml dH,0)
B — 0.2M NaH,PO, (2.4g in 100ml dH,0)
87ml A + 13ml B — dilute to 200ml with dH,O
Adjusted to pH 7.4

Neutral Red de-stain:
50ml EtOH
1ml glacial acetic acid
49ml dH,0

Picric Sirius red solution:
Direct Red 80 (Sigma-Aldrich 365548) 0.2g
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Saturated aqueous picric acid 200ml

Towbin’s transfer buffer:
600ml dH,O
39 Tris
14.49 glycine

200 ml methanol

Tris Buffered Saline
4g NaCl
0.05g Na;HPO4
0.5g glucose
1.59 Tris
0.19g KClI
1.5 ml of 0.5% (w/v) phenol red

Dissolve in 500ml dH,0. Adjust to pH 7.7 with HCI

Tween Tris Buffered Saline

Tris Buffered Saline as above

0.5% (v/v) Tween 20 (Sigma P5927)
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