Clemson University

TigerPrints

All Theses Theses

12-2014

Characterization of Biofilms on Medical Device
Materials with Application to Reusable Surgical
Instruments

Amanda Macaluso

Clemson University, amacalu@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all theses

b Part of the Engineering Commons, and the Microbiology Commons

Recommended Citation

"

Macaluso, Amanda, "Characterization of Biofilms on Medical Device Materials with Application to Reusable Surgical Instruments
(2014). All Theses. 2031.
https://tigerprints.clemson.edu/all_theses/2031

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized

administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.


https://tigerprints.clemson.edu?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_theses?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/theses?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_theses?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/48?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_theses/2031?utm_source=tigerprints.clemson.edu%2Fall_theses%2F2031&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:kokeefe@clemson.edu

CHARACTERIZATION OF BIOFILMS ON MEDICAL DEVICE MATERIALS WITH
APPLICATION TO REUSABLE SURGICAL INSTRUMENTS

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Bioengineering

by
Amanda G. Macaluso
December 2014

Accepted by:
Melinda K. Harman, Ph.D., Committee Chair
Sarah W. Harcum, Ph.D.
Matthew R. Gevaert, Ph.D.



ABSTRACT

Reusable medical devices or reprocessed singldawees are original medical
devices that have been used once and then areedlestarilized, and remanufactured for
the purpose of an additional single use on a sipgtient [4]. Improperly reprocessed
devices are a significant contributor to hospitdeiated infections [4]. Challenges that
hinder reprocessing are related to the compleXitgwsable medical device design, the
necessary validation of cleaning protocols requingthe U.S Food and Drug
Administration (FDA), the impact of human factonsdughout the reprocessing cycle, as
well as economic factors within new business mottelsare centered on reprocessing.

Current methods for detecting biofilm accumulationmedical devices are
established; however, these methods lack apprematsideration of the complex
design features of reusable medical devices. Artoktric assay widely used for
guantifying biofilm accumulation is suitable foretikomplexity of reusable medical
devices; however, its application has been limitebiofilms grown in tissue culture
plates, which does not accurately represent tleegrowth conditions of biofilm. Both
material selection and flow conditions are impatfactors that are known to have an
effect on biofilm formation [15, 23]. The broad ebfive of this thesis was to deliver a
simple, cost-efficient method suitable for detegtimofilms on complex reusable medical
devices in a high-throughput, industry settingtfeg purpose of validating cleaning
methods required for reprocessing. Specificallig thesis aimed 1) to grow biofilms
under static and dynamic conditions, 2) to devehgbhods to quantitatively assess

biofilm accumulation using a colorimetric assay andfocal laser scanning microscopy



(CLSM), and 3) to apply these methods on commosgdumedical device materials with
application to reusable surgical instruments.

Successful completion of these aims demonstrataddified colorimetric assay
using crystal violet stain is a highly sensitivitysay that can detect very low
concentrations of crystal violet eluted from adldoefilm. The high sensitivity of this
colorimetric assay makes it ideal for detectingibioon reusable medical devices with
complex design features fabricated from variousenms. Additionally, it was shown
that CLSM, in combination with image processinghtaques, could yield quantitative
data for detecting biofilm accumulation by measgnixilation intensities of biofilm
with fluorescent staining. Comparing intensity eatand absorbance measurements from
the colorimetric assay for a given biofilm couldwnstrate a direct relationship between
the two detection modalities effectively validatithgg modified colorimetric assay as a
method for detecting biofilm accumulation on reusabedical devices. This correlation
would be addressed in future work.

The modified colorimetric assay presented in thesis is a highly sensitive assay
for detecting biofilm accumulation. In this regaitdhas potential for improving
validation methods for cleaning processes requbsethe FDA for reprocessing reusable
medical devices. Moreover, its simplicity and hiflineughput potential makes it suitable
for industry applications as it relates to humad economic factors. Ultimately, this
research work presents a modified colorimetric aisat offers an innovative solution to

many of the current challenges associated with caédevice reprocessing.
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CHAPTER ONE
INTRODUCTION

1.1 THE GLOBAL MEDICAL DEVICE REPROCESSING MARKET

The global medical device reprocessing marketireatly (2014) estimated at
$780 million U.S. dollars (USD) and is expectedjtow at a compound annual growth
rate of 19.3% to become a $2.6 billion USD industyy2020 [1]. This market is one of
the fastest growing markets in healthcare todagpisse of three key factors that are
driving its growth. The first is the demand for sability to cut healthcare spending. In
the healthcare industry today the revenue modgdraviders is no longer based on
throughput alone. As a result, there is a shiftaals value-based care in which providers
can maintain high levels of care without increadimg cost of care. Reusability of
devices is a value-based care model. The 3,000Hdspitals that are already using
reprocessed devices see a total savings of $386mrdlollars yearly [2]. But, if just 2%
of single-use devices were reprocessed the hesdthwdustry would save $2 billion
USD each year [2]. The second factor that is dg\growth is favorable economic
opportunity. The lower price point of reprocessestides compared to original devices
enables device manufacturers to enter new mar@esifically, the global healthcare
market [3]. In this regard, reprocessing increasesomic opportunity for many original
device manufacturers. The third factor that isidgvwgrowth is environmental
sustainability. In addition to saving costs, re@sging is also eliminating waste. The
healthcare industry is the second largest contrittat landfills in the U.S., generating

over 4 billion pounds of waste annually [2]. Remssing can help hospitals eliminate



approximately 9 million pounds of waste each ydirThe sustainability of reprocessing
further drives the momentum of this industry.

While the medical device reprocessing industrirgzing economically, it is not
without shortcomings. Improperly reprocessed des/are a significant contributor to
hospital-associated infections [4]. This chaptdl provide an overview of how medical
device reprocessing works and the microbiologiocal engineering factors that can

create challenges for reprocessing.

1.2 A SYSTEMATIC PROCESS

Medical device reprocessing is a highly regulasgdtematic process. In general,
though, it can be simplified into six distinct pbascollection, inspection, cleaning,
remanufacturing, sterilizing, and distribution.The process begins with collection at the
point-of-use of the device in the operating rooncloric. 2) Used devices are properly
disposed in a designated storage container andclaitected and transported to either an
on-site or off-site reprocessing facility. The iespon phase involves visual assessment
for gross damage. Devices beyond repair are diedaBl) There the devices that pass
visual inspection are disassembled for cleaningo#bination of chemical and physical
processes is required to remove all visible biobardl) The remanufacturing phase
involves reassembly of the cleaned devices, renaatwing, and functional testing.
Many reprocessed devices have sharp blades thahesalyto be re-sharpened or
disposable components that need to be replaceel #sfassembly and remanufacturing

the device is tested for function and performabgéf the device meets the function and



performance specifications, it is then either dessted or sterilized in accordance with
FDA requirements. This choice is dependent uperddygree of risk of infection
determined by the Spaulding classification syst@enahich reprocessed devices are
classified as either critical, intended for contagisterile body tissues or cavities; semi-
critical, only intended to contact mucous membraresis not intended to penetrate
sterile body tissues or cavities; or non-criticalended for topical contact only [5]. Non-
critical devices require low-level disinfectionnsiecritical devices require high-level
disinfection, and critical devices require stedtibn. 6) After the device has been

disinfected or sterilized, it is repackaged andlveled for distribution.

1.3 COMPLEXITY IN RESUABLE MEDICAL DEVICE DESIGNS

Reusable medical devices or reprocessed singldawees are original medical
devices that have been used once and then areedlestarilized, and remanufactured for
the purpose of an additional single use on a sipgtient [4]. Reusable medical devices
encompass a wide variety of invasive surgical umetnts that are used in cardiovascular,
orthopedic, and general surgical procedures. Taeralso many non-invasive devices,
such as pneumatic tourniquet cuffs and pulse oxnsstnsors that are reprocessed.
Though there are a wide variety of reusable medieagices many of these devices have
similar modes of action and, subsequently, havdaimesign featureg able 1.1
provides a broad list of reusable medical deviceskey design features. The design
features commonly associated with these devicesamplex, which creates significant

challenges in cleaning. Some examples include, ésmgnarrow lumens that are



impossible to fully visualize and confirm compleggnoval of bioburden, intricate
cutting teeth and apertures that are difficulttash, and non-modular components that
are simply inaccessible for manual cleaning andenson. Also, many of these devices
have optics and electrical components that musbhsidered in both cleaning and
sterilization techniques, as these components ¢d@ionmersed in cleaning or
disinfection solutions. In addition to creatingfatifilties in cleaning and sterilization,
complex design features provide increased oppdytéimi biofilm accumulation. Biofilm

accumulation in reusable medical devices is thmany risk factor for infection.



Table 1.1: Commonly reprocessed reusable medical devices and key design features.
Reusable medical devices are diverse, but shaitasuohesign features that are

challenging for cleaning.

Reusable Medical Device

Key Design Features

Arthroscopic Shaver

narrow,long lumens; flexible tubing;
electrical; ergonomic hand piece; blade
and burs

Biopsy Forcep

narrow, long lumens; blades; angulated
straight jaws

Endoscope

narrow,long lumens; flexible tubing;
optics; electrical; ergonomic hand piece

External Fixation Device

modular components (i.e nuts and bolts);

intricate aperatures

and

1Y

Tourniquet

flexible tubing; velcro cuff

Trocar

narrow lumens; modular components (i
removable sheaths); blades

e

Vessel Sealer

narrow, long lumen; ergonomic hand
piece; electrical; angulated and straigh

—

jaws




1.4 BIOFILMS: A CHALLENGE FOR CLEANING AND STERILIATION

Potential infection from reprocessed devices isagontoncern because of unique
microbial populations known as biofilms. Biofilmeeaa diverse, dynamic, and adhered
microbial population retained within a secreteda@ogllular polysaccharide (EPS) matrix
[6]. There are four key physiological charactecstihat differentiate biofilms from
planktonic or free-floating bacteria. 1) A heterngeus population of microbial
organisms within a supporting EPS matrix that pilesia three-dimensional hydrated
structure for the biofilm that can vary in spacd &ime. 2) A differing genetic expression
from planktonic bacteria makes biofilms impervidaogargeted pharmacological
therapies that have already been established foebmadilm bacteria. 3) A highly
developed and coordinated intercellular signaliregih@nism, termed quorum sensing,
enables biofilms to have a controlled, dynamic oese to the environment. As a result,
biofilm structure and composition varies widely. Ayiramatic reduction in susceptibility
to antibiotics and antimicrobials makes biofilm®@X more resistant than non-biofilm
bacteria [6]. Biofilms are protected within in adgk-dimensional structure limiting the
penetration of antimicrobials. Additionally, cetlsep within the EPS show reduced
metabolic activity as a defense mechanism to cheragents. Overall, the unique
physiological adaptions of biofilms make them extety resilient to removal.

While biofilms are diverse microbial populationsete are certain pathogens that
are more commonly associated with contaminatedclnmpstruments. Frequently
associated with reusable medical devicesSaehyl ococcus aureus (gram-positive)

Coagulase-negativ@aphylococci (CoNS) (gram-positive), an®seudomonas



aeruginosa (gram-negative) [7,8]. CoN&e specifically common to reusable surgical
instruments because these bacteria are normalitahegbof the skin and mucous
membranes [9]. CONS are opportunistic pathogertshénze a propensity to form
biofilms. The most prevalent species of CoNS, anting for approximately 60-70% of
all CoNS on the skin, iStaphylococcus epidermidis [9].

Biofilm accumulation on reusable medical devicesgoa high risk for infection;
however, the process of biofilm formation can bégated if cleaning and sterilization
occur promptly after usd @ble 1.2). Biofilm formation occurs in a gradual proces8][1
First, reversibly attached microcolonies beginamf where there is a conditioning layer.
For reusable medical devices this may be urin@dby some other protenaceous
substance. Colonizing bacteria then begin to foritnal attachments to the
preconditioned surface. At this point, the biofismot fully attached and can easily be
removed by cleaning. However, if it is not cleamadhediately then irreversible
attachments will ensue through the production o EFhe emerging microbial
community will continue to grow and develop untitannot sustain itself. The biofilm
can then propagate through detachment and dis@@i®aing it to reattach to nearby
surfaces and maintain its viability. Recognizing ffotential risk for infection if devices
are not properly cleaned and sterilized immedisaéigr use, the U.S Food and Drug
Administration (FDA) has increased regulatory reguonents and provided detailed

guidance documents to ensure reprocessed deviesafarand effective.



Table 1.2: Conditionsrequired for biofilm formation (adapted from Roberts, C.G.
2013) [19].This table lists the necessary conditions requibedbiofilm formation.
Reusable medical devices provide the conditiongssary for biofilm formation;
however, irreversible attachment can be preverfitexprocessing steps occur
immediately after use because the time requireddgelopment of a biofilm can be

controlled.
Condition Potable Water Indwelling Reusable
Pipe Medical Device Medical Device
Colonizing
microorganism yes yes yes
present
Surface to be
colonized s s s
Sufficient nutrients
and water yes yes yes
Necessary
temperature
conditions for s yes yes
growth
Time required for
ime required fo yes yes ?

biofilm development



1.5 CONSIDERATIONS FOR IMPROVING MEDICAL DEVICE REHOCESSING

In 2002 the FDA enacted the Medical Device UserdmeeModernization Act
(MDFUMA), which required manufacturers of reprocasslevices to submit validation
data for cleaning, sterilization and functionalfpanance [12]. Every reprocessing
provider must adhere to the standards set fortth&wriginal device manufacturer
(OEM) and prove each device can be adequatelycepsed and meet the standards for
function and performance. Additionally, MDFUMA racges OEMSs to provide proper
labeling and comprehensive Instructions For Use)idfocuments to detail the
reprocessing procedures approved for each speeugable device. Despite this high
degree of regulation, the literature reports mapyacessed devices still fail to meet
reprocessing standards for safety and performah8e¢lfL]. For this reason, verification
and validation of the cleaning, disinfection, atefisization processes required in
reprocessing has been a point of discontentmerdibr OEMs and reprocessing service
providers in the healthcare industry.

During the 2011 Medical Device Reprocessing Sunmosted by The
Association for Advancement in Medical Instrumeistat AAMI) and the FDA, the
number one call to action focused on improving ad#g| cleaning validation protocols
for reprocessing reusable devices [13]. MoreoveR(l11 the FDA also published
guidelines recommending that human factors be densi in reprocessing validation, as
human factors are critical for maintaining reprabiity and repeatability of adequately
reprocessed devices in a high-volume throughpyt [abérder to improve medical

device reprocessing there are three key factdoe wonsidered: 1) a better definition for



how “clean” is clean; 2) reusable medical devicsigies that consider reprocessing from
the very early stages of device development; arfdiB)an factors related to reprocessing
protocols [13]. In addition to these three consatiens, there is a fourth indirect
consideration for improving reprocessing: cost. €aenomic model of reprocessing is
not a favorable one for OEMs. Reduction in purchasgew products results in a
reduction of revenue for the OEM. Consequently, GEve neither incentivized to
design their devices for reprocessing nor are thegntivize to produce feasible
reprocessing protocols that can be adequately eéegtauan industrial system. Therefore,
reducing costs associated with reprocessing foOfE®! is another consideration for

improving medical device reprocessing outcomes.

1.6 PURPOSE

The demand for reusability and the favorable ecaa@mvironment have driven
rapid growth in the global medical device reprooegsarket. Consequently, industry
leaders have recognized key challenges for repsowefrom both clinical and
engineering perspectives that if improved upon @dufther grow the medical device
reprocessing industry and yield better reprocessutgomes. The principle industry
needs are: 1) improved cleaning validation meth@yigievices that are designed for
reprocessing from the very beginning; and 3) repsemg methods that consider human
factors and quality control. The broad objectivela$ thesis is to deliver a simple, cost-
efficient method suitable for detecting biofilms complex reusable medical devices in a

high- throughput, industry setting for the purpo$&alidating cleaning methods required

10



for reprocessing. This broad objective will be aeleid through three specific aims: 1) to
grow biofilms under both static and dynamic flownddions; 2) to develop methods to

guantitatively assess biofilm accumulation usirgpkrimetric assay and confocal laser
scanning microscopy (CLSM); and 3) to apply thesthmds to commonly used medical

device materials with application to reusable stalginstrumentsHigure 1.1).

11
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Figure 1.1: Thesisaims and outline. The broad objective of this thesis was achieved
through three specific aims; however, these thpeeiic aims were all interdependent,
as each focused on developing methods for quaatitic of biofilm accumulation with
application to reusable surgical instruments. bleoto maintain structure in this
document the thesis aims are discussed in thesisigppmanner: Aim | is discussed in
Chapter 2; Aim Il and Aim Ill, as related to thd@ametric assay, are discussed in
Chapter 2; Aim Il and Aim 1ll, as related to CLSKfre discussed in Chapter 3; and the
impact of these aims on the Broad Objective isudised in Chapter 4.

12



CHAPTER TWO
QUANTIFYING BIOFILM ACCUMULATION ON COMMONLY USED
MEDICAL DEVICE MATERIALS
2.1 INTRODUCTION

Quantifying biofilm accumulation on reusable metavices is necessary for
validating cleaning methods required for reprogegdnowever, increasing complexity in
device design creates challenges for cleaningMdahy design characteristics related to
reusable medical devices provide greater opporésnior biofilm growth and
accumulation. In addition, these design featureshtader manual-cleaning techniques,
such as brushing, and make visual verificationomhplete removal of bioburden more
difficult.

Methods for assessing biofilm on implantable devikme infection-related
analyses are already established; however thesedwelack appropriate considerations
for the complex designs of reusable medical deviddsee principle methodologies
include the roll plate method, the endoluminal brtechnique, and mechanical removal
for fluorescent staining or biochemical testing][IEhe roll plate method, developed by
Maki, et al. (1977), assumes bacteria will be reces by rolling the device onto an agar
plate [16]. Recovered organisms are then cultunedgaantified through cell counting.
The endoluminal brushing technique, developed lig,kat al. (1997), follows the same
premise, but is specific for lumens [17]. Mechahreaoval, developed by Donlan, et al.

(2001), involves sonication of the device to rembigdilm, which is then homogenized

13



to produce a biofilm suspension that can be cultorean agar plate [18]. Colonies could
be counted or sub-cultured for fluorescent stairgind biochemical testing.

These methods were all developed principally fatdx@a recovery on
intravenous catheters to determine associatedtiofeand were validated accordingly.
However, each of these methods is limited in ifgiapbility to reusable surgical
devices. The roll plate method is not suitabledwicks with complex features such as
lumens or teeth. Moreover, the study by Maki, e{(E397) reported 90% of the catheters
studied had low-density colonization [16]. Forstheason, the roll-plate method can
distinguish infection, but is not reliable for qtifying biofilm colonization due to a low
percentage of recovered organisms [15]. The endaklrbrushing technique is
applicable to devices with small diameter lumemsyéwer, it is not feasible for devices
with large surface areas. Moreover, the endolunbnaghing technique is not suitable for
intricate design features, such as teeth or modhterfaces. Mechanical removal of
biofilm using sonication is a widely used methoddaantifying biofilm [15, 19] and has
proved effective in many cleaning methods [20]; beer, this method may not be
feasible for devices with assembled, optical, ecical components. Moreover, this
method cannot localize the regions of biofilm acalation on the reusable medical
device. Localization of biofilm accumulation istaral for validating cleaning processes.
Recognizing the limitations in current methodsyé¢his a clear need for a quantitative
method for detecting biofilm, specifically on rebadevices, for the purpose of

validating cleaning methods required for reprogessi

14



A colorimetric assay using crystal violet (hereteafCV) is a standard method for
guantifying bacterial adherence for biofilms growrpolystyrene tissue culture plates
[21]. The affinity of CV for substances found iretbell walls of bacteria makes CV
staining a highly sensitive stain for both live atehd cells when compared to the
previously discussed methods [17]. When used inbooation with a decolorizing agent
that breaks down the lipid structures, the membrapermeabilized, allowing the
release of CV complexes from the cell walsglre 2.1). The released CV can then be
guantified to determine the amount of adhered bmfBy measuring the absorbance of
the released CV a direct relationship between &lasme and bacteria concentration can
be determined [21]. In this regard, this colorinteissay is a quantitative method for

detecting biofilm adherence to tissue culture glate

15



Call wall

FPaptidogiycan Duter marnbrane
Peptidoghycan
Plasma membrane

Plasma membrane

L ]

Pannlasme
Cell wall LQE'JI.:::«:‘J.J[[«.
Gram{+)-cel wall Gram (-) cell wall

Figure 2.1: Schematic of bacteria cell wall structures (adapted from Rudolph, K.
2012) [22].CV preferentially binds to peptidoglycan in backerell walls, making it a
unique stain for detecting bacteria. Gram-positigeteria have cell walls that are
comprised of approximately 90% peptidoglycan withia outer membrane. The outer
membranes of bacteria cell walls are characteligehigh lipid- content, which can be
permeabilized by decolorizing agents, such as@eetd.
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While the current recovery methods for detectingfilon accumulation are well
established, these methods lack appropriate caasioles for the complex design
features of reusable medical devic€alfle 2.1). A colorimetric assay is more suitable
for complex designs. Additionally, a colorimetrigsay is a highly sensitive method for
biofilm detection and can localize biofilm accuntida. However, established
colorimetric assays only assess biofilms grown fissue culture plate, which does not
accurately represent the true growth conditionsiafilm. Both material selection and
flow conditions are important factors that are knaw have an effect on biofilm
formation [15, 23]. These parameters will varyfeusable surgical instruments;
therefore, material selection and flow conditionsstrbe considered in developing
methods for detecting and quantifying biofilm aceadation specifically for reusable
devices. The present study will implement a modif&3] ASTM method (ASTM 2647-
08) for growingStapylococcus epidermidis biofilms under dynamic flow conditions in a
drip flow reactor. The purpose of this study wasiimic relevant biofilm growth
conditions and modify a colorimetric assay for difgimg biofilm accumulation. First,
biofilms were grown under both static and dynanaicditions on coupons representative
of four commonly used medical device materials:L34&inless steel, polycarbonate,
polypropylene, and silicone rubber. Second, antiegi€olorimetric assay [21] was

modified to appropriately stain biofilm grown onde surface areas.
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Table2.1: Comparison of methodsfor detecting biofilm on complex reusable

medical devices. Four methods (discussed above) were compared itabgity in
detecting biofilm on complex design features ofsele medical devices. In comparison
to current methods, the CV assay is suitable fegamg biofilms on the most design
features, while also providing high sensitivitydgtection and localization of biofilm

growth.
Design Featur_e of Roll Plate Endoluminal Mechanical cvV
Reusable Medical Method Brush Removal Assa
Devices Technique Method y
long, narrow lumens no yes yes yes
modular interfacées no no yes yes
blades/jaws no no yes yes
optical device$ yes yes no no
electrical devices yes yes no no
large, assembléd os os o os
components y y y
Degree of Sensitivity low low high high
Localization of Biofilm no es no es
Growth y y

'modular interfaces refers to the presence of cesvic

hlades/jaws refers to small teeth <1 mm in latdistance

%optical devices refers to any device with camerens
*electrical devices refers to any device requiringer to operate

®> assembled components refers to components thatotdre disassembled
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2.2 MATERIALS AND METHODS

Bacterial species/strains and culture preparation

Staphylococcus epidermidis ATCC 12228 stock cultures were streaked on Tryptic
Soy Agar (TSA) plates and incubated overnight &C3i6 obtain isolated colonies. A
single colony was transferred to 30 g/L Tryptic &pth (TSB) media and grown
overnight in a shaker incubator at 37°C and 125 tpeither a high (9.68+ 0.4 Leg
CFU/mL) or a low (5.35£0.07 Lag CFU/mL) inoculum concentration. The overnight
cultures were used to inoculate the experimentabaos. Stock cultures were frozen in
1:1 of 20% sterile glycerol and media. Bacteriaewacovered in 10 mL of media and

incubated for 24 h at 37°C.

Coupons and cleaning procedure

Biofilms were grown on 25 x 75 x 1mm coupons, corapke in size to a standard
glass microscope slide. Coupons were manufactiviedd€l No. DFR-2575, Biosurface
Technologies, Bozeman, MT) from materials relevanteusable medical devices: 316L
stainless steel, polycarbonate, polypropylene,silimbne rubber.

Prior to use, coupons were cleaned and sterilinelividual coupons were soaked
in a 1% enzymatic detergent for 20 minutes, remaretigently cleaned with nylon
brush for 30 seconds on each side. Coupons wesedin tap water and followed by
sonication (Brunson 5510, Branson Ultrasonics Catpan, Danbury, CT) in tap water
for 10 minutes to mechanically remove visible biat®an. Following sonication, coupons

were rinsed with filter-sterilized water (Milli-Q®&tegral Purification System, EMD
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Millipore, Billerica, MA) to remove any residual gent. Sonication was repeated in
filter-sterilized water for 10 minutes. Coupons &/eteam sterilized for 20 min at 121°C.

Coupons with any visual evidence of surface danmagkefects were discarded.

Dynamic biofilm growth method in drip flow biofilm reactor

Biofilms were grown under dynamic conditions inrgpdlow reactor (Model No.
DFR 110-4, Biosurface Technologies, Bozeman, MTpating to a standard method
(ASTM 2647-08) previously modified for use with glg/lococci by Buckingham-Meyer,
et al. 2007 [23]. The reactor is designed to accodate four coupons in
compartmentalized channels, each with its own érftiand effluent portAppendix
B.1). Design of experiment was determined by the camds of the four channels, which
is described iTable 2.1. Sterile coupons of each material were placetierappropriate
channels. Each channel, containing 15 mL of 301§B, was inoculated with 1 mL of
the S epidermidisinoculum at either a high (9.68+ 0.4 LegcFU/mL) or a low
(5.35+0.07 Logo CFU/mL) inoculum concentration. Biofilms were iailiy grown in an
incubator in batch conditions at a 0° position@dr at 37°C. Continuous flow was
initiated by placing the reactor on a stand oridraea 10° angle and pumping 3 g/L TSB
at a flow rate of 0.92 mL/min/channel using a gatiec pump system (Model No.7553-
80, Cole-Palmer) with four pump heads (Model NdL8B0, Cole-Palmer)Appendix
B.2). The rate of flow yields a “drip” effect throughe influent valve. The orientation of
the reactor allows gravitational force to produdeva shear fluid flow over the growing
biofilm. Biofilms were grown in continuous flow cditions in an incubator at 37°C for

48 hrs.
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Satic biofilm growth method

Biofilms were grown under static conditions in 8eepetri dishes. Sterile
coupons of each material were placed in sterila deshes, each containing 15 mL of 30
g/L TSB, and inoculated with ImL & epidermidis inoculum at either a high (9.68+ 0.4
Logio CFU/mL) or a low (5.35+0.07 Lag CFU/mL) inoculum concentration and grown

in an incubator at 37°C for 54 hrs.

Experimental design

The modified colorimetric assay was implementedefach material under each
growth condition. Dynamic and static biofilm growtrethods were run in parallel
yielding a total of eight coupons per experimerite Tour-channel capacity of the drip
flow reactor determined the experimental desigrartter to minimize inoculum variation
and potential channel bias, all four material typese used in each experimental run and
each material type was run in each position ottt flow reactor at least onc&able
2.2 shows the rotation of each material type througthehannel of the drip flow
reactor In addition to the variables, material and flow dion, acetic acid volume and
excitation wavelength were also asses3atble 2.3). Five replicates of each coupon
type were grown under both dynamic and static dard, eluted using 20 mL of acetic
acid and examined at an excitation wavelength &f@. Two of these replicates were
also examined at an excitation wavelength of 570hno replicates of each coupon

type were grown under both static and dynamic derdi, eluted using 6 mL of acetic
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acid and examined at excitation wavelengths, 492nth570 nm. In this manner, a total

of seven replicates of each coupon type were exainin
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Table 2.2: Experimental design for testing of four selected materialsin drip flow
reactor. This design tests all four material types duriagreexperimental run and
rotates materials through each channel of theftingp reactor (SS= 316L stainless steel,
PC= polycarbonate, PP= polypropylene, Si= silicar®er). Seven replicates for each
material type were examined.

Channel
Run 1 2 3 4
1 PP PC SS S
2 PC SS Sl PP
3 Sl PP PC SS
4 SS Sl PP PC
5 PP PC SS S|
6 PC SS Sl PP
7 Sl PP PC SS

Table 2.3: Experimental design for testing of excitation wavelength and acetic acid
volume. Excitation wavelength and acetic acid volume wested for effects on biofilm
accumulation in the following manner: coupons frams 1-5 were examined at 492 nm
using 20 mL of acetic acid (AA) (n=5) , couponsnirouns 4-5 were examined at 570 nm
using 20 mL of AA (n=2), coupons from runs 6-7 werkamined at 492 nm and 570 nm
using 6 mL of AA (n=2).

Tests

Run 492 nm, 20 mLAA | 570 nm, 20 mLAA | 492 nm,6 mLAA | 570 nm, 6 mL AA

Nou b~ wN R
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Optical imaging
Biofilms were imaged using a reflective light opiistereomicroscope (Model

K400P, Motic, Inc.) and iSolution Lite softwarel#tX magnification.

Calculation of inoculum broth density

Inoculum broth density was determined accordingnédhods from Buckingham-
Meyer, et.al 2007 [23]. Inoculation broth was dédiin a serial, ten-fold dilution series.
Each dilution was plated using the drop plate me¢tlibere ten drops (1d) for each
dilution were plated on a TSA plate and incubate8i74C for 24 hrs. Countable drops
were counted and a mean colony forming unit (CF&Hdvop was determined. The

inoculation broth density was calculated from Egurail.

Logi0 CFU/mL= Logo [(mean CFU/drop)/0.01ml) x (dilution factor)] (1)

Modification of colorimetric assay method

A colorimetric assay originally developed for quiymhg biofilm accumulation
on tissue culture plates was modified to quantibfiltm accumulation on the material
coupons. Biofilms were grown under both static dydamic conditions according to the
methods described above. Coupons were carefullgprechfrom incubation and rinsed in
filter-sterilized water to wash any planktonic l&@. Biofilms were heat fixed at 60°C
for 1 hr.Fixed biofilms were stained with CV (Harleco’s Gr&tain kit, EMD Millipore)

for 10 minutes. Excess stain was removed by washifiljer-sterilized water until wash
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solution was clear. Coupons were sonicaiiigson 5510, Branson Ultrasonics
Corporation, Danbury, CTih 20 mL (n=5) and 6 mL (n=2) of acetic acid f@ @inutes
to elute the stain from the adhered biofilm. A seenwlume (20Qul) of the eluted stain
solution from each coupon was transferred usingiichannel micropipette to a single
row of wells (n=8) of a sterile, polystyrene 96-tedsue culture plate and read in a
spectrophotometric microplate reader (Epoch™, Bk&T tnstruments, Inc., Winooksi,
VT) at a wavelength of 492 nm (n=7) and at wavetlernd 570 nm (n=4). The eluted CV

from each coupon was quantified by absorbance.

Satistical analysis

Effects on the data were analyzed with a genexhlinear model and a binomial
distribution using statistical analysis softwafdRI(JMP 11.0, SAS Institute, Inc., Cary,
NC) Inoculum concentration, channel position, mateflow conditions, excitation
wavelength, and acetic acid volume were the fadested for significant effects on the

variable absorbancéppendix A).

Crystal violet calibration curve

In order to determine the range of sensitivityhad spectrophotometric microplate
reader a CV calibration study was conducted. A 1@%solution was diluted in acetic
acid in a series of ten-fold dilution steps, 10%, hnd 0.1% to produce a calibration

curve for crystal violet. 200l of each concentration was loaded in a 96-welieptand
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absorbance was measured spactrophotometric microplate reader (Epoch™, Bk&l'e

Instruments, Inc., Winooksi, VT) at excitation warggths of 492 nm and 570 nm.

S epidermidis biofilm growth curve

In order to determine a growth curve #®repidermidis under the previously
described experimental growth conditions a timetuas conducted. Biofilms were
grown under static conditions in sterile petri éskeach containing 15 mL of 30 g/L
TSB. Six glass coupons were inoculated with 1 mB @pidermidis inoculum at 9.46
Logio CFU/mL (high inoculation broth density). Biofilmsane grown at 37°C and
coupons were removed from incubation sequentiaigyyefour hours for 24 hrs. Twelve
coupons were inoculated with 1 mL Sfepidermidis inoculum at 5.46 Log CFU/mL
(low inoculation broth density). Biofilms were gravat 37°C and coupons were removed
from incubation sequentially every four hours f8rh¥s. Upon removal from incubation,
biofilms were fixed at 60°C for 1 hr and biofilmagnulation was measured using the
colorimetric assay by eluting with 6 mL of acetadaand measuring absorbance at 492

nm and 570 nm excitation wavelengths.

Sandard curve for absorbance and bacteria concentration

In order to quantify absorbance in terms of baateancentration, a standard
curve was necessary to demonstrate the relatiohstvpeen these two variablé&s.
epidermidisinoculum at 9.96 Log CFU/mL was serially diluted in 30 g/L TSB in a 1:10
dilution series to achieve 10 dilutions of inoculugteven glass coupons were inoculated

with 1 mL of each inoculum concentration, includihg original stock inoculum (n=11).
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Biofilms were grown under static conditions in g8&epetri dishes each containing 15 mL
of 30 g/L TSB at 37°C for 24 and 48 hrs. Upon reaidkom incubation, biofilms were
fixed at 60°C for 1 hr and biofilm accumulation wasasured using the colorimetric
assay by eluting with with 6 mL of acetic acid andasuring absorbance at a 492 nm

excitation wavelength.

2.3 RESULTS AND DISCUSSION
Verification of biofilm growth under static and dynamic conditions

This study addresses the first aifgure 1.1), which was to grow biofilms under
static and dynamic flow conditions. Two differenétmcs were applied to verify biofilm
growth: imaging and consistency in inoculum brogéimsity. Optical stereomicroscope
images were taken & epidermidis biofilms grown under static and dynamic conditions
on each of the four materials, as well as gl&sguf e 2.2). These images qualitatively
demonstrated biofilm growth on all four materidisculation broth density was
compared for all seven weeks of data collectioansure consistencifigure 2.3
demonstrates the inoculation broth density for eagierimental run. The average
inoculation broth density for seven experimentalsrwas 8.4 + 2.1 Lag CFU/mL.
Runs 3 and 7 reported significantly lower inoculoomcentration, 5.3 Lag CFU/mL
and 5.4 Logy CFU/mL, respectively. As a result, some variatigists between
experimental runs; however, statistical analysigicmed inoculum concentration did
not have an effect on biofilm growth and subseqaésbrbance in the colorimetric assay

(p>0.05). For this reason, data from all experirabnins, despite low inoculum

27



concentration, were considered in the colorimetsgay analysis. It was important to
note that both instances of low inoculum broth dgngere a result of incubator
malfunction and not of user error or experimengdlg. Moreover, variations within a
given material type were not dependent upon chgsosstion within the drip flow

reactor. Statistical analysis confirmed channeltmrsdid not have an effect on biofilm
growth and subsequent absorbance in the coloricretsay (p>0.05). Overall, these data
confirm and verify the methodology for biofilm gréwunder both static and dynamic

conditions.

28



|
/S I‘ I’

[B=" Sy sl d Gon E g0 pluns |
I P L e R R O
[ s " orte i 5 e i
T S BET s e, T
| R R e | ¢
[ D SO Al . e SH
IR oo & sk
T T 77 S SO i
[ C ~ -~ " i
[§ 7o SR X L o A s et ]
§ ST 7 T O S Ces SRR
1| B o RO el i St
VERNE O L S P o L
IR s LA M ot e U B
BT VL A T A LI L R OO Pl
[ PGB T TR T W, RGN B iy <]
s T AN ST TR T e g |
B TR DT TR T AR T b R s TReL)
PR T 7L A STL T
R TS T 2 2 T T e TR
PR AT O IR AT " st
3T IO R T SRR R T PO L O L
S R R PR SRR OV SR ST
e e (N 70 = A el T
AN NTPR L 0D AT
BAE RN L EATN A S LN T Te T
BV S 6 W TR L DT N B DT
BRI NI WY DL R LR TR
L e O SN 9 TN L e
SR R YN RO el
BGOSR - A TR T IGETRS T
R e e s N
[ |
Y i RE |
EFEEa T 7
[ . TO SRS
[ S N
[ F e
NS EY mee  T
[=2 . A SE e S
[ A . RS R R
TN T o e 4
[ " TeerglTweeas Wy RO e |
[ CTNET W SN
[ 7 el Mt
[ 7 7 e R
[ & 7T AR S
[

Figure 2.2: Optical stereomicroscope images of biofilm. S, epidermidis biofilms grown
under dynamic conditions on (A) 316L Stainless 5{&) Polycarbonate, (C)
Polypropylene, (D) Silicone, and (E) Glass at 120xgnification (scale bar is 10Qn
for each image).
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Log,,CFU/mL

Figure 2.3: Inoculum broth density. Inoculum concentration (LegCFU/mL) was
calculated for each experimental run using Equatiohhe overall average inoculum
concentration for all experiments was 8.44+2.1 bdgFU/mL. This was more

accurately represented as high and low inoculunecemtnation groups, where the average
high inoculum concentration (runs 1, 2, 4, 5, apha/&s 9.68+ 0.4 Log CFU/mL and

the average low inoculum concentration was 5.354.@dgU/mL (runs 3 and 7).

30



Modified colorimetric assay: 20 mL acetic acid, 492 nm excitation wavelength

Aims Il and 1l in this thesis sought to modify alerimetric assay for quantifying
biofilm accumulation on various materials exposeddth static and dynamic flow
conditions Figure 1.1). The colorimetric assay was originally developgdChristensen,
et al. (1985) to quantify adherence of clinicapstdococci isolates in a tissue culture
plate (96-well plate). Bacteria were fixed andrstai with CV and the absorbance of
stained adherent bacteria was measured using agpsamometric microplate reader at
570 nm [21]. In order to accommodate the mateoapons tailored specifically for the
drip flow reactor, the colorimetric assay requireddifications. In the modified method,
use of coupons fabricated from non-opaque mateanalde it was necessary to first elute
the CV stain from adherent biofilm grown on the enatl coupons and then transfer the
CV stain solution to a 96-well plate, where theabance of the eluted solutions of CV
could be measured using a spectrophotometric matepeader. Since Christensen’s
method only considered biofilm grown on the bottointhe well subsequent methods
have been developed to assess biofilm grown onthethottom and the walls of the
well. In this regard, acetic acid has been fredyarged in the literature as a solvent to
elute CV [24]. For the modified colorimetric assay, appropriate volume needed to be
determined that would release all bound CV fromhdaofilm, but not dilute it too
much. Previous methods that used acetic acid Braél plate applied a 150-2Q0
volume [24]. This volume was compared to the s@i@®a of a standard well and
proportionally applied to the surface area of thlected coupons. The modified volume

of acetic acid determined was 20 mL.
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An initial qualitative assessment of the modifiedthod illustrated the eluted CV
solutions were well matched to the amount of adhbrefilm present on each coupon
(Appendix B.3). Table 2.4 shows the quantitative absorbance data from thefradd
method. It was important to note the absorbancgeviar polypropylene under dynamic
conditions appeared to be outlier and a modifiedrijison tau test confirmed this. The
outlier was removed from all further data analyBigure 2.4 illustrates absorbance
values measured at 492 nm for each of the matenmmler both growth conditions (n=5),
excluding the outlier. From these data, biofilmwoalation between materials was not
significantly different (p>0.05). The statisticadaysis confirmed that neither material
selection nor flow conditions had effects on abaode (p>0.05) at the 492 nm excitation

wavelength.

32



Table 2.4: Absorbance of eluted CV solutionsin 20 mL of acetic acid at an excitation wavelength of 492 nm (n=5). Five
replicates of each material type with biofilm growmder both static and dynamic conditions were éxadh Biofilm
accumulation was detected using the modified camletiic assay with 20 mL of acetic acid and an eticih wavelength of
492 nm. Differences in biofilm accumulation on thar materials were not significant under eithenayic (p>0.05) or static
(p >0.05) conditions. For a given materials typ#erences in biofilm accumulation were not sigo#nt (p >0.05).

Dynamic Static
Run | Absorbance, 492nm  Average Absorbance [nm] odAiasce, 492nm  Average Absorbance [nm]

316L Stainless Steel 1 0.069 0.16+0.06 0.547 0.34+0.20
2 0.173 0.351
3 0.215 0.145
4 0.135 0.519
5 0.204 0.136

Polycarbonate 1 0.091 0.10+£0.06 0.114 0.20+0.19
2 0.145 0.134
3 0.179 0.095
4 0.055 0.551
5 0.048 0.129

Polypropyleng 1 1.305 0.42+0.49 0.157 0.22+0.13
2 0.151 0.344
3 0.211 0.064
4 0.263 0.375
5 0.185 0.175

Silicone Rubber 1 0.197 0.24+0.15 0.453 0.17+0.16
2 0.316 0.167
3 0.459 0.064
4 0.191 0.107
5 0.05 0.075
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Figure 2.4: Absorbance of eluted CV solutionsin 20 mL of acetic acid at an

excitation wavelength of 492 nm (n=5). Graphical data excludes the outlying
absorbance value, 1.305, for polypropylene undaeanhc conditions in Run 1. This
value was confirmed an outlier from the modifiecbiifpsons tau test. These data
demonstrate variation in biofilm accumulation fack material under both static and
dynamic conditions. Differences in biofilm accuntida on the four materials were not
significant under either dynamic (p>0.05) or st@tic-0.05) conditions. For a given
materials type, differences in biofilm accumulatiorder static and dynamic conditions
were not significant (p >0.05).




The statistical analysis concluded these paramdigénsot impact biofilm
behavior drastically enough to result in differemaebiofilm accumulation. However,
these two parameters are well characterized im ithidiience on biofilm behavior.
Material characteristics, specifically surface rongss and surface energy, are well
understood in their effect on biofilm adherence] [Generally, rougher more
hydrophobic materials will develop biofilms thaeanore strongly adhered [15] while
the opposite is true for smoother hydrophilic matef{15]. Fluid flow conditions are
also well understood in their effect on biofilm adlon. Pereia, et.al (2002) conducted a
fluid flow analysis forPseudonomas fluorescens biofilms under both turbulent flow
(Re=5500, fluid velocity 0.5 m’$ and laminar flow (Re=2000, fluid velocity 0.2 i)s
conditions and observed distinct differences irilooarchitecture [25]. Biofilms grown
under laminar fluid flow conditions will be thickas nutrient acquisition is facilitated in
these conditions, yet less dense due to slougBio§ims will eventually reach a
saturation point in thickness and will slough effarder to maintain viability. For this
reason, biofilms in laminar flow conditions will bess resistant to detachment [25].
Biofilms grown under turbulent fluid flow conditisrrespond to the hydrodynamic
stresses through increased production of EPS, wharkases adhesion of the biofilm to
its substrata [25]. Recognizing that both matesgdéction and fluid flow conditions are
known to have an effect on biofilm accumulatiorgsé data from the current study were

further analyzed.
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Modified colorimetric assay: 20 mL acetic acid, 570 nm excitation wavelength

It was observed that absorbance values were veryn@omparison to data
reported in the literature [21]. It was, therefdrgpothesized that the CV concentration
was not in the most sensitive range of absorbamcthé 492 nm excitation wavelength.
Using the CV calibration curve, the sensitivitytbé spectrophotometer microplate
reader at both 492 nm and 570 nm excitation wagghsnwas determined for various CV
concentrationgrigure 2.5 shows at 492 nm there is a higher degree of seitgiftor
high CV concentrations (>1%), while at 570 nm thera higher degree of sensitivity for
low CV concentrations (<1%). Recognizing that l@wdls of biofilm accumulation may
be better detected at the 570 nm excitation wagéherthe 570 nm excitation wavelength
was incorporated in the colorimetric analysis alaify 492 nm.Table 2.5 shows
absorbance data for experimental runs 4 and 5ezkait570 nm. From these data,
differences in biofilm accumulation remained insigrant. Statistical analysis concluded

excitation wavelength also did not have an effecabsorbance (p>0.05).
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Figure 2.5: Crystal violet calibration curve. CV was diluted in acetic acid to achieve a
series of ten-fold dilution steps, 10%, 1% and Otd%6roduce a calibration curve for CV
concentration at excitation wavelengths of 492 meh 370 nm. At 492 nm, the most
sensitive range of detection is between 1% and C®toncentration. Whereas, at 570
nm the most sensitive range of detection is betvde®¥ and 0.8%.
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Table 2.5: Absorbance of eluted CV solutionsin 20 mL of acetic acid at an excitation
wavelength of 570 nm (n=2). Two replicates of each material type with biofilmogn
under both static and dynamic conditions were erathiBiofilm accumulation was
detected using the modified colorimetric assay RRmL of acetic acid and an
excitation wavelength of 570 nm. Differences infitiio accumulation on the four
materials were not significant under either dyna(pi0.05) or static (p >0.05)
conditions. For a given material type, differengebiofilm accumulation under static
and dynamic conditions were not significant (p 50.0

Dynamic Static
Run Absorbance, 570nm Absorbance, 570nm
316L Stainless Steel 4 0.717 3.45
5 1.47 0.998
Polycarbonate 4 0.137 3.52
5 0.124 0.823
Polypropyleng 4 1.67 2.63
5 1.72 151
Silicone Rubber 4 1.09 0.538
5 0.123 0.375




Modified colorimetric assay: 6 mL acetic acid, 492nm and 570nm excitation wavel engths

A third approach was implemented in an effort tpiiave the modified
colorimetric assay for detecting difference in Brofaccumulation grown under static
and dynamic conditions on the selected materitiga$ hypothesized that too much
acetic acid would dilute the CV solution and obsdine data, thereby, making it difficult
to discern differences in biofilm accumulation. §happroach, therefore, proposed a
decrease in the volume of acetic acid used to €l\térom adhered biofiimTable 2.4
reports the highest absorbance value to be 1.3@15.absorbance value corresponded to
a CV concentration of 3%, according to the CV qalilon curve Figure 2.5). A 3% CV
concentration in 20 mL of acetic acid indicated @6 of CV was taken up by the
biofilm. In order to optimize the detection of Ci¥/was necessary to have a target CV
concentration within the range of high sensitivigr a 492 nm excitation wavelength,
this was a 10% CV concentratidaigure 2.5). Therefore, assuming the volume of CV
uptake by the biofilm was constant, 0.6 mL, onfymL volume of acetic volume would
be neededl able 2.6 provides absorbance data for experimental runsl&Zawhich used
6 mL of acetic acid, at excitation wavelengths #é2and 570 nm, respectively. In these
data, statistical analysis reported that excitatvanelength did have an effect on
absorbance (p<0.05). Detection of biofilm was inyeebwhen the volume of acetic acid
was decreased, resulting in increased concentsatib@V. The increase in CV
concentrations shifted the range of detection énrégions on the CV calibration curve
where absorbance was most sensitirgure 2.6 confirmed the excitation wavelengths

had distinct regions of high sensitivity. Consedlyent was likely for wavelength to
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have an effect when CV concentrations fell witlioge distinct regions. Despite the
increase in sensitivity, differences in biofilm aowlation between materials were not
significant (p>0.05). Statistical analysis of thels¢a confirmed material selection and
flow conditions remained not significant in theffeet on absorbance (p>0.05). However,
due to the low sample size for each material tivegodor detecting significant
differences is also low&0.8). Consequently, if there were significant eliéinces in

biofilm accumulation it is likely they would not letected.
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Table 2.6: Absorbance of eluted CV solutionsin 6 mL of acetic acid at excitation wavelengths of 492 nm (n=2) and 570
nm (n=2). Two replicates of each material type with biofilmogn under both static and dynamic conditions vexamined.
Biofilm accumulation was detected using the modiftelorimetric assay with 6 mL of acetic acid andigation wavelengths
of 492 nm and 570 nm. Differences in biofilm acclation on the four materials were not significantler either dynamic
(p>0.05) or static (p >0.05) conditions. For a giveaterials type, differences in biofilm accumwatunder static and
dynamic conditions were not significant (p >0.05).

Dynamic Static Dynamic Static
Run | Absorbance, 492nm Absorbance, 492nin Absoeh&TONM Absorbance, 570nm
316L Stainless Steel 6 0.583 0.445 3.650 3.466
7 0.307 2.375 2.721 3.987
Polycarbonate 6 0.187 0.234 1.306 2.225
7 0.094 0.849 0.484 3.646
Polypropyleng 6 0.275 0.374 1.962 3.355
7 0.120 1.134 0.895 3.702
Silicone Rubber 6 0.156 0.111 0.878 0.800
7 0.065 0.107 0.275 0.725




Biofilm growth curve

In summary, modifications to both excitation wawvgjth and acetic acid volume
in the colorimetric assay did not result in sigrafnt differences in biofilm accumulation
between each material. However, a 6 mL volume efiaacid and a 570 nm excitation
wavelength provided a highly sensitive method fetedting biofilm accumulation.
Recognizing the modifications of the colorimetrgsay were suitable for detecting low
concentrations of biofilm and did not require fuettmodification, biofilm growth
methods were investigated.

A plausible explanation for the lack of significathtferences in biofilm
accumulation, unrelated to the modifications of¢bkrimetric assay method, was
biofilm growth saturation. Biofilms are well und&ed in their growth patterns.
Generally, biofilms exhibit four phases of growih:lag, 2) exponential, 3) stationary,
and 4) death [26]. The lag phase occurs immediatiédy inoculation and persists until
the bacterial population is acclimated to the estvinent. At this point, cell growth
proceeds at an exponential rate, hence the expahphase. The growing bacterial
population doubles at regular intervals until rerts become limiting or toxic products
begin to accumulate, which is when the bacterigutettion enters the stationary phase.
During the stationary phase, there is no net celvth. Finally, the cells begin to lose
viability and enter the death phase [26]. Therefdrgiofilm growth during the current
study had reached the stationary phase and wahanging, differences in biofilm

accumulation on the various materials would badliff to discern. It was, therefore,



hypothesized that the biofilm growth period of 54 tvas too long and resulting biofilms
were in the stationary phase of growth.

Based on the results from tBeepidermidis biofilm growth curve generated using
high and low inoculation broth densitjese time duration to initiaténe stationary
growth phase was determinédgure 2.6 confirmed that biofilms inoculated with the
high inoculation broth density were saturated &8térs of static growth arféigure 2.7
confirmed that biofilms inoculated with the low mdation broth density were saturated
after 16 hrs of static growth. These growth tirassconsiderably lower than the 54 hrs
used to generate the data in the current study5#He incubation time specified by
Buckingham-Meyer, et al. (2007) was necessary fowing a robust biofilm needed for
determining efficacy of disinfection solutions. $hhesis, however, aimed to develop a
method for detecting biofilm accumulation post dieg processes. In this regard, the
duration of biofilm growth should be less than 1§ im order to detect low levels of
biofilm accumulation on the materials. Further sgsh is needed to determine the
biofilm growth curve for each of the materials battthe appropriate time point for

assessment of biofilm accumulation can be idenutifie
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Figure 2.6: S. epidermidis biofilm growth over 24 hrswith a high inoculation broth
density. Biofilms grown on glass coupons under static coodg. Coupons were

removed from incubation every 4 hrs and biofilmwanalation was quantified using the

modified colorimetric assay with 6 mL of aceticécht both excitation wavelengths,

absorbance plateaued after 8 hrs.
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Figure2.7: S. epidermidis biofilm growth over 48 hrswith alow inoculation broth
density. Biofilms grown on glass coupons under static coodg. Coupons were
removed from incubation every 4 hrs and biofilmwanalation was quantified using the
modified colorimetric assay with 6 mL of aceticécht both excitation wavelengths,
absorbance plateaued after 16 hrs.
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Standard curve for bacteria concentration and absorbance

In order to quantify absorbance in terms of baateoncentration, a standard
curve was necessary to demonstrate the relatiobgtvpeen these two variablésgure
2.8 demonstrates the relationship between bacterieecdration and absorbance for a
biofilm grown over 24 hrs and 48hrs. These datdigora linear relationship between
absorbance and bacteria concentration for condemtsan the range of of 7-9
Log;oCFU/mL. For all concentration less than this raradesorbance is relatively
constant. This is important to note for biofimsaulated with the low inoculum
concentration (<6 LogCFU/mL) during runs 3 and Figure 2.3). A standard curve
representing biofilms grown for shorter time pedpds discussed previously, is likely to
demonstrate a linear relationship between absoeband bacterial concentration for
lower concentrations, as well. Moreover, the bagteoncentrations ikigure 2.8 reflect
the inoculum concentration and not the concentnadgiathe end of the growth period.
These data could be improved upon in future workdmtrifuging and serially diluting
the cells at the end of the growth period to deteenthe exact bacterial concentration at
that point in time. Determining the relationshigveeen absorbance and bacteria

concentrations provides an accurate quantitatiedyais of biofilm accumulation.
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Figure 2.8: Standard curvefor bacteria concentration and absor bance. Bacterial
solutions were serially diluted and then culturadytass coupons for 24 or 48 hrs.
Biofilm accumulation was assessed using the matid@orimetric assay using 6 mL of
acetic acid at a 492 nm excitation wavelength.n&dr relationship between bacteria
concentration and absorbance was observed fordoigbentration, 7-9 Lag CFU/mL.
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2.4 CONCLUSION

An established colorimetric assay for quantifyimgfilms adherence to tissue
culture plates was proposed as a valid methoddofying cleaning procedures required
for reprocessing. However, parameters that argvkrto impact biofilm accumulation,
material selection and fluid flow conditions, haw@ been previously considered in
colorimetric assays for detecting biofilm. This ptexr demonstrated modifications
required for this assay to adequately quantifyilmmof§rown on large surface areas. From
experimental data, it can be concluded that a 6/alitme of acetic acid and a 570 nm
excitation wavelength together provide a highlyssiare detection method for biofilms
stained with CV. The high sensitivity of this caloetric assay makes it ideal for
detecting biofilm on reusable medical devices witmplex design features.

Despite the high degree of sensitivity of the doh@tric assay, significant
differences in biofilm accumulation between matenaere not observed. The biofilm
growth curve demonstrated that in order to detigciifecant differences in biofilm
accumulation on the various materials, biofilm gtiotvme should be reduced to 8 hrs or
less. Further data is needed to determine if sggmit differences in biofilm
accumulation on the different materials can beaetkusing the 8 hr incubation time.

In conclusion, the experimental work presentedhis $tudy confirmed that the
modified colorimetric assay is a high sensitiviggay with potential to detect biofilm
accumulation on reusable medical devices. Therigglin this study also show that
while material selection and flow conditions may have an effect on biofilm

accumulation, biofilm growth conditions do as wétl this regard, for future work it



would be important to assess variation in biofilmwgth conditions, such as time, and

how it may effect biofilm accumulation on reusabiedical devices.
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CHAPTER THREE
CONFOCAL IMAGING AND QUANTITATIVE ANALYSIS OF BIOFILMS ON
NON-TRANSPARENT MATERIALS
3.1 INTRODUCTION

Confocal laser scanning microscopy (CLSM) is angm@ technique used for
obtaining high-resolution optical images at varidepths of a sample to generate 3D
reconstructions. CLSM is advantageous for biofinaging because it can provide real-
time analysis of biofilm in a natural, hydratedtstdn this regard, biofilm structure can
be preserved providing enhanced understandingatiesheterogeneity, architecture, and
morphology. In addition, thin optical sectioningtb€& biofilm can semi-quantitatively
assess variations in biovolume, thickness, andlitiglwhen appropriately labeled.
Confocal imaging has been used extensively foryatigdvariations in biofilm in
differing physical and chemical environments foraaiety of applications [27].

While confocal imaging has been primarily a sematjitative method for
investigating biofilm structure, developments irame processing have refined
guantitative outputs from CLSM images [27, 28, 298ing image-processing software,
such as Image J (National Institutes of Healthilgtion intensities of biofilm with
fluorescent staining can be quantified. The previchapter discussed the development of
a modified colorimetric assay and its potentiallegagion in cleaning protocols required
for reprocessing reusable medical devices. Reballcolorimetric assay utilizes a
crystal violet stain that binds to bacteria celllgvaf both live and dead bacteria and the

amount of crystal violet bound to adhered biofilam®e quantitatively assessed through
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absorbance. Comparing absorbance measurementstansity ratios for a given biofilm
could demonstrate a direct relationship betweertdh@imetric assay and confocal
imaging effectively validating the modified coloratnic assay as a method for detecting
biofilm accumulation on reusable medical devices.

However, in order to obtain accurate quantitatisggdfluorescent imaging
techniques for biofilms needed to be optimizedoudh there are many published
methods for imaging biofilm using CLSM, there aggvfthat observe biofilm grown on
non-transparent materials. Scanning electron noomg (SEM) is a commonly used
imaging modality because it can provide high-resofuimages of cellular morphology
on non-transparent materials. However, because &Nres fixation it can alter
structure and cellular spatial variation within thiefilm [30]. Implementation of a glass
interface, whether through cover slipping or a gdsttom petri dish, has been shown to
be an effective method for CLSM imaging of biofibn non-transparent materials [31].
The objectives of this study were to demonstrai@gimg processing of fluorescent
intensities as a means to quantify biofilm accummfaand to optimize biofilm imaging
techniques for biofilms grown on non-transparentamals through a step-wise

approach.
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3.2 MATERIALS AND METHODS

Bacterial species/strains and culture preparation

Staphylococcus epidermidis ATCC 12228 stock cultures were streaked on Tryptic
Soy Agar (TSA) plates and incubated overnight &C3i6 obtain isolated colonies. A
single colony was transferred to 30 g/L Tryptic &pth (TSB) media and grown
overnight in a shaker incubator at 37°C and 125 tanhigh inoculum concentration of
approximately 9 Logy CFU/mL. The overnight cultures were used to inoteuthe
experimental coupons. Stock cultures were frozehirof 20% sterile glycerol and

media. Bacteria were recovered in 10 mL of medahianubated for 24 h at 37°C.

Live/Dead assay verification on glass-bottom fluorodishes

A glass-bottom fluorodish (Model No. FD35-100, WbRrecision Instruments,
Inc., Sarasota, FL) was inoculated with 1 mLSo&pidermidis inoculum at a high
inoculum concentration of approximately 9 Le§@FU/mL and incubated overnight at
37°C. Biofilm was stained with a fluorescent viglistain (FilmTracer™
LIVE/DEAD® Biofilm Viability Kit, L10316, Invitrogen) according to the
manufacturer’s instructions. Biofilms were exciteith a white light laser at 480 nm and
535 nm excitation wavelengths using a 63X oil-imsman lens (HcPI APO CS2 NA1.4)

with the Leica SP8X-MP confocal microscope (Leicefdsystems, Buffalo Grove, IL).
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Cover dlipping verification on rectangular glass coupons

The edges of glass coupons (25 x 75 x 1 mm) weserfiasked with Teflon tape
to prevent biofilm growth where the coverslip woldter be adhered. Coupons were
placed in sterile petri dishes, each containingnl5of 30 g/L TSB. Coupons were
inoculated with 1 mL o8& epidermidisinoculum at a high inoculum concentration of
approximately 9 Logy CFU/mL and incubated at 37°C for 48 hrs. Coupongwe
removed and rinsed in filter-sterilized water tove any planktonic cells. Biofilms
were stained with a fluorescent viability stainliiFiracer™ LIVE/DEAD® Biofilm
Viability Kit, L10316, Invitrogen) according to threanufacturer’s instructions. The
Teflon tape was removed and glass coverslips wérea using Valup wax. Biofilms
were excited with a white light laser at 480 nm &88 nm excitation wavelengths using
a 63X oil-immersion lens with the Leica TCS SPEi¢haViicrosystems, Buffalo Grove,
IL) and a 20X lens with the Leica SP8X-MP conforetroscope (Leica Microsystems,
Buffalo Grove, IL). Various laser, stitching, andstack configurations were applied for

determining optimal image settings for cover-slighpgofilms.

3.3 RESULTS AND DISCUSSION

Biofilms were initially grown and imaged in a glassttom fluorodish to provide a
standard for comparison to biofilms grown on namgparent materials and imaged
using a cover slipping method. Biofilms were stdimath a viability stain using syto 9
and Propidium lodide labels. Syto 9 is a DNA birgddye that indicates live cells

through green fluorescence emission, while propndiodide is a DNA binding dye that
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only penetrates permeabilized membranes and irdickad or dying cells through red
fluorescence emission. 3D reconstructions of télin demonstrated a biofilm
approximately 4Qum thick Figure 3.1-A, B). Additionally, the maximum intensity
projection image irfrigure 3.1-C showed high pixel intensities (orange/yellow psjel
throughout the biofilm. This result indicated a liWfefmed and spatially diverse biofilm
and provided preliminary verification of the stagiand imaging techniques.

Aim Il (Figure 1.1) of this thesis sought to develop methods for ttatively
assessing biofilm accumulation using CLSM. To aehighis aim, individual slices of the
3D reconstruction were analyzed using image praogs®ftware, Imaged. High-
resolution, RGB images from each fluorescent chiamaee captured and converted to 8-
bit grey scale images. Background fluorescencesubsacted from each grey scale
image using the Rolling Ball method at a 10-pbeglius. The Otsu Threshold method
was applied to detect edges in intensity to cradimary mask for both live and dead
channels. The binary mask is a black and white @wvalgere black pixels represent signal
and white pixels represent no sigriaidure 3.2). From the binary mask, pixels were
counted as regions of interest (ROI) to determelecounts and percent area of cell
coverage. Percent area was calculated based awvehage size of the ROI. ROl size
varied from large clumps to discrete particles assalt of stainingKigure 3.2). The
guantitative outputs for a single slice at A are shown i able3.1. There were
significantly more live cells than dead cells, 3%hd 908, respectively. Considering
area coverage, live bacteria covered 82% of thee@f00um x 200um area, while

dead bacteria only covered 18% of the defined &egarall, these data confirmed the
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image processing methods were an accurate metrephtuify cell counts within a 3D
biofilm sample. These data could be obtained ferethtire 3D stack through automated
processing, which would provide quantitative infatran related to total biofilm

accumulation.
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Figure 3.1: 3D CL SM images of S. epidermidis biofilm at 63X magnification on
glass-bottom fluorodish. A) and B)3D Z-stacks of biofilm stained with BacLight
viability assay that labels live cells green anddleells red. C) A maximum intensity
projection of z-stack highlights presence of higtensity pixels in variations of orange
and yellow. Image scale is 2@én x 200pum.
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Figure 3.2: Processed CL SM images of S.epidermidis biofilm at 9.9 um. CLSM
images were converted to binary (black and whiteggges using ImageJ software. (Top)
Initial and binary images of live bacteria cellaised with syto 9. (Bottom) Initial and
binary images of dead bacteria cells stained witipidium iodide.lmage scale is 20@n

x 200pum.
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Table3.1: S. epidermidis biofilm cell quantification at 9.9 pm slice of CLSM 3D Z-

stack. Image processing outputs yield a total particlentad 2,831 cells with 68% being
live cells and 32% being dead cells. Considerimgvidriation in size of the ROI, % area
of cell coverage for 200m x 200um area was also determined. Live cells covered 82%
of the defined area, while dead cells covered 18%edefined area.

Average Size of
Slice Count % Cells ROI Total Area % Area
Live 1,923 68 1,327,207 2,552,218,241 82
Dead 908 32 635,744 57,725,591 18
Total
Cells 2,831
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Aim Il (Figure 1.1) of this thesis sought to apply imaging methoadifofilms on
non-transparent materials. In this regard, varteabniques were implemented to obtain
optimal biofilm images. In order to image biofilmaa non-transparent materials a cover
slip is required to provide a glass interface fght transmission to the sample. To
adequately adhere the cover slip to the couporowitbompressing the biofilm, Teflon
tape was first applied to the coupon to mask iofirowth. Prior to imaging, the Teflon
tape was removed and Valup wax was applied to #fexedges of the glass cover slip to
the coupon. While the tape and wax method did ivgrxherence of the coverslip and,
subsequently, focus, there were two distinct chgls associated with this method. First,
placement of the coverslip in a perfect, level mia¢ion was difficult. As a result, there
was a “tilt effect” which caused variation in detsgt intensity throughout the sample.
Laser settings should be optimized for a givenilomobased on the staining method and
substrate material. However, when scanning irztpkne those specified settings were
not captured when there were changes in the zndistaetween the coverslip and the
biofilm. This variation resulted in loss of sigraald, subsequently, gaps in the detected
intensity. Figure 3.3 demonstrates the gaps in detected intensity sigrdth the green
and red fluorescent panels where there was notaeteo the 0-6Qum region in the x-
direction and then apparent detection in the 60120@egion in the x-direction. For

imaging processing this would yield significantagrn the quantitative data outputs.
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Figure3.3: 4 x 4 tilescans of S. epidermidis biofilm on rectangular glass coupon at
63X magnification. A) Syto 9 fluorescent label (live cells) B) Propidi lodide
fluorescent label (dead cells). C) Differentiakirierence contrast image D) Overlay of
images A-C. Image scale is 20® x 200um.
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The images shown iRigure 3.3 were taken as an automated stich of a 4 x 4 tiled
region within the biofilm sample. It was thoughatieducing the area of the tiled region
would mitigate the “tilt” effectFigure 3.4 shows a 3 x 3-stitched region where improved
detection was observed. However, this image inttedwanother observed artifact: “the
puzzle piece effect.” Stitching is a way to autoenatage capture so that a statistically
significant region of the biofilm can be analyz&tlis method ensures imaging of regions
in the middle, as well as regions on the edgeb@biofilm. However, because the
biofilm sample was sparse and non-uniform the sariévdid not have an accurate frame
of reference to stich the correct pixétsgure 3.4 shows severe discontinuity in the third
tiled region. Discontinuity in the stitch would keait difficult to accurately
guantitatively assess the biofilm. To address ttwsechallenges biofilm samples were
imaged at a lower magnification, 20X. A lower mdgaition would result in less distinct
morphology, however, it would allow capture of eglaregion without having to modify
laser settings, thereby, potentially reducing tifiece of the cover slip tilt and the
discontinuity in stitching. Despite this, biofilrmaged at 20X showed significant
artifacts in the intensity in both the green amdiffeorescent panels, as showrFigure
3.5. Intensity variation could be observed even withsirayle tiled region of biofilm.
Overall, these methods resulted in poor qualitygesawith intensity artifacts that would

yield inaccurate quantitative assessment of albiacfample.
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Figure 3.4: 3 x 3tile scans of S.epidermidis biofilm on rectangular glass coupon at
63X magnification. A) Syto 9 fluorescent label (live cells) B) Propith lodide
fluorescent label (dead cells). C) Differentiakeirierence contrast image D) Overlay of
images A-C. Image scale is 20@ x 200um.
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Figure 3.5: 5x5 tile scans of S.epidermidis biofilm on rectangular glass coupon at
20X magnification, A) Syto 9 fluorescent label (live cells) B) Propidi lodide
fluorescent label (dead cells). Scale bar is agprately 50um. C) Overlay. Each

section is approximately 6Q0n x 600um.
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3.4 CONCLUSION
A step-wise approach for optimizing imaging teclugig) was used to image biofilms
on non-transparent materials, quantify the amotibaoteria cells present throughout a
full-thickness biofilm, and localize the live/deeéls relative to the coupon substrate.
Using publically-available imaging software (Imapadd common image processing
techniques for thresholding and masking, it wasibs to determine percent area of cell
coverage within the biofilm distributed over thdstrate surface area. Overall, the image
processing methods were suitable for quantifyingooeints within a 3D biofilm sample
and could be used to gain quantitative informatedated to total biofilm accumulation.
While an optimal method for imaging biofilm on racgular glass coupons was not
defined, this approach generated a clearer unaelistaof the realities of biofilm
imaging using CLSM. Glass-bottom dishes providedable interface for imaging
biofilm on non-transparent materials without digmg the film, whereas, cover slipping
was cumbersome and resulted in many image artifagisoposed solution for
optimizing biofilm imaging technigues on the maaédoupons described in this thesis is
to redesign the rectangular coupons machined &dtip flow reactor to a more suitable
configuration for a glass-bottom fluorodish. Optimreethods for imaging biofilms on
non-transparent materials are necessary for ohtaagcurate quantitative data for
assessment of biofilm accumulation. Proof of-cohcdapa showed that image processing
of biofilms could quantify pixilation intensities determine biofilm accumulation. This

data could be used in the future to validate therooetric assay for detecting biofilm
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accumulation for high-throughput industry validatimethods for cleaning of reusable

surgical instruments.
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CHAPTER FOUR

ENGINEERING AND COMMERCIAL SIGNIFICANCE

4.1 INTRODUCTION

The broad objective of this thesis was to delivemaple, cost-efficient method
suitable for detecting biofilms on complex reusahkdical devices in a high-throughput
industry setting for the purpose of validating dieg methods required for reprocessing.
The purpose of this chapter is to demonstrateigmefieance of the broad objective as it
relates to improved outcomes of medical deviceasgssing.

Engineers seek to design for function and perfooeant their product. End-user
needs are identified and designs are manifestatetd those needs. For reusable medical
devices, the paradigm for device design shouldalgly concern function and
performance. Instead, design decisions need tcecomeducing biofilm accumulation
and improving feasibility for cleaning. As discudse Chapter 1, reusable medical
device designs should consider reprocessing frenvehy early stages of device
development. The first objective of this chapteisiemonstrate the impact of design
considerations, such as geometry and surface &»darbiofilm accumulation and the
resulting implications for medical device reprogegoutcomes. The second objective
of this chapter is to demonstrate the colorimetgsay as a simple, inexpensive method

to improve both human factors and cost consideratior reprocessing.



4.2 DESIGN CONSIDERATIONS FOR REUSABLE MEDICAL DERES

Geometry and fluid flow phenomena

The behavior of fluid flow can be described asegiflaminar or turbulent. At low
velocities fluids tend to flow without lateral ming and there are no crosscurrents or
eddies [32]. This flow regime is described as laaniit higher flow velocities mixing
does occur resulting in crosscurrents and eddias. flow regime is described as
turbulent [32]. The conditions under which fluidW transitions from the laminar regime

to the turbulent regime are defined by a unitlesameter, Reynolds number (Re):

_DVp
7

Re (1)

where D = diameter of the tube
V = average linear velocity of the liquid

p = density of the liquid

u = viscosity of the liquid
Flow is always within the laminar regime for Reyi®humbers less than 2,100 and
within the turbulent regime for Reynolds numbersager than 2,100 [32].

As discussed in Chapter 2, many reusable surgeates will operate under flow
conditions. A principle example is the flexible esdope. Flexible endoscopes have been
used in minimally invasive surgery since the 19(3. However, it wasn’t until 1988
that the American Society for Gastrointestinal Eswbpy in conjunction with the

American College of Gastroenterology publishedfits¢ guidelines for cleaning and

disinfection of Gl endoscopes [33]. Flexible endygses have unique designs, which
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make them especially challenging for reprocesstansequently, they have been studied
extensively in regard to cleaning methods.

There are a wide variety of flexible endoscopes dna specified for many
different surgical applications. Some flexible esclapes are used only for viewing and
diagnostic purposes, while some are designed witlduits for laparoscopic instruments.
Despite the variety in application, flexible endmges generally have the same basic
structure and function. There are three main coraptsn the control section, the
insertion tube, and the connector section [34]e @bntrol section is where the operator
can control the primary functions of the devicebsas, angulation of the instrument tip,
suction, water flow, and image capture. Additiopglhe control section provides the
entry point for auxiliary tools. The insertion tuisea flexible shaft that allows passage of
the auxiliary tools, as well as suction and fluEmally, the connector section attaches
the endoscope to the electrical, £&ir/water, and light sources [34]. The most caiti
feature of the flexible endoscope, as it relatdsiafilm formation, is the suction/biopsy
channel. The suction/biopsy channel is primarilgcito remove blood and tissue. For
this reason, it is the most likely component offle&ible endoscope for biofilm
accumulation to occur. For the purpose of providirfgst-level understanding of fluid
dynamics through a flexible endoscope the suctiopfy channel has been simplified
into a smooth pipe model with one-dimensional flaw shown irfFigure 4.1.

A principle mathematical property of flow dynamisscontinuity, or conservation

of the mass flow ratd;}l The mass flow rate is a function of fluid densy, (velocity (v),

and the cross-sectional area of the pipe (A). Where
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y (2)
M = pVvA
Conservation of mass flow states the rate of massih is equal to the rate of mass flow

out, 3)

Zm M = ZOUT M

UsingFigure 4.1 as a model for one-dimensional flow through aisadébiopsy
channel of a flexible endoscope in combination wiborted inner diameter
specifications and a volumetric flow rate from coermalized products a representative
flow regime through a flexible endoscope channallwa characterized.

To characterize the flow regime through the modeihnel, the flow velocity
must first be determined. The fluid velocity isidefl as the volumetric flow rate divided

by the cross sectional area of the channel,

V= @)

> |O

d2

NIy

where, A=

®)
From Equations (2), (3), (4) and (5) the flow vétpcan be derived. The fluid

density and the diameter are constant througheupitie, therefore,
Qin — Vout A out (6)

The fluid velocity,v, and the known diametet, are used to solve for Re using

Equation (1).
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suction outlet

j’\\ suction/oiopsy channel

direction of fiow

Figure 4.1: Schematic of blood flow through suction channel of flexible endoscope.
In this model flow is one-dimensional, the pipsmsooth with a constant diameter, and
the mass flow rate is conserved.
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From a design point, it is important to considext tthecreasing the channel
diameter of the scope is optimal for many minimailyasive procedures. Manufacturers
of flexible endoscopes often have a product linestn” or “ultra slim” scopes where
channel diameters specifications are altered toraotodate more precise laparoscopic
instrumentation. To demonstrate the effect of @nvariations on fluid flow
conditions a variety of endoscope diameters warerporated into the model and
mathematical equations to yield corresponding Rieimoumbers and flow regimes.

Table 4.1 shows that for a constant volumetric flow ratea®Qthe inner diameter
(ID) of the channel decreases by 3.8 mm, the Relgnmlimber increases by a factor of
10. The flow regime produced by these conditiortarisulent. As noted by Pereira, et.al
(2002) biofilms grown under turbulent flow tendide denser and more strongly adhered
to their substrate compared to biofilms grown underinar flow [25]. Purevdorj, et.al
(2002) also observed that turbulent biofilms temébtm large streamlined patches in a
confluent monolayer with some filamentous strearf@si It is evident that under
turbulent flow there is greater accumulation offitno [24,35]. Devices that are designed
to meet a “slim” or “ultra slim” specification witlypically operate under turbulent flow
and, so, must also consider the resulting effefdsadilm accumulation.

A simplified model facilitates the understandinglafd dynamics through a
straight channel. However, in reality flexible esdopes are not rigid pipes. Their
curvatures are complex, which is why they are suchallenge for reprocessing. An
interesting study by Drescher, et.al (2012) illasts how biofilm accumulation around

corners can cause catastrophic disruptions of fB8} Using a model microfluidic flow
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a system, Drescher, et.al (2012) showed that maditcumulation on pipe walls only
marginally affects flow rate through the channeikver, biofilm streamers that form
under turbulent flow around corners rapidly expand drastically impede flow [36].
Rapidly expanding biofilm streamers in curved regiof a flexible endoscope has
considerable consequences not only on the operfigystem, but also for cleaning
during reprocessing.

The complexity of biofilm hydrodynamics creates manestions for researchers
as they seek to understand how biofilms changeauiiying environments. Fully
understanding variation in biofilm structure conts to elude researchers, yet for many
applications it will provide the answers neededifiqproving industrial systems. For
reusable surgical instruments, specifically, gv&dent that fluid flow phenomena
impacts biofilm accumulation and, therefore, mustbnsidered in the engineering

principles related to design of these devices.
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Table4.1: Variationsin Reynolds number and flow regime with changein inner
diametersin flexible endoscopes. Inner diameters of instrument channels and
suction/biopsy channels from a variety of comméircevailable flexible endoscopes
[34] and a volumetric flow rate from a commerciadyailable endoscopic suction pump
[37] were used to determine variations in Reynalaisiber and flow regime.

Constants _D(mm) | D(m) | V(m/s) | RE | Regime

Q [L/min] 20 4.8 4.8E-03 18.4 26677 Turbulent
Density, Blood [Kg/m3] 1056 4.2 4.2E-03 24.1 30488 Turbulent
Viscosity, Blood [Pa s] 3.5E-03 4.0 4.0E-03 26.5 32013 Turbulent
3.8 3.8E-03 29.4 33698 Turbulent
3.2 3.2E-03 41.4 40016 Turbulent
3.0 3.0E-03 47.2 42684 Turbulent
2.8 2.8E-03 54.1 45733 Turbulent
2.2 2.2E-03 87.7 58205 Turbulent
2.0 2.0E-03 106.1 64026 Turbulent
1.8 1.8E-03 131.0 71140 Turbulent
1.2 1.2E-03 294.7 106710 Turbulent
1.0 1.0E-03 424.4 128052 Turbulent
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Surface texture

Material characteristics, specifically surface rongss, are known to have an
impact on biofilm accumulation. In this thesis, fililm accumulation was quantified on
four different materials with varying surface ronglss (316L Stainless Steel= 0.3ug,
Polycarbonate= 0.04m, Polypropylene= 1.7dm, and Silicone Rubber= 0.308&). It
has been previously discussed that biofilm accunamas greater for rough materials
compared to smooth materials. However, Wu e8l11) highlights, more specifically,
the effect of surface texture on biofilm accumuat[31]. Wu, et al. investigated the
differential response @.epidermidis and osteoblasts to varying surface modifications to
titanium femoral stems. Four different surface miodtions with varying surface
roughness were compared: polisheg=R006um), satin (R = 0.830um), grit blasted
(Ra=11pum), and plasma sprayed £33 um) (Figure 4.2).

Using CLSM, Wu, et al. analyzed percent coveraggapidermidis on each
substrate and found the satin finish had the higheent coverage followed by grit-
blasted, plasma-sprayed, and then polished. Ththegplasma sprayed finished was
significantly rougher compared to the satin finighy, et al. (2011) demonstrated that the
surface texture profiles of these two finishese@dramatically.

The satin texture profile is macroscopically smodbtlt microscopically has a
lateral roughness profile with concave valleys thatease the bacteria-surface contact
area [31]. In contrast, the plasma sprayed texitoBle is very macroscopically rough
with curvature profiles that are low and convexjchhare considerably larger than the

bacterial cell [31]. Essentially, Wu, et al. (20Ebpws that bacterial adhesion increases
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more when the surface texture profile is well mattto the bacteria morphology. In his
analysis of osteoblast response, Wu, et al. (2fiil)d contrasting behavior in the
colonization of the osteoblasts. The osteoblastsostrated higher percent coverage on
the plasma sprayed surface finish compared toatne nish. Overall, the surface
modifications vary in roughness, but it is the eliéinces in the macroscopic and
microscopic surface profiles that impact biofilncamulation.

Interested in biomaterials-associated infectiona emding failure mode of
implants, Wu, et al. (2011) aimed to investigatithportance in roughness not only to
osseointegration, but also to bacterial adhesiganiim surface modifications were
originally incorporated into femoral stem desigraaseans to promote osseointgerance
to preclude loosening and improve implant stabilltigrough his results, Wu et al. (2011)
eloquently illustrated that design choices thattargeted towards improving device
function and performance can have underlying ingpilons for biofilm formation.
Understanding the effect of design choices as gmear must be well understood when
designing reprocessed devices.

In surgical instrumentation, surface texture cambegrated into the design to
augment device performance and improve surgeorriexge. For example, texture can
be incorporated into ergonomic handle designsfdatire more comfortable grips
during long procedures [38]. Surface textures am@a to improve grip for soft tissues,
which is important for biopsy forceps [38]. Addmially, more dramatic texture
modifications can increase tactical sensitivitywmstn the surgeon’s hand and the

instrument, which helps to reduce applied prestutike surgical site [38]. For devices
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that will be reused, it is imperative to fully umdand the implications of texture and

how it may impact biofilm accumulation.
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Polished
Satin wwaw A AT

Grit Blasted /\/\/_\\

Plasma Sprayed

Figure 4.2: Schematic of thetexture profiles of four titanium surface modifications
(adapted from Wu, et al. 2011) [31]. Polished &ssmoothest (R0.006um), followed
by satin (R = 0.830um), grit blasted (R=11um), and then plasma sprayed#£B3 um).
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4.3 HUMAN AND ECONOMIC FACTORS FOR REPROCESSING REABLE
MEDICAL DEVICES

Human Factors

When reprocessing reusable medical devices, huataor§ matter. As discussed
in Chapter 1, OEMs are required by the FDA to plewalidated reprocessing protocols
and IFU documents for every reusable device. THede are intended to provide
detailed instructions according to standardizechout for how to reprocess the specific
device. However, lack of specificity, complicatedtructions and discrepancies from
standardized methods have made it extremely diffioifollow manufacturers’
instructions [13]. The Central Sterile Processirgp@rtment at Johns Hopkins
reprocesses at least 14,000 different reusablee®vDespite this large inventory,
reprocessing technicians at that facility admiwtorking from memory or hearsay
because of the confusing nature of the IFUs [18Fite that the FDA requires
validation testing for human factors in reproceggotocols, there is still cause for
concern in the execution of reprocessing methodsdgnd-user. In a recent study
conducted by Jolly, et al. (2011) 24 nursing stislerere asked to reprocess an
endoscope as an independent task using the mamgidstinstructions. The study
reported that none of the 24 participants were &bfeprocess the endoscope without
error [39]. As the first published usability te88] for reprocessing reusable medical
devices, it clearly makes the point that therehamaan factors issues related to
reprocessing.

The focus of this thesis was to improve methodvé#&bidating cleaning protocols

required for reprocessing. Recognizing that hunaatofs do matter in reprocessing, an
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effective method that could provide simple and Higtoughput verification testing of
cleaning was investigated. The colorimetric assdgidwalue in its ability to provide a
simple “yes” or “no” detection of biofilm accumuian, while also being easy to execute.
Jolly, et al. (2011) determined that one of the¢hmreasons for the observed error in
reprocessing was inconsistent or lack of feedb3@6k Participants reported that they had
no way of knowing if what they were doing was cotreEssentially, there were no
feedback controls in place. A potential industrplagation for the colorimetric assay is a
system control for ensuring adequacy in cleaningroyiding real time feedback.
Current validation methods require intensive, ekfsrel methodology such as soill
extraction from the device and subsequent fluorgsoeaging or biochemical testing or
direct testing of the soil on the device using oadiclide sampling [13]. For a central
sterile supply unit reprocessing 14,000 devicasexample, this type of methodology
simply is not feasible in real-time. The industycurrently calling for improved methods
in detecting bioburden on reusable devices [13]b4his regard, a simplistic approach is
what is needed to address the human factors ifisaieare a primary cause of improper

reprocessing.

Economic Factors

As discussed in Chapter 1, the economics of repsnog are not favorable for
OEMSs’ business needs. OEMs are held to high stdadar producing validation testing
for a process that actually results in decreasefit pnargins for the product due to

reductions in repurchase by the end-user. The &lpssd equipment and materials
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required for the validation testing are not capit@ OEM sees as a worthwhile
investment, as a result, this type of testing mdally contracted out. Contract testing can
quickly become very expensive. Moreover, FDA guites strongly suggest destruction
testing for devices with small lumens or tight nfieees to ensure adequate cleaning [14].
This is another loss of revenue for the OEM. TIss lof revenue combined with the high
costs associated with rigorous validation testeguired for reprocessing makes medical
device reprocessing an unfavorable economic busimeslel for OEMs. Recognizing the
cost associated with reprocessing for the manufactthis research sought to develop a
cost-effective method for detecting biofilm accuatidn on reusable medical devices.
Providing a cost-effective method for OEMs to impént during validation testing

would reduce the economic burden on OEMs and likefyrove the validation data
required for proving safety and effectiveness pfoeessing protocols.

The studies presented in this thesis implementéduddocolorimetric assay and
confocal laser scanning microscopy (CLSM) for qifgimtg biofilm accumulation on
medical device materials. A comprehensive evaluatitthe costs associated with the
experimental work for both methods (as presentéchapters 2 and 3) was conducted to
provide a realistic valuation of each method. Thgctive of this analysis was to
characterize the cost-effectiveness of both thergsuoktric assay and CLSM.

Several assumptions were included in the cost arsal¥) A confocal microscope
would not be purchased as a capital expense fcCltl$M method. A conservative cost
estimate for a confocal microscope is on the oofi&100,000. In addition to the capital

cost of a confocal microscope, recurring costsriamtenance and operation would make

80



this an impractical purchase for an OEMable 4.2). 2) A single experiment, n,
represents the analysis of eight coupdrab(e 4.4). 3) The number of experiments
conducted in one year is 50dble 4.5). This was determined by the live/dead assay.
When stored according to manufacturer’s instructithe live/dead assay will remain
stable for on year. The total number of reactitrad ive/dead assay can yield is 100 and
the number of reactions required by each experinsemto. For this reason, it was
assumed the live/dead assay could sustain 50 exgets in one year. 4) The rinse
beakers used in the CV assay were a reusableli@neduld sustain a maximum of 10
experimentsTable 4.5). 5) Price fluctuation and inflation were not cmlesed for
projected yearly costg @ble 4.6).

Based on the expenditures related to each methdzbth capital and recurring
costs, a significant cost differential between ¢hiego test methods was observed. The
cost per experiment for the colorimetric assay $2&56, while the cost per experiment
for CLSM was $259.31T(able 4.4). The contract time for using the confocal miciyse
was the largest contributing cost for the CLSM gsial method, comprising 96% of the
total cost experimental cost. Despite the capikpkase of the microplate
spectrophotometer required by the colorimetric ystbes method yielded a yearly
savings in year one of 27%dble 4.6). In year two, the colorimetric assay yielded a
yearly savings of 96%l(@ble 4.6). It is clear that the colorimetric assay is siigantly
more cost effective compared to CLSM. The low @ssiociated with the colorimetric
assay enhances its potential for an industry relewveethod used for verification and

validation testing required for medical device E@ssing.
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Table 4.2 Capital expenditures. Capital expenditures included only a microplate
spectrophotometeEpoch™, BioTek® Instruments, Inc., Winooksi, ViEquired for
absorbance analysis as apart of the CV assay md®hicd determined from scientific
equipment distributor.

COLORIMETRIC ASSAY

Item Cost

Microplate Spectrophotometer $8,950.00

Table 4.3 Recurring costs. Recurring costs were calculated for all items resplito
conduct each method. Units and bulk costs wergméted from purchase orders made
during experimental work. Contract time for usihg tonfocal microscope was
determined from the rates established by the Clarhgght Imaging Facility for non-
student users.

COLORIMETRIC ASSAY

Item Unit Bulk Cost Cost Per Unit
Crystal Violet Stain Bottle (500 mL) $14.28 $0.03
200 pl Pipette Tips Box-960 tips $59.30 $5.93
Acetic Acid 2500 mL $34.36 S0.01
Staining Reservoirs 100pk $58.72 $S0.59
Rinse Beakers 100pk $46.41 $0.46

CLSM

Item Unit Bulk Cost Cost Per Unit
L/D Assay 100 reactions $354.00 $3.54
PTFE Tape 1 roll $3.92 $3.92
Valup 1 vial $50.00 $2.50

Contract Time 1 hour $125.00 $125.00

L/D: Live/Dead
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Table4.4 Total cost per experiment (n=1). The total cost per experiment was
determined from the number of units required tdya@aeight coupons (with an error
factor) and the cost per unitdble 4.3) For example, for eight coupons only 48 mL of

acetic acid was required, but extra may be consufreespill occurred.

COLORIMETRIC ASSAY
Item Units Used Per Experiment Cost Per Experiment
Crystal Violet Stain 32 mL $0.91
200 pl Pipette Tips 1 box $5.93
Acetic Acid 50 mL $0.69
Staining Reservoirs 2 reservoirs S1.17
Rinse Beakers 32 beakers $14.85
TOTAL $23.56
CLSMm
Item Units Used Per Experiment Cost Per Experiment
L/D Assay 2 reactions $7.08
PTFE Tape 1/4 roll $S0.98
Valup 1/2 vial $1.25
Contract Time 2 hours $250.00
TOTAL $259.31
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Table 4.5 Total cost per year (n=50). The total cost per year for each method was

calculated for the number of units of each itenunesgl to conduct 50 experiments. Only
160 rinse beakers were needed for one year becagsebeakers are a reusable item. It
was determined that if the beakers were propedsiredd and maintained between each
experiment they could be used for a maximum ofxiieaments.

COLORIMETRIC ASSAY

Cost Per Cost Per
Item Units Used Per Experiment Unit Units Needed for 1 Year Year
Crystal Violet Stain 32 mL $0.03 1,600 mL $45.68
200 pl Pipette Tips 1 box $5.93 50 boxes $296.50
Acetic Acid 50 mL $S0.01 2,500 mL $34.36
Staining Reservoirs 2 reservoirs $0.59 100 reservoirs $58.72
Rinse Beakers 32 beakers S0.46 160 beakers S$74.26
TOTAL $509.52
CLSm
Cost Per Cost Per
Item Units Used Per Experiment Unit Units Needed for 1 Year Year
L/D Assay 2 reactions $3.54 100 reactions $354.00
PTFE Tape 1/4 roll $3.92 12.5 rolls $49.00
Valup 1/2 vial $2.50 25 vials $62.50
Contract Time 2 hours $125.00 100 hours $12,500.00
TOTAL $12,965.50

Table 4.6 Projected yearly savings. Percent savings was calculated for year one,twhic
included the capital expenditures. It was assurierhpital expenditures would be paid
in year one and would not carry over into year tivaias also assumed that all yearly
expenses thereafter would be constant, as priceufition and inflation were not

considered.

Method Year 1 Year 2
COLORIMETRIC ASSAY $9,459.52 $509.52
CLSM $12,965.50 $12,965.50
Percent Savings (%) 27.0 96.1
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4.4 CONCLUSION

The broad objective of this chapter was to dematestsoth the engineering and
commercial significance of the research work presgm this thesis. From an
engineering perspective, reprocessing of reusabbhaal devices is a complex process
that requires careful consideration of device desiQevice geometry, fluid flow
principles, and material selection and surfaceasttaristics are all engineering factors
that can have a significant impact on biofilm acalation and, subsequently, effective
device reprocessing. From a commercial perspediivaan factors and cost matter in
medical device reprocessing. In order to sustaalityucontrol in reprocessing of
medical devices it is critical for reprocessing hoets to not only be repeatable and
reproducible, but to be easily monitored and traleeal’ he unique economic model of
medical device reprocessing places a financialduh OEMSs. For this reason, a cost-
efficient method for validation testing for cleagimethods is necessary for improving
reprocessing outcomes.

Safe and effective reprocessing is a result of ntamgributing factors: device
design, improved verification and validation methdor cleaning, IFUs that consider
human factors, and cost. In an effort to improweehgineering and commercial
considerations related to reprocessing, this wetlk/éered a simple, cost-efficient method
suitable for detecting biofilms on complex reusahkdical devices in a high-throughput

industry setting for the purpose of validating dieg methods required for reprocessing
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CHAPTER FIVE
CONCLUSION

Challenges associated with improper reprocessmgedated to the complexity of
reusable medical device design, validation of alegprotocols required by the FDA, as
well as human and economic factors. The broad tigeof this thesis was to deliver a
simple, cost-efficient method suitable for detegtimofilms on complex reusable medical
devices in a high-throughput industry setting fog purpose of validating cleaning
methods required for reprocessing.

Current methods for detecting biofilm accumulationmedical devices are
established; however, these methods lack apprepratsideration for the complex
design features of reusable medical devices. Artoktric assay widely used for
guantifying biofilm accumulation is suitable foretikomplexity of reusable medical
devices; however, its application has been limitediofilms grown in a tissue culture
plate, which does not accurately represent thegroeth conditions of biofilm.
Modifications of this colorimetric assay were nesa@y to appropriately stain biofilm
grown on large surface areas. Experimental workigoad a 6 mL volume of acetic acid
and a 570 nm excitation wavelength together pral/alighly sensitive detection
method for biofilms stained with CV. The high seivdy of this colorimetric assay
makes it ideal for detecting biofilm on reusabledinal devices with complex design
features.

A current, standard method for detecting biofilnswoulation, CLSM, can

provide accurate quantitative data through imagigessing techniques. Experimental



work demonstrated that pixilation intensities affdim with fluorescent staining can be
guantified using image-processing software, sudmagie J. Comparing intensity ratios
and absorbance measurements from the colorimesaydor a given biofilm could
demonstrate a direct relationship between the wteation modalities effectively
validating the modified colorimetric assay as ahmodtfor detecting biofilm
accumulation on reusable medical devices.

Once validated, the modified colorimetric assay patential for becoming an
industry relevant method for improving medical devieprocessing outcomése
industry is currently calling for improved methadsdetecting bioburden on reusable
devices. The colorimetric assay provides highlysgesity detection of biofilm and is
applicable to devices with complex designs. Addiidy, it is a simplistic approach to
validating cleaning protocols required by the FIMhich is what is needed to address the
human factors issues that are a primary causembiper reprocessing. Finally, the
modified colorimetric assay improves the finantiatden incurred by OEMs by
providing yearly cost savings of 96% when used aalidation method instead of
conventional confocal microscopy. Reducing cosse@sated with reprocessing creates
an incentive for OEM$ improve device designs for reprocessing andywedeasible
reprocessing protocols that can be adequately eegtauan industrial system.

In conclusion, this thesis presents a modified rwletric assay for detecting
biofilm accumulation on reusable medical devices tifers an innovative solution to

the current challenges associated with medicalcgengprocessing.
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APPENDIX A

RAW DATA FOR STATISTICAL ANALYSIS

Table A.1 Absorbance data and contributing effects variables. Data were analyzed
using a generalized linear model and a binomidtidigion to test for the effects of

material, inoculum concentration, flow conditionkannel position, wavelength, and
acetic acid volume on absorbance.
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Innoculum

. . Acetic Acid | Absorbance | Absorbance
Run Material Concentration Flow/Channel Volume[mL] 492 nm 570 nm
[Log1oCFU/mL]
1 SS 10.3 3 20 0.069
1 SS 10.3 5 20 0.547
2 SS 9.9 2 20 0.173
2 SS 9.9 5 20 0.351
3 SS 5.3 4 20 0.215
3 SS 5.3 5 20 0.415
4 SS 9.7 1 20 0.135
4 SS 9.7 5 20 0.519
5 SS 9.1 3 20 0.204
5 SS 9.1 5 20 0.136
4 SS 9.7 1 20 0.717
4 SS 9.7 5 20 3.454
5 SS 9.1 3 20 1.469
5 SS 9.1 5 20 0.998
1 PC 10.3 2 20 0.091
1 PC 10.3 5 20 0.114
2 PC 9.9 1 20 0.145
2 PC 9.9 5 20 0.134
3 PC 5.3 3 20 0.179
3 PC 5.3 5 20 0.095
4 PC 9.7 4 20 0.055
4 PC 9.7 5 20 0.551
5 PC 9.1 2 20 0.048
5 PC 9.1 5 20 0.129
4 PC 9.7 4 20 0.137
4 PC 9.7 5 20 3.52
5 PC 9.1 2 20 0.124
5 PC 9.1 5 20 0.823
2 PP 10.3 5 20 0.157
2 PP 9.9 4 20 0.151
2 PP 9.9 5 20 0.344
3 PP 5.3 2 20 0.211
3 PP 5.3 5 20 0.064
4 PP 9.7 3 20 0.263
4 PP 9.7 5 20 0.375
5 PP 9.1 1 20 0.185
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5 PP 9.1 5 20 0.175
4 PP 9.7 3 20 1.668
4 PP 9.7 5 20 2.634
5 PP 9.1 1 20 1.718
5 PP 9.1 5 20 1.508
1 S| 10.3 4 20 0.197
1 S 10.3 5 20 0.453
2 S 9.9 3 20 0.316
2 S 9.9 5 20 0.167
3 S 5.3 1 20 0.459
3 S 5.3 5 20 0.064
4 S 9.7 2 20 0.191
4 S 9.7 5 20 0.107
5 S| 9.1 4 20 0.05
5 S 9.1 5 20 0.075
4 S 9.7 2 20 1.086
4 S 9.7 5 20 0.528
5 S 9.1 4 20 1.469
5 S 9.1 5 20 0.375
6 SS 9.4 2 6 0.583
6 SS 9.4 5 6 0.445
7 SS 5.4 4 6 0.307
7 SS 5.4 5 6 2.375
6 PC 9.4 1 6 0.187
6 PC 9.4 5 6 0.234
7 PC 5.4 3 6 0.094
7 PC 5.4 5 6 0.849
6 PP 9.4 4 6 0.275
6 PP 9.4 5 6 0.374
7 PP 5.4 2 6 0.120
7 PP 5.4 5 6 1.134
6 S 9.4 3 6 0.156
6 S| 9.4 5 6 0.111
7 S 5.4 1 6 0.065
7 S 5.4 5 6 0.107
6 SS 9.4 2 6 3.650
6 SS 9.4 5 6 3.466
7 SS 5.4 4 6 2.721
7 SS 5.4 5 6 3.987
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6 PC 9.4 1 6 1.306
6 PC 9.4 5 6 2.225
7 PC 5.4 3 6 0.484
7 PC 5.4 5 6 3.646
6 PP 9.4 4 6 1.962
6 PP 9.4 5 6 3.355
7 PP 5.4 2 6 0.895
7 PP 5.4 5 6 3.702
6 S 9.4 3 6 0.878
6 S 9.4 5 6 0.800
7 SI 5.4 1 6 0.275
7 S 5.4 5 6 0.725

92




APPENDIX B

GROSS PHOTOS OF EXPERIMENTAL SET-UP

Influent
21 gauge neadle
Minjnert valve

Bacterial air vent

Channel
Effluent

Reactor stand oriented at
a 10-degree angle

FigureB.1 Drip flow reactor set-up insideincubator. Flow of TSB is delivered in
silicone tubing to each channel through the inftuteminert valve and 21-gauge needle.
Reactor is positioned at a 10-degree angle, whichiges gravitational fluid flow over
coupon inside each channel. Waste is removedfflugeet ports into a waste carboy (not
pictured).
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Inket media carbay with 20 |
gL TsB

E Dirip flow reactor ingide

Master Flax LS Pump Orive at 3.6 rom
(Modet Mo. 7553-B0. Cotla-Paimer)

Ensy Load Master Flex Pump Head (xd)
Model Mo, TE18-00, Code-Palmer) with
Mastar Flex sillcone and npopoens
ELAmG

Figure B.2 Laboratory set-up of peristaltic pump system and drip flow reactor.
Peristaltic pump system delivers flows of 3 g/L T@Bdia from inlet media carboy to
reactor at a flow rate of 0.92 mL/min/channel. Reats inside incubator at 37°C.
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AA: acetic acid
FigureB.3 lllustration of CV staining on coupons and corresponding CV solutions
in a 96- well plate. (A-D): Biofilms grown in DFR,(E-H): DFR biofilms stained with
crystal violet,(I-L): Biofilms grown statically(M-P): Static biofilms stained with
crystal violet. 96-well plate loaded with elutegstal violet from coupons pictures.

95



REFERENCES

1. Reprocessed Medical Devices Market- Global Induatrglysis, Size, Share,
Growth, Trends, and Forecast, 2014-2020. (2014nJparency Market
Research. (Web). http://globenewswire.com/news-
release/2014/09/17/666582/10098979/en/ReprocessekicdM-Devices-Market-
Expected-to-Reach-USD-2-58-Billion-Globally-in-20Z@ansparency-Market-
Research.html

2. Vukelich, D.J. (2012). Association of Medical DexiReprocessors Celebrates 15
Years of Cutting Healthcare Spending. Associatibiledical Device
Reprocessors. (Web). http://www.amdr.org/tag/etiiendo-surgery/

3. Association of Medical Device Reprocessors (20Thg Business Case for
Reprocessing. (Web). www.amdr.org/wp.../04/Busireéase-for-Reprocessing-
for-web.pdf

4. U.S. Food and Drug Administration. (2014). Reprsogs of Reusable Medical
Devices. (Web).
http://www.fda.gov/MedicalDevices/DeviceRegulatiod&uidance/Reprocessin
gofReusableMedicalDevices/default.ntm

5. Rutala, W.A et.al. (2008). Guideline for Disinfemtiand Sterilization in
Healthcare Facilities. The Center for Disease @batnd Prevention.

6. Donlan, R.M. (2002). Biofilms: Microbial Life on $faces. Emerg Infect Dis.
doi:10.3201/eid0809.020063

7. Dancer, S.J, et.al (2012). Surgical Site Infectibimked to Contaminated
Surgical Instruments. J Hospital Infection. 81:23B

8. Pinto, F.M.G, et.al (2010). Analysis of Microbiabad in Instruments Used in
Orthopedic Surgeries. Am J Infect Control. 38:233-2

9. John, J.F, Davidson, R.J, Low, D.E (2012aphylococcus epidermidis and Other
Coagulase-Negativ@aphylococci. Antimicrobe. (Web).
http://www.antimicrobe.org/new/b234.asp

10.Roberts, C.G. (2013). The Role of Biofilms in Reg@ssing Medical Devices.
Am J Infect Control 41:S77-S80

96



11.Tosh, P.K, et.al (2011). OutbreakRdgeudomonas aeruginosa Surgical Site
Infections After Arthroscopic Procedures: Texaf)20nfection Control and
Hospital Epidemiology. 32:12

12.FDA. (2004). Summary of the Medical Device User Bed Modernization Act
of 2002.

13.Vockley, M. (2011). Priority Issues from the AMMIIA Medical Device
Reprocessing Summit. The Association for the Adeament of Medical
Instrumentation.

14.U.S. Food and Drug Administration. (2011). Draftid&nce for Industry and
FDA Staff. Processing/Reprocessing Medical Devigdsealth Care Settings:
Validation Methods and Labeling.

15.Donlan, R.M. (2001). Biofilm Formation: A ClinicglRelevant Microbiological
Process. Clinical Infectious Diseases, 33,1387-92.

16.Maki, D, et.al (1977). A Semiquantitative Cultureetiod for Identifying
Intravenous-Catheter Related Infection. N Engl JM&96:1305-1309

17.Kite, P, et.al (1997). Evaluation of a Novel Enduloal Brush Method for in-situ
Diagnosis of Catheter Related Sepis. J Clin Pa8tR78-282

18.Donlan, R.M, et.al (2001). Protocol for DetectidrBmofilms on Needleless
Connectors Attached to Central Venous CatheteZéinIMicrobiol, 39(2):750

19.Zelver, N, et.al (2001). Development of a StandaediAntibiofilm Test.
Methods in Enzymology, 337:363-376

20.Joyce, E, et.al (2003). The Development and Eviaoaif Ultrasound for the
Treatment of Bacterial Suspensions. A Study of &eegy, Power, and
Sonication Time on CultureBacillus Species. Ultrasonics Sonochemistry, 10(6):315-318

21.Christensen, G, et.al (1985). Adherence of CoagtiNegative Staphyloccoci to
Plastic Tissue Culture Plates: a quantitative mémtethe adherence of
staphylococci to medical devices. J Clin Microb2#2(6):996

22.Rudolph, K. (2012). Course Lecture Material. Gehkfliarobiology. Clemson
University, Clemson, SC.

23.Buckingham-Meyer, K, et.al (2007). Comparative Eadion of Biofilm
Disinfectant Efficacy Tests. J Microbial Method$§(2):236-244

97



24.Kwansy, S, et.al (2010). Static Biofilm Cultures@fam-Positive Pathogens
Grown in Microtiter Format Used for Anti-Biofilm g Discovery. Curr Protoc
Pharmacol. 50:13A.8.1-13A.8.23

25.Pereira, M, et.al (2002). Effect of Flow Regimetba Architecture of a
Pseudomonas fluorescens Biofilm. J Biotechnology and Bioengineering, 78:2

26.Cunningham, A, Lennox, J, & Ross, R (2010). BioftBrowth and Development.
Biofilms: The Hypertextbook. (Web).
http://www.cs.montana.edu/webworks/projects/steveklontents/chapters/chap
ter002/section002/black/page001.html

27.Ross, S, et.al (2014). Quantification of Confocahges of Biofilms Grown on
Irregular Surfaces. J Microbial Methods. 100:110-12

28. Jefferson, K, et.al (2005). Use of Confocal Micigto Analyze the Rate of
Vancomyocin Penetration throu@aphylococcus aureus Biofilms. American
Society for Microbiology. 49(6):2467

29.Kuehn, M, et.al (1998). Automated Confocal Lasear$ing Microscopy and
Semiautomated Image Processing for Analysis ofilBist Appl Environ
Microbiol. 64(11):4115

30.An, Y.H, & Friedman, R.J. (1997) Laboratory MethddsBacterial Adhesion. J
Microbial Methods. 30:141-152

31.Wu, Y, et.al (2011). Differential ResponseSvdiphylococci and Osteoblasts on
Varying Titanium Surface Roughness. J Biomaterz2s4(951-960)

32.Mcabe, W, Smith, J, & Harriott, P (2004). Unit Ogions of Chemical
Engineering. (7 ed.). (pp.114-117). McGraw-Hill

33.Manivannan, G (2008). Disinfection and Contaminatierinciples, Applications
and Related Issues. (pp.177-193). CRC Press, Inc.

34.Varadarajulu, S M.D, et.al. (2011). Report on Enregd echnologies.
Gastrointestinal Endoscopy 74:1 doi:10.1016/j2§)#1.01.061

35. Purevdorj, B, Costerton, J.W, & Stoodley, P (2002fjuence of Hydrodynamics

and Cell Signaling on the Structure and Behavidpsafidomonas aeruginosa
Biofilms. Appl. Environ. Microbiol, 68(9):4457

98



36.Drescher, K, et.al (2012). Biofilm Streamers Ca@agastrophic Disruption of
Flow with Consequences for Environmental and Mddigastems. PNAS
doi:10,1073/pnas.1300321110

37.0lympus (2002). Olympus KV-5 Suction Pump. (Web).
http://www.olympus.co.uk/medical/en/medical_systdnedliacentre/media_detai
|_7490.jsp

38.Craig, D. (2012) Titanium Surgical Instruments. due University. (Web).
https://www.distance.purdue.edu/training/cssp/dg@S228.pdf

39.Jolly, J.D, et.al, (2011). Patient Safety and Repssing: A Usability Test of the

Endoscope Reprocessing Procedure. Human Factoisrgadomics in
Manufacturing & Service Industries doi:10.1002/H0886

99



	Clemson University
	TigerPrints
	12-2014

	Characterization of Biofilms on Medical Device Materials with Application to Reusable Surgical Instruments
	Amanda Macaluso
	Recommended Citation


	Microsoft Word - 326343_pdfconv_325997_D341BE1E-7CB5-11E4-8ADA-B713EF8616FA.doc

