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Abstract

Raw denim jeans are an emerging trend where a unique pattern of fading is created as
the jeans mold to the wearer’s body. Raw denim differs from traditional denim as it has not
been treated or washed before being sold to consumers. Brand new raw denim has been
suggested to be worn continuously without washing (at least six months) to preserve the
customized fades and marks. Minimal washing thereafter is suggested to reduce the effects of
degradation from laundering. As a result, practices to care and maintain raw denim jeans are
recommended on raw denim websites, one of which includes freezing the jeans in order to
reduce bacteria and unpleasant odour that may develop as a result of minimal washing.
However, the efficacy of freezing at reducing bacteria is unsubstantiated. Other alternative
refurbishing methods that may reduce bacteria are ironing and exposure to UV radiation
(sunlight). The purpose of this research was to examine three selected alternative refurbishing
methods in comparison to washing raw denim fabrics. An in vivo method was used to collect
bacteria on fabrics where human participants (n=6) wore raw denim fabrics on the posterior
forearm for 24 hours. Worn fabrics were subjected to refurbishing treatments. Aerobic bacteria
were extracted and plated on a non-selective microbiological media where viable bacteria were
counted and compared with the baseline counts (i.e., viable bacteria obtained from fabrics
immediately after wear). Findings show that the alternative refurbishing treatments were not as
effective at reducing bacteria as washing. Immediately after the treatment (0 hours), washing
had the highest bacterial reduction with all counts being below the limit of detection, and
bacteria did not grow during the 24-hour period post-treatment. Freezing was initially more
effective than ironing and UV radiation. However, over the additional 24-hour period post-
treatment bacteria grew more rapidly on denim fabrics that had been frozen, than those that
had been ironed or exposed to UV radiation. Despite the interest from raw denim enthusiasts to
refresh their clothing without the use of the washing machine, washing was the most effective

treatment for both initial and sustained bacterial removal.
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Chapter 1
Introduction
1.1 Background

Jeans are seen and worn almost everywhere and are a staple of many wardrobes; truly a
global textile (Miller & Woodward, 2012; Su & Tong, 2016; Wu & Delong, 2006). Consumers
have sought out jeans not only for their functional and utilitarian properties (Miller &
Woodward, 2007) but also for their fashionable and ever-changing appearance (Card, Moore, &
Ankeny, 2006; Rahman, 2015). While often referred to as an iconic American garment (Sullivan,
2007; Wu & Delong, 2006), ethnographic researchers have otherwise observed jeans commonly
worn among pedestrians in public spaces as diverse as London (Miller, 2010) and Shanghai (Wu
& Delong, 2006). Over time, the appearance of denim has been modified greatly as designers are
able to creatively alter denim garments, appealing to consumers through various applications
and treatments, adhering to emerging trends (Memon, 2014).

Denim treatments and finishes can drastically transform the appearance and feeling of
the original fabric. Many of these treatments were initially intended to soften the inherent
stiffness of denim to increase comfort and mobility for the wearer. Treatment methods are often
chemical or mechanical, evolving with the advancement of technology and desired creative
effects as well as the availability of required resources (DeLong, Koh, Nelson, & Ingvoldstad,
1998; Midha, Kumar, & Kumar, 2017). Common chemical treatments include, but are not
limited to, bleaching (discoloration of sections or the entire garment) (DeLong et al., 1998) and
enzyme washing (creating the appearance of texture on specific areas without degrading or
reducing the tensile strength of the fibres) (Tarhan & Sarusk, 2009). Mechanical treatment
methods include sand blasting, stone washing and grinding (Kan, 2015), which can fade the
garment in unique patterns. Acid washing is another popular treatment, combining chemical
and mechanical techniques (Kan, 2015). No acid is actually used; this process involves washing
the garment with the addition of pumice stones and bleach to reduce the stiffness of denim,
providing a softer feel. Prior to final distribution, traditional denim is often washed in a process

known as sanforization (Card et al., 2006; El-Ghezal, Babay, Dhouib, & Cheikhrouhou, 2009;



Kalaoglu & Paul, 2015). Sanforization can set the colour from wet fabric dyes, improve
structural stability (including shrinking before construction) and relax the rigid fabric (Coe,
2011; McKay & McKay, 2014). Notwithstanding the continued consumption and popularity of
jeans altered by the use of chemical or mechanical techniques, a recent trend has emerged in
response, devoid of these applications; it is referred to as raw denim.

Primary characteristics that distinguish raw denim (from its traditional counterpart) are
the coarse hand of the fabric as it is devoid of softening treatments (Coe, 2011), and the absence
of any mechanical or chemical applications. A dedicated raw denim subculture has developed
to discuss and enlighten consumers regarding raw denim (Coe, 2011; Stege Bojer, 2017). In
particular, the topic of cleaning raw denim is widely debated. Though some raw denim owners
wash and dry their garments as they would other laundry, others argue against this in support
of alternative solutions (Anonymous, 2014; Chad, 2011; Maxwell, 2016). Because raw denim is
not washed or treated during the production and assembly of the garment, the fabric is
susceptible to shrinkage, colour transfer and fading in high friction areas when washed by the
consumer (McKay & McKay, 2014). A unique garment is created as the jeans mold to the body
shape of the wearer, being influenced by the care and washing procedures more so than
traditional denim jeans. Additionally, minimal use of household washing machines has been
encouraged by environmentally conscious researchers (Laitala, Klepp, & Boks, 2012; McQueen,
Batcheller, Moran, Zhang, & Hooper, 2017) as a method to promote sustainable behaviours by
reducing the consumption of energy and water. The environmental benefits of using fewer
resources has been remarked by raw denim enthusiasts, as well, further reinforcing the
justification for reduced raw denim washing.

Since denim jeans (especially raw denim) are highly susceptible to influences such as
wet abrasion, heat, and friction produced by household machine washers and dryers, the
pursuit of alternative methods to clean or refresh the garment could lead to extending the life
and use of the garment. To minimize these effects, raw denim manufacturers and vendors have
suggested alternative ways for care and refreshment after multiple wears. Some suggest that the
first wash of raw denim should occur only after six months of continuous wear (Wolfe, 2015).

Refraining from early washing also allows the wearer to control the fading of the garment,



based on how it is worn and stored, contributing to the uniqueness of worn raw denim. Users
interested in maintaining their customized raw denim while being concerned with odour and
bacterial build up are encouraged by online media to incorporate alternative refurbishing
methods in place of conventional laundering practices (Anonymous, 2014; Chad, 2011). Should
the jeans be washed, then some users propose drying them in the sun instead of tumble drying
to protect against the heat and friction that may cause degradation (“Expert Denim Care,” n.d.;
Makers, 2015; McKay & McKay, 2014). Recently, sources within popular media have proposed
freezing raw denim as an alternative refurbishing treatment in place of laundering (Chad, 2011;
Levinson, 2013). However, there is some debate regarding the effectiveness of freezing raw
denim, as the evidence is largely anecdotal. Based on some online reviews, freezing is unlikely
to remove bacteria or odour (Philipkoski, 2011; Stege Bojer, 2017; Zielinski, 2011).

The practice of laundering clothing is part of the complex convention of cleanliness,
which includes frequent and common household actions (Jack, 2013; Pakula & Stamminger,
2010). Laundering practices are a crucial factor contributing to care and maintenance, which can
affect the longevity of clothing garments (Laitala et al., 2012; Pakula & Stamminger, 2010). Care
of some garments can become complicated, as is the case with raw denim jeans (Craig, n.d.;
O’Connor, 2016). The challenge of maintaining raw denim is exacerbated by the owner’s desire
for fresh and stain-free clothing (Klepp, 2003) as care directions discourage any laundering for
considerable periods of time (up to 6 months) (Chad, 2011; O’Connor, 2016). Concerns with
minimal laundering of garments after multiple wears may arise as stains, dirt, bacteria and
odour may build up.

Increased bacterial reduction has been achieved by ironing hospital and medical
uniforms where employees are required to home launder their garments (Bloomfield, Exner,
Carlo, & Scott, 2013; Patel, Murray-Leonard, & Wilson, 2006). Ironing imposes little abrasion to
raw denim, is low-cost, consumes few resources, and is widely available. Similarly, sunlight
exposure has been mentioned on raw denim websites as both a method for drying as well as for
reducing odour (Dylan, 2017; Fields, 2016). Focused ultraviolet (UV) light is frequently used for
sterilization. Examples include medical tools (Benson, 2002) and raw foods (Cilliers et al., 2014).

But its effectiveness on raw denim is unclear. Given the degrading effect of frequent laundering



of denim (McQueen et al., 2017), finding alternatives to the washing machine which are less

abrasive are of high importance for raw denim owners.

1.2 Statement of problem and purpose

Because common washing practices are often accepted without question, they are
repeated as part of a normal routine (Jack, 2013). While the practice of caring for delicate
garments has been widely developed and accepted, the proper method of care for raw denim is
widely debated. Arguments for avoiding laundering have been fuelled by considerations of
sustainability (Newman, 2011) and garment preservation (Maxwell, 2016). However, suggested
alternative methods of refurbishing such as freezing denim are unsubstantiated and even
criticized by other online sources (Cox, 2014; Zielinski, 2011).

Evidence supporting these claims is primarily anecdotal with little to no scientific
investigation carried out. As a result, consumers may be misled and believe that their raw
denim jeans have been “cleaned” when following such procedures. Therefore, the focus of the
research described herein was to explore the effectiveness of alternative refurbishing or

“cleaning” procedures on raw denim, systematically compared with laundering.

1.3 Research questions

The research questions were:

1) How effective are three selected alternative refurbishing methods (freezing, ironing
or UV) on reducing skin bacteria collected on denim when compared with conventional
laundering procedures?

2) How effective are three selected alternative refurbishing methods on maintaining low
bacterial populations on denim over time when compared with conventional laundering
procedures?

The three alternative refurbishing methods were selected based on methods suggested
within raw-denim popular culture as well as other procedures typically used for maintaining

clothing. Since, in real-life situations, raw denim would likely be worn for many hours after the



refurbishing treatment, what occurs to bacterial populations over time was included as a

variable to assess growth behaviour following the selected treatments.

1.4 Research hypotheses

The following null hypotheses have been posed:

Hou: There are no significant differences among the four refurbishing methods in the
reduction of skin bacteria.

Hoz: There are no significant differences between time 0 hours and 24 hours in the

reduction of bacteria after each of the four refurbishing methods.

1.5 Limitations and delimitations
1.5.1 Limitations

Denim samples were only worn for twenty-four hours before the refurbishing treatment
(denim swatches were clean and sterilized), whereas, realistically, jeans would be subjected to
multiple wears over the course of many months.

The UV treatment was simulated using a machine that provided the specified amount of
light exposure for five and a half hours but did not directly reflect exposure to outdoor sunlight
which includes other factors such as air circulation from the wind. Additionally, the variability
delivered by ironing manually (as opposed to the other treatments which used a standardized

machine) may impact the consistency of the results.

1.6 Terms and definitions

In the context of this research, the following terms are defined:

Aerobic bacteria bacteria able to survive and grow in oxygenated environments
(Murray, 2005)

Anogenital region relating to anal or genital regions of the body (Murray, 2005)



"Cleaning"

Cutaneous

Gastrointestinal
system

Microflora

Occluded

Percent change (%
change)

Refurbishing

processes suggested to refresh or remove bacteria from raw
denim by online media or raw denim enthusiasts

relating to the skin

system of the body including the digestion of nutrients and
excretion of waste products

collective microorganisms (including bacteria) found within an
ecosystem

to block or cover an area

a calculation used to quantify the variable gain or loss of results
by comparing initial and final numerical observations

a process to restore clothing to a like-new condition or

appearance



Chapter 2
Review of Literature
2.1 Introduction

A recent trend among denim producers is to supply jeans for distribution that have not
had any initial mechanical or chemical treatment. The primary objective of this research was to
explore care and maintenance recommendations proposed by raw denim manufacturers and
popular media using scientific methods. Many alternative refurbishing treatments, in particular
freezing, have been recommended to replace the machine washer and dryer. In order to
understand the various components of this experiment, this review will discuss each section of
the research problem. Included is an examination of denim’s composition, history and evolution
as a fashion garment, followed by an analysis of selected cleaning and refurbishing treatments.

This section will conclude with information related to skin bacteria and textiles.

2.2 Denim
221 Denim composition and structure

Historically, denim jeans have been composed of 100% cotton (including raw denim),
however some modern jeans are comprised of a blend of other materials (Humphries, 2009;
Midha, Kumar, & Kumar, 2017) including an elastic component for stretch and comfort (Kumar,
Chatterjee, Padhye, & Nayak, 2016). While denim fabric can be used for other garments and
textiles such as shirts, jackets and bedding, this study will focus on jeans and research specific to
that garment. The fabric itself is warp dyed (leaving the weft yarns uncoloured) and can be a 2/1

or 3/1 twill weave (Humphries, 2009).

2.2.2 History

It is well understood that the original intent of denim jeans design was utilitarian in
nature. The versatility and storied history of the garment has led to its lasting presence in
household wardrobes and global fashion collections (Kumar et al., 2016; Sullivan, 2007).

Although much of the research does not distinguish raw denim from treated denim, it is still



relevant to this review as it pertains to denim jeans as a garment and not specifically the
treatments and fibres of the garment.

The history of denim jeans documents their evolution from a functional and utilitarian
garment to an iconic fashion piece, prevalent in popular culture. Few other garments rival the
longevity of denim jeans, especially on such a global level. The roots of denim originate in
Europe (Solomon, 1986) but it was when Levi Strauss brought his ideas and the fabrics to the
United States that the popularity of denim significantly increased (Sullivan, 2007). Denim jeans
have also been known as a garment that has represented different symbols and values over time
(“Driving increases in the global denim market,” 2018), ranging from blue collar socioeconomic
status (Sullivan, 2007) to rebellious youth (DeLong et al., 1998). Denim jeans were also seen as
distinctly American, particularly by Europeans in the 1960’s and 1970’s as American tourists
easily stood out to locals due to their use of blue jeans (the garment’s availability and popularity
was just beginning in Europe). During this time, one of the most common jeans styles available
was designed with exaggerated flared legs, known as bell bottoms. Jeans have also symbolized
political movements. The uneasy political temperature in the United States during the Korean
War and Vietnam War of the 1960s led to protests that primarily included young adults
(Sturken, 1997). Denim was closely associated with this movement (Solomon, 1986). At present,
current reports suggest denim sales are not slowing down (“Driving increases in the global
denim market,” 2018) and designers are more than ever creating new trends, refurbishing old

trends and looking for new ways to reinvent the garment (Friedman & Friedman, 2017).

22.3 Consuming denim

Denim has been a subject of interest not only in the fashion industry but for its cultural
meanings, consumer behaviour and scientific research. From the popular culture
representations of blue jeans (Comstock, 2011; Kalaoglu & Paul, 2015; Rahman, 2012), the
expanding availability of the garment in street fashion in Asia, Europe, Africa and North
America (DeLong et al., 1998; Keet, 2011; Miller, 2010) confirms the global ubiquity of jeans.
Interestingly, the same features of denim can be perceived differently analyzed in two different

cultures (Rahman, Jiang, & Liu, 2010). Research with post-secondary students in the United



States indicated that jeans strongly symbolize American cultural values and social expectations
such as comfort, informality, and versatility (DeLong et al., 1998). Around the world, denim is
visibly worn and highly consumed. While South America is one of the few areas of the world
where denim jeans have not been widely adopted (Miller, 2010), it has been observed that, in
Brazil, some have adopted specific denim styles and fits to enhance desirable parts of the body
for special occasions (Mizrahi, 2011). In South Korea, clothing frequently observed in public
spaces is not traditional but more casual including western brand jeans (Geum & DeLong,
1992). Vintage and rare American Levi jeans are coveted in Japan, with enthusiasts offering a
premium price to secure a pair (Keet, 2011). Keet (2011) noted that denim in Japan may be worn
both as a common garment as well as something that could stand out, based on modifications to
the style, colour or fit. In London, Miller (2010) observed public sidewalks and saw the majority
of people passing by wearing denim jeans. Miller noted that those passersby were wearing
numerous different styles and fits of denim, including a large percentage of garments that were
unbranded, only being distinguished as denim (Miller, 2010). Consumer behaviour research has
focused on denim to analyze perceptions of the garment’s quality and price, cross-cultural
views of foreign brands, features and colours and the consumption habits of various

demographics (Miller & Woodward, 2012; Rahman et al., 2010).

2.3 Refurbishing treatments
2.3.1 Laundering

Washing clothing is an important element in garment maintenance and comes from a
cultural desire for cleanliness. Caring for clothing can be a time consuming process which
requires energy and attention, necessary to not only maintain the integrity of garments over
time (Laitala, Boks, & Klepp, 2011; Morris & Prato, 1982) but also to return the garment close to
its original state (Nayak & Ratnapandian, 2018). The widespread adoption of the washing
machine has led to this appliance becoming the primary source for cleaning clothing in North
America (Pakula & Stamminger, 2010). The effectiveness of the washing machine can be broken
down into factors known as the Sinner Circle (Alborzi, Schmitz, & Stamminger, 2017; Ferri et

al., 2016; Jakobi, 1987) which includes temperature, chemical action, mechanical agitation, time



(Ferri et al., 2016) and water (Alborzi et al., 2017), whose combination creates an interactive
system for cleaning clothing and textiles, removing bacteria, stains and soils as well as odour. It
has been shown that the combination of these factors varies globally, where altering one
(reducing cycle time, for example) can be made up by increasing another (using hotter water
temperatures) (Alborzi et al., 2017; Bockmiihl, 2017).

Effective bacterial removal from worn clothing by laundering can be challenging at the
domestic level as bacterial presence is not easily detectable. Comparative laundering research
has explored the effectiveness of different washing temperatures due to the trend of using
colder wash temperatures as a more sustainable alternative (Lakdawala, Pham, Shah, & Holton,
2011; Smith, Neil, Davidson, & Davidson, 1987). Lower temperatures, however, are not always
as effective as higher temperatures at removing bacteria. Recovery of Staphylococcus aureus and
Escherichia coli was observed at 40 °C and not at 60 °C on washed cotton and polyester samples
(Riley et al., 2017). Although Staphylococcus aureus was effectively removed from medical scrubs
at 40 °C and 60 °C, gram-negative bacteria was recovered from scrubs washed at 40 °C. Also at
60 °C, Staphylococcus aureus was removed from pockets and washing ballasts but not at 40 °C
(Patel et al., 2006). What was notable regarding the presence of gram-negative bacteria was that
it was likely attributed to a build-up in the washing machine (Lakdawala et al., 2011),
potentially contaminating subsequent loads (Gattlen, Amberg, Zinn, & Mauclaire, 2010; Munk,
Johansen, Stahnke, & Adler-Nissen, 2001). The interaction of chemicals and temperature with
bacterial contamination is discussed by Blaser et al. (1984) and can influence the efficacy of
bacterial reduction (Jaska & Fredell, 1980). The effectiveness of laundering becomes of concern
with worn medical related garments, which can act as a vehicle for the movement of
microorganisms and may not be completely removed when domestically washed (Munoz-Price
et al.,, 2012). Worn medical uniforms and coats have tested positive for Staphylococcus aureus
(Munoz-Price et al., 2012; Wong, Nye, & Hollis, 1991), gram-negative bacilli (Babb, Davies, &
Ayliffe, 1983) and enterococci (Munoz-Price et al., 2012) and can be dangerous to vulnerable
patients when exposed (Munoz-Price et al., 2012). Harmful microorganisms can survive
laundering at lower temperatures (compared with high temperatures used in industrial

facilities) which may contaminate other clothing or the machine itself (Riley et al., 2017). The
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addition of bleach was shown to provide additional bacterial reduction but can be harmful to
the fabric’s colour and any surface finishes over time (Mitchell, Spencer, & Edmiston, 2015). The
use of detergent (both biological and non-biological) was more effective at reducing methicillin-
resistant Staphylococcus aureus than water and mechanical agitation alone for both 40 °C and

60 °C temperatures (Lakdawala et al., 2012).

An additional concern for worn clothing is the presence of odour (Laitala et al., 2012) as
its detection can prove to be embarrassing in public spaces. Sources of odour include the
secretion of an individual’s natural oils with cutaneous bacteria (Kanlayavattanakul & Lourith,
2011), exercise and sweat. Odour may also come from the environment such as cooking or
smoking (Viessman, 1964) all of which may be unpleasant when detected. Thus, the pursuit of
effective odour removal from clothing has been researched, often with the adjustment of
various laundering factors, to monitor overall effectiveness. Lower washing temperatures have
been suggested for sustainable or energy saving objectives, but are often not recommended for
removing noticeable odours on clothing (Laitala et al., 2012). Furthermore, as lower
temperatures have led to the presence of biofilm accumulation in washing machines, odour can
result and transfer to laundered clothing as well (Munk et al., 2001). Exploration of odour
removal on clothing has had mixed results when evaluating different washing liquids and
combinations of lipase formulas on multiple fabrics using human sweat and sebum (Munk,
Miinch, Stahnke, Adler-Nissen, & Schieberle, 2000). Odour has been found to differ in intensity
and ease of removal, and can depend on the fabric blend (Callewaert, Van Nevel, Kerckhof,
Granitsiotis, & Boon, 2015). Evaluations of synthetic and treated fabrics present with human
sweat and odour suggested further washing when compared to aired natural fabrics (Klepp,
Buck, Laitala, & Kjeldsberg, 2016). Moreover, natural fabrics were found to have accumulated
fewer odours than polyester after twenty wearings and washes (McQueen et al., 2014). Further
comparison of these natural and synthetic fabrics have shown that polyester retains odour more
readily than cotton after washing at 30 °C or 40 °C in different water hardness levels (Munk et
al., 2001). Cotton fabrics have had odour more successfully removed from washing at 30 °C than
polyester but, overall, hotter temperatures were recommended for odour reduction (Munk et

al., 2001).
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Visible soils on clothing may be considered socially unacceptable (Pink, 2005) and
laundering clothing is often used to remove soils, making clothing visibly acceptable for the
next wear (Yates & Evans, 2016). The composition of soils can vary and effective removal differs
based on the nature of the composition and the detergent type (Bajpai & Tyagi, 2007).
Detergents themselves are complicated (Bajpai & Tyagi, 2007) with ingredients added for
enhanced brightness, stain removal and refreshing scent among many others. The effect of
detergent type was evaluated by Laitala and Kjeldsberg (2012) who found that eco-friendly
detergents were comparable to water alone, but not as effective as household detergents when
evaluating stain removal at 40 °C. Some detergents are suited for the removal of stains from
blood or lipids (Mukherjee, 2007), while others are suited for lower water temperatures to
mimic the results often found from higher water temperatures (Choudhary, 2012). The efficacy
of stain and soil removal using the washing machine has been evaluated by adjusting multiple
combinations of detergent type and amount, water temperature, and cycle length to identify an
effective combination. Visual stain removal was rated high when clothing is washed with a
bleaching agent (Feather, Caselman, & Cooper, 1993), however bleach is not recommended for
coloured or delicate textiles. Ultimately, at some point, visible stains that have accumulated
over time and over numerous washes may not be removable (Murata, Hoshino, & Suzuki,
1992).

As mentioned from online media regarding raw denim, the washing machine may cause
degradation to raw denim jeans, which is one of the main reasons for avoiding laundering as
much as possible. Degradation is a concern for raw denim owners who may want to protect
their clothing. Abrasion from laundering has been shown to contribute considerable damage to
the garment (up to 50%) (Bresee, Annis, & Warnock, 1994). Furthermore, degradation effects on
denim, researched by Card et al. (2006) saw pilling and edge abrasion. This further reinforces
the interest in exploring alternative methods to protect garments. Laundering denim has also
been shown to cause fibre loss, colour fading and reduced tensile strength (McQueen et al.,
2017).

In the current study, 40 °C was the wash temperature chosen to explore the impact of

numerous alternative treatments when compared with washing. While 40 °C temperatures may
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not have been shown to be consistently effective in eliminating bacteria, the use of lower water
temperatures was chosen because reduced resource consumption is valued by raw denim
enthusiasts. The experimental design used separate canisters used for washing (not washing

machines).

2.3.2 Freezing

The freezer has been promoted as an environmentally sustainable option among raw
denim enthusiasts. Since the freezer is already in use, thus no additional energy or water will be
consumed. Furthermore, the freezer does not facilitate the dye to bleed thereby retaining the
unique appearance of the wearer’s jeans. Many raw denim enthusiasts consider freezing to be a
viable option for refurbishing their jeans because they believe it is a way to: 1) reduce bacteria;
and 2) to reduce odour (Chad, 2011; Levinson, 2013; Lutz, 2015; Maxwell, 2016). Reportedly,
when denim is put in the freezer, bacteria are then “shock[ed]” and the cold temperature
“..kills all bacteria that may be accumulating...” (Chad, 2011). One raw denim owner, after
expressing initial skepticism, acknowledged that after freezing her jeans, they seemed fresher
and did not “...smell anymore” (Levinson, 2013). However, one shortcoming of freezing is that
it its inability to remove surface stains and visible soiling which may accumulate after long-term
continuous wear (Dachis, 2011).

Claims for freezing raw denim as a method for bacterial reduction from online sources
are compelling. Since bacteria are indeed accumulated on the garment after continuous wear
with no subsequent washing, there is a concern bacterial removal will alter the garment.
Freezing is intentionally used in several applications including the preservation of bacteria so
they remain viable once thawed. Examples include preservation of lactic acid bacteria for
fermentation starters (Carvalho et al., 2004; Selmer-Olsen, Birkeland, & Serhaug, 1999) and soil
research to evaluate seasonal growth effects (Morley, Trofymow, Coleman, & Cambardella,
1983). Agricultural research benefits from bacterial freezing research as particular species of
bacteria contribute to crop yield and health as well as overall soil productivity (Ehrlich, 1998;

Hayat, Ali, Amara, Khalid, & Ahmed, 2010). Soil bacteria that are frozen over the winter season
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thaw and survive during warmer seasons, where they are then able to begin reproducing in the
soil.

In the food industry, freezing is used in a different way, to prevent food from perishing
Spoilage which renders transportation and storage challenging and complicated (Archer, 2004).
While the intention is to inhibit growth of bacteria that can breakdown foods, unfortunately, in
some cases, harmful bacteria survive and can cause illness when ingested (Lund, Baird-Parker,
& Gould, 2000). Outbreaks of disease-causing E. coli have been harmful to consumers, and some
cases have been traced to frozen meats where the bacteria have survived (Ro, Ko, & Yoon, 2015).
While bacterial counts are reduced once frozen (Morley et al., 1983; Skogland, Lomeland, &
Goksayr, 1988), sufficient viable bacterial counts are present to reproduce as the temperature
increases.

Freezing is also used in textile conservation in an attempt to combat insect and bacterial
growth (Peacock, 1999). Typically, a complex method of freezing, thawing and rapid refreezing
has been developed to combat the growth of beetle larvae and eggs (a major concern for
museum textile conservation) (Florian, 1986; Florian, 1987), ants and termites (Strang, 1992), and
cellulose-digesting bacteria (Peacock, 2005) such as Bacillus or Cellulomonas (Gutarowska,
Pietrzak, Machnowski, & Milczarek, 2016).

The accumulation of odour on worn clothing is a common concern that can be attributed
to bacterial metabolism of bodily secretions (Abdul-Bari et al., 2018; Callewaert et al., 2014).
Raw denim enthusiasts have suggested that freezing can reduce this odour and allow for
multiple wearings without the wearer being self-conscious in public spaces (Levinson, 2013).
Despite the anecdotal evidence that freezing can eliminate odours and presumably control
bacteria (Chad, 2011; Karr, 2011; Levinson, 2013), there appears to be no scientific verification
that freezing denim would be effective. Freezing has been used to preserve odour in studies
investigating human body odours (Abdul-Bari et al., 2018; Lenochova, Roberts, & Havlicek,
2009; Roberts, Gosling, Carter, & Petrie, 2008; Singh & Bronstad, 2001; Sorokowska, Sorokowski,
& Szmajke, 2012). In the study by Lenochova, Roberts, & Havlicek (2009), where researchers
froze fabric samples with human sweat (with confirmed body odour) and subsequently thawed

them for evaluation. The odour-assessing panel verified that body odour was present after the
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freezing period (though the intensity had subsided in some cases), which may suggest that
odour-causing bacteria survived the freezing process and subsequent thaw. To date, there have
yet to be any studies carried out where skin bacteria on denim are frozen to evaluate the impact

of this method on bacterial numbers.

2.3.3 Ironing

Often, steam and heat are used for sterilization of medical implements, via the use of an
autoclave (Armstrong & Reinhardt, 2010; Garibaldi et al., 2017). Importantly, the successful use
of the autoclave for sterilization includes the additional element of pressure (Boey & Lye, 1990;
Koushyar, Alavi-Soltani, Minaie, & Violette, 2011) which would not be present with other
appliances reliant on heat and steam, such as the household iron.

The handheld steam iron is a common domestic appliance used to create a smooth
appearance by removing wrinkles and creases (Arild, Brusdal, Halvorsen-Gunnarsen, Terpstra,
& Van Kessel, 2003; Pakula & Stamminger, 2010) with variable steam and temperature control
settings. The energy used by household irons is considerably less than that of the household
tumble dryer, using approximately one third of the kilowatts, usually for a short period of time
(Porteous et al., 2012). The iron became available to consumers after being patented in 1882,
facilitating pressed clothing for many as it was now more affordable and able to be
conveniently performed at home (Bellis, 2017). Different fabrics require different temperatures;
for example, the setting for cotton and linen is recommended to not exceed 200 °C which is
higher than polyester or nylon, which should not exceed 150 °C as fabric damage can occur if
higher heat is used (Nayak & Padhye, 2015). Damage and degradation from heat exposure to
cotton has been documented, including yellowing after hours at 120 °C, breaking down at
150 °C and damage at 240 °C (only after a few minutes) (Cook, 2001).

The heat emitted from the flat surface of the iron is used not only for its ability to
smoothen the appearance of fabrics, but as an additional sanitation method (Arild et al., 2003;
Blaser, Smith, Cody, Wang, & LaForce, 1984; Eckert et al., 2012; Patel et al., 2006; Raymond,
2008). In Patel et al. (2006), results from washing, tumble drying and ironing revealed that

viable bacterial counts were lower (0 CFU/mL) than with washing and air drying (1.9 x 10°
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CFU/mL) or washing and tumble drying (3.30 x 10> CFU/mL), however, they did not evaluate
bacterial populations over time to determine if these methods had a lasting effect. An in vitro
experiment by Eckert et al., (2012) showed bacterial reduction of Staphylococcus aureus after nine
seconds at 120 °C and further reduction after three seconds and nine seconds at 120 °C with
steam on inoculated cotton samples. While these results do suggest the benefits of ironing on
bacterial reduction, these results were not further evaluated after twenty-four hours to
determine if bacteria were able to replicate.

The addition of heat from the iron to garments already tumble dried showed increased
bacterial reduction on contaminated uniforms (Bloomfield et al., 2013; Patel et al., 2006). It is
worth noting that the use of ironing after drying garments is encouraged to further ensure
cleanliness and bacteria removal of the garment (Arild et al., 2003; Bloomfield et al., 2013; Patel

et al., 2006).

2.3.4 UV radiation

Hanging clothing outdoors is a common and economical option for drying clothes (Jiang
Wu et al., 2012) compared with the tumble dryer (Labhard & Pedersen, 1989; Mirosa, Lawson, &
Gnoth, 2013; Pedersen, Labhard, & Webb, 1988). For some, this may not be a viable option, as
this practice is highly dependent on variable geographical conditions and seasonal limitations
(Pink, Mackley, & Morosanu, 2015). Research on drying clothing outdoors (often discussed in
conjunction with indoor line-drying) is primarily focused on energy consumption (Pedersen et
al., 1988) and usage frequency (Schmitz & Stamminger, 2014). Raw denim enthusiasts
encourage outdoor drying (Yee, 2016), and highlight its cost effective and non-abrasive nature,
unlike tumble drying (Muzquiz, 2018). However, drying in direct sunlight can weaken fabrics
through photo-degradation as well as causing yellowing of white cotton fabrics (Fianu, Sallah,
& Ayertey, 2005), which may be of concern if denim is dried inside out, exposing the white
coloured weft yarns. Additionally, line-dried clothing may feel stiffer and show an increased
appearance of wrinkles when compared to tumble-dried garments (Carver & Wylie, 1980;

Morris, Prato, & White, 1984).
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In the food industry, there has been considerable interest in developing methods for
sterilization. One method used is UV radiation, which has been used on dairy products, fruit
juices and water (Cilliers et al., 2014; Donaghy et al., 2009; Heinrich, Zunabovic, Varzakas,
Bergmair, & Kneifel, 2016). UV radiation has the ability to damage the DNA structure of
harmful bacteria enough to inhibit growth (Cilliers et al., 2014). Pulsed UV light has also been
used for decontamination of food products and the prevention of spoilage (Heinrich et al.,
2016).

Further uses of UV exposure include the sterilization of medical implements since some
chemicals used to sterilize contaminated tools and surfaces can be potentially harmful for the
environment, for patients and for professionals (Byrns et al., 2017). In medical operating
theatres and outpatient rooms, the use of a stationary UV lamp has inactivated bacteria and was
shown to have reduced bacteria levels overall (Byrns et al., 2017; Xu et al., 2003). UV radiation
from the sun has been reported at 320-400 nm for UVA, at 290-320 nm for UVB (Braga, Flint,
Miller, Anderson, & Roberts, 2001; Poon, Barnetson, & Halliday, 2005) and at 200-280 nm for
UVC (Clingen et al., 1995) which may fluctuate depending on the geographic location (Schwartz
& Hanchette, 2006). The lamp used in the previously mentioned research by Byrns et al. (2017)
was reported to emit 254 nm (UVC) with an intensity of 2400 microwatts/cm? however the
intensity did vary, lessoning by 30% from its peak after thirty minutes. Xu et al. (2003) used a
lamp that ranged from 100-290 nm of UVC rays, where the majority of wavelengths were noted
at 254 nm and the intensity was not disclosed.

UV lamps and wands can also be useful for sterilization in offices, in public spaces and
in the home where surfaces such as doorknobs, keyboards and counters are touched often
(Byrns et al., 2017). Notable limitations of UV wands include the possibility of photo-
reactivation of bacteria from lower wavelengths of UV rays (Byrns et al., 2017; Kim, Petin, &
Morozov, 2005; Riley & Kaufman, 1972), lower efficacy in higher humidity (Riley & Kaufman,
1972), potential harm to the user after prolonged use and uneven levels of light emitted (Byrns
et al.,, 2017; Kim et al., 2005; Quek & Hu, 2008). Keeping this in mind, it is understood that UV
light devices emit light at the subject directly; whereas air-drying denim may not be in direct

sunlight for any or all of the time while outside. However, bacteria accumulated from normal
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wear are likely less harmful to the user than the exposure of bacteria from patients in a medical

setting.

2.4 Skin bacteria
2.4.1 Microflora

The human skin is a comprehensive and vast organ, serving as a protective barrier while
hosting a diverse community of microorganisms (Edmonds-Wilson, Nurinova, Zapka, Fierer, &
Wilson, 2015; Sullivan, Edlund, & Nord, 2001). Known as the skin microbiome, this ecosystem is
comprised of a complex combination of fungus, bacteria, mites and viruses (Grice et al., 2009;
Kong, 2011), and plays host to billions of organisms (Chen & Tsao, 2013). Colony diversity and
population densities vary considerably throughout, as regions of the body vary in moisture
(from natural fluids such as sweat or oil secreted from the body), light, oxygen exposure and
temperature (Fredricks, 2001) and a blend of both anaerobic and aerobic bacteria (Grice et al.,
2009; Kolde et al., 2018).

Regions of the body relevant to wearing jeans include moist and dry surfaces, whose
inherent differences influence both the population and diversity of cutaneous microorganisms
(Grice et al., 2009). Differences between moist and dry areas of the body include the diversity of
microbial populations. Dry areas host higher diversities of cutaneous flora, represented by high
levels of gram-negative bacteria (Kong & Segre, 2012). Moist surfaces include the anogenital
region, gluteal crease, inner thighs and popliteal fossa (behind the knees). The most common
bacteria identified on the lower body include gram-positive aerobic bacteria such as
corynebacteria (near the hips, lower torso and gluteus crease), staphylococci (found on the hips,
toe web, gluteal crease, buttocks and knee area) and propionibacteria (buttocks, gluteal crease
and back) (Gregersen, 1978; Grice & Segre, 2011). Although, the presence of gram-negative
bacteria are abundant among the skin microflora, they are not as prevalent in these lower body
regions (Grice & Segre, 2011). In the anogenital region, additional microorganisms from the
gastrointestinal system are likely to be present as well. Primarily for the anogenital region,
research has focused on bacterial populations in humans with specific illnesses (Swidsinski et

al., 2005; Wollina et al., 2012), and infections among children (Halbert & Chan, 2002; Myhre,
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Bevanger, Berntzen, & Bratlid, 2002) and addressing particular situational symptoms
(Chudackova et al., 2010), and less towards skin bacteria topography in relatively healthy
adults. However, McBride, Duncan and Knox, (1977) sampled this region in healthy adults and
found consistent populations of staphylococci, micrococci and aerobic diphtheroids (or
corynebacteria).

The gluteal crease, a moist region shows a predominance of unnamed gram-positive
bacteria, Staphylococcus aureus and propionibacteria (Grice & Segre, 2011). The moist region
behind the knees was dominated by staphylococci and additional unnamed gram-positive
bacteria (Grice & Segre, 2011). The dry areas of the body covered by denim jeans include the
buttocks, which was composed of various gram-negative proteobacteria as well as
corynebacteria, and lower representations of propionibacteria, staphylococci and other gram-
positive bacteria (Grice & Segre, 2011). In general, there has been little research examining the
microbiome of the thigh and calf regions which are large areas that are in contact with denim
when worn. However, a small scale and near full body topography of skin microflora was
performed comparing two individuals (one male, relatively healthy; one female with atopic
dermatitis) where populations and microbial presence differed significantly (Bibel & Lovell,
1976). From this research, Staphylococcus aureus was the most abundant for the thighs, behind
the knees and both sides of the forearms for the female, while the male showed higher
populations of Staphylococcus saprophyticus as well as small and large colony diptheroids on the
thighs, calves and upper legs. Staphylococcus aureus was not reported for the male (Bibel &
Lovell, 1976). In Leeming, Notman, and Holland (1989), a fungus known as Malasserzia furfur
(synonymous with Pityrosporum ovale and Pityrosporum orbiculare) was identified with higher
populations in the upper thighs in females when compared with other sampled body sites such
as the hand or axilla. As well, a lower (but notable) presence of Malasserzia furfur in the calf
region for males and females was also reported. Elsewhere, bacterial populations of legs were
reported but it was unclear as to the specific physical site of the body (Kloos & Musselwhite,
1975), which is important as moist or dry influences microflora populations and species. This
study noted that the levels of staphylococci, micrococci and coryneforms were dominant on the

legs and similar in the population of cutaneous bacteria recovered (Kloos & Musselwhite, 1975).
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The forearm has been a site for collecting cutaneous bacteria for in vivo studies involving
fabrics as it was considered to be a convenient body site for testing (Walter et al., 2014). Walter
et al. (2014) collected skin bacteria on nylon fabric samples by covering the top (posterior) of the
forearm, in close proximity to the wrist (a relatively dry location). They used Staphylococcus
selective media and a non-selective media for collecting aerobic bacteria including
corynebacteria. Bacteria species were not further identified (Walter et al., 2014). Other studies
have evaluated areas near the posterior forearm. However, research has focused primarily on
moist sites which differ from the dry sites used in the Walter and colleagues (2014) study (i.e.,
the inner elbow and palms of hands (Grice & Segre, 2011), and dorsal forearm (Gao, Tseng, Pei,
& Blaser, 2007; Kong & Segre, 2012). Leeming et al. (1989) did observe the fungus Malassezia
furjiur on the posterior forearm of both male and female participants. The diversity of bacteria
(including corynebacteria, streptococci, staphylococci, and propionibacteria) was similar when
evaluating the forearm and the foreleg in one exploration (Cundell, 2018), however precise

physical locations were not disclosed.

2.4.2 Bacteria on textiles

The ability for bacteria to survive and grow on textiles is well documented. The
detection and overall survival of microorganisms on textiles has been the subject of extensive
research not only in medical settings but also related to domestic and household matters.
Bacterial survival on upholstery (Lankford et al., 2006), towels (Blaser et al., 1984), drapes
(Whyte, Hodgson, Bailey, & Graham, 1978) and clothing (Teufel, Pipal, Schuster, Staudinger, &
Red]l, 2010) indicate that not only has this topic drawn considerable interest, but it can have
major implications for minimizing healthcare related risk. Bacteria can come from the
individual wearing the clothing, from the environment or contact with others (Al-Benna, 2010;
Whyte et al., 1978). In medical settings, bacteria can attach to medical uniforms (Bloomfield et
al.,, 2013; Patel, Murray-Leonard, & Wilson, 2012), ties (Weber, Khan, Fader, & Weber, 2012) and
identification lanyards (Kotsanas, Scott, Gillespie, Korman, & Stuart, 2008). They can then
detach or become airborne, potentially infecting vulnerable patients. Garment design and fabric

comparisons have been evaluated (Al-Benna, 2010; Patel et al., 2012), as well as washing
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procedures (Bloomfield et al., 2013; Patel et al., 2012) in an effort to mitigate potential risk (as
discussed in the laundering section 2.3.1).

Bacterial survival has been explored on both synthetic and natural fabrics (Teufel et al.,
2010). Sweat (dominated with Enterobacteriaceae and Staphylococcus among many other strains)
was inoculated onto different fabrics. Results showed that polyester and polyamide exhibited
the highest growth of bacteria when compared to lyocell and cotton, where Bacillus and
Pseudomonas (microorganisms not highly represented in the original sweat) showed significant
growth (Teufel et al., 2010).

Domestically, bacterial survival on clothing may not pose the same immediate risk of
harm as clothing worn in healthcare environments, such as medical uniforms. However, illness
from domestic laundry contamination is often not reported (or determined to be the cause) but
can spread to others if bacterial pathogens attach to clothing from the same load of laundry
(Bloomfield et al., 2013). Bloomfield et al. (2013) also remarked that the survival of Escherichia
coli, Salmonella and strains of influenza can contaminate and remain on washed laundry, which

is especially concerning to vulnerable individuals and older adults.

2.5 Summary

Bacteria play a highly influential role in textiles in addition to food and soil research.
Additionally, the presence of bacteria has been shown to be beneficial in some situations and
harmful in others. Since bacteria are able to survive and reproduce on textiles, harmful bacteria
can transfer upon contact with other textiles. While care and maintenance methods differ for
many textiles, the washing machine is one of the most common, which uses mechanical
agitation, the addition of chemical detergent, warm washing temperatures, and time. The
washing machine can be problematic for some raw denim owners, who wish to avoid washing
their jeans to preserve unique markings from continuous wears. Concerned with an
accumulation of bacteria over time, many raw denim enthusiasts have suggested alternative
methods such as freezing, ironing or UV irradiation for refreshing their garments without
compromising their uniqueness. To date, no comparative analysis of the efficacy of these

methods has been performed on raw denim. In this thesis, a quantitative analysis of bacteria

21



was carried out to assess the effectiveness of each treatment method, both immediately after the

treatment as well as twenty-four hours after the treatment.
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Chapter 3
Methods
3.1 Fabric

Raw denim fabric (100% cotton) was purchased from Fabrictime Solutions Ltd, a fabric
vendor in Vancouver, British Columbia. One of the distinct properties of raw denim is the lack of
any washing or chemical treatments before the garment is constructed (discussed in Chapter 1)
and wearers typically do not launder raw denim for many weeks or months after wear. Therefore,

no laundering or stabilizing treatment was carried out on the fabric prior to testing.

The raw denim fabric was cut into 100 mm X 50 mm pieces. Fabrics were then sterilized
in an autoclave at 118 °C for 30 minutes. Prior to attaching fabric on participants” arms, the denim

fabrics were placed in a conditioned environment (65 + 5 % R.H at 20 + 2 °C) for 24 hours.

3.1.1 Fabric characterization

Characteristics of the raw denim fabric are shown in Table 3.1. Fabric mass (g/m?) was
determined using CAN/CGSB - 4.2, No. 5.1 - M90 (Canadian General Standards Board, 1997).
Fabric count (yarns/cm) was determined using CAN/CGSB - 4.2, No. 6 — M89 (Canadian
General Standards Board, 1989). Fabric Thickness (mm) was determined using CAN/CGSB -
4.2, No. 37 — 2002 (Canadian General Standards Board, 2002). A picture of the fabric used is

shown in Figure 3.1.

Table 3.1 Characteristics of denim fabric used

Fibre content of fabric 100% Cotton
Fabric mass, g/m? 431.22 £3.13
Fabric thickness, mm 0.88 +0.02
Weave 3/1 Twill
Fabric count, yarns/cm Warp: 16
Weft: 15
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Figure 3.1 Fabric image at 35X magnification: a) fabric face; b) fabric back

3.2 Ethical requirements

Ethical approval was obtained before any research was conducted requiring human
participants. The ethics were approved by the University of Alberta Human Research Ethics

Board 2 on April 18, 2018. The information sheet and consent form are located in Appendix A

3.2.1 Participant screening

One hundred and twenty-two individuals responded to the participant recruitment
posters and e-mail distributions and were contacted with the full study details. Fourteen
individuals were able to commit to the full trial and were invited for the screening test. Of those
that were invited, nine participants accepted the invitation for the screening test (seven females

and two males). One male participant did not return for fabric removal. Individuals that were
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selected were chosen based on bacterial counts recorded from the analysis of worn denim
fabrics as well as the ability to commit to the full length of the study. After analysing all
screening participants, the six with the highest bacterial counts and ability to commit to the full

study were invited to participate.

3.3 Collection of skin bacteria on denim fabric
3.3.1 Participants

Six female students participated in this study. Participants were recruited from the
University of Alberta campus. Prior to selection for inclusion in the study, interested
individuals were screened to evaluate individual bacterial counts. The intention was to select
participants who had bacterial counts with an order of magnitude of 10* CFU/mL as per the
procedure described in Section 3.5.1. However, the lowest bacterial count from the selected
participants was 3.62 x 10° CFU/mL. Male participants were not excluded from the study,
however, during the recruitment phase, few males responded. Of the males who were screened
during the recruitment phase, their bacterial counts were lower than the highest bacterial counts
from all of the screening participants, resulting in rejecting male screening participants from the

final study.

3.3.2 Protocol

Denim fabric swatches were placed and securely taped on the posterior surface of both
forearms, approximately 30 mm from the prominent ulna joint, similar to the protocol outlined
in Walter, McQueen, and Keelan (2014). Fabric specimens were positioned lengthwise (see
Figure 3.2), covered with plastic film to increase humidity for bacterial growth (Hartmann,
1983) and secured using kinesiology tape (an elastic cotton strip with an acrylic adhesive). The
specimens were placed directly on each participant’s arms to simulate how denim would be
worn on the body, with the face of the denim showing and the back of the denim against the
skin. The arm was chosen based on results from preliminary testing of different areas of the

body (Appendix B). Cloth bandages were then wrapped around the area to reduce the
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likelihood of the plastic and tape moving from position. The fabrics were worn continuously for

24 hours.

30 mm

Figure 3.2 Placement of fabric on forearm

3.3.3 Test requirements

Participants were asked to wear assigned denim samples continuously for 24 hours.
Participants were asked to not perform vigorous exercise while wearing samples to avoid the risk
of dislodging tape or fabrics, although, light exercise was still permitted. Participants were
allowed to bathe or shower during the 24-hour wear period but were instructed to cover the
forearm with plastic wrap to ensure the fabric did not get wet.

Participants were asked to refrain from using anti-microbial soaps and exfoliating
products during the length of the trial. Participants could not be taking antibiotic medication
leading up to or during the trial. Participants were given a neutral bar soap (Dove®) to use for the

duration of the trial.

3.4 Experimental design and procedure
3.4.1 Experimental design

The experimental design was a 4 x 2 factorial design. There were two independent

variables in this study, four refurbishing treatments (freeze, iron, UV, wash) applied to the
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fabrics after they were worn (Table 3.2) and two time periods post-treatment (0 h, 24 h).
Immediately after the treatment, bacterial populations on specimens assigned to 0 hours were
extracted; specimens assigned to the 24-hour time period were placed in a Petri dish in a
conditioned environment (65 + 5 % R.H at 20 + 2 °C) for 24 hours before bacterial extraction.

Bacterial counts obtained from participants following refurbishing treatment (i.e., freeze,
iron, UV, wash) and time (0 h or 24 h) were compared with their own baseline counts obtained
from the worn fabrics prior to treatment because individual bacterial counts differed among
participants and within the same participant on different days. The treatments were chosen as
freezing and UV were suggested by raw denim enthusiasts as possible alternatives to
laundering (Makers, 2015; McKay & McKay, 2014) and ironing was chosen as it had been shown
to provide additional bacterial reduction (Patel et al., 2012). The first dependent variable was
the percent change of bacterial counts for the treatment relative to the baseline bacterial counts
prior to treatment. Additionally, a logarithmic calculation (the daily growth rate) was calculated
to compare the results from 0 h and 24 h to analyse bacterial behaviour after the refurbishing

treatments.

Table 3.2 Description of Refurbishing Treatment

Refurbishing

treatment Length Equivalent to

Freeze 24 hours n/a

Wash 9 minutes 1 wash cycle

Iron 15 seconds n/a

uv 5.5 hours 8 hours of natural sunlight

3.4.2 Procedure

Participants were asked to return to the laboratory in order for the fabric samples to be
removed (two fabrics per participant). Once the fabrics were received, each fabric swatch was
cut into four specimens as per the sampling plan in Figure 3.3 using sterilized scissors.

Individual specimens were then placed into designated Petri dishes. Two of the four pieces
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from each swatch were designated for baseline counts (B1 and B2) and the other two were
assigned a treatment (one for 0 h and one for 24 h).The fabrics returned on each test day were
assigned to one of the refurbishing treatments (Table 3.2). As ironing and washing were more
laborious treatments, they were not done on the same day. Therefore, the ironing treatment was
done on the same day as freezing and the washing treatment was performed on the same day as

the UV treatment.

B: Oh

24 h B:

Figure 3.3 Sampling of fabric for microbiological analysis (B1=baseline 1; B2 = baseline 2; 0 h =
analysis immediately after treatment; 24 h = analysis 24 hours after treatment)

As bacterial populations may fluctuate from day to day (Grice & Segre, 2011), using the
baseline comparison within the same worn fabric swatch as the treatment was deemed an
appropriate testing method to evaluate the effectiveness of the experimental treatment. In other
words, if the bacteria levels collected from a participant on a given day were relatively low or
high, it would affect both the treatment and the baseline portions of the fabric, and the relative

change in bacteria would still be comparable.
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3.4.3 Experimental treatments

Bacteria on fabrics were extracted over two different time periods. Firstly, as soon as
possible after each refurbishing treatment (i.e., ‘0" hours following the treatment) and following
24 hours at room temperature (20 °C and 65% R.H.). This additional 24-hour period would
simulate the behaviour of the owner storing denim after the garment had been laundered or

alternatively refurbished before the next wear.

3.4.3.1 Machine wash and air dry

Fabric specimens were placed in a Launder-Ometer (Atlas Electric Devices Co.; Model B-
5; Type LHD-EF) to simulate one washing cycle. The machine was run for one cycle (nine
minutes) following the AATCC Standard 61, Colourfastness to Laundering: Accelerated
(AATCC, 2010a), test category 1A using water at 40 °C. The specimens were dipped in distilled
water for one second, three times then dried on three sterile paper towels under a 188 g weight
for three minutes. Sterile paper towels were used to efficiently dry fabrics for immediate

analysis for the 0 h time period.

3.4.3.2 Freezing

Fabric specimens were placed in separate Petri dishes, covered and secured with tape.
The Petri dishes were then placed in a chest freezer (brand unknown) for 24 hours at -26 +2 °C.
The chest freezer was chosen to mimic the equipment commonly found in a household,
described by online media (Chad, 2011). The chosen length of time (24 hours) was used as it is a

common length of time disclosed in online media (Chad, 2011).

3.4.3.3 Ironing

Fabric specimens were placed in between two cotton cloth fabrics for the ironing
treatment. The cotton cloths were used to reduce any contamination from the iron when
pressing multiple specimens during treatment application. An iron (Black & Decker; Model
IR1040SC TYPE 1) was then passed over the cotton covering the fabric specimens using the

steam setting for 15 seconds, as this would mimic household ironing practice by passing over
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the garment briefly. The setting used for the iron was “cotton” (as the denim was 100% cotton)

whose mean temperature is displayed in Figure 3.4 (using Omega HH502 Thermocouple).

131.93.+ 732 °C

89.70+1.37 °C

118.30 £ 7.01 °C

106.07 + 22,55 °C 93.57 +2.73 °C

111.43 + 3.07 °C

Overall mean (standard dewviation): 108.5 +7.34 °C

Figure 3.4 Distribution of iron temperature on cotton setting

3.4.3.4 UV treatment

Fabric specimens were placed in a Weather-Ometer (Model C135W), programmed to
simulate 8 hours of sunlight following AATCC Test Method 111-2009, Weather Resistance of
Textiles: Exposure to Daylight and Weather (AATCC, 2010c) displayed in Table 3.3. The

Weather-Ometer was turned on for 5 hours in total to simulate eight hours of sunlight.
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Table 3.3 Weather-Ometer settings

Black panel temperature 68 °C
Chamber air temperature 43+2°C
Conditioning water 43 °C
Wet bulb depression 12°C
Wet bulb depression 20 °C
Dry bulb 32°C
R.H.% 32%
AATCC Fading Units (AFU) 5
Irradiance @ 420 nm 1.1 W/m?
Test interval 5 hours
Lamp wattage 3.9 kW

3.5 Bacterial extraction protocol and colony analysis
3.5.1 Bacterial extraction

After removal from the arm (B1 and B2) or after treatment (0 h and 24 h) the denim
fabric specimens were placed in 50 mL conical tubes using sterile forceps containing 50 mL of
saline phosphate buffer solution (PBS) amended with 0.05 % Tween 80 (PBS/T80) added to
them. Sterile glass beads were then added to the tube (between 10-15 beads) and then the tube
was vortexed for 60 seconds on the highest setting. A ten-fold dilution series was created from
the shaken tube containing the buffer solution and 15 uL aliquots were drop-plated onto non-
selective blood agar in triplicate on three different plates of agar (nine replicates in total) and
incubated at 37 °C for 24 hours.

Non-selective blood agar (500 mL) was comprised of 19.75 g of blood agar base no. 2; 1.5
g of yeast extract; 1 g of glucose; 2.5 mL of Tween80; 25 mL of defibrinated horse blood.
Biological media components were sourced from Fisher Scientific, Oxoid brand (Ottawa, ON),

and horse blood was sourced from Dalynn Biological (Calgary, AB).
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Visible bacterial colonies were counted and recorded after the twenty-four hour
incubation time. Calculation for viable counts of observed bacterial colonies were expressed in

colony forming units per millilitre (CFU/mL) and were calculated using the following equation:

1 < 1000
dilution 15

average no. colonies x =cfu/mL

The viable bacterial counts were expressed as per volume of solution rather than as per
unit of fabric as it was unknown to what extent the bacteria remained on the denim during the
extraction process. The mean viable counts of bacterial colonies were taken for each specimen
from each participant (both baseline and laundering treatment) which were used for
comparison. The limit of detection was 7.41 x 10' CFU/mL.

The change in percent from the baseline measurements for each participant/fabric was

calculated using the following equation:

b

% change = x 100

where:
Xi = the bacteria in CFU/mL recovered from the treated test specimens at a specific time (t=0 h
or 24 h)

Xbv = the bacteria in CFU/mL recovered from the baseline test specimens

3.5.2 Calculation of growth rate

A further calculation was used to compare the rate of growth over the 24-hour period
among the refurbishing treatments. This was described as the daily growth rate. During the
growth phase, bacteria grow logarithmically (Mahon, Lehman & Manuselis, 2007). Therefore,

assuming that bacterial growth took the form e?* the daily growth rate was estimated by:
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Y = log(X34) — log(Xo)

y = the growth rate per day
X2 = the bacterial count in CFU/mL recovered from the treated test specimen 24 h after
treatment

Xo = the bacterial count in CFU/mL recovered from the treated test specimen 0 h after treatment

3.6 Statistical analysis

Two pieces from the removed worn swatches were assigned as the baseline and were
analysed without any treatment application. The average between the calculated CFU/mL
results observed from baseline samples was taken to account to assess the differences between
results and establish a reference point for comparison with treated samples.

Descriptive statistics were calculated from bacterial counts for worn samples (i.e., mean,
standard deviation (SD), minimum and maximum values). Since the percent change data
(transformed and non-transformed) did not meet the assumptions of normality and/or equal
variance, non-parametric statistics were conducted to determine whether there were significant
differences among treatments and time. Non-parametric analysis of the data was used with a
confidence level of p<0.05 for hypothesis testing. Friedman’s test was used to analyse the
difference among treatments for both time frames (0 h and 24 h). The Wilcoxon signed-rank test
was used to compare differences among treatment pairs (when significant differences by
Friedman’s test were found) and also for each treatment with respect to time (i.e., 0 h vs. 24 h).

Since the growth rate data met the assumptions of normality and equal variance, a one-
way ANOVA followed by Tukey’s HSD tests were used to determine significant differences
among refurbishing treatments for growth rate. Statistical analyses were performed using the

Statistical Package for Social Sciences (SPSS), version 25.
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Chapter 4
Results
4.1 Bacterial counts
4.1.1 Bacterial counts on raw denim immediately after wear (baseline)

Bacterial counts for all replicates are displayed in Appendix C, Table C.1. The range of
bacterial colony densities observed on the worn fabrics immediately after wear (baseline counts)
varied among participants. Participants 1, 2 and 3 had lower baseline counts overall than
Participants 4, 5 and 6. In general, Participant 6 consistently had the highest baseline counts and
Participant 3 had the lowest counts. For example, the mean (+ SD) counts for Participant 6 were
1.30 x 10* + 2.80 x 10° CFU/mL and ranged from 6.78 x 10° CFU/mL to 1.61 x 10* CFU/mL;
Participant 3 mean baseline counts were 5.61 x 10° + 2.16 x 10° CFU/mL and ranged from 2.67 x
10° CFU/mL to 8.93 x 10° CFU/mL.

4.1.2 Bacterial counts on raw denim following refurbishing treatments

Table 4.1 shows a summary of bacterial counts obtained from denim fabrics before and
after refurbishing treatment. The bacterial counts obtained from the fabrics following the
refurbishing treatment appeared to differ depending on the treatment applied. It also appeared
that the delay after the treatment (0 h or 24 h) influenced the quantity of bacterial populations
on the fabrics. The washing treatment resulted in the lowest bacterial numbers with some
bacterial counts being below the limit of detection (< 7.41 x 10' CFU/mL). Bacterial counts
obtained on fabrics 24 hours following washing also had the lowest bacterial counts. The
treatment with the next lowest bacterial counts of 0 h was obtained on fabrics following
freezing: the mean value immediately after treatment was 7.25 x 10> CFU/mL (+ 3.17 x 10?). The
bacterial counts ranged from 1.48 x 102 to 1.33 x 10° CFU/mL (Participant 5 and Participant 2
respectively, see Table C.1). However, twenty-four hours after freezing, bacterial counts had
increased, with a mean value of 7.17 x 103 CFU/mL (+ 2.38 x 10%) and ranging from 3.33 x 10° to
1.10 x 10* CFU/mL (Participant 3 and Participant 6 respectively). The ironing treatment had the

next highest bacterial counts, with a mean of 1.72 x 10> CFU/mL (+ 6.14 x 10?) ranging from 6.67
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x 10>CFU/mL to 2.74 x 10° CFU/mL (Participant 3 and Participant 1 respectively). The UV
treatment results were similar to the ironing treatment 0 h after treatment with a mean value of
3.72 x 103 CFU/mL (+ 2.23 x 10°). The ranges of bacterial counts were 1.33 x 103 CFU/mL from
Participant 3 to 8.00 x 103 CFU/mL from Participant 6. Twenty-four hours following the
refurbishment treatment the denim fabrics that had been ironed had a mean value of 6.85 x 103

CFU/mL (+ 1.82 x 10%); and those exposed to UV light 7.46 x 10° CFU/mL (+ 4.07 x 10).

Table 4.1 Summary of bacterial counts obtained from denim fabrics before and after treatment

Bacterial Counts (CFU/mL)

Mean SD min max
Freeze Baseline 9.44 x 103 2.67 x 103 5.81 x 103 1.44 x 10*
Oh 7.25 x 102 3.17 x 102 1.48 x 102 1.33 x 103
24h 7.17 x 108 2.38 x 103 3.33x 103 1.10 x 104
Iron Baseline 6.99 x 103 2.48 x 103 3.52 x 103 1.22 x 10*
Oh 1.72 x 103 6.14 x 102 6.67 x 102 2.74x 103
24h 6.85 x 103 1.82 x 103 4.59 x 103 1.02 x 104
uv Baseline 9.85 x 103 3.85 x 103 5.78 x 103 1.69 x 10*
Oh 3.72x 103 2.23 x 103 1.33 x 108 8.00 x 108
24h 7.46 x 103 4.07 x 103 2.00 x 108 1.59 x 104
Wash Baseline 8.60 x 10° 3.71 x 10° 2.67 x 10° 1.40 x 104
Oh <7.41x10! 0.00 <741x10' <7.41x10!
24h <7.41x10! 0.00 <741x10' <7.41x10?

4.2 Relative percent change in bacterial counts following treatment

Both the refurbishing treatment and the amount of time following the treatment had an
impact on the relative change in bacterial counts compared with the baseline. This is shown as a
percent change in bacterial counts, displayed in Table 4.2 and Figure 4.1. The washing treatment
resulted in the greatest percent change with a reduction of bacterial counts at both the 0 h and
24 h following treatment. The percent change following washing ranged from -99.47% for

Participant 6 to -97.22% for Participant 3, at both 0 and 24 h. The mean percent change (and
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standard deviation) in bacterial counts for washing at both 0 and 24 hours was -98.88% (=

0.68%).

Table 4.2 Percent change in bacterial counts from baseline 0 h and 24 h after treatment

Fabric bacterial counts (CFU/mL) per treatment

Freeze Iron uv Washing
Participant Rep 0Oh 24h Oh 24h Oh 24h Oh 24h

1 1 -9310 -2328 -51.63 49.02 -61.82 -28.18 -98.75 -98.75
2 8726 -42.68 -8320 -30.40 -62.04 -2130 -98.79 -98.79
2 1 -9375 2875 -50.00 4839 -67.59 -75.00 -98.84 -98.84
2 8631 -6198 -7696 -40.09 -7439 -2439 -98.81 -98.81
3 1 -8315 -2697 -81.05 6211 -7692 -6410 -97.22 -97.22
2 9004 -13.69 -8674 -1878 -69.79 521 -97.94 -97.94
4 1 9407 -2370 -68.12 6087 -2358 3.77 -99.39 -99.39
2 9181 -2491 -8621 -2672 -7931 -2874 -99.38 -99.38
5 1 9839 -32.53 -49.61 100.00 -58.77 -19.30 -99.22 -99.22
2 9425 038 -7521 -3333 -72.69 -15.87 -99.29 -99.29
6 1 -9436 -2359 -7486 5082 -5041 -1.74 -99.47 -99.47
2 9505 -2857 -87.27 -6242 -64.89 -43.51 -99.42 -99.42
100
80
60
40
B 20 m
;- i -
g -20 ° < ]
-40 |
-80
-100 + —— ¥
Oh 24 h

Time from Treatment

Figure 4.1 Percent change of bacterial counts from baseline to post-treatment
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The percent change in bacterial counts for the freezing treatment showed a high
reduction in bacterial counts 0 h after the treatment with a mean percent change of -91.80% (+
4.33) and ranging from -98.39% (Participant 5) to -83.15% (Participant 3) (Figure 4.1 and Table
4.2 respectively). Twenty-four hours after freezing, bacterial counts were noticeably increased,
with a mean percent change in bacterial counts of -22.79% (+ 22.00) ranging from -61.98% for
Participant 2 to 28.75% for Participant 2. There was considerable variability in percent change in
bacterial counts for specimens that had been exposed to the ironing treatment. The percent
change ranged from -87.27% to -49.61% (Participant 6 and Participant 5 respectively) at 0 h.
Twenty-four hours after ironing, growths of bacterial colonies were observed. The percent
change in bacterial counts ranged from -62.42% (reduction from baseline) for Participant 6 to
100.00% (growth) for Participant 5. The mean percent change at 0 hours was -72.57% (+ 14.50%)
and increased to 13.29% (+ 53.41%) after 24 hours. Bacterial counts obtained from denim
specimens exposed to UV radiation ranged from -79.31% for Participant 4 to -23.58% for
Participant 4 at 0 h following treatment. The bacterial counts on denim specimens 24 h after the
UV treatment varied from Participant 2 (-75.00%) to Participant 3 (5.21%). The mean percent
change at 0 hours was -63.52% (+ 15.03%) and increased to -26.10% (+ 24.85%) after 24 hours.

As the data did not follow a normal distribution or adhere to the assumptions of equal
variance required for parametric statistical analysis, non-parametric tests were performed to
determine significance among treatments and time. As it was clear from the results, washing
was significantly different from all other treatments at 0 h and 24 h, and was excluded from
further analysis. The Friedman test was used to determine if there was a significant difference
among the three alternative refurbishing treatments at each time variable (see Table 4.3).
Additionally, the Wilcoxon test was used to determine any significant difference among each
treatment in pairs. At 0 h, there was a significant difference among the percent change for the
three treatments (y2 =19.500, p = 0.002). Freezing was significantly different from the iron and
UV treatments (Freeze-Iron: Z =-3.059, p = 0.002; Freeze-UV: Z =-3.059, p = 0.002). However, the
iron and UV treatments did not differ significantly (Iron-UV: Z=-1.569, p = 0.117). At 24 h, there

was no significant difference among the three treatments (2= 0.558, p = 0.558).
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Table 4.3 Effect of time on bacterial counts after treatments

Mean Rank*
Refurbishment Treatment Friedman test results
Freeze Iron uv N X? df Sig.
0 hours 1.00a 2.25b 2.75b 12 19.500 2 0.002
24 hours 1.83a 2.25a 1.92a 12 1.167 2 0.558

* means with the same letter along a row are not significantly different from one another at p <0.05

4.3 Effect of time on bacterial counts for each treatment

There were noticeable differences in bacterial counts after 24 h compared with counts at
0 h for the three alternative refurbishing treatments (i.e., freeze, iron, UV) (see Tables 4.1, 4.2
and Figure 4.1). However, there were no differences in bacterial counts obtained from the
washed denim fabrics over time, with bacterial counts being consistently below the limit of
detection at both 0 h and 24 h.

Following the freezing treatment, mean bacterial counts were 7.25 x 102 CFU/mL at 0 h
and this increased to 7.17 x 10° CFU/mL at 24 h (see Table 4.1). This resulted in a mean percent
change from -91.80% at 0 h to -22.79% at 24 h. The mean bacterial counts also increased for both
ironed specimens and specimens exposed to UV radiation, although the differences between 0
and 24 hours were not as large. For the ironing treatment, mean bacterial counts were 1.72 x 10°
CFU/mL at 0 h and this increased to 6.85 x 103 CFU/mL at 24 h (mean percent change: -72.57% at
0 h; 13.29% at 24 h). For the UV treatment, mean bacterial counts were 3.72 x 103 CFU/mL at 0 h
and increased to 7.46 x 10° CFU/mL at 24 h (mean percent change: -63.52% at 0 h; -26.10% at 24
h).

When analysing the difference between time periods for each treatment the Wilcoxon
signed test was conducted. The results indicated that the difference in bacterial counts between
both 0 h and 24 h were significant for all three alternative refurbishing treatments: freezing (Z =

-3.059, p = 0.002), ironing (Z = -3.059, p = 0.002), and UV (Z = -2.598, p = 0.003).
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4.4 Change in growth rate from 0 hours to 24 hours

There was a clear difference in the rate of growth from 0 h to 24 h for the four treatments
as shown in Figure 4.2. The growth rate was expressed as log differences and therefore is
unitless. As mentioned previously, there was no change in the bacterial counts for the washed
fabrics over time; therefore, the daily growth rate was calculated as 0.00. For the specimens that
had been frozen, the mean daily growth rate was 1.02 (+ 0.33). The mean daily growth rate for

ironed samples was 0.62 (+ 0.17) and for UV exposed samples was 0.30 (+ 0.19).

1.80
1.60
1.40
1.20

1.00 W Freeze
Hliron
B UY

Wash

0.80

0.60

0.20 _—

0.40

Growth rate per day {log difference)

0.00

-0.20
Refurbishing treatment

Figure 4.2 Bacterial growth rate (1og10) per day on raw denim after refurbishing treatments

Again, from Figure 4.2 it is clear that washed samples differed significantly from the
other refurbishing treatments. Therefore, in order to determine whether there were significant
differences among the three alternative refurbishing treatments, the analysis was carried out
without the washed data. From the one-way ANOVA data presented in Table 4.4 it was evident

that there was a significant difference among the three refurbishing treatments (F235 = 27.532, p <
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0.001). The daily growth rate for freezing was significantly different than both ironing and UV;

ironing and UV also significantly differed from one another (see Table 4.5).

Table 4.4 One-way ANOVA comparison of daily growth rate for three alternative refurbishing
treatments

Source of Variation d.f. SS MS F p-value
Between Groups 2 3.110 1.555 27532  0.000
Within Groups 33 1.864  0.057

Total 35 4.974

Table 4.5 Difference in daily growth rate using Tukey’s test for significant differences

Groups Difference Test Statistic p-value
Freeze vs Iron 0.403 5.875 0.0006
Freeze vs UV 0.718 10.468 0.0000
Iron vs UV 0.315 4.593 0.0074
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Chapter 5
Discussion
5.1 Effect of treatments on reduction of bacteria

An overall reduction in viable bacterial counts was observed on all denim specimens
immediately after the refurbishing treatment. However, during the 24-hour period following
the treatment, the bacterial populations increased on some fabrics. At times this even resulted in
higher populations than the baseline counts.

The following null hypothesis concerning the effect of the selected treatments on
bacterial reduction was tested:

Hou: There are no significant differences among the four refurbishing methods in the
reduction of skin bacteria.

Reject: The statistical analysis (described in Section 4.2) regarding the results obtained
from each treatment was used to determine any statistical difference among the four
refurbishing treatments. Washing was significantly different from the three alternative
refurbishing treatments at both 0 h and 24 h time periods. Freezing was significantly different
from the ironing and UV treatments at 0 h; ironing and UV did not differ significantly at 0 h. At
24 h, there were no significant differences among freezing, ironing and UV treatments.

Of the four refurbishing methods, washing was the most effective at reducing viable
skin bacteria on denim fabrics, with greater than 97% reduction of bacterial populations
immediately after washing (Table 4.2) as bacterial colonies were below the limit of detection.
This was not unexpected as laundering is a common method for removing soils, odour and
other contaminants from clothing (Shove, 2003). For the other refurbishing treatments, freezing
had the next highest percent reduction, followed by the UV and the ironing treatment (both of
which were not significantly different from one another).

The outcome from washing raw denim aligns to some degree with previous laundering
research where bacterial populations were evaluated after treatment. Bacteria were not
recovered from inoculated samples when laundered at 60 °C and 90 °C (without detergent),

however, some gram-negative bacteria were recovered at 40 °C (likely due to a build-up of
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biofilms from the machine itself) (Lakdawala et al., 2011). In the same study, worn uniforms,
washed at a 40 °C temperature also showed bacterial recovery of gram-negative bacilli likely
attributed to contamination from laundering equipment used (Lakdawala et al., 2011).
Elsewhere, 40 °C and 60 °C wash water temperatures were used to remove bacterial colonies
from fabrics. Gram-negative bacilli was again recovered and attributed to the washing machine
and not the inoculated broth (Patel et al., 2006). Where the current study diverges from
Lakdawala et al. (2011) and Patel et al. (2006) was that denim samples were laundered in
separate canisters, using 100% cotton raw denim (uniforms were a cotton and polyester blend).
This may also explain why bacteria were not recovered from washed samples in this study as
fabrics were not in direct contact with biofilms that may exist in the washing machine.
Additionally, skin bacteria were gathered directly from healthy skin in the current study and
not from an in vitro inoculation of specific microorganisms or exposure to medical settings with
bodily fluids and potentially infectious microorganisms (an additional experiment performed
by Lakdawala et al. (2011)). It should be noted that these previous studies involved the
laundering of hospital and medical textiles, exposed often to multiple ill or vulnerable patients,
whose nosocomial bacteria types and levels may be harmful to others. In the current study, the
accumulation of skin bacteria on raw denim may not be as critical as microorganisms on
medical garments as raw denim is more likely worn in non-medical circumstances. What may
prove valuable as further research, is the exploration of laundering raw denim under lower
washing temperatures as these conditions have likely led to cross-contamination, as suggested
by Lakdawala et al. (2011) and Patel et al. (2006).

While less effective than washing, freezing was more effective than either the ironing or
the UV treatment at reducing skin bacteria. The percent change ranged from —98.39% to —83.15%
immediately after removal from the freezer. Bacterial structures are often damaged or greatly
altered by freezing (Skogland et al., 1988), but over time, surviving bacteria repopulate once a
growth-favourable temperature is achieved. In the current study bacteria were subjected to a
large temperature change when the raw denim specimens were placed in the freezer. This
destroyed many but not all of them. This also has been shown in soil research, where bacterial

levels are reduced significantly after freezing (Morley et al., 1983). At different stages of the
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freeze-thaw process, the structure of bacteria is altered depending upon strain types, final
freezing temperature and time frame (Fonseca, Béal, & Corrieu, 2001). Freezing may cause cell
death or irreversible damage and occasionally cause the cell to undergo some form of
hibernation (Walker, Palmer, & Voordouw, 2006). As a result, a large number of viable bacterial
colonies are eliminated upon analysis but those that survive freezing can sustain growth and
reproduction once thawed. It is suspected that similar bacterial effects occurred to skin bacteria
obtained on denim fabrics in the current study.

Reductions of bacterial population on denim specimens following ironing were not as
large as that for washing and freezing. A percent change for ironed fabrics at 0 hours ranged
from -87.27% to -49.61%. The iron has been recommended as an additional hygienic method for
removing bacteria but is often supplemental to laundered samples that have also been put
through a cycle in the tumble dryer (Bloomfield et al., 2013; Church & Loosli, 1953). The
combination of heat and steam are common elements used in methods for bacterial reduction.
Standard practice for disposal of medical waste includes a decontaminating step, often with an
autoclave (Rutala, Stiegel, & Sarubbi, 1982) which may produce larger quantities of steam, use
higher temperatures and create a pressurized atmosphere (which is not present with the
household iron). Dental implements benefit from steam sterilization over other manual and
chemical methods for eliminating bacteria (Eldik, Zilm, Rogers, & Marin, 2004) as many tools
are reused. Increasingly, heat and steam have been adopted as methods for soil sterilization as
the use of chemical pesticides and fumigants have been shown to be hazardous (Tanaka et al.,
2003). With respect to the iron and bacterial reduction on raw denim, the length of time,
temperature, and amount of steam was considerably lower than that of the previous methods
mentioned, likely contributing to some but not complete bacterial elimination.

The use of sunlight has been recommended by online bloggers as a form of bacterial
reduction and means of refreshing the garment. It is a non-abrasive, natural, sustainable and
inexpensive method (Muzquiz, 2018; Yee, 2016). Applying UV light to the denim samples also
resulted in a reduction of bacteria, however, like ironing, it was also less effective than washing
and freezing immediately after exposure. Based on the results, the percent change in bacterial

population ranged from -79.31% to -23.58% at 0 hours. Exposure to concentrated UV light
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explored by Mitoraj et al. (2007) indicates that this type of treatment can be effective in bacterial
reduction. However, in the case for the current study, the UV light used may not have had
adequate intensity or perhaps there was insufficient exposure time to reduce large numbers of
bacteria. Elsewhere, UV light is relied upon for sterilization purposes. Equipment emitting
highly concentrated UV light, requiring the user to be protected by safety glasses, or tinted
windows, are used for the elimination of bacteria in laboratories (Meechan & Wilson, 2006).
These types of lamps have been used to reduce the bacteria on fruits responsible for accelerated
deterioration. By emitting UVC rays of approximately 254 nm (Erkan, Wang, & Krizek, 2001)
the formation of mold is reduced (Forges et al., 2018). The difference between these two studies
and the current study was that fruits were subjected to multiple exposure periods to UV light,
whereas, for the raw denim, only a one-time exposure treatment was carried out. Additionally,
the thickness of raw denim is different than the skin of the fruits tested (pear and strawberries)
and UV light may not be as effective on raw denim as fruit skin. Sterilization from UV light is
also widely used for medical devices (Dempsey & Thirucote, 1988; Kylian & Rossi, 2009). These
UV lights emit pulsed or concentrated light between 200-300 nm which lead to inactivation of
microorganisms or permanently altering their DNA rendering bacteria incapable of
reproducing (Kylidn & Rossi, 2009). Sunlight as a disinfectant for drinking water is often
implemented when other means are not accessible (Davies, Roser, Feitz, & Ashbolt, 2009). For
example, harmful bacteria found in fully oxygenated water (Escherichia coli and Enterococcus
faecalis) have been shown to be inactivated using sunlight (Reed, 1997), although there is much
variability in light intensity and other environmental considerations (Davies et al., 2009; Gates,
1966).

Immediately after UV treatment (at 0 hours), it did appear that the treatment reduced
viable bacteria, but they were not completely eliminated and showed growth after 24 hours.
With raw denim, the interlacing of the warp and weft yarns may have had an impact, as
exposure to UV light may not have penetrated the underlapping yarns where bacteria may have
inhabited. Bacteria on the surface were exposed to the UV light, but within the layers of the raw
denim, bacteria may have been protected by the yarns within the fabric structure and been able

to persist.
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5.2 Effect of treatment on bacterial reduction 24 hours after treatment

Twenty-four hours after the refurbishing treatments bacteria grew on the refurbished
denim specimens for all of the treatments except for the washed specimens (Figure 4.1). The
percent change from the baseline counts did not differ among the three alternative refurbishing
treatments (i.e., freeze, iron and UV) at the 24-hour period post-treatment. However, there was
wide variability among counts for specimens that were ironed, with many specimens having
counts higher than the baseline (particularly notable among many ironed specimens).

The following null hypothesis concerning the effect of the selected treatments on
bacterial reduction was tested:

Hoz: There are no significant differences between time 0 hours and 24 hours in the
reduction of bacteria after each of the four refurbishing methods.

Reject: Based on the statistical analysis from Section 4.2, there were significant
differences between both time periods for freezing, ironing and UV but not for the washing
treatment.

While analysing washed samples, there were no visible bacterial colonies observed,
however, bacteria may have been present, below the limit of detection. This result is not entirely
surprising, since the removal of bacteria and soils from clothing items after they have been
worn is the intention of laundering (Sams, 2001; Shove, 2004). As previously mentioned, the
combination of detergent, mechanical agitation, water and heat, contribute to the successful
elimination of bacteria when compared with the other three treatments. Furthermore, because
the laundering procedure is successful at removing not only bacteria but also other
contaminants (e.g., oils and skin cells) that could act as nutrient sources for bacterial
metabolism, bacterial growth did not appear to occur during that 24-hour period.

Interestingly, although freezing was shown to be more effective at killing bacteria
compared to the other two alternative refurbishing methods immediately after treatment, there
were no significant differences in bacterial counts after 24 hours, indicating bacteria re-
populated within the time period. Compared to the results for UV and ironing, the greatest
amount of growth during the 24-hour period occurred for denim samples that had been frozen

(see Figure 4.2). One explanation for this more rapid increase in growth on frozen samples
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could be related to the moisture levels in denim samples after thawing. When denim swatches
were removed from the arm, the fabrics were moist due to the humidity created by the plastic
barrier. As the fabrics were immediately frozen after removal from the body, the thawed fabrics
were still moist and this may have been favourable for bacterial growth during the 24-hour
thawing process, once the fabric had increased to room temperature. Although bacterial counts
of frozen fabrics were initially much lower suggesting some merit to the freezing method, upon
thawing, freezing may not be the best alternative “cleaning” solution due to the rapid rate of
bacterial growth.

Twenty-four hours after ironing, bacteria not only grew to counts close to the baseline
numbers, but in many specimens exceeded baseline counts. The initial heat and steam appeared
to have some impact on reducing bacterial levels, but over time, was not lasting as bacteria
displayed some growth. It could be possible that due to the increase of heat on the fabric from
the treatment, the environment was more favourable for bacterial growth, which could have
continued when the samples were placed in ambient temperatures. These environmental
conditions may have been more favourable than those of the UV samples, thereby experiencing
a longer period of favourable growth conditions, possibly causing increased growth. What was
also notable regarding the iron was the variability of bacterial populations. In a realistic setting,
the variability could be even more pronounced as the iron is generally passed over garments
rapidly, not directly remaining on the garment for extended periods of time (which may cause
damage). Additionally, jeans have numerous layers of denim fabric, where bacteria in these
areas may not have full contact with the iron and be less likely to be damage by the heat and
steam.

The rate of growth for bacteria on denim specimens exposed to UV light during that 24-
hour period was much lower than for freezing. What this means is that from what had
remained of the bacteria that survived following the UV treatment, bacteria did not replicate as
quickly as those that had survived freezing and many of the ironing samples. A potential reason
for this lower rate of growth may be due to fabric drying out during the UV treatment (unlike
the samples removed from the freezer, which were moist) before being placed in ambient

temperatures for 24 hours. The surface of the raw denim would not have been as favourable for
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additional bacterial growth as when the samples were moist and warm, ideal for any remaining

bacteria on the fabrics to replicate over time.

5.3 Analysis of findings

In this study the alternative methods for reducing bacteria on denim were evaluated and
compared to laundering which is the most common type of refurbishing method carried out on
garments. The results showed that laundering was indeed the most effective solution for
reducing bacterial populations both immediately after the treatment as well as over time. Since
laundering is the principal method for refreshing and cleaning clothing, this study confirmed
that this is a reliable domestic choice. However, this method poses problems for raw denim
owners as laundering causes some of the degradation of the garment (Kan & Yuen, 2009;
McQueen et al., 2017). This can lead to alteration of custom fading patterns and creases unique
to the individual and change in size or fit. Moreover, the washing machine and dryer has been
shown to consume high levels of energy and water (Laitala et al., 2012), which are not
considered sustainable practices. As a result, there has been discussion about reducing the use
of these machines or altering the settings (lower temperatures with longer cycles or using fuller
loads (Laitala et al., 2012)) to consume fewer resources.

The heat of the iron, with the addition of steam was effective in reducing some bacterial
colonies. Further reduction could potentially occur if time and/or temperature were increased as
a relationship between temperature and length of time in effectiveness of bacterial elimination
exists among many methods. Increasing the temperature (or time for direct contact) may be
hazardous as it may result in burning or damage to the cotton fibres. Since the purpose of this
study was to explore alternative methods for denim refurbishing while avoiding any garment
degradation, extending the contact time with a hot iron pressed on denim may not be ideal.
Previous research has suggested the use of the iron to provide increased hygienic benefits, one
method disclosed the temperature reached 350 °C (Church & Loosli, 1953), another had no
reference to temperature in the method at all (Patel et al., 2006); so an increase in the
temperature of the iron may have resulted in greater reduction in percentage of bacteria in the

current study. In addition, Church & Loosli (1953), Eckert et al. (2014) and Patel et al. (2006) all
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found significant bacterial reduction with the iron after the use of the tumble dryer, which was
not performed in this study. Also, small samples of denim were used, not the entire garment. It
may not be practical for complete ironing of the garment which may have multiple layers of
fabric and complicated stitching where the heat from the iron may not penetrate. Having said
that, there may be increased effectiveness in increasing the temperature and / or contact time
before the damage point, which would be worth further investigation.

The use of sunlight is a common method of drying clothing for many. Anecdotal reports
of a refreshed outdoor smell contribute to its popularity (Jack, 2013) as well as its low
consumption of energy. One notable barrier to outdoor drying includes geography and climate
of the region which contributes to the seasonal popularity of this method and geographical
reports (Pink et al., 2015). Although there was some reduction in bacterial colonies immediately
after the UV treatment, bacterial growth was still observed over time. After the treatment,
bacteria were able to replicate, therefore this was not an effective treatment. The use of the
Weather-Ometer is limiting as it does not completely simulate the realistic conditions of having
the garment exposed to sunlight outside. The length of time may be another factor to consider
as extended exposure time may lead to increased initial bacterial reduction. This
recommendation may not be practical in a realistic situation as the level of sunlight on a given
day could be highly variable although it may still be worth exploring in a laboratory setting.
Also, a pair of raw denim jeans is not the same as a small sample of fabric; the multiple layers of
fabrics and design features (such as pockets) are unlikely to be penetrated by sunlight.

While showing early promise, the use of the freezer to kill bacteria behaved along the
same lines as research purposefully using this method to conserve bacteria (Morley et al., 1983).
What may be worth pursuing further would be to experiment with worn denim that is
completely dry before placing into the freezer, potentially reducing the amount of moisture
when thawed that may encourage bacterial growth. Or, perhaps, a combination of freeze-thaw-

freeze, which has been used in textile conservation research?
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5.4 Research limitations

As mentioned previously, denim specimens were worn for twenty-four hours. This time
frame may have impacted the population density of cutaneous flora on the samples which was
relatively low upon analysis of worn baseline samples in this current study. Additionally, only
one type of denim was used, which may not be indicative of other denim fabrics or other
materials. Other forms of denim may be treated with numerous chemicals or are comprised of a
fabric blend which could influence bacterial behaviour differently.

Odour was not analyzed, even though this has been mentioned as an important factor
when avoiding washing raw denim, and could have provided additional insight into the effect
of the treatments.

The type of agar used may not have enhanced the growth of particular microorganisms,
which may have influenced the visible colonies observed during analysis.

It is important to qualify conclusions drawn from this study as denim samples were
placed on the arm and only worn for twenty-four hours before removal. The efficacy of the
selected treatments may differ from a build-up of microorganisms over the course of

consecutive wears, which would more closely reflect raw denim wear patterns.
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Chapter 6
Summary, conclusions and recommendations
6.1 Summary

The purpose of this study was to determine the impact of selected alternative
refurbishing treatments (freezing, ironing, UV light) on skin bacterial count growth on raw
denim and how they compare to results from washing. A human wear trial was employed to
collect skin bacteria on raw denim fabrics. Female participants (n=6) were recruited and wore
fabrics attached to the skin with a plastic barrier on the posterior of both forearms for twenty-
four hours. Counts of bacteria extracted from worn fabrics were conducted before refurbishing
treatments (baseline counts), immediately after the refurbishing treatment (0 hour counts) and
24 hours after the refurbishing treatment (24 hour counts) were taken. Bacterial density varied
among participants (and to some extent within participants). Participants” baseline counts were
used to compare the percent change in bacterial populations for each refurbishing treatment
and time period. Fabrics that were washed had the highest reduction of bacteria, both
immediately after the treatment as well as 24 hours following treatment. For the other three
refurbishing treatments, freezing had the highest bacterial reduction immediately after
treatment; ironing and UV treatments were less effective at reducing bacteria than freezing.
However, during the 24-hour period after treatment there was a greater rate of bacterial growth
in the specimens that had been frozen. Lower bacterial growth occurred between the 0-24 hours

for specimens that had been exposed to the UV and ironing.

6.2 Conclusions

Raw denim has recently emerged as a popular style of jeans, sparking a growing
community of enthusiasts. The unique properties of raw denim paired with the considerable
cost for some have inspired numerous online media and aficionados to find alternative methods
for maintaining the garment without the use of traditional laundering methods. This is due to
not only sustainable endeavours but also to avoid the negative effects from degradation

associated with laundering denim. As such, this study sought to evaluate the viability of

50



suggested alternative methods for reducing the build-up of bacteria on denim and refresh them
for continuous wears.

Washing effectively removed skin bacteria to the point that growth did not reoccur
during the 24-hour period after refurbishing. Mechanical agitation, detergent, and warm water
are likely the reasons for the significant and sustained bacterial reduction in this experiment.
Laundering clothing is the most common method used to clean and refresh clothing, but has
also been identified as a method to avoid for raw denim according to raw denim blogs and
enthusiasts, posing a challenging dilemma for the care and maintenance of these garments.

Not one of the alternative refurbishing treatments was effective in eliminating skin
bacteria from raw denim fabrics. Freezing greatly reduced bacterial populations, likely because
the sub-zero temperatures caused cell damage to some of the bacteria (more specifically,
bacterial membrane and/or DNA structure). This suggested that freezing may be more effective
at reducing bacteria in denim jeans than either ironing or UV light exposure. However, while
the sample thaws, surviving bacteria can rapidly multiply and any initial effectiveness due to
freezing may make little difference by the time the jeans are ready to be worn again. As an
accessible and low-cost alternative, sun drying garments is common and sometimes relied upon
by some who do not have access to a machine dryer. While this method may be useful for
drying clothing and consumes fewer resources, it was not an effective method for bacterial
reduction. Another low-cost method for drying, smoothing and finishing clothing is the
handheld steam iron, which uses less energy than the tumble dryer and overall, very little water
(Porteous et al., 2012). Similar to UV light exposure, the iron was not effective at reducing
bacteria.

The desire to preserve the unique markings developed on worn denim, the colour
intensity and the fit makes this garment a challenge to maintain. As the results from this study
indicate, bacteria reduction is not sustained over time from treatments other than washing and

further research is required to determine the viability of alternatives.
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6.3

Recommendations

The following recommendations are proposed for further evaluation of possible

alternative refurbishing methods to not only further clarify issues raised in this thesis, but to

extend the test method herein to better understand the practices involved:

1.

Carry out an experiment allowing for the accumulation of bacteria within fabrics to
occur over multiple wears in order to increase bacterial populations which would better
simulate raw denim wearer’s behaviour.

Include male participants in future research to provide further insight into cutaneous
bacteria with respect to alternative refurbishing treatments on raw denim.

Incorporate supplemental methods to further explore alternatives to laundering for
denim refurbishing such as (but not limited to) the oven, exposure to direct sunlight, use
of the dryer and iron, a garment steamer, a UV wand or denim cleaning spray.

Conduct further research incorporating human participants where denim is in contact
with the lower body to provide increased understanding of skin bacteria in this region.
Extend the time period on worn samples post-treatment beyond twenty-four hours as a
means to observe bacterial growth and reduction behaviour for longer periods of time.
Explore the effect of body temperature on raw denim post-treatment. This could
simulate wearing the garment after treatment with an increase in temperature from the
wearer’s body which may affect bacterial growth on raw denim.

Prior to freezing, drying raw denim will reduce the moisture (which can be favourable
for bacterial growth).

Evaluate different lengths of time for freezing raw denim, to explore any impact this

variable may have.
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Appendix A

Ethics Documents

AL RT Department of Human Ecology

Faculty of Agricultural, Life and Environmental Sciences

Room 302 Human Ecology Building www.hecol.ualberta.ca Tel: 780.492.3824
Edmonton, Alberta, Canada T6G 2N1 hecol@ualberta.ca Fax: 780.792.4821

EFFECTIVENESS OF ALTERNATIVE REFURBISHMENT TECHNIQUES IN
CONTROLLING SKIN BACTERIA ON DENIM FABRICS

Purpose: The purpose of this study is to evaluate the effect of selected refurbishing treatments on
bacterial growth collected on denim fabric. We are looking for individuals to wear denim fabric patches
on their forearm for multiple 24-hour cycles, with weekly drop-offs, over the course of two months.
This study is a requirement as part of a MSc. program in the department of Human Ecology.

Participant Requirements: In order to qualify for the study, we ask that interested individuals meet the
following criteria:

* must be at least 18 years of age

* must be free from skin conditions, open wounds or cuts or taking antibiotics

* must successfully complete a screening test to ensure adequate bacteria transfers onto fabrics for
analysis (see below)

* must be prepared to commit to participate in up to 7 separate trials (which require wearing fabrics
for 24 hours continuously per session) over the course of 7 weeks

* while fabrics are being worn, participants will be asked to refrain from strenuous exercise or
movements, removal of fabrics (unless irritation or discomfort arise) and should be covered by a
plastic wrap (demonstration will be provided) for bathing or showering

Screening procedure: In order determine if you qualify for the study, you will be asked to take
part in a screening test which will involve the same procedure as the trial itself. Two denim patches (one
for each arm) will be attached to your forearm (using Kinesiology tape) and worn for 24 hours. Upon
completion, you will return to the researcher for removal of the denim fabric. Fabrics will then be
analysed, by extracting the bacteria and growing them on bacteriological media for colony counting. You
will be contacted with results and further instructions should they qualify. A $5 gift card will be given to
all screening participants who complete the 24-hour wear period and return for removal of the fabrics.

Main research procedure: 1f you pass the screening test you will be invited to participate in the
full study. This will involve the same requirements as the screening procedure (24 hour wearing of
fabrics, on campus attachment / drop-off) but you will be asked to repeat the procedure a minimum of 5
times, up to a maximum number of 7 times. In other words, we will require your participation for a
minimum of 5 weeks up to a maximum of 7 weeks. You will be provided with a soap to use during
bathing over the course of the main research.
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Confidentiality: All information collected in the study will remain strictly confidential. Your
information will be coded so that personal identification is not possible. The data will be stored in a
secure location (e.g., a locked file cabinet and secure computer) that is accessible only to the student
researcher. The coded results will be used for the purposes of scientific research only. Research
information is kept in secure storage at the University of Alberta for a period of five years and the
information will be destroyed after this period.

Incentives: If you complete the trial sessions, you will receive a $60 supermarket gift card in
acknowledgement of your time and contribution to the study. Partial completion of the study requirements
will result in a pro-rated gift card.

Risks: There are no immediate risks associated with participating in this study. Please inform the
student researcher if you have an allergy to latex or the adhesive in K-Tape, so that an alternative tape can
be provided (Leukotape). Additionally, you may experience some discomfort during fabric removal, as
the adhesive may remove some hairs or stretch skin in sensitive areas on the arm. The student researcher
will remove the tape as carefully as possible to minimize any discomfort. If for any reason you experience
irritation on the skin during the 24 hour wear period you should remove the fabric and tape immediately
and contact the student researcher.

Withdrawal from the study: You can change your mind about being in this study at any time.
You can withdraw from the study by informing any of the researchers by email, telephone or in person. If
you wish to withdraw your data you can do so up to 2 days after completing the final completed wear and
drop-off of fabrics.

Voluntary participation: You are under no obligation to participate in this study, it is
completely voluntary. Even if you agree to be in the study you can change your mind and withdraw at
any time up until 2 days after the final drop off of the fabrics. You are asked to let the researcher know
you if you no longer want to participate in the remaining trial sessions in person or through email.

Questions or concerns: If you have any questions about your participation in the study, you can
email the researcher at mariko@ualberta.ca. If you would like to contact the principal investigator’s
supervisor directly you can contact Dr. Rachel McQueen at 780-492-2045 or
rachel.mcqueen(@ualberta.ca. The plan for this study has been reviewed for its adherence to ethical
guidelines by the University of Alberta’s Research Ethics Board 2. If you have any questions regarding
your rights as a research participant, you may contact the Research Ethics Office at 780-492-0459. This
office has no affiliation with the study investigators.

Researchers:
Mariko Wakefield Dr. Rachel McQueen
Student Researcher Supervisor

780-492-2045

mariko@ualberta.ca rachel.mcqueen(@ualberta.ca
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EFFECTIVENESS OF ALTERNATIVE REFURBISHING TECHNIQUES IN
CONTROLLING SKIN BACTERIA ON DENIM FABRICS

Consent Form

Researchers
Mariko Wakefield mariko@ualberta.ca
Rachel McQueen rachel.mcqueen(@ualberta.ca 780 492 2045

Please circle one:

Do you understand that you have been asked to be in a research study? Yes No
Have you read and received a copy of the attached Information Sheet? Yes No
Do you understand the benefits and risks involved in taking part in this Yes No

research study?

Have you had an opportunity to ask questions and discuss this study? Yes No
Do you understand that your participation is voluntary? Yes No
Has the issue of confidentiality been explained to you? Yes No
Do you understand who will have access to your information? Yes No
Do you have any allergies to latex used in Kinesiology tape? Yes No
Participant name: (please print)
Participant signature: Date:
Witness name: (please print)
Witness signature: Date:
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Appendix B
Preliminary testing
B.1  Procedure

Five preliminary trials were carried out using bacteria (Trial #1) or using human
participants (n=2) (Trial #2, #3, #4, and #5) to explore suitable methods for the freezing treatment
and bacterial growth techniques for the final trial. Test variables including freezing time,
thawing time, fabric location on the body and bacterial extraction procedure were altered
during the preliminary trials. The fabric specimens used for pretesting were cut from previously
used jeans (which had been washed and worn several times), with a fibre content of 99% cotton
and 1% elastane and were sterilized before each trial (in an autoclave, on a gravity cycle at
118 °C for 30 minutes). Pretesting fabric (which was not raw denim) was selected for its
availability as raw denim required out of province sourcing which included an extended
shipping timeframe. In pretesting trials using human participants, denim was occluded to the
skin using medical tape, and covered by a plastic barrier. Additionally, fabrics were not placed
in ambient conditions in Trial #1, #2, and #3 but were for #4 and #5.

Bacterial application (Trial #1) and extraction procedure (all trials) was adapted from the
AATCC 100 - 2004 — Antibacterial Finishes on Textile Materials: Assessment of (AATCC 2010b)
where bacteria was inoculated onto fabrics, vigorously shaken in a buffering solution and drop-

plated onto nutrient agar plates.

B.2  Results from preliminary trials
B.2.1 Trial #1

Results from Trial #1 are displayed in Table B.1. Two different bacteria strains were
used, Staphylococcus aureus (SA; ATCC #33591) and Micrococcus luteus (ML; unspecified strain)
and were chosen as they are bacteria commonly found on the skin (Kloos & Musselwhite, 1975).
Denim fabrics were inoculated with a cultured broth from one of the selected bacterial strains,
were frozen for 24 hours (in a Petri dish) and were assigned to different thawing methods. After

freezing, fabrics were thawed for either 6, 26 or 51 hours in either a room temperature space or
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in an incubator (37 °C). Additionally, control fabrics (inoculated with bacteria and analysed
without freezing), and unthawed fabrics (fabrics were analysed immediately after removal from

freezer) were included in this trial to explore bacterial results with and without freezing.
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Table B.1 Results from Trial #1 with bacterial strains

Plate # Dilution 1 2 3 Average  CFU/mL
SA-CON-1 10 39 43 30 37.33  2.49E+04
SA-CON-1 102 6 7 12 8.33  5.56E+04
SA-CON-1 103 1 2 2 1.67  1.11E+05
SA-CON-2 10 38 31 46 38.33  2.56E+04
SA-CON-2 102 8 8 15 10.33  6.89E+04
SA-CON-2 107 1 0 0 0.33  2.22E+04
ML-CON-1 101 16 13 17 15.33  1.02E+04
ML-CON-1 10 4 0 1 1.67 1.11E+04
ML-CON-1 107 0 0 0 0.00  0.00E+00
ML-CON-2 101 1 1 2 1.33  8.89E+02
ML-CON-2 10?2 2 0 0 0.67  4.44E+03
ML-CON-2 103 0 0 0 0.00  0.00E+00
SA-NT-1 101 9 1 0 3.33  2.22E+03
SA-NT-1 10 2 1 0 1.00  6.67E+03
SA-NT-1 103 0 0 0 0.00  0.00E+00
SA-NT-2 101 3 2 0 1.67  1.11E+03
SA-NT-2 10 1 1 0 0.67  4.44E+03
SA-NT-2 103 2 0 0 0.67  4.44E+04
ML-NT-1 101 2 0 0 0.67  4.44E+02
ML-NT-1 102 2 0 0 0.67  4.44E+03
ML-NT-1 103 0 0 0 0.00  0.00E+00
ML-NT-2 101 0 0 0 0.00  0.00E+00
ML-NT-2 102 0 0 0 0.00  0.00E+00
ML-NT-2 103 0 0 0 0.00  0.00E+00
SA-I6-1 101 28 32 29 29.67  1.98E+04
SA-I6-1 102 20 16 20 18.67  1.24E+05
SA-I6-1 103 4 5 3 4.00 2.67E+05
SA-I6-2 101 19 30 26 25.00 1.67E+04
SA-I6-2 102 17 20 20 19.00  1.27E+05
SA-I6-2 103 2 1 4 233  1.56E+05
ML-I6-1 10 1 2 5 2.67  1.78E+03
ML-I6-1 102 1 0 0 0.33  2.22E+03
ML-I6-1 107 0 0 0 0.00  0.00E+00
ML-I6-2 10 2 2 2 2.00 1.33E+03
ML-I6-2 102 1 1 2 1.33  8.89E+03
ML-I6-2 103 0 0 0 0.00  0.00E+00
SA-RT6-1 101 5 6 2 433  2.89E+03
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ML-RT51-1 101 10 12 12 11.33  7.56E+03

ML-RT51-1 102 2 3 1 2.00 1.33E+04
ML-RT51-1 103 3 1 1 1.67  1.11E+05
ML-RT51-2 101 4 6 2 4.00 2.67E+03
ML-RT51-2 102 1 2 0 1.00  6.67E+03
ML-RT51-2 103 0 0 0 0.00  0.00E+00

SA — Staphylococcus aureus
ML — Micrococcus luteus

CON - Control — fabrics were inoculated with bacteria and tested without freezing treatment
NT — No Thaw — bacteria was extracted from fabrics within 20 minutes of freezer removal

16 — Fabrics were incubated for 6 hours after removal from the freezer

RT6 — Fabrics were put in a room temperature space for 6 hours after removal from the freezer
126 — Fabrics were incubated for 26 hours after removal from the freezer

RT26 — Fabrics were put in a room temperature space for 26 hours after removal from the freezer

RT51 — Fabrics were put in a room temperature space for 51 hours after removal from the freezer

B.2.2 Results

Fabrics that were inoculated with SA and thawed at room temperature for 26 hours and
incubated for 26 hours resulted in bacterial counts that were too numerous for the first serial
dilution (10"). The lowest bacterial counts were observed on specimens that were not thawed as
well as specimens that were thawed at room temperature for 6 hours.

The highest bacterial count results recovered from fabrics that were inoculated with ML
were observed on fabrics that were thawed at room temperature for 51 hours. The lowest
bacterial count results were observed on samples that were not thawed after freezing and room

temperature thawed for 6 hours.

B.2.3 Trial #2

The purpose of Trial #2 was to introduce the inclusion of two human participants to
collect skin bacteria, and in this case, fabrics were occluded to the inner thighs on both legs for

24 hours. With the exception of the “not frozen” assigned samples, fabrics were placed into the
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freezer for 95.5 hours (in a Petri dish) after removal from participants. Fabrics were assigned
different thawing times (0, 5 and 24 hours) and temperatures after freezing (room temperature
or incubator) for comparison. Different thawing times served to simulate different lengths of
time the owner may wait before wearing raw denim removed from the freezer. Different
temperatures served to compare leaving frozen raw denim at room temperature to thaw or

wearing the garment (with body heat) after freezer removal (outlined in Table B.2).
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Table B.2 Bacterial counts of Trial #2 with varying thawing conditions

Treatment  Dilution 1 2 3 Average CFU/mL
R1-NF 10 1 1 0 0.67 4.44E+02
R1-NF 102 1 0 0 0.33 2.22E+03
R1-NF 103 0 0 0 0.00 0.00E+00
R2-NF 10 1 1 0 0.67 4.44E+02
R2-NF 102 1 0 0 0.33 2.22E+03
R2-NF 10 1 0 0 0.33 2.22E+04
M1-NF 10 1 2 0 1.00 6.67E+02
M1-NF 102 0 0 0 0.00 0.00E+00
M1-NF 103 0 0 0 0.00 0.00E+00
M2-NF 10 8 10 8 8.67 5.78E+03
M2-NF 102 2 3 1 2.00 1.33E+04
M2-NF 103 1 0 0 0.33 2.22E+04
R1-NT 10 4 6 3 4.33 2.89E+03
R1-NT 102 2 1 0 1.00 6.67E+03
R1-NT 103 1 0 0 0.33 2.22E+04
R2-NT 10 1 0 1 0.67 4.44E+02
R2-NT 102 0 1 0 0.33 2.22E+03
R2-NT 10° 1 0 0 0.33 2.22E+04
M1-NT 10 2 1 0 1.00 6.67E+02
M1-NT 102 0 0 0 0.00 0.00E+00
M1-NT 103 0 0 0 0.00 0.00E+00
M2-NT 10 2 2 3 233 1.56E+03
M2-NT 102 1 0 1 0.67 4.44E+03
M2-NT 108 0 0 0 0.00 0.00E+00
R1-R5 10 5 2 4 3.67 2.44E+03
R1-R5 102 3 1 3 233 1.56E+04
R1-R5 10 1 0 0 0.33 2.22E+04
R2-R5 10 1 1 1 1.00 6.67E+02
R2-R5 102 1 0 0 0.33 2.22E+03
R2-R5 108 0 0 0 0.00 0.00E+00
M1-R5 10 2 1 0 1.00 6.67E+02
M1-R5 102 0 0 0 0.00 0.00E+00
M1-R5 10 0 0 0 0.00 0.00E+00
M2-R5 10 1 0 0 0.33 2.22E+02
M2-R5 102 0 0 1 0.33 2.22E+03
M2-R5 108 0 0 0 0.00 0.00E+00
R1-I5 10 0 0 0 0.00 0.00E+00
R1-15 102 0 0 0 0.00 0.00E+00
R1-I5 10 0 0 0 0.00 0.00E+00
R2-15 10 0 0 0 0.00 0.00E+00
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R2-1I5 102 1 0 0 0.33 2.22E+03
R2-15 103 0 0 0 0.00 0.00E+00
M1-15 101 2 0 0 0.67 4.44E+02
M1-I5 102 0 0 0 0.00 0.00E+00
M1-15 103 0 0 0 0.00 0.00E+00
M2-15 101 3 1 2 2.00 1.33E+03
M2-15 102 1 0 1 0.67 4.44E+03
M2-15 103 1 0 0 0.33 2.22E+04
R1-R24 101 0 1 0 0.33 2.22E+02
R1-R24 102 0 0 0 0.00 0.00E+00
R1-R24 103 0 0 0 0.00 0.00E+00
R2-R24 101 0 0 0 0.00 0.00E+00
R2-R24 102 0 0 0 0.00 0.00E+00
R2-R24 103 0 0 0 0.00 0.00E+00
M1-R24 101 0 0 0 0.00 0.00E+00
M1-R24 102 0 0 0 0.00 0.00E+00
M1-R24 103 0 0 0 0.00 0.00E+00
M2-R24 101 1 0 0 0.33 2.22E+02
M2-R24 102 0 1 0 0.33 2.22E+03
M2-R24 103 0 0 0 0.00 0.00E+00
R1-124 101 0 0 0 0.00 0.00E+00
R1-124 102 0 0 0 0.00 0.00E+00
R1-124 103 0 0 0 0.00 0.00E+00
R2-124 101 0 0 0 0.00 0.00E+00
R2-124 102 0 0 0 0.00 0.00E+00
R2-124 103 0 0 0 0.00 0.00E+00
M1-124 101 0 0 0 0.00 0.00E+00
M1-124 102 0 0 0 0.00 0.00E+00
M1-124 103 0 0 0 0.00 0.00E+00
M2-124 101 0 0 0 0.00 0.00E+00
M2-124 102 0 0 0 0.00 0.00E+00
M2-124 103 0 0 0 0.00 0.00E+00

R — Participant 1
M — Participant 2

NF — Not Frozen — fabrics were worn by participants and tested without freezing

NT — Not Thawed — bacteria was extracted from fabrics immediately after removal from freezer
I5 — Fabrics were incubated for 5 hours after removal from the freezer

R5 — Fabrics were put in a room temperature space for 5 hours after removal from the freezer
124 — Fabrics were incubated for 24 hours after removal from the freezer

R24 — Fabrics were put in a room temperature space for 24 hours after removal from the freezer
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B.2.4 Results

The highest bacterial count results for Participant R were from specimens that were not
frozen, not thawed and thawing at room temperature for 5 hours (these results were similar and
relatively low). Results for Participant M that had the highest bacterial counts were from
specimens that were not frozen and incubated for 5 hours after freezing.

The specimens with the lowest bacterial counts for Participant R resulted from fabrics
that were not frozen, incubated for 5 and 24 hours, and left at room temperature for 5 and 24
hour (with no observable bacterial colonies detected). For Participant M, the lowest bacterial
counts resulted from specimens that were not frozen, not thawed, incubated for 5 hours,
incubated for 24 hours, left at room temperature for 5 and 24 hours (with no observable

bacterial colonies on the media).

B.2.5 Trial #3

Fabrics in Trial #3 were occluded to the skin on the top of each forearm for 24 hours.
Denim fabrics were separated into equal pieces and were placed into the freezer for 95.5 hours
(in a Petri dish) after removal from participants. Once fabrics were removed from the freezer,
specimens were incubated (6 or 24 hours), left in a room temperature space (6 or 24 hours)

before bacterial extraction or subjected to bacterial extraction without thawing.
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Table B.3 Bacterial counts of Trial #3 with varying thawing conditions

Treatment Dilution 1 2 3 Average CFU/mL
R-NT 100 9 12 18 13 8.67E+02
R-NT 10 2 1 1 1 8.89E+02
R-NT 102 1 6.67E+03
R-NT 103 0 0 0 0 0.00E+00
M-NT 100 15 10 21 15 1.02E+03
M-NT 10 2 2 4 3 1.78E+03
M-NT 102 0 0 0 0 0.00E+00
M-NT 103 0 0 0 0 0.00E+00

R-I6 100 30 28 31 30 1.98E+03

R-I6 10 16 12 10 13 8.44E+03

R-I6 102 4 1 0 2 1.11E+04

R-I6 108 0 0 0 0 0.00E+00
M-16 100 17 28 29 25 1.64E+03
M-I6 101 2 3 7 4 2.67E+03
M-16 102 0 0 0 0 0.00E+00
M-I6 108 0 0 0 0 0.00E+00
R-R6 100 25 39 44 36 2.40E+03
R-R6 10 16 23 25 21 1.42E+04
R-R6 102 19 21 24 21 1.42E+05
R-R6 108 6 8 8 7 4.89E+05
M-R6 100 15 10 26 17 1.13E+03
M-R6 10 3 7 8 6 4.00E+03
M-Ré6 102 5 4 5 5 3.11E+04
M-R6 103 1 0 0 0 2.22E+04
R-124 100 40 37 44 40 2.69E+03
R-124 10 20 16 15 17 1.13E+04
R-124 102 6 2 5 4 2.89E+04
R-124 103 1 0 1 1 4.44E+04
M-124 100 25 30 31 29 1.91E+03
M-124 101 12 8 7 9 6.00E+03
M-124 102 2 1 0 1 6.67E+03
M-124 108 0 0 0 0 0.00E+00

R — Participant 1
M — Participant 2

NT — Not Thawed — bacteria was extracted from fabrics immediately after removal from freezer
16 — Fabrics were incubated for 6 hours after removal from the freezer

R6 — Fabrics were put in a room temperature space for 6 hours after removal from the freezer
124 — Fabrics were incubated for 24 hours after removal from the freezer

R24 — Fabrics were put in a room temperature space for 24 hours after removal from the freezer
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B.2.6 Results

The fabrics from Trial #3 that had the highest bacterial counts for Participant R were
from fabric specimens that were incubated for 24 hours as well as fabrics that were left at room
temperature for 6 hours. For Participant M, the highest bacterial count results were from
specimens that were incubated for 24 hours as well as fabrics that were left at room temperature
for 6 hours.

The lowest bacterial counts for Participant R were from specimens that were not thawed
as well as specimens that were incubated for 6 hours. For Participant M, the lowest bacterial
counts were from specimens that were not thawed as well as specimens that were incubated for

6 hours.

B.2.7 Trial #4

Fabric specimens in Trial #4 were occluded to the top of the forearm of both participants
for 24 hours; results are displayed in Table B.4. Fabrics were not frozen in this trial. Instead,
worn fabrics were removed from participants and separated into two pieces, where one piece
was inoculated with a diluted broth (a 9:1 ratio of nutrient broth to phosphate buffering
solution) to explore potential methods to encourage bacterial growth while the other piece was
left untreated. The addition of nutrient broth was intended to increase bacterial growth with the
inclusion of an additional nutrient source. Next, specimens from one arm were incubated for six
hours and specimens from the other arm were placed in a room temperature space for six hours

before bacterial extraction.
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Table B.4 Bacterial counts of Trial #4 with varying growth conditions

Treatment Dilution 1 2 3 Average CFU/mL
R-I-B 101 TNTC TNTC TNTC N/A N/A
R-I-B 102 TNTC TNTC TNTC N/A N/A
R-I-B 107 TNTC TNTC TNTC N/A N/A
R-1-0 101 TNTC TNTC TNTC N/A N/A
R-1-0 102 TNTC TNTC TNTC N/A N/A
R-1-0 103 TNTC TNTC TNTC N/A N/A

R-RT-B 101 TNTC TNTC TNTC N/A N/A
R-RT-B 102 TNTC TNTC TNTC N/A N/A
R-RT-B 107 TNTC TNTC TNTC N/A N/A
R-RT-0 10 TNTC TNTC TNTC N/A N/A
R-RT-0 10 59 TNTC TNTC  59.00  3.93E+05
R-RT-0 103 21 22 39 27.33 1.82E+06
M-I-B 101 7 8 1 5.33 3.56E+03
M-I-B 102 3 2 1 2.00 1.33E+04
M-I-B 103 2 0 0 0.67 4.44E+04
M-I1-0 10 0 0 0 0.00 0.00E+00
M-I-0 10 0 0 0 0.00 0.00E+00
M-I1-0 103 0 0 0 0.00 0.00E+00
M-RT-B 101 3 2 1 2.00 1.33E+03
M-RT-B 102 1 0 0 0.33 2.22E+03
M-RT-B 103 0 0 0 0.00 0.00E+00
M-RT-0 101 1 0 0 0.33 2.22E+02
M-RT-0 102 0 0 0 0.00 0.00E+00
M-RT-0 103 0 0 0 0.00 0.00E+00

R — Participant 1
M — Participant 2

I-0 - Fabric was incubated but not placed in nutrient broth

I-B - Fabric was incubated and placed in nutrient broth

RT-0 - Fabric was placed in a room temperature space and not placed in nutrient broth
RT-B - Fabric was placed in a room temperature and placed in nutrient broth

B.2.8 Results

The highest bacterial counts for Participant R were observed for all of the treatments,
colonies were too numerous to count (with the exception of the room temperature without
broth treatment at the higher dilutions). For Participant M, the highest bacterial counts resulted

from fabrics incubated with nutrient broth.
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Fabrics for Participant M with the lowest bacterial counts were from fabrics that were
incubated without nutrient broth, put in nutrient broth at room temperature and without

nutrient broth at room temperature.

B.2.9 Trial #5

Denim specimens in Trial #5 were occluded to the top of the forearm of participants,
results displayed in Table B.5. In this trial, fabrics for one of the arms for each participant were
placed in ambient conditions for 24 hours before attachment. The fabrics for the other arms
were place in a room temperature space for 24 hours before attachment. Fabrics were worn for
22 hours before removal. Upon removal of fabrics from participants, they were each separated
into two equal pieces using sterile scissors. Fabrics were not frozen in this trial. Instead, one
piece from each arm was placed in 900 pL of Milli-Q water in a conical tube, whereas the
opposing piece was subjected to bacterial extraction without any additional treatment. The
addition of Milli-Q water was included in this trial to determine if increased bacterial growth

could be achieved with the addition of a nutrient source.
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Table B.5 Bacterial counts of Trial #5 with varying thawing and growth conditions

Treatment Dilution 1 2 3 Average CFU/mL
R-Hum-0 10! 26 29 32 29 1.93E+05
R-Hum-0 102 4 4 6 5 3.11E+05
R-Hum-0 103 2 1 1 1 8.89E+05
R-Hum-H20 10! TNTC TNTC TNTC N/A N/A
R-Hum-H20 102 TNTC TNTC TNTC N/A N/A
R-Hum-H20 103 33 23 34 30 2.00E+07
R-RT-0 10! 7 3 6 5 3.56E+04
R-RT-0 102 1 4 0 2 1.11E+05
R-RT-0 103 1 1 0 1 4.44E+05
R-RT-H20 10! TNTC TNTC TNTC N/A N/A
R-RT-H20 102 TNTC TNTC TNTC N/A N/A
R-RT-H20 103 8 16 11 12 7.78E+06
M-Hum-0 101 45 34 42 40 2.69E+04
M-Hum-0 102 5 15 7 9 6.00E+04
M-Hum-0 103 2 0 1 1 6.67E+04
M-Hum-H20 10! TNTC TNTC TNTC N/A N/A
M-Hum-H20 102 TNTC TNTC TNTC N/A N/A
M-Hum-H20 103 TNTC TNTC TNTC N/A N/A
M-RT-0 101 1 1 0 1 4.44E+02
M-RT-0 102 1 0 1 1 4.44E+03
M-RT-0 103 0 0 0 0 0.00E+00
M-RT-H20 10 TNTC TNTC TNTC N/A N/A
M-RT-H20 102 TNTC TNTC TNTC N/A N/A
M-RT-H20 103 52 TNTC 55 54 3.57E+06

R — Participant 1
M — Participant 2

Hum-0 — Fabrics were placed into the conditioning room for 24 hours, but not placed in water
Hum-H20 - Fabrics were placed into the conditioning room for 24 hours, and placed in water
RT-0 — Fabrics were placed into a room temperature space for 24 hours, but not placed in water
RT-H20 - Fabrics were placed into a room temperature space for 24 hours, and placed in water

B.2.10 Results

The highest bacterial counts for Participant R in this trial were from fabrics that were in

a conditioned space, placed in water as placed in a room temperature space (placed in water)
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where the results were too numerous to count. For Participant M, the highest bacterial counts
were from fabrics that were placed in a conditioned space (placed in water) as well as placed in
a room temperature space in water (where the bacterial counts were too numerous to count).
The lowest results for Participant R were from fabrics that were not placed in water in a
room temperature space. For Participant M, the lowest results were from fabrics that were not

placed in water in a room temperature space.

B.3  Summary of trials

Preliminary trials were designed to explore various methods and treatments for the final
trial. In Trial #2, fabrics were occluded to the legs, which would be similar to wearing a pair of
jeans, however, the participants noted that this location was very uncomfortable and caused
blistering as well. As a result, placing fabrics on the arm was deemed to be the most comfortable
placement for fabrics for the final trial. Additionally, fabrics that were placed in ambient or
conditioned spaces displayed an increase in bacterial counts for one of the participants when
compared to results from fabrics that are not in ambient conditions. As a result, denim fabrics
will be conditioned for 24 hours before participant occlusion. Additionally, while results from
fabrics placed in nutrient broth, Milli-Q water or incubated after freezing did result in increased
bacterial counts in the preliminary trials, they were notably time consuming and may not be

feasible as time after treatments is part of the research hypothesis.
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Appendix C

Bacterial Counts

Table C.1 Bacterial Counts (CFU/mL) on fabrics immediately after wear

Treatment Participant Rep Baseline Oh 24h
Freeze 1 1 8.59 x 10° 5.93 x 102 6.59 x 10°
2 5.81 x 10° 7.41 x 102 3.33x 10°
2 1 5.93 x 10° 3.70 x 102 7.63 x 10°
2 9.74 x 10° 1.33 x 10° 3.70 x 10°
3 1 6.59 x 10° 1.11 x 10° 4.81 x10°
2 8.93 x 10° 8.89 x 102 7.70 x 10°
4 1 1.00 x 10* 5.93 x 102 7.63 x 10°
2 1.09 x 10* 8.89 x 102 8.15x 10°
5 1 9.22 x 10° 1.48 x 102 6.22 x 10°
2 9.67 x 10° 5.56 x 10? 9.63 x 10°
6 1 1.44 x 10* 8.15 x 10? 1.10 x 10*
2 1.35x 10* 6.67 x 102 9.63 x 10°
Iron 1 1 5.67 x 10° 2.74 x 10° 8.44 x 10°
2 9.26 x 10° 1.56 x 10° 6.44 x 10°
2 1 4.59 x 10° 2.30x 10° 6.81 x 10°
2 8.04 x 10° 1.85x 103 4.81 x10°
3 1 3.52x 10° 6.67 x 102 5.70 x 10°
2 6.70 x 10° 8.89 x 102 544 x 10°
4 1 511 x10° 1.63 x 10° 8.22 x 10°
2 8.59 x 10° 1.19 x 10° 6.30 x 10°
5 1 4.70 x 10° 2.37 x10° 9.41 x 10°
2 8.67 x 10° 2.15x 10° 5.78 x 10°
6 1 6.78 x 10° 1.70 x 10° 1.02 x 10*
2 1.22 x 104 1.56 x 10° 4.59 x 10°
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Table C.1 Continued

Participant Rep Baseline Oh 24h
uv 1 1 8.15x 10° 3.11 x10° 5.85x 10°
2 8.00 x 10° 3.04 x 10° 6.30 x 10°

2 1 8.00 x 10° 2.59 x 10° 2.00 x 10°

2 6.07 x 10° 1.56 x 10° 4.59 x 10°

3 1 5.78 x 10° 1.33 x 10° 2.07 x 10°

2 711 x10° 2.15x 10° 7.48 x 10°

4 1 7.85x10° 6.00 x 10° 8.15x 10°

2 9.67 x 10° 2.00 x 10° 6.89 x 10°

5 1 1.69 x 10 6.96 x 10° 1.36 x 10*

2 1.00 x 10* 2.74 x 10° 8.44 x 10°

6 1 1.61 x 104 8.00 x 10° 1.59 x 10*

2 1.46 x 104 511 x10° 8.22 x 10°

Wash 1 1 593 x 10° <7.41x 10! <7.41 x 10!
2 719x10° <741x10"  <7.41x10

2 1 6.37x10°  <7.41x10"  <7.41x10!

2 6.78 x 10° <7.41x 10! <7.41 x 10!

3 1 267x10° <741x10"  <7.41x10!

2 359x10°  <741x10"  <7.41x10!

4 1 1.21x10*  <741x10"  <7.41x10!

2 1.19x10¢  <741x10'  <7.41x10!

5 1 944x10° <741x10"  <7.41x10'

2 1.04x10*  <741x10"  <7.41x10!

6 1 1.40x 104  <741x10'  <7.41x10

2 127 x104 <741x10"  <7.41x10?

88



