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ABSTRACT OF THE THESIS
The Effect of the Photosensitizer Curcumin and Ascorbic Acid in Inactivating Listeria
monocytogenes and Escherichia coli 0157:H7

By JINGWEN GAO

Thesis Director:

Karl R. Matthews

Alternatives to the use of traditional chemical antimicrobials to improve food
safety are needed. Curcumin is the principal curcuminoid of turmeric and approved
for food use in Europe (E100) and the USA. Curcumin has been shown to have
antimicrobial effects after activation by light and potential applications in treating
cavities. The challenge of curcumin application is that curcumin will rapidly degrade
in physiological and alkaline conditions, while it is more stable in slightly acidic
conditions. Ascorbic acid (AA), which is also referred as vitamin C, is a GRAS
substance commonly used in food. It can stabilize the curcumin by lowering pH and
other unknown mechanisms. The purpose of this study was to evaluate the potential
effect of ascorbic acid on the phototoxicity of photosensitizer curcumin in

inactivating Listeria monocytogenes (gram-positive) and Escherichia coli O157:H7



(gram-negative) foodborne pathogens.

Curcumin was prepared by dissolving in 95% ethanol and diluting to desired
concentrations with sterile distilled water (SDW). L-ascorbic acid was dissolved in
SDW, filter sterilized, and diluted to the desired concentrations with SDW. The
absorption spectrum of the curcumin with or without ascorbic acid was determined
by UV/Vis spectrophotometer to ensure that no changes in absorption spectrum
were found with different curcumin/AA combinations. The antimicrobial effects of
the curcumin/AA were evaluated on both solid media using the modified Kirby Bauer
method and liquid media. The effects of illumination time were studied in the liquid
media (0, 1, 5, and 10 minutes). Overnight cultures of Listeria monocytogenes L008
and Escherichia coli 0157:H7 86-24 were diluted to approximate 6.0 log CFU/mL.
Curcumin, ascorbic acid, and cells were mixed and pre-incubated in the dark for 5
minutes. The mixture was then transferred to a 96-well plate for illumination
treatment (450 - 455 nm, 0.13 W/cm?). The suspensions were subjected to

microbiological analysis by direct plating method.

A potential effect was observed for ascorbic acid on enhancing the phototoxicity
of photosensitizer curcumin against both types of pathogen. Curcumin with or
without AA did not show any antimicrobial effects without light exposure. Conversely,
no L. monocytogenes were detected when exposed to 5 uM of curcumin and 25
ug/mL of AA, after one-minute illumination. Escherichia coli 0157:H7 was not

detected following treatment with 50 uM of curcumin and 25 pg/mL of AA after



10-minute light exposure. Overall, curcumin and AA combination showed higher

bacterial reduction than curcumin only.

This study demonstrated that curcumin/AA combination has promising inhibitory
effects against Listeria monocytogenes and E. coli 0157:H7, indicating a potential
application as a decontamination intervention on food surfaces including meat,

poultry and fresh produce.
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1. INTRODUCTION

Food safety is a global burden, leading to one-tenth of people experiencing
foodborne illness annually (WHO, 2015). There are high production and consumption
of meat and poultry all around the world. Although consumers usually cook their
meat and poultry before consumption, inadequate cooking is a big issue accounting
for foodborne illnesses. Several outbreaks associated with meat, poultry, and meat
products were traced back to undercooked products. Additionally, most consumers
(67 — 68%) tend to wash the chicken parts and whole chicken before cooking, which
is not recommended by the Food and Drug Administration in the United States (FDA,
2016). It is because there are increased risks of cross-contamination when
contaminated water is splattered to other surfaces. To mitigate the concerns with
cross-contamination and inadequate cooking, reducing or eliminating the level of
pathogenic microbes on the meat surfaces during processing becomes integral to

improving the safety of meat and poultry products.

Several chemical intervention technologies have been applied in the production
of meat and poultry. Chlorine and acids (e.g., lactic acid, citric acid, acetic acid, and
ascorbic acid) are the two most commonly-used antimicrobial chemicals. However,
the usage of chlorine and acids have brought up several concerns. Chlorine is
inexpensive, but it could react with organic matter, leading to a decrease in the
antimicrobial efficacy as well as the production of carcinogenic compounds like

trihalomethanes (Pereira, 1983; Richardson, 2003). Additionally, chlorine may



promote the growth of “superbug,” which is resistant to multiple antimicrobial
chemicals, so the chlorinated poultry is banned by the European Union and Australia.
In terms of the acidic antimicrobial interventions, most result in equipment corrosion.
Also, acid exposure may lead to the selection of acid-tolerance and the development
of acid-adapted bacteria (Berry & Cutter, 2000; Samelis, Sofos, Kendall, & Smith,
2002). Acid tolerance and acid adaptation may enhance the virulence of pathogenic
Escherichia coli, Salmonella enterica, and Listeria monocytogenes by increasing their
survival under the gastrointestinal acidity (Diez-Gonzalez, Callaway, Kizoulis, & Russell,
1998; DuPont et al.,, 1971; O’Driscoll, Gahan, & Hill, 1996). Consequently, new
types of antimicrobial interventions, both chemical and physical techniques, are

needed.

Photodynamic therapy (PDT) was developed in the last century. It utilizes
photosensitizer (PS), with the presence of light and oxygen, to treat specific diseases
including cancer (Dolmans, Fukumura, & Jain, 2003), macular degeneration (Brown
et al., 2009), and some noncancerous dermatological conditions. Eosin-Y, rose Bengal,
curcumin, riboflavin (vitamin B12) and sodium chlorophyllin are some well-studied
photosensitizer (Halili et al., 2016; Kreitner et al., 2001; Pileggi et al., 2013). PDT is a
promising alternative to antibiotics to treat bacterial infections. The mode of
inactivation by PDT is less specific than antibiotics, which is based on ROS production
(Castano, Demidova, & Hamblin, 2004). The photodynamic products can cause the
destruction of DNA, RNA, amino acids, fatty acids, and other cellular compounds,

leading to the cell death (Bocking et al., 2000; Haeubl et al., 2009; Michaeli &



Feitelson, 1994). Several studies have shown that appropriate photosensitizer could
efficiently inactivate methicillin-resistant Staphylococcus aureus (Ribeiro et al., 2013;
Wainwright, Phoenix, Laycock, Wareing, & Wright, 1998) and vancomycin-resistant
enterococci (Xing et al., 2011), which are the main resistant species of concern in the
medical field. Recently, there were increased interests of using photosensitizer to
inactivate foodborne pathogens on food surface, such as oysters, cucumbers,
peppers, and chicken meat (Tortik, Spaeth, & Plaetzer, 2014; Wu et al., 2015; Wu et

al., 2016).

Curcumin has been used as spice, colorants and topical medicines in
southeast Asia, China, and India for a century. It can be naturally extracted from the
turmeric root or Curcuma longa Linn (an East Indian plant) under the family of
Zingiberaceae. Curcumin has been shown to have a variety of pharmacological
activities. It has been approved for food use in baked goods, confectionery, and
seasonings by both the European Union and the United States. Additionally,
curcumin has the photodynamic property because of its chromophoric structure.
However, curcumin will rapidly degrade under neutral and alkaline conditions. For a
better stability, several studies used HCl to adjust the buffer solutions to pH 6.1 or
used slightly acidic buffer to dissolve curcumin (Hegge, Bruzell, Kristensen, &
Tonnesen, 2012; Hegge, Nielsen, Larsen, Bruzell, & Tonnesen, 2012; Winter, Tortik,
Kubin, Krammer, & Plaetzer, 2013; Wu et al.,, 2016). Slightly acidic environment
enhanced the photodynamic inactivation by improving curcumin stability, but the

effects of organic acids in PS curcumin have not been investigated.



Consequently, this study was proposed to determine whether
supplementation with ascorbic acid could enhance the antimicrobial effects of the
photosensitizer curcumin (PS) in inactivating Listeria monocytogenes and Escherichia

coli 0157:H7.



2. HYPOTHESIS AND OBIJECTIVES

The hypothesis driving this research is that there is a potential effect of
ascorbic acid on the photodynamic inactivation of photosensitizer curcumin against

the survival of Listeria monocytogenes and Escherichia coli 0157:H7.

The specific objectives are:

1. To identify the light source with an appropriate wavelength that can efficiently
activate the photodynamic properties of the photosensitizer curcumin.

2. To determine the pH value of the designed photosensitizer after the addition of
ascorbic acid.

3. To determine the antimicrobial effects of photosensitizer curcumin in a
solid-media system after defined illumination period.

4. To optimize the illumination time of photosensitizer curcumin in inhibiting Listeria
monocytogenes and Escherichia coli 0157:H7 in a planktonic system, respectively.

5. To determine the antimicrobial effects of curcumin/ascorbic acid combinations in

a planktonic system under the optimized illumination time.



3. LITERATURE REVIEW

3.1 Meat and poultry industry
3.1.1 Microbial safety issues in meat and poultry industry

Food Safety has become a global burden, leading to one-tenth of people
becoming ill the result of foodborne pathogens annually (WHO, 2015). In the United
States, it is estimated by the Centers for Disease Control and Prevention (CDC) that
approximate 48 million people (1/6) suffer from foodborne illnesses every year (CDC,
2016). Historically, there are high production and consumption of red meat and
poultry globally. According to Economic Research Service (ERS, United States
Department of Agriculture), more than 97 billion pounds of red meat and poultry
were produced in the United States in 2016, and the total consumption of red meat
and poultry was estimated to be over 200 pounds per capita (USDA, 2017a). With
such a high production and consumption, unsafe production of meat and poultry
would create a great threat to the public health. From 1998 to 2008, meat and
poultry (22%) accounted for fewer cases of illnesses than produce (46%). However,
more cases of death were associated with meat and poultry (29%), which was 6%
higher than produce (Painter et al., 2013). As a result, the safety of meat and poultry

is a global concern on public health.

Microbial contamination of meat and poultry could potentially lead to a
significant economic loss. According to the report from USDA ERS, at least $6.9 billion

was lost due to the foodborne illnesses (Hoffmann & Anekwe, 2013). In 2016, a total



47,709,328 pounds of meat and poultry were recalled because of bacterial
contamination. In particularly, Listeria monocytogenes contributed to more than 99%
of the recalls (USDA, 2017b). If meat and meat products were sold at $4/pound, the
recalled foods would cause over $200 million economic loss to the industry as well as
retailers. In a worse case, industries and retailers may face legal action by consumers

becoming ill through consumption of contaminated products.

3.1.2 Current usage of chemical interventions and their associated problems
Currently, chemical treatments commonly used to disinfect the surface of meat

and poultry carcasses include but are not limited to chlorine, inorganic and organic

acids (e.g., acetic acid, lactic acid, peracetic acid, citric acid, etc.). However, several

problems are related to the usage of these antimicrobial compounds.

Chlorine is inexpensive, so it is widely used in the food industry to wash produce,
meat, and poultry. However, the interaction between chlorine and organic matter not
only reduces the antimicrobial effects, but it also generates carcinogenic compounds
like halomethanes (Richardson, 2003). Additionally, the usage of chlorine could likely
promote the growth of highly resistant “superbugs,” increasing the challenges to
decontaminate the resistant bacteria on food. Typically, a higher concentration of
chlorine is more effective in inactivating microorganisms. However, it would lead to
discoloration on the surface as well as the generation of off-flavors, which will affect
the food quality. Based on the concerns mentioned, chicken exposed to chlorinated

washes or rinses during processing is prohibited by the European Union and Australia,



although chlorine is allowed in the poultry wash for up to 50 ppm in the United
States (Sohaib, Anjum, Arshad, & Rahman, 2016). Some other common types of
antimicrobial treatments that are allowed to be used on poultry by USDA but are
prohibited by EU include acidified sodium chlorite, trisodium phosphate, peroxy acid,
etc. (Johnson, 2015). Even though chlorine has been used in the US, the efficacy of
chlorine wash/rinse is questioning. No significant reductions in aerobic bacteria,
Escherichia coli, Salmonella, or Campylobacter were found up to 50 ppm chlorine
(Northcutt, Smith, Musgrove, Ingram, & Hinton, 2005). As a result, more efficient

alternatives have aroused great interests.

Inorganic and organic acids (1 — 3%) are commonly-used antimicrobial chemicals
that are rinsed or sprayed on the surface of carcasses. Increasing acid concentrations
could enhance antimicrobial activity (Cutter & Siragusa, 1994; Dickson & Anderson,
1992), and most of the acidic interventions used in food industry have pH value
below or slightly above three (Cutter & Siragusa, 1994). High acidity could cause
corrosion problems as well as bleaching effects on the surface of carcasses,
particularly for red meat (Sohaib et al., 2016). Additionally, acids may result in the
selection of acid-tolerant as well as the development of acid-adapted microbes;
including both commensal and pathogenic bacteria (Berry & Cutter, 2000; Samelis et
al., 2002). Acid-tolerant and acid-adapted bacteria show higher resistance to acid
washed, so higher acid concentration is needed to inactivate the targeted pathogens.
Finally, inappropriate disposal of acidic antimicrobial chemicals could cause

environmental pollutions.



In conclusion, practical and efficient approaches to inactivate foodborne
pathogens on meat and poultry are needed globally, for the concerns about public

health and economic loss.

3.2 Listeria monocytogenes
3.2.1 Listeriosis

Listeriosis is one of the most severe bacterial infections caused by pathogenic
Listeria monocytogenes. It is estimated that 1,600 people suffer from listeriosis
annually, leading to around 260 cases of death (CDC, 2017). Listeriosis symptoms
vary from case to case, depending on the physiological status of an individual as well
as the infected parts of a body (Farber & Peterkin, 1991). For those who have a
healthy immune system, they may suffer from fever and diarrhea — similar symptoms
as other bacterial infections caused by common foodborne pathogens. However,
they may have an acute but self-limited febrile gastroenteritis after ingesting a high
dose of Listeria cells. By contrast, listeriosis is remarkably deadly for pregnant women,
the neonate, the elderly, and other immunocompromised individuals through
invasive infections. The mortality rate of listeriosis is over two-times higher among
immunocompromised individuals than healthy people, making listeriosis become

one of the most severe bacterial infections (Farber & Peterkin, 1991).

Listeria monocytogenes is dangerous because it has multiple virulence factors.
For example, it can induce parasite-directed endocytosis, allowing it to invade the

host cells, to be transported to the base of the cells, and be exocytosed into the
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subepithelial tissues (McGee, Gorby, Wyrick, Hodinka, & Hoffman, 1988). In other
words, L. monocytogenes is not only able to cause local diseases, but it can also
result in severe disseminated diseases like meningitis by entering the blood stream.
Also, Listeria monocytogenes is capable to secret hemolysin, which plays a crucial
role in protecting Listeria cells from phagosomes and promoting the intracellular
growth of bacteria within the host cells (Vazquez-Boland et al., 2001). The hemolytic
activity controlled by gene hly is considered as the marker gene to differentiate

avirulent and virulent Listeria species.

3.2.2 Prevalence and outbreaks

Listeria monocytogenes is ubiquitous in the environment, so foods can be
contaminated by multiple sources from the farm to the table, such as soil, plant,
animal (e.g., cattle, sheep, goats, and poultry), and water (Gray & Killinger, 1966;
Weis & Seeliger, 1975). Outbreaks associated with listeriosis have achieved greater
attentions since the California Jalisco Cheese outbreak in 1985. There were total 142
cases, among which 48 deaths were reported (Linnan et al., 1988). Although lots of
Listeria outbreaks were traced back to dairy products, Listeria contamination has
been found in meat, poultry, and fresh produce. High prevalence of L.
monocytogenes (12 — 60%) was found in poultry, highlighting the importance of
developing antimicrobial approaches to control L. monocytogenes in poultry (Elmali,

Can, & Yaman, 2015; Farber & Peterkin, 1991).
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3.2.3 Challenges of controlling listeriosis in foods

L. monocytogenes is tolerant to multiple stress factors, making it harder to be
inactivated during the preparation of foods. For instance, Listeria monocytogenes can
tolerate up to 10% NaCl by accumulating K*, betaine, glutamate, and other solutes to
maintain the intracellular osmolality (Liu, Lawrence, Ainsworth, & Austin, 2005;
Patchett, Kelly, & Kroll, 1992; Vasseur, Rigaud, Hébraud, & Labadie, 2001). Capability
of responding to osmotic pressure enables L. monocytogenes to survive in various
cheese and meat products with relatively high salt concentration. Listeria
monocytogenes can also tolerate a broad range of pH (2.0 — 9.5). Dykes and
Moorhead (2000) evaluated the acid-tolerant ability of L. monocytogenes, both meat
and clinical isolates, by exposing the cell culture to pH 2.5 for 2 hours. Only two out
of thirty strains showed significant reductions in the population, indicating a high
acid tolerance. Listeria monocytogenes also has a high tolerance to low temperature.
It can survive and multiple under refrigerated temperature. Depending on the type of
meat, the population of L. monocytogenes either maintained a constant population
or increased by 103 ~ 10° log in vacuum packaged meat products after being stored
at 4.4 °C for six weeks (Glass & Doyle, 1989). Potential approaches to address the
issue of controlling L. monocytogenes during refrigerated storage would be an
antimicrobial that shows residual effects during the shelf-life or can be re-activated

at a point before consumption.
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3.3 Escherichia coli 0157:H7
3.3.1 Health concerns

Escherichia coli is a normal resident in animal and humans intestinal track. Most
of Escherichia coli is harmless or even beneficial to human intestinal health known as
probiotics. However, some are pathogenic and cause diarrhea or illness outside of
the intestinal tract. Pathogenic E. coli has multiple serotypes, but E. coli 0157:H7 is
one of the most prevalent foodborne pathotypes. In severe cases, E. coli 0157:H7
can lead to life-threatening symptoms, such as hemolytic uremic syndrome (HUS).
Individuals with HUS have less frequency of urination and other severe symptoms

due to the potentially unfunctional kidneys.

3.3.2 Prevalence and outbreaks

A variety of foods have been found to be the contaminant source of Escherichia
coli 0157:H7 illness. For example, meat (e.g., ground beef), fresh produce (e.g.,
spinach, lettuce, sprouts, etc.), dairy products, hazelnut, and peanut butter. However,
ground beef is the most commonly reported among all the potential transmission
routes. From 1982-2002, total 41% of outbreaks were related to ground beef (Rangel,
Sparling, Crowe, Griffin, & Swerdlow, 2005). In 1993, a multi-state E. coli 0157:H7
outbreak was linked to undercooked ground beef, leading to over 500 reported cases
of infection (Bell et al., 1994; CDC, 1993). Typically, the hides of the beef carcass are
the primary source of contamination in beef processing, and higher prevalence of
foodborne pathogens is found on the hides than the feces, such as E. coli 0157:H7,

Salmonella enterica and non-0157 Shiga toxin-producing E. coli (Barkocy-Gallagher et
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al., 2003). As a result, decontamination of the beef carcass surface plays a critical role
in the hazard analysis and critical control point plans in the beef processing facilities
(Bosilevac, Nou, Osborn, Allen, & Koohmaraie, 2004; USDA, 1996). In addition to the
beef industry, Escherichia coli O157:H7 is also considered as a high-risk pathogen in
the poultry industry, particularly in the temperature-abused and extended shelf-life
of ready-to-eat and/or poultry-meat products (Mataragas, Skandamis, & Drosinos,

2008).

3.3.3 Challenges of controlling E. coli 0157:H7 in foods

E. coli 0157:H7 has relatively high probability to cause diseases with low number
of cells (Lim, Yoon, & Hovde, 2010). This highlights the significance of implementing
approaches that can significantly reduce or eliminate E. coli 0157:H7 on foods. In
addition, control of E. coli 0157:H7 is a necessity for raw food products (e.g., ground
beef) as well as ready-to-eat foods that would likely being undercooked or never be
cooked by consumers. Livestock is the natural reservoir for E. coli 0157:H7, imposing
greater challenges to control the cell number. Very few conventional chemicals were
able to cause over 3-log reduction against E. coli 0157:H7 on beef carcasses, which is
considered as the threshold to be considered as an effective antimicrobial treatment
by American Society for Microbiology (Cutter & Siragusa, 1996; Dorsa, Cutter, &
Siragusa, 1998; Harris, Miller, Loneragan, & Brashears, 2006; Laury et al., 2009;
Ransom, Belk, Sofos, Scanga, & Smith, 2003). The low efficacy of conventional
antimicrobials may be related to the fact that pre-chilled beef surfaces make E. coli

0157:H7 harder to be detached from the carcass (Hardin, Acuff, Lucia, Oman, &
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Savell, 1995). Also, the moderate acid exposure before washing may select the
acid-tolerant and/or induces the acid-adapted E. coli 0157:H7, resulting in the
decrease on the efficacy of acid washes (Cutter & Siragusa, 1994). In addition to
Escherichia coli 0157:H7, other Shiga toxin-producing E. coli (STEC) have attracted
more and more attention because increasing number of outbreaks related to STEC
have been reported. However, limited number of studies were conducted on the
chemical interventions in inactivating STEC on the surface of meat and poultry

carcass.

3.4 Photosensitizer
3.4.1 History of photosensitizer

Light has been used for therapeutic purposes for thousands of years, but
photodynamic therapy (PDT) was developed until the last century. PDT utilizes
photosensitizer with the presence of light and oxygen to treat specific diseases, such
as cancer (Dolmans et al.,, 2003), macular degeneration (Brown et al., 2009), and
some non-cancerous dermatological conditions. It was approved for specific
indications in the regulations by several countries (Dougherty et al., 1998). Antibiotic
resistance is one of the biggest challenges in the 21t century. The efficacy of current
antibiotics used to treat bacterial infections decreases due to increasing antibiotic
resistance and higher prevalence of antibiotic-resistant microorganisms. In recent
years, PDT becomes more and more popular in the field of medicine, and it is
considered as a promising approach to treat bacterial infections as an alternative to

antibiotics. Instead of having specific targeting sites like antibiotics, PDT cause
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non-specific disruption on cellular structure. PDT could efficiently inactivate
methicillin-resistant Staphylococcus aureus (Ribeiro et al., 2013; Wainwright et al.,
1998) and vancomycin-resistant enterococci (Xing et al., 2011), which are the main
resistant species of concern. In addition to therapeutic applications, photosensitizers
have been evaluated to improve food safety of oysters, cucumbers, peppers, and

chicken meat (Tortik et al., 2014; Wu et al., 2015; Wu et al., 2016).

3.4.2 Mode of inactivation

Compound that shows photodynamic change is called photosensitizer (PS). The
photodynamic inactivation ability of the PS is based on the phototoxicity. The
photophysical and photochemical processes of the photodynamic inactivation are
demonstrated in Figure 3.1. Castano et al. (2004) published a comprehensive review
paper about the photochemical mechanism of PS from the molecular perspective.
The chromophore structure not only contributes to the color of the PS, but it also
allows PS in the ground state to be excited by a particular range of wavelength of
light (Aabs) and to undergo a transition to an excited singlet state, which is a
short-lived species. These short-lived species rapidly lose their energy in
nanoseconds by emitting fluorescence, internal conversion into heat, or through
intersystem crossing (ISC). A relatively long-lived species (microseconds to seconds) is
formed in the process of intersystem crossing. The molecules will then lose energy
when moving from the triplet-state to the singlet-state by emitting phosphorescence

or by releasing energy as heat.
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The PS in the excited triplet state can undergo two types of reactions — Type 1
and Type 2. In Type 1 reaction, the PS directly reacts with substances in the
environment, like oxygen, by transferring protons or electrons. Products can further
generate reactive oxygen species (ROS), including superoxide radicals, hydrogen
peroxide, and hydroxyl radicals. In Type 2 reaction, the excited PS transfer the energy
to the oxygen, leading to the activation of ground-state molecular oxygen to
excited-state singlet oxygen. These two types of reactions can occur simultaneously,

depending on the reaction conditions.

Excited Singlet State @
PS —— Triplet State U @
I A I N e_

Light Heat
Type 2 .
Fluorescence yp Bacteria
Energy Cell

ps ———

Phosphorescence e N J

Ground Singlet State

Figure 3.1. Diagram of the photodynamic inactivation process of photosensitizer. PS =
photosensitizer; ROS = reactive oxygen species; ISC = intersystem crossing.

The phototoxicity of PS is strictly related to the photoproducts generated in the
excited triplet state. These highly reactive products are capable to oxidize a variety of

cellular components (e.g., amino acids, nucleic acids and fatty acids). The oxidation
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process will lead to the destruction of cell membrane, proteins, DNA and RNA,
resulting in cell death (Bocking et al., 2000; Haeubl et al., 2009; Michaeli & Feitelson,

1994).

3.4.3 Factors affect the effectiveness of inactivation

The effectiveness of photoinactivation is affected by a number of factors, such as
PS concentration, availability of oxygen, the amount of light energy, types of
photosensitizer solvent, etc. For example, the photosensitizer methylene blue
dissolved in a mixture of glycerol, ethanol, and water was shown to have better
antimicrobial effects than using water as the only solvent (George & Kishen, 2008).
The differences in the antimicrobial effects may be related to the production and
stability of ROS in the solvent, which are the active compounds against bacteria

(Chignell et al., 1994).

Although a number of factors that can affect the phototoxicity of PS, the key
criteria is to localize within a radius of 20 nm from the cells because singlet oxygen

has short half-life in microseconds (Moan & Berg, 1991).

3.5 Curcumin

3.5.1 Historical use and production of curcumin

Curcumin has broad applications in Southeast Asia, China, and India as flavors,
dyes, topical medicines and cosmetics. Curcumin becomes more and more popular in
medical field because studies have shown that curcumin has a variety of

pharmacological activities, including anti-inflammatory (Srimal & Dhawan, 1973),
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anticancer (Aggarwal, Kumar, & Bharti, 2003), and antioxidant effects (Sharma, 1976).
Also, turmeric has been shown to protect skin from sunburns and diseases like
leprosy, psoriasis, and cancer (Huang, Liu, Xie, Newmark, & Ho, 2003; Kurd et al.,

2008).

Curcumin is approved to be used in foods as colorant or flavor by both the
European Union and the United States. In the European Union, curcumin is known as
E 100 categorized as a food colorant in beverages, baked goods, desserts, soft drinks,
sauces, and seasonings, as well as confectionery. Owning an E number indicates that
curcumin have passed a series of safety assessments by the European Food Safety
Authority (EFSA). In the United States, curcumin has the status of Generally
Recognized as Safe (GRAS) and can be used as a flavor, flavor enhancer, or an
ingredient in baked goods, soups, snack foods, imitation dairy products, and
seasoning. The maximum level permitted to use in foods is 20 milligrams per serving
in the United States. Srimal and Dhawan (1973) showed that curcumin has a
relatively high LDso value, up to 2.0 g-kg™. Besides, a three-month human clinical trial
suggested that humans had high tolerance towards curcumin, which could be up to 8

g/day (Cheng et al., 2001).

Curcumin is the principal polyphenolic compound of the root turmeric or
Curcuma longa Linn (an East Indian plant) under the family of Zingiberaceae (2 - 8%
by weight) (Priyadarsini, 2009). Commercial curcumin, as a food additive, is extracted

from turmeric using solvents. A variety of solvents can be used to extract curcumin,
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such as acetone, carbon dioxide, ethyl acetate, methanol, ethanol, and hexane
(Stankovic, 2004). With the assistance of microwave, extraction using acetone from
water pre-soaked crude powder can produce more than 90% vyield of curcumin
(Wakte et al., 2011). The “pure curcumin” products on the market usually contain
two other active compounds — demethoxycurcumin and bisdemethoxycurcumin.
Demethoxycurcumin, bisdemethoxycurcumin, and curcumin are generally known as
curcuminoids (Figure 3.2), among which curcumin has the highest portion. A
relatively simple and high-yield extraction processing accounts for a low price of 95%

curcuminoid on the market (51 — 20/kg).

Bisdemethoxycurcumin

Figure 3.2. Components of curcuminoids in commercial curcumin product: curcumin
(C21H2006; formula weight = 368), demethoxycurcumin (C20H180s; formula weight =
338), and bisdemethoxycurcumin (CigH1604; formula weight = 308) (Monton,
Charoenchai, Suksaeree, & Sueree, 2016).
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3.5.2 Chemical structure and properties of curcumin

Until 1910, curcumin was identified as diferuloylmethane (Aggarwal et al., 2003).
According to International Union of Pure and Applied Chemistry (IUPAC), the full
name of curcumin is (1E, 6E)-1,7-bis(4-hydroxy-3-methoxy
phenyl)-1,6-heptadiene-3,5-dione. The key characteristic structure of curcumin is
diferuloylmethane, consisting of two aromatic rings connected by two a,p-
unsaturated carbonyl groups. The chromophore structure of curcumin contributes to
the yellow color as well as the photodynamic inactivation ability of curcumin.
Another characteristic structure would be the B-diketone structure, which plays a key
role in the keto—enol tautomeric equilibrium of curcumin in solutions. Keto—enol
tautomeric equilibrium is closely related to the physical and chemical properties
(Figure 3.3). The B-diketone moiety allows for the hydrogen transfer intramolecularly,
contributing to different tautomeric conformations (Lee et al., 2013). Also, enolic and
keto forms can exist in both cis and trans forms, resulting in more diverse
configurations and properties. Different confirmations of curcumin show different
abilities of intramolecular hydrogen bonding, which subsequently influences the
stability and photophysical properties of curcumin in solutions. It is predicted that
cis-enolic tautomer would be more energetically stable due to its strong
intramolecular hydrogen bonding (Khopde, Priyadarsini, Palit, & Mukherjee, 2000).
As a result, curcumin tends to exist in an enolic form, particularly at room
temperature (Markov, 1984; Nikolov & Markov, 1981). In addition to temperature,

the relative contribution of keto and enolic form is affected by pH, hydrogen-bonding
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capacity of the solvent, etc. (Arnaut & Formosinho, 1992, 1993; Markov, 1984;

Nikolov & Markov, 1981; Wright, 2002).

B-diketone

I_%
o 0 O OH
HaCO X Z OCHz ——> HyCO A OCH;3
0 L, — 1O ®
HO OH HO OH
Curcumin Curcumin
(diketone form) (enol form)

Figure 3.3. Keto-enol tautomeric equilibrium of curcumin and different isomers of
keto/enolic tautomer (Modified from Priyadarsini, 2009).

Curcumin has poor water solubility at acidic and neutral pH. Under neutral
condition, only 1.34 pg/mL of curcumin can dissolve in 1 L of distill water; meanwhile,
over higher solubility was found in 99.5% EtOH (8895.89 pg/mL) (Carvalho, Takeuchi,
Geraldine, Moura, & Torres, 2015). Solubility may affect the photodynamic
inactivation of PS, because precipitated PS cannot interact with the cells. Therefore,
several approaches have been proposed to increase curcumin solubility. For example,
incorporating dimethyl sulfoxide (DMSO) as a solubility enhancer (Haukvik, Bruzell,
Kristensen, & Tgnnesen, 2009), surfactants (Hegge, Bruzell, et al.,, 2012), and
hydrocolloids as encapsulation materials (Tgnnesen, Mdsson, & Loftsson, 2002).
Although DMSO is a common solubility enhancer, it is not promising for food use,
because the safety of consuming DMSO is still controversial. On one hand, DMSO
was shown to be able to reduce pain and inflammation (Hollebeeck et al., 2011;

Zuurmond et al.,, 1996). On the other hand, it could penetrate into phospholipid
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membranes, leading to tissue damage or even systemic effects (Rowe, Sheskey, &
Weller, 2006). Incorporation of cyclodextrin has been demonstrated to improve both
the stability and solubility of curcumin by a thousand-fold (Bruzell, Morisbak, &
Tonnesen, 2005; Tennesen et al., 2002). However, less free curcumin molecules are
available to interact with the cells because of their higher affinity to the cyclodextrin
cavity than the outer membrane. Therefore, the cyclodextrin-capsulated curcumin
showed less phototoxicity than the non-encapsulated curcumin (Haukvik et al., 2009).
Similarly, the incorporation of surfactant polyethylene glycol (PEG 400) decreased the
phototoxicity of PS curcumin on E. coli (ATCC 25922) by 0.25 — 1.4 log, depending on
the curcumin concentration (Haukvik, Bruzell, Kristensen, & Tgnnesen, 2010).
Consequently, incorporation of DMSO, hydrocolloids or surfactants to enhance
curcumin solubility, but higher curcumin concentration is needed to produce a

supersaturation solution so that more free curcumin is available for cell interactions.

Curcumin has higher solubility in alkaline than the neutral or acidic solvent,
probably due to the ionization of phenolic/enolic groups, but it will rapidly go
through hydrolytic degradations (Wang et al., 1997). A large number of hydroxyl ions
in the alkaline environment could attack the carbonyl carbon, leading to the
degradation products like vallinin, ferulic acid, and feruloylmethane (Tgnnesen &
Karlsen, 1985). In phosphate buffer, nearly all curcumin was degraded at pH 8.0
within 2 min after preparation, while around 55% of curcumin was stilled remained
after 120 min (Wang et al., 1997). It is assumed that the conjugated diene structure

at acidic pH contributes to the better stability. In alkaline environment, the
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conjugated structure is destroyed by the ionization of the phenolic groups. As a result,
acids are commonly added to adjust the pH to around pH 6 for a better stability. A
study showed that curcumin supplemented with ascorbic acid showed higher
antioxidant as well as antifungal activity, which was assumed to be due to the

increasing stability of curcumin and other unknown mechanisms (Khalil et al., 2012).

In summary, physiological pH of the solution influences both stability and
solubility of curcumin, which further affect the bactericidal effects. It is critical to

tune the pH value to maximize the phytotoxicity of curcumin against bacteria.

3.5.3 Current research on curcumin as a photosensitizer

Due to the poor solubility in water and the degradation in alkaline conditions,
researchers mainly focused on examining the effects of different formulations in
improving the improving photodynamic inactivation of curcumin against
microorganisms by enhancing its solubility and stability. The most commonly-used
approaches include nanotechnology and adjusting the pH value (~pH 6). Table 3.1
summarized several studies associated with photosensitizer curcumin. Most of the
experiment designs are media-based, but limited studies examined the
photodynamic inactivation of curcumin in a food system. Therefore, more research is
needed to demonstrate the potential application of curcumin on food preparation to

control microbial growth and improve the food safety without sacrifices of quality.
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Table 3.1. Summary of literature review on photodynamic inactivation on bacteria in the planktonic system by photosensitizer curcumin.

Microorganisms Formula of PS PS Concentration Wavelength Light Intensity Illumination Log Reduction Reference
(uM) (nm) (mMW/cm?) Time (min)
Bacteria (Gram Positive)
Staphylococcus Polyvinylpyrrolidone 5-50 435 9.4 60 >6 Winter el al., 2013
aureus Polyvinylpyrrolidone 50 & 100 435 9.4 60 2.6 (Cucumber); Tortik et al., 2014*
2.5 (Pepper);
1.7 (Chicken)
Staphylococcus 20 % polyethylene 10 400 - 500 15.8 5 BDL Hegge et al., 2012
epidermidis glycol (PEG) 400; (Emission (107-8)"
0.5% HPYCD Max. at
430)
Streptococcus 10% dimethyl 0.75 400 - 440 95 4 BDL Paschoal et al.,
mutans sulfoxide (DMSO) (10°) 2015
Distill water 2000, 4000 & 400 -500 240.1 1.6-5 1.5-5.3 Paschoal et al.,
8000 (Max. at 2013
450)
Enterococcus 0.025% DMSO 5 450 - 500 450 4 5.5 Pileggi et al., 2013
faecalis

T BDL: Below Detection Limit. The initial level of bacteria (CFU/mL) is indicated in the parentheses.

¥ Research conducted in the food system.
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Table 3.1. (continued): summary of literature review on photodynamic inactivation on bacteria in the planktonic system by photosensitizer

curcumin.
Microorganisms Formula of PS PS Concentration Wavelength Light Intensity Illumination Log Reduction Reference
(uM) (nm) (mMW/cm?) Time (min)
Bacteria (Gram Negative)
Escherichia coli ~ Polyvinylpyrrolidone 50 435 9.4 60 3 Winter el al., 2013
(preincubate with
CaCly)
Supersaturation 10 400 - 500 16.1 30 4.16 Hegge et al., 2012
(0.01% methylated (Emission
B-cyclodextrin) Max. at
430)
2.5% PEG 400 25 300 - 500 17.3 30 2.8 Haukvik et al.,
(Emission 2010
Max. at
430)
Vibrio Ethanol 10 470 60 1 5 (Oyster) Wu et al., 20167
parahaemolyticus

¥ Research conducted in the food system.
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Table 3.1. (continued): summary of literature review on photodynamic inactivation on bacteria in the planktonic system by photosensitizer
curcumin.

Microorganisms Formula of PS PS Concentration Wavelength Light Intensity Illumination Log Reduction Reference
(uM) (nm) (mMW/cm?) Time (min)
Yeast
Candida albicans 10% DMSO 20 440 - 460 22 4 BDL (~10°) " Dovigo et al., 2011
(Emission
Max. at
455)
Viruses
Murine Norovirus Ethanol 20 470 60 1 1.15 (Oyster) Wu et al., 2015*

t BDL: Below Detection Limit. The initial level of bacteria (CFU/mL) is indicated in the parentheses.
¥ Research conducted in the food system.
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4. MATERIALS AND METHODS

4.1 Preparation of bacterial culture and inoculum

Three strains of Listeria monocytogenes, four strains of Escherichia coli 0157:H7
and three strains of Salmonella enterica were used in this study. The origin and the
antibiotic resistance of all the strains are listed in Table 4.1. Nalidixic acid (Alfa
Aesar™, England), streptomycin (streptomycin sulfate salt; MP Biomedicals™, Aurora,
OH), or ampicillin (ampicillin sodium salt; Alfa Aesar™, Ward Hill, MA) were added to
the media according to the antibiotic resistance ability of each strain. The nalidixic
acid stock was prepared by dissolving in 0.3 N of NaOH (VWR, Solon, OH);
streptomycin and ampicillin stock were prepared with sterile distilled water (SDW).
Both stocks were filtered through 0.2 um filter (Ascrodisc® Syringe Filters, Pall

Corporation, Ann Arbor, Ml) and stored at 4 °C.

Stock cultures of each strain were prepared by overnight incubation at 37 °C in
brain heart infusion (BHI, Difco, Becton Dickinson, Sparks, MD) for L. monocytogenes
or tryptic soy broth (TSB; Difco, Becton Dickinson, Sparks, MD) for E. coli O157:H7
and S. enterica. The nutritious broth was supplemented with the appropriate
antibiotic listed in Table 4.1. The stock cultures were stored in 20% glycerol at -80 °C.
To prepare the working culture, frozen stock was re-cultured in BHI or TSB with
appropriate antibiotics and incubated at 37 °C for 20 h, followed by streaking on
tryptic soy agar (TSA; Difco, Becton Dickinson, Sparks, MD). Isolated colonies were

obtained after 18 - 20 h of incubation. Before each experiment, one isolated colony
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was transferred into 10 mL of BHI or TSB with the appropriate antibiotics and
incubated at 37 °C for 20 h. Cells of each strain were harvested by centrifugation at
2880 x g for 15 min (Allegra™ 21R, Beckman Coulter with S4180 rotor) at 4°C and
washing with 10 mL of 0.1% peptone water (SPW; Difco, Becton Dickinson, Sparks,
MD) and 10 mL of SDW sequentially. The re-suspended cultures were used as

working cultures (~ 9.0 log CFU/mL).



Table 4.1. Information about the strains used in this research.
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Strains

Origin

Antibiotic
Resistance

Listeria
monocytogenes

LOO8

1981 Canadian cole
slaw/ cabbage outbreak,
serotype 4b

100 pg/mL of
nalidixic acid

L2624

2011 cantaloupe
outbreak, serotype 1/2b

100 pg/mL of
nalidixic acid

L2625

2011 cantaloupe
outbreak, serotype 1/2a

100 pg/mL of
nalidixic acid

Escherichia coli

7386

2008 Washington State
Bagged Lettuce Outbreak

100 pg/mL of
nalidixic acid

86-24

1986 Walla Walla ground
beef outbreak,
Washington State

100 pg/mL of
streptomycin +
30ug/mL of
nalidixic acid

0157:H7
Hamburger outbreak
100 L of
ATCC® 43895™ associated with raw ug,/m, ©
ampicillin
meat
) 1996 Radish Sprouts in 100 pg/mL of
Sakai o e
Sakai City nalidixic acid
Salmonella
. 1993 raw tomato 100 pg/mL of
enterica G4639 e .
. outbreak nalidixic acid
Montevideo
Salmonella 100 L of
. HO558 1995 sprout outbreak . u.g./m ,0
enterica Stanley nalidixic acid
Salmonella 100 L of
H1275 Sprout Outbreak bg/mL o

enterica Newport

nalidixic acid
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4.2 Preparation of photosensitizer curcumin and ascorbic acid

A stock solution of curcumin with (95% curcuminoid content) (Alfa Aesar™,
Ward Hill, MA) was dissolved in 95% ethanol in amber tubes (VWR International, LLC
Randor, PA) to achieve a final concentration of 40 mM pure curcumin (Mw = 368.38).
SDW was used to dissolve L-ascorbic acid (99%, ACROS Organics™) to prepare a 10
mg/mL stock solution. Both stocks were diluted with SDW to desired concentrations
right before each usage. The pH of the photosensitizer was determined by pH meter
(accumet™ AB15, Fisher Scientific). The absorption spectrum of the photosensitizers
was obtained by UV/Vis spectrophotometer (Agilent Cary 60 Spectrophotometer,

Agilent Technology).

4.3 Light apparatus set up and the analysis of its spectral output
The light device used in this research consisted of eighty light-emitting diodes in
total (LED; 450 — 455 nm; 5mm blue LEDs; Chanzon), which were assembled on the
lid of a 96-well plate (Figure 4.1a & b). The power density of the light apparatus
(W/cm?) was measured using a spectroradiometer (Apogee Instruments model PS -
300) at a distance of 16 cm (P,). Figure 4.1c shows the light apparatus and the
spectroradiometer detector. The following equation was used to determine the

power density:

(16 cm)?
(2 cm)?

Power Desnity = P, (W/cm?) Eq.1

When conducting antimicrobial assays, a distance of 2 cm was used. Since, the power

density is affected by the distance, the relationship between the power density used
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in the antimicrobial assays and P, can be demonstrated as Eq. 1, based on the
inverse-square law (the light power density is inversely proportional to the square of

the distance between the light source and the subject).

Figure 4.1. Setting of light apparatus (a & b) and the measurement setting for the
analysis of the spectra output of the light apparatus (c). The LED light array with 80
LEDs is used to activate the photosensitizer in this research to deliver a uniform
radiation, unilluminated (a) and illuminated (b).
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4.4 Evaluation of the antimicrobial effects of curcumin on a solid system

The antimicrobial effects of the photosensitizing solutions on a solid system were
evaluated by the modified Kirby Bauer Method. The working cultures were diluted
with TSB (E. coli 0157:H7 and S. enterica) or BHI (L. monocytogenes) to achieve the
value of ODeggo in the range of 0.08 to 0.1, resulting in the bacterial level of
approximate 8.0 log CFU/mL. The inoculum was used within 15 min after adjusting
the bacterial concentration. The culture was streaked evenly on the surface of TSA by
using a sterile cotton swab. After 5 min of drying, a 20 uL of the testing solution
(Ethanol Control, AA, Cur, or Cur/AA) was dropped onto the surface of TSA. After 5
min incubation in the dark, plates were subjected to 10 min illumination. The
distance between the LEDs and the agar surface was 2 cm. Dark controls were
performed in parallel with the illuminated samples. Both illuminated and dark
control plates were incubated at 37 °C for 18 h. The presence/absence of inhibition

zone was recorded.

4.5 Optimization of the illumination time in the planktonic system

The working cultures were diluted with SDW to approximate 6.0 log CFU/mL of L.
monocytogenes LO08 or E. coli 0157:H7 86-24 as the inoculum. A 500 pL aliquot of
the inoculum was incubated with 500 plL of the photosensitizers in amber tubes in
the dark for 5 min. Photosensitizers with 1 and 10 uM of curcumin plus 250 pg/mL of
ascorbic acid were tested in inactivating L. monocytogenes, while 100 uM of
curcumin plus 250 and 500 ug/mL of ascorbic acid were tested for E. coli 0157:H7.

An aliquot (100 plL) was transferred to a sterile flat-bottom 96-well plate (Greiner
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Bio-One GmbH, Frickenhausen, Germany) in duplicate. The 96-well plate was then
put under the light for 0, 1, 5, and 10 min. The distance between the light device and
the surface of the mixtures was 2 cm. The illuminated samples were serially diluted
and plated on duplicate TSA to determine the microbial level after treatments. Dark

controls were performed in parallel. Experiment was conducted triplicate.

4.6 Evaluation of the antimicrobial effects of curcumin in a planktonic system

The inoculum was prepared as described above. A 500 pL aliqguot of the
inoculum was incubated with 500 pL of different concentrations of the
photosensitizers (curcumin, ascorbic acid, and curcumin/ascorbic acid) in the amber
tubes in the dark for 5 min. A 100 uL of the aliquot was transferred to 96-well plates
in duplicate. The illuminated samples were irradiated for 1 and 10 min for L.
monocytogenes and E. coli 0157:H7, respectively. The distance between the light and
suspension was maintained in 2 cm. The illuminated samples were subjected to
microbiological analysis on TSA. Dark controls were performed in parallel.

Experiment was repeated for three times.

4.7 Statistical analysis

The experiments were replicated for three times. The average populations of
bacteria after treatment were analyzed by SAS University Edition for analysis of
variances (ANOVA) test followed by Waller-Duncan t test as post hoc test. A p value <

0.05 was considered as significant difference.
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5. RESULTS

5.1 The color and pH value of the photosensitizer curcumin

The color of curcumin (Cur), ascorbic acid (AA), and curcumin/ascorbic acid
(Cur/AA) is shown in Figure 5.1 a - b. Solutions containing only AA were colorless,
regardless of the concentrations of AA (Figure 5.1 a). With increasing concentration
of curcumin, the yellowish color was more apparent (Figure 5.1 b). It was difficult to
distinguish the yellowish color when the curcumin concentration was lower than 10
UM. The addition of ascorbic acid into curcumin did not cause any apparent
differences (Figure 5.1 c - d) compared to the solutions with curcumin only. Also, the
concentration of ascorbic acid did not have visible impacts on the degree of yellowish

color.

The pH values of different curcumin and ascorbic acid combinations are listed in
Table 5.1. With the same concentration of ascorbic acid, there were no apparent
differences among the samples. Expectedly, increasing concentration of ascorbic acid
lowered the pH value. With curcumin solutions plus 25 pug/mL of ascorbic acid, the
pH was around 6.00, which was close to neutral. When the concentration of ascorbic
acid was increased to 250 pg/mL, the pH value decreased but remained close to

4.00.
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Figure 5.1. Photos of ascorbic acid solutions (a), curcumin solutions (b), and 2.5, 25,
and 250 pg/mL of ascorbic acid plus a series of concentration of curcumin solutions
(c, d & e). SDW was used as a diluent and a control for comparison.



Table 5.1. The pH value of the Cur, AA, and Cur/AA solutions.
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Ascorbic Acid

pH (ng/ml)
0 25 250

0 682 + 0.16 | 4.65 + 0.08 | 3.76 + 0.05

1 646 + 030 | 531 + 036 | 3.82 + 0.01

Curcumin 5 659 + 022 | 497 + 013 | 3.82 + 0.02
(uM) 10 647 + 033 | 507 + 010 | 3.78 + 0.07
50 648 + 021 | 480 + 024 | 3.77 + 0.04

100 650 + 0.18 | 492 + 040 | 3.77 + 0.01




37

5.2 Absorption spectrum of the photosensitizer curcumin

According to the absorption spectrum (Figure 5.2), the solution with solely 250
ug/mL of ascorbic acid was very close to the base line. Samples containing the
photosensitizer curcumin had a relatively broad absorption spectrum, running from
350 to 550 nm. The maximum absorbance increased with increasing curcumin
concentration. However, the peak wavelength did not have an apparent change with
different concentrations of curcumin. There was a slight red shift after the addition of
the ascorbic acid, but it was not significantly different than the samples with
curcumin at the same curcumin concentration. The wavelength of the light apparatus
(450 — 455 nm) was chosen based on the absorption spectrum of the photosensitizer
curcumin. It was within the absorption range and not far from the maximum. More
importantly, it was farther away from the UV range. Therefore, it had fewer safety

concerns with respect to human exposure during industrial application.

1

0.8
0.6 AA250
@ Cur50
< 04 Cur100
Cur150
0.2 = = Cur100+AA250

300 350 400 450 500 550
wavelength (nm)

Figure 5.2. Absortion spectrum of ascorbic acid (AA), curcumin (Cur), and the
combination. The number after AA indicates the cocentration of AA (ug/mL), while
the number after Cur indicates the concentration of Cur (uM). No absorption peak
was observed for all the samples above 550 nm (data not shown). SDW was used as a
diluent.
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5.3 Spectra output (power density) of the light apparatus

From the spectroradiometer, data points were obtained as W/m?/nm in every
0.5 nm change in the wavelength, running from 226 to 999.5 nm. Data was plotted
with the wavelength (nm) as the x-axis and W/m?/nm as the y-axis (Figure 5.3). The
powder density (P,) between the light and the spectroradiometer detector can be
calculated by integration, which was 0.00208 W/m?. According to the Eq. 1, the

powder density used in the antimicrobial assays was 0.13 W/cm?.
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Figure 5.3. Spectra output of the light apparatus from the spectroradiometer.
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5.4 Antimicrobial effects of the photosensitizer curcumin on solid media

The antimicrobial effects of photosensitizer curcumin were tested in inactivating
three common types of foodborne pathogens — L. monocytogenes, E. coli 0157:H7,
and S. enterica. There were no inhibition zones on all the dark control samples for all
the strains tested (data not shown). Two strains of E. coli 0157:H7 (ATCC® 43895™
and Sakai) and all the three strains of S. enteric could not be inactivated by curcumin
up to 1000 uM supplemented with 250 pg/mL of ascorbic acid (data not shown).

As shown in Figure 5.4 a - ¢, neither the residual ethanol in the PS solution
coming from the stock nor the 250 pg/mL of ascorbic acid alone resulted in any
antimicrobial activity against L. monocytogenes. Different strains of L
monocytogenes had different susceptibility to the photosensitizer. Listeria
monocytogenes LO08 was inactivated by 10 uM of curcumin, while L. monocytogenes
L2625 was not. However, all the three strains of L. monocytogenes could not grow
under the conditions with the combination of 10 uM curcumin and 250 pg/mL of
ascorbic acid. The results are summarized in Table 5.2. Overall, the photosensitizer
curcumin showed better effects in inactivating L. monocytogenes after the addition
of 250 ug/mL of ascorbic acid.

Photosensitizer containing 100 uM of curcumin and 250 pg/mL of ascorbic acid
showed the best effects in inactivating both strains of E. coli 0157:H7 (Figure 5.4d - e
& Table 5.2), which was better than 1000 uM of curcumin with or without ascorbic

acid. However, few colonies were found within the clear zone on the plates.
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Figure 5.4. Presence/absence of inhibition zone on the TSA plates after the
treatment. L. monocytogenes L008 (a), L2624 (b), and L2625 (c); E. coli 0157:H7
86-24 (e) and 7386 (f). The number after AA indicates the concentration of ascorbic

acid (ug/mL), while the number after Cur indicates the concentration of curcumin
(LM).



Table 5.2. Summary of the results of the modified Kirby Bauer Method.
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4.75% AA 250" Cur Cur Cur Cur 10 Curl00 Curl1000
EtOH 10" 100 1000 AA250 AA250 AA250
LOO8 - - ++ ++ ++ ++ ++ ++
Listeria monocytogenes L2624 - - + ++ ++ ++ ++ ++
L2625 - - - ++ ++ ++ ++ ++
7386 - - - - + - ++ -
E. coli 0157:H7
86-24 - - - - + - ++ -

* The numbers after AA indicates the cocentrations of ascobic acid (ug/mL), and those after Cur indicate the concentration of curcumin (uM).

** The clearest zone for each strain was marked as “++”; less clear or some resistant bacteria growth within a clear zone was marked as “+”.
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5.5 Effects of illumination time for photosensitizer in inactivating bacteria

The initial level of bacteria per well was 6.0 and 5.8 log CFU/mL per well for L.
monocytogenes and E. coli 0157:H7, respectively. Without light activation, the
photosensitizing solutions did not show any antimicrobial effects, regardless of the
type of bacteria (Figure 5.5 a & b). Two concentrations of curcumin, 1 and 10 uM,
were tested in inactivating L. monocytogenes. The number of viable cells dropped
dramatically to non-detectable level before enrichment, treating with 10 puM of
curcumin and illuminating for 1 min (60 s X 0.13 W/cm? = 7.8 J/cm?) (Figure 5.5 a).
One min was chosen as the illumination time in the subsequent study.

Two concentrations of ascorbic acid were tested for inactivating E. coli 0157:H7.
No significant difference was observed between the two treatments (Figure 5.5 b).
After 10 min of illumination (78 J/cm?), no bacteria were detected. As a result, 10
min was chosen in the subsequent study. Higher concentration of curcumin may
shorten the illumination time to achieve complete inactivation. However, more
concentrated curcumin has more yellow color, which may potentially affect the food

quality.
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Figure 5.5. Effects of illumination time of the photosensitizer in inactivating L.
monocytogenes (a) and E. coli 0157:H7 (b). The dash lines represent the dark control
samples, while the solid lines indicate illuminated samples. The initial levels of L.
monocytogenes and E. coli 0157:H7 were 6.0 and 5.8 log CFU/mL, respectively. The
number after AA indicates the cocentration of ascorbic aicd (ug/mL), while the
number after Cur indicates the concentration of curcumin (uM). Empty symbol
indicates that growth was only detected after enrichment.
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5.6 Potential effect of ascorbic acid on the phototoxicity of curcumin

Figure 5.6 shows the antimicrobial effects of curcumin (Cur), ascorbic acid (AA),
and curcumin/ascorbic acid (Cur + AA) in inactivating L. monocytogenes after 1 min
of illumination. Ethanol was used to prepare the curcumin stock, followed by diluting
with SDW to the desired concentration. The highest residual concentration of
ethanol (0.05%) in the curcumin solutions was used as the control to evaluate
whether the residual ethanol could contribute to the bacterial reduction. No matter
whether illumination was applied or not, the number of the bacteria after ethanol
treatment was remained at the level of 6.0 log CFU/mL, indicating that the residual
ethanol did not have any inhibitory effects. Similarly, nearly zero reductions were
found in the samples containing solely ascorbic acid, even up to 250 pg/mL.
Interestingly, a higher concentration of AA showed lower effects in inactivating the

bacteria.

Regardless of the ascorbic acid concentration, L. monocytogenes was not
detected after treatment with 10 uM of Cur. Regarding to the solutions containing 5
UM of Cur, no cells were detected for the samples with the addition of 25 or 250
ug/mL of AA, resulting in an approximate 6-log reduction in viable cells. Similar log
reductions were achieved by 5 uM of Cur with or without 2.5 pg/mL of AA, causing
3.3 and 3.1 log reduction, respectively. The differences between Cur/AA and Cur
were more evident when Cur concentration was 1 puM. After treatment with the
combination of 1 uM Cur and 250 pg/mL of AA, a 1.5 log reduction in the cells was

observed, which was 1.2 log higher than treating with 1 uM Cur alone.
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The initial level of the E. coli 0157:H7 per well was 5.9 log CFU/mL. Similar to L.
monocytogenes, all the treatments did not show any inhibitory effects against E. coli
0157:H7 without illumination (Figure 5.7). The residual ethanol (0.24%) in the final
photosensitizer solution was also too low to kill E. coli 0157:H7. Also, no reductions
were found in reducing the number of E. coli 0157:H7 after treatment with ascorbic
acid only. Although the photosensitizers containing solely 50 or 100 uM of Cur
caused 1.6 and 2.3 log reduction in the bacterial cells, respectively, Cur/AA

demonstrated higher log reductions.
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Figure 5.6 Antimicrobial effects of Cur, AA, and Cur/AA in inactivating L. monocytogenes after 1 min illumination.

* Growth was only detected after enrichment.
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Figure 5.7. Antimicrobial effects of Cur, AA, and Cur/AA in inactivating E. coli 0157:H7 after 10 min illumination.

* Growth was only detected after enrichment.
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6. DISCUSSION

The absorption maximum of curcumin (Amax) varies from 408 to 463 nm,
depending on the type of solvent (Barik, Goel, Priyadarsini, & Mohan, 2004; Chignell
et al., 1994). More specifically, curcumin in ethanol has a broad absorption spectrum
with the absorption maximum ranging from 427 to 430 nm (Nardo et al., 2008),
which was similar to the spectrum obtained in this study (Figure 5.2). The Amax at
approximately 420 nm probably result from the w-w* transition in the enolic form
(Shen & Ji, 2007). The Amax was found to be highly affected by the polarity of the
solvent. Ethanol is a polar solvent due to its hydroxyl group (-OH) with high hydrogen
bonding capacity. In polar solvents, the keto-enol tautomeric equilibrium of curcumin
tends to shift towards the enolic conformer, resulting in a loss of vibrational fine
structure and the red shift (Patra & Barakat, 2011). In other words, red shifted
absorption maximum was observed on the more polar solvents. However, the
polarity and the hydrogen bonding capacity of solvent could typically result in slight
changes in the Amax, but usually less than 10 nm differences (Priyadarsini, 2009).
Instead, the absorption spectrum of curcumin was shown to change remarkably
between acidic and base conditions because of the protonation/deprotonation of
the phenolic groups (Shen & Ji, 2007; Zsila, Bikadi, & Simonyi, 2003). Although
absorption spectrum is pH-dependent, the spectrum did not change significantly
after the addition of ascorbic acid (Figure 5.2). It is probably because the pH of
curcumin alone (~ pH 6.7) and all the curcumin/ascorbic acid mixture are all below

the pKa values of curcumin (pH 7.8, 8.5, and 9.0), making no significant changes in
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the protonation of the structure (Table 5.1). Therefore, no noticeable differences
were observed in the absorption spectrum. Regarding the maximum absorbance
(Absmax), the results met the expectation that the Absmax is proportional to the
curcumin concentration, which obeyed the Lambert-Beer law in the uM — mM

concentration range in organic solvents (Chignell et al., 1994).

Higher log reductions on L. monocytogenes and E. coli 0157:H7 were achieved
with a longer time of illumination (Figure 5.5) or higher light dose. Light dose (J/cm?)
or energy can be calculated by multiplying the power density with the illumination
time. Therefore, this study showed that the antimicrobial effects of the
photosensitizer increased with the power dose. Similarly, Paschoal et al. (2013) found
that applying 24 J/cm? of light induced 1.88 log reduction in Streptococcus mutans,
which was less than 72 J/cm?. The same dose-dependent effect was found in
inactivating Staphylococcus aureus (gram-positive), E. coli (gram-negative) and
Candida albicans (yeast) (Demidova & Hamblin, 2005). The photodynamic
inactivation against bacterial cells is based upon the activation of ground-state to
excited-state PS, resulting in the production of the ROS. Ergaieg, Chevanne, Cillard,
and Seux (2008) found a linear relationship between the production of 10, and the
illumination time up to 15 min. Therefore, it is assumed that longer illumination time
generates more excited PS curcumin, so more ROS are produced to inactivate the

bacteria.

Curcumin was shown to have phototoxicity after being activated by light
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(Figure 5.6 & Figure 5.7). The phototoxicity of curcumin was based upon the products
such as singlet oxygen and superoxide radicals (Radeglia & Arrieta, 1998), which
could cause oxidization of membrane protein, and degradation of DNA and RNA (Wu
et al.,, 2016). Previous studies have shown that curcumin without light activation
could have inhibitory effects on a variety of microorganisms, such as L
monocytogenes, E. coli 0157:H7, Salmonella typhimurium, and methicillin-resistant
Staphylococcus aureus (Kim et al., 2005; Niamsa & Sittiwet, 2009). The antimicrobial
effects of curcumin were found to be associated with the regulation of redox status
of bacteria by changing the NADH and NADPH concentrations (Shlar, Droby, & Rodoy,
2017). The minimum inhibitory concentration (MIC) of curcumin was varied by
different types of strains, but it was usually above 1000 ppm without blue light
activation (Kim et al., 2005; Negi, Jayaprakasha, Jagan Mohan Rao, & Sakariah, 1999).
Without lighting activation, the concentrations required to show practical effects
were much higher than the maximum level in this study (approximate 100 ppm). In
other words, a lower concentration of curcumin can be used if blue LEDs are applied,
which could both reduce the cost of producing the photosensitizing solution as well
as the adverse impacts of the yellow color on food quality. Also, a higher
concentration of curcumin did not represent greater inhibitory effects. In Figure 5.4 d
& e, the inhibition zone was clearer after treated with 100 uM of curcumin with
ascorbic acid than treated with 1000 uM curcumin with acid. It is probably because
SDW was used as the diluent in this study, and 1000 pM curcumin is well above the

solubility limit of curcumin. The curcumin will thus aggregate and precipitate, leading
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to a decrease in the phototoxicity. The aggregation and precipitation may be in a
concentration-dependent manner. In other words, they happen faster at high
concentration, so more curcumin molecules are precipitated at the concentration of

1000 pM than 100 pM.

Listeria monocytogenes (gram-positive) was shown to be more susceptible to
photodynamic inactivation than E. coli 0157:H7 (gram-negative), because higher
concentration of curcumin (Table 5.2) and longer illumination time (Figure 5.5) were
required to completely inactivate E. coli 0157:H7, which is consistent with previous
studies (Banfi et al., 2006; Valduga, Bertoloni, Reddi, & Jori, 1993; Winter et al., 2013).
The differences in the susceptibility between gram-positive and gram-negative could
be explained by the differences in their cell wall structure. Gram-positive bacteria
have relatively porous cell walls, which are composed of peptidoglycan and
lipoteichoic acid. As the production of highly reactive photo-products is short, the
porous structure facilitates the photosensitizer to go inside the cell, resulting in
possible reactions occurring both outside and inside the cell. By contrast,
gram-negative species have both outer and inner cell membrane, which are
separated by the peptidoglycan-containing periplasm. The outer membrane is a very
effective barrier to prevent many photosensitizers from both binding and
penetration, leading to a reduction in the antimicrobial effects (Dai, Huang, &
Hamblin, 2009; Minnock et al., 2000). Unlike water-soluble photosensitizers such as
sodium chlorophyllin, curcumin was found to effectively inactivate gram-negative

bacteria in this study (Figure 5.7). Several hypotheses were proposed to explain the
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killing effects of the photosensitizer curcumin against gram-negative bacteria. Firstly,
the lipophilic property of curcumin makes curcumin bind preferentially to the
phospholipid membrane as well as some cell proteins (Priyadarsini, 2009). Secondly,
the diketone structure allows curcumin to act as a chelator (Began, Sudharshan,
Udaya Sankar, & Appu Rao, 1999). The chelating ability of curcumin was confirmed by
the formation of mixed hydroxo species by the reaction of curcumin as a bidentate
chelating ligand (Borsari, Ferrari, Grandi, & Saladini, 2002). The outer membrane of
gram-negative bacteria is negatively charged, producing a dense barrier efficiently
against antimicrobial compounds. However, chelators can chelate the divalent
cations like Mg?* and Ca?* that connect the lipopolysaccharide, leading to the
disruption of the outer membrane and the facilitation of PS uptake. Curcumin itself
has fluorescence in a specific wavelength range, so the uptake and absorption of PS
were observed by the fluorescence microscopy equipped with an excitation filter 420
— 480 nm after washing the surface-binding curcumin through centrifugation
(Haukvik et al., 2009). Finally, the potential hydrogen bonding interaction helps to
keep the PS firmly bound to the outer membrane, increasing the phototoxicity of
curcumin. The hydroxyl groups in the curcumin molecule allow its oxygen atoms to
form hydrogen bonds with the bacterial outer membrane, which acts as a hydrogen

acceptor (Haukvik et al., 2009).

Organic acids, such as propionic acid, lactic acid, citric acid, acetic acid and
benzoic acid, have been used to inactivate surface associated microbes. The mode of

inactivation by organic acids includes cytoplasmic acidification and accumulation of
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free acid anions (Gonzalez-Fandos & Herrera, 2013), leading to energy imbalance,
enzyme inactivation (Morey et al., 2014), failure to neutralize the excessive acid by
decreasing proton motive force (Drosinos, Mataragas, Kampani, Kritikos, &
Metaxopoulos, 2006), and etc. As a commonly-used reducing agent, ascorbic acid has
antimicrobial and antiviral activity by the formation of free radicals during
autoxidation of the acid (Salo & Cliver, 1978; Tajkarimi & lbrahim, 2011). However, in
this study, ascorbic acid alone did not show any inhibitory effects against both L.
monocytogenes (Figure 5.6) and E. coli 0157:H7 (Figure 5.7), probably because the
acid concentrations are over 100 times lower than the concentrations used in the

previous study.

With the addition of ascorbic acid, greater reductions in viable cell numbers
were achieved than curcumin treatment alone (Figure 5.6 & Figure 5.7), indicating a
potential effect of ascorbic acid on enhancing the phototoxicity of PS curcumin.
Similar results were observed by Khalil et al. (2012), who found that
curcumin/ascorbic acid showed higher reduction on the growth of Candida spp than
curcumin only, even though no light was used in their study. It was hypothesized by
Khalil et al. (2012) that ascorbic acid improve the stability of curcumin, making more
active curcumin molecules available for killing the microbes. Curcumin undergoes
rapid degradation under alkaline and neutral conditions, leading to the production of
vanillin, ferulic acid and feruloylmethane (Tgnnesen & Karlsen, 1985; Wang et al.,
1997). Oetari, Sudibyo, Commandeur, Samhoedi, and Vermeulen (1996) found that

there was a significant increase of stability of curcumin in pH 6.5 than in pH 7.4
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phosphate buffer up to 30 min after preparation. In another study, Hegge, Nielsen, et
al. (2012) found that curcumin dissolved in 10% ethanol in PBS (pH 6.1) decreased to
half of its initial concentration, even after 3-day storage. These results indicate that
slightly acidic solvent helped to improve the stability of curcumin in aqueous solution,
which is probably related to the conjugated diene structure of curcumin. Under
alkaline and neutral conditions, the nucleophilic OH™ ions attack the carbonyl carbon
in the keto-enol moiety, leading to the destruction of the conjugated structure and
destabilization of the compound (Tomren, Masson, Loftsson, & Tgnnesen, 2007;
Wang et al., 1997). In addition to lowering the pH, the stability of curcumin can be
improved by adding thiol and non-thiol containing antioxidants, such as ascorbic acid
(25 uM), glutathione (1 mM), and N-acetyl L-cysteine (50 uM) (Oetari et al., 1996). It
is probably because antioxidants may play a role in retarding the autoxidative
degradation of curcumin before photodynamic inactivation takes place (Griesser et
al., 2011; Schneider, Gordon, Edwards, & Luis, 2015). However, no studies have been

conducted to provide direct evidence about how antioxidants stabilize curcumin.

Photosensitizer curcumin supplemented with ascorbic acid was shown to
have promising inhibitory effects against both L. monocytogenes and E. coli 0157:H7
in the media system. However, similar reductions are difficult to be achieved in the
food system, because light reflecting properties of complex food surfaces may reduce
the light intensity. Several approaches may be used to further enhance the
phototoxicity of PS curcumin. For example, adding some types of membrane

permeability enhancement compounds (e.g., CaCl,, ethylenediaminetetraacetic acid,
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or polycationic agent polymyxin B nonapeptide) may facilitate greater uptake of
curcumin by disorganizing the outer membrane (Nitzan, Gutterman, Malik, &
Ehrenberg, 1992). In a previous study, pre-incubation with CaCl, for 15 min induced
over a 3-log reduction in E. coli higher than no CaCl, added (Winter et al., 2013). Also,
lactic acid would also be a good substitute for ascorbic acid to improve both stability
and solubility of curcumin, which are two important factors influencing the

phototoxicity of curcumin (Rao & Rao, 2011).
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7. CONCLUSION

This study showed a potential effect of ascorbic acid on enhancing the
photodynamic inactivation ability of PS curcumin against both gram-positive Listeria
monocytogenes and gram-negative Escherichia coli 0157:H7, probably by improving
the stability of curcumin. Light was essential to activate the photosensitizer curcumin
to show antimicrobial effects in low curcumin concentrations (< 100 uM). Solutions
with 5 uM of curcumin and 25 mg/mL of ascorbic acid completely resulted in a nearly
6-log reduction on L. monocytogenes. Although Escherichia coli 0157:H7 was
generally considered as more resistant to photodynamic inactivation than
gram-positive bacteria, it was not detected after treatment with 50 uM of curcumin
and 25 mg/mL of ascorbic acid. The developed photosensitizing solution has
relatively low acidity, which has a potential application as an antimicrobial treatment

on the surface of meat, poultry, and produce.
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