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ABSTRACT

Dental caries is caused by dental plaque, which is a community of micro-organisms
embedded in an extracellular polymer matrix as a biofilm on the tooth surface. Natural products
that are widely accessible could be used as an alternative or adjunctive anti-caries therapy.
Sometimes, when two products are used together, they yield a more powerful antimicrobial effect
than the anticipated additive effect. These synergistic combinations are often better treatment
options because individual agents may not have sufficient antimicrobial action to be effective when
used alone. Cranberries contain phenolic compounds like anthocyanidins that disrupt biofilm
formation by oral bacteria. Manuka honey has high concentrations of bioactive agents like
methylglyoxal, which are cariostatic. Because cranberries and manuka honey have varied modes
of antimicrobial action, it is important to test them for possible synergistic effects. Various
cranberry extracts, manuka honey and methylglyoxal were subjected to agar well-diffusion assays
in the presence of the bacteria Streptococcus mutans. By comparing the zones of inhibition around
the wells containing individual extracts and also the extracts in combination, the most synergistic
combinations were determined. Serial dilutions of these extracts were then added to a 96-well plate
checkerboard assay. By finding the minimum inhibitory concentrations (MIC) and fractional
inhibitory concentrations (FIC) synergy was determined.

Synergy was demonstrated in two of the cranberry extracts tested with methylglyoxal, the
bioactive agent in manuka honey. The synergistic combinations found in this research can be good
candidates for a dentifrice to inhibit the formation of dental plaque and avoid the development of

caries.
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CHAPTER 1

INTRODUCTION

Dental caries is among the most common chronic preventable diseases in the United States
(Benjamin, 2010). Bacteria colonize the oral cavity and adhere to the tooth surface in the presence
of dietary saccharides like sucrose. Dental plaque, is a community of micro-organisms embedded
in an extracellular polymer matrix as a biofilm on the tooth surface (Marsh, 2004). The metabolic
acids produced by these bacteria when they metabolize the saccharides ultimately erodes the
enamel and dentin of teeth, causing a carious lesion.

As early as 1924, it was discovered that Streptococcus mutans forms a major part of dental
plaque (Clarke, 1924). In vivo studies with germ-free rats corroborated these findings, proving that
tooth decay and gum disease is caused by bacteria (Fitzgerald, Jordan, Stanley, Poole, & Bowler,
1960). S. mutans are facultative anaerobic gram-positive cocci. The virulence factors that
contribute to their cariogenicity are (i) adhesion to tooth surfaces (ii) acidogenicity through
glycolysis and (iii) acid tolerance (Banas, 2004) (Figure 1.1). S. mutans have glucosyltransferases
that can convert the dietary starches to extracellular polymers like glucan that can bind to the dental
pellicle and other bacteria like Streptococcus sanguis, Streptococcus oralis, and Lactobacillus sp.
(Gregoire, Singh, Vorsa, & Koo, 2007). The fermentation of simple sugars produces acids that can

erode the tooth and cause caries.
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Figure 1.1 Role of S. mutans in dental caries and oral biofilm formation (Jeon, Rosalen,
Falsetta, & Koo, 2011). (a)-(d) Formation of cariogenic biofilm. (e) Potential targets for natural

products to disrupt biofilm formation.

Plants have developed their defenses to fight bacterial and fungal diseases by producing
certain protective compounds. Bioactive compounds extracted from their stems, roots, leaves,
flowers or fruits may thus be tested for their action against various pathogens that affect humans.
If successful, natural products that are widely accessible could then be used as an alternative or
adjunctive anti-caries therapy. Many studies have been performed to test the activity of individual
natural products like green tea, cacao bean, cranberry, cinnamon, garlic, honey, etc. against S.

mutants (Chaudhari, Jawale, Sharma, Kumar, & Kulkarni, 2012; Duarte et al., 2006; Fani,


https://www.researchgate.net/publication/51131278_Natural_Products_in_Caries_Research_Current_Limited_Knowledge_Challenges_and_Future_Perspective

Kohanteb, & Dayaghi, 2007; Nassar, Li, & Gregory, 2012; Ooshima et al., 2000; Sakanaka, Kim,
Taniguchi, & Yamamoto, 1989).

In order to more fully assess the utility of these compounds as effective antimicrobial
agents, it is important to study what their effects will be when used in combination. Sometimes,
when two such products are used together, they yield a more powerful antimicrobial effect than
the anticipated additive effect. These synergistic combinations are often better treatment options
because individual agents may not have sufficient antimicrobial action to be effective when used
alone (Gibbons, 2003). Furthermore, exposure to dual agents greatly reduces the likelihood of the
development of resistance by the target bacteria. Finally, it is also important to note that cranberry
and honey both have pleasant flavor profiles, which would likely lead to increased patient

treatment compliance of a dentifrice substance containing them.



CHAPTER 2

LITERATURE REVIEW

The published record contains a great deal of experimental data available regarding the use
of natural products as antimicrobial agents. Bioactive agents from a number of readily available
natural products could be used in alternative or adjunctive anti-caries therapy (Jeon et al., 2011).
A few criteria were considered while selecting bioactive agents for further research. Availability
of data from both in vitro and in vivo studies demonstrating the antimicrobial activity against
planktonic S. mutans and against oral biofilms were considered. The agents were also scored based
on their availability and flavor profiles. Another important criterion was their respective modes of
action. If the chosen compounds had similar modes of action, they typically are more likely to be
additive. But by choosing antimicrobial substances that have varied modes of action, there is

typically an increased likelihood of finding synergy.

American Cranberries (Vaccinium macrocarpon) contain phenolic compounds like
tannins, phenolic acids, flavanols and flavonoids like anthocyanidins that prevent bacterial
adhesion (Howell et al., 2005). These antimicrobial bioactive substances are detected in cranberry
juice, extracts and press cakes (Lacombe, Wu, Tyler, & Edwards, 2010). Cranberry
proanthocyanidins (PAC) are polymers of flavan-3-ols, with a C6-C3-C6 flavone skeleton and at
least 1 A-type double interflavan linkage built on monomers of epicatechin (IUPAC (2R,3R)-2-
(3,4-dihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,5,7-triol) (Figure 2.1). Non-dialyzable

cranberry constituents are effective against uro-pathogenic Escherichia coli, Helicobacter pylori



and oral bacteria (Shmuely, Ofek, Weiss, Rones, & Houri-Haddad, 2012). Cranberry PAC inhibit
the adhesion of oral bacteria like S. mutans on hydroxyapatite tooth surfaces even in the presence
of saliva. They decrease the acidogenicity of S. mutans biofilm and inhibit glucosyltransferases
(GTF) that utilize dietary starches to form extracellular polysaccharides that embed other oral
bacteria and form dental plaque (Duarte et al., 2006; Gregoire et al., 2007; Koo et al., 2010; Weiss,

Lev-Dor, Sharon, & Ofek, 2002).
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Figure 2.1. Chemical structures of proanthocyanidines isolated from cranberry (Koo et

al., 2010)

Published studies show that manuka honey is one of most antimicrobial honeys tested to
date (Beckman & Johnson, 2016; Molan & Russell, 1988). The main antimicrobial ingredient in
most types of honey is hydrogen peroxide. Certain types of honey, like manuka honey, showed
antimicrobial activity even when peroxides were removed (Molan & Russell, 1988). Manuka

honey is a unifloral honey produced by honey bees (Apis sp.) from the manuka bush



(Leptospermum scoparium), which grows uncultivated in New Zealand. It has many phenolic acids
and flavonoids which are effective against oral bacteria (Badet & Quero, 2011). Manuka honey
has high concentrations of methylglyoxal (MGO), (IUPAC 2-oxopropanol, also known as acetyl
formaldehyde, pyruvaldehyde and pyruvic aldehyde) ranging from 38 to 76 1mg/kg, which is about
100 times higher than that of conventional honey (Mavric, Wittmann, Barth, & Henle, 2008). In
vitro studies showed that manuka honey inhibits multi-species oral biofilm formation and affects
the adhesion of S. mutans (Badet & Quero, 2011). The salivary levels of S. mutans in children
treated with manuka honey was much lower in a pilot study (Rupesh et al., 2014). MGO is a by-
product of non-enzymatic gycation (Maillard’s reaction) in vivo and can lead to protein
modification in diabetics (Vander Jagt & Hunsaker, 2003). Even when MGO was neutralized,
manuka honey retained its antimicrobial properties, due to other as yet unknown factors

(Kwakman, Te Velde, De Boer, Vandenbroucke-Grauls, & Zaat, 2011).

O

H,C

O

Figure 2.2. Chemical structure of Methylglyoxal

Cinnamon is used commonly in food as a flavoring agent. Studies have shown that
cinnamon can affect S. mutans adhesion and acid production (H. Y. Kim & Park, 2017). Cinnamon
oil extracted from the bark of Cinnamomum verum has a strong in vitro antimicrobial effect and

inhibits adhesion of oral bacteria (Wiwattanarattanabut, Choonharuangdej, & Srithavaj, 2017).



Gas chromatography mass spectrometry analysis showed that the major constituent inhibiting S.
mutans cell division was cinnamaldehyde (IUPAC (2E)-3-phenylprop-2-enal) (H. Y. Kim & Park,
2017, Domadia, Swarup, Bhunia, Sivaraman, & Dasgupta, 2007). Cinnamon extracts from both
the leaves and bark are rich in eugenol (IUPAC 4-Allyl-2-methoxyphenol), which has a long
history of successful therapeutic use in dentistry (Chaudhari et al., 2012, Singh, Maurya, &
Catalan, 2007). Cinnamon bark oil can inhibit biofilm formation in oral pathogens (Y.-G. Kim,
Lee, Kim, Baek, & Lee, 2015). One study used a well diffusion assay to study the synergistic effect
between cinnamon and honey against S. mutans (Rezvani, Niakan, Kamalinejad, Ahmadi, &

Hamze, 2017). This study was straight forward and the method was adapted for our research.

O

Figure 2.3. Chemical structure of Cinnamaldehyde

HO

Figure 2.4. Chemical structure of Eugenol



Neem (Azadirachta Indica) was another candidate in the study because of its proven effects
as a caries inhibitor (Bhambal, Kothari, Saxena, & Jain, 2011). In certain parts of the world, neem
sticks were used as “toothbrushes” to clean teeth and prevent dental caries. They have bioactive
agents like isoprenoids, polyphenols and flavonoids that are bacteriostatic (Biswas,
Chattopadhyay, Banerjee, & Bandyopadhyay, 2002). In vitro studies have shown that neem
extracts can prevent biofilm formation in oral pathogens (Polaquini, Svidzinski, Kemmelmeier, &

Gasparetto, 2006). But an important downside of using neem is its bitter flavor profile.

Importantly, cranberry and manuka honey’s antimicrobial effects are cause by different
mechanisms. Cranberry inhibits biofilm formation predominantly by interfering with bacterial
adhesion and manuka honey suppresses the expression of S. mutans virulence factors. This creates

the opportunity to study them in combination to test them for synergistic effects.

The following hypotheses were made to study antimicrobial synergy between the two

agents:



Table 2.1 Hypotheses for Well Diffusion Assay

Null hypothesis (Ho)

The antimicrobial effect produced by a combination of cranberry
extract and manuka honey will be less than or equal to the
antimicrobial effects of cranberry extract and manuka honey

separately against S. mutans.

Alternate hypothesis (Ha)

The antimicrobial effect produced by a combination of cranberry
extract and manuka honey will be greater than the antimicrobial
effects of cranberry extract and manuka honey separately against

S. mutans.

Expected outcomes

In a well diffusion assay, the zone of inhibition around the well
containing a combination of cranberry extract and manuka honey
will be larger than the zone of inhibition around cranberry extract
and the zone of inhibition around manuka honey respectively
because cranberry and manuka honey have different modes of

action against S. mutans.




Table 2.2 Hypotheses for Checkerboard Assay

Null hypothesis (Ho) The mean Fractional Inhibitory Concentration (FIC) index of a
checkerboard assay with combinations of cranberry extract and
methylglyoxal in serial dilutions will be greater than 1 in the

presence of S. mutans.

Alternate hypothesis (Ha) The mean Fractional Inhibitory Concentration (FIC) index of a
checkerboard assay with combinations of cranberry extract and
methylglyoxal in serial dilutions will be less than or equal to 1 in

the presence of S. mutans.

Expected outcomes In a checkerboard assay, we can determine the Minimum
Inhibitory Concentration (MIC) of the individual extracts and
detect the combination antimicrobial effects of various
concentrations against S. mutans. This assay will help us

differentiate between synergy, additive and antagonistic effects.
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CHAPTER 3

METHODOLOGY

3.1 Materials
3.1.1 Cranberry extracts

All cranberry extracts were provided by Ocean Spray Cranberries Inc. The exact extraction
methods are proprietary information. The extracts were labelled by the manufacturers as “SWP”,
“SWEF”, “SWPE”, “Type R”, “RE” and “U15”. 1500ul of Cranberry extracts were aliquoted into

sterile Eppendorf tubes for use on arrival and the rest were frozen at 0°C for use at a later date.

3.1.2 Manuka honey

Manuka honey is classified based on a Unique Manuka Factor (UMF) scale, which is
actually its methylglyoxal (MGO) content. For the purpose of this experiment, we purchased
manuka honey (Manuka Health, New Zealand) containing 550+ MGO. 1500u] of manuka honey

was aliquoted into sterile Eppendorf tubes.

3.1.3 Methylglyoxal
20ul of methylglyoxal (Sigma, USA) was added to 1440ul of distilled water to prepare a
550 parts per million solution of methylglyoxal, equivalent to the label-indicated content in the

manuka honey.

11



3.1.4 Cinnamon
Cinnamon extracts labelled “Cinn-HA” and “Cinn Oil” from McCormick & Company
were tested. 1500ul of cinnamon extracts were aliquoted into sterile Eppendorf tubes for use on

arrival and the rest were frozen at 0°C for use at a later date.

3.1.5 Neem
15001 of neem seed oil (NeemAura, USA) were aliquoted into sterile Eppendorf tubes for

use on arrival.

3.1.6 Mouthwashes
1500ul of commercially available mouthwashes- Colgate Total, Listerine and ACT
mouthwashes purchased from Dillons supermarket (Wichita, KS) and were aliquoted into sterile

Eppendorf tubes for use on arrival.

3.1.7 Combination of agents
To prepare a mix of extracts, 750ul of one extract was added to 750ul of another extract in
a sterile Eppendorf tube and mixed well. Cranberry, cinnamon, manuka honey, MGO, neem

extracts were used in combinations and each combination was tested in separate assays.

3.1.8 Controls
Distilled water was used as a negative control. Chlorhexidine (2% Chlorhexidine

gluconate) was used as a positive control.

12



3.1.9 Media

300ml of Brain Heart Infusion (BHI) agar was prepared by adding 11.1mg
BD™ Difco™ Brain Heart Infusion and 4.5mg Agar to 300ml of distilled water. The media was
boiled with stirring. 25ml media was aliquoted into 12 screw cap test tubes respectively. These
were autoclaved and then equilibrated to 55°C in a water bath. This was done to ensure that the
BHI agar remained liquid, while not being too hot, which could kill the S. mutans.

BHI broth was prepared according to BD™ Difco™ Brain Heart Infusion manufacturer’s
directions by adding 17.5 of dehydrated media to 500ml of sterile water. This was mixed well and

autoclaved.

3.1.10 Culturing bacteria

S. mutans (ATCC 25175) was obtained from American Type Culture Collection
(Manassas, VA). Upon receipt, the lyophilized culture was reconstituted by adding 0.5ml of sterile
brain heart infusion (BHI) broth to the vials and transferred aseptically to a test tube with Sml BHI
broth. The tube contents were mixed well and streaked onto BHI agar plates. The plates were
placed overnight in a 5 % carbon dioxide (COz) incubator at 37°C. The bacteria were cultured a

second time by streaking onto BHI agar plates and incubated at 37°C in a COz2 incubator overnight.

3.2 Method
3.2.1 Preparation of 0.5 McFarland standard

To standardize the bacterial suspension being used in each assay, a 0.5 McFarland standard
was used. The 0.5 McFarland standard is a spectrophotometric technique commonly used in

bacterial susceptibility testing and other procedures that require a standardized inoculum (Clinical

13



& Institute, 2009). involving the suspension of latex particles that have an absorbance of 0.063
absorbance units at a wavelength of 600nm. By aseptically adding bacterial colonies to sterile
sodium chloride (NaCl) and visually comparing this suspension of bacteria to a McFarland
standard the number of bacteria within a given concentration range can readily be determined.
0.85g of NaCl was added to 100ml of distilled water. 9ml of this solution was aliquoted
into screw cap test tubes and autoclaved. S. mutans colonies were added aseptically to the NaCl

solution until a turbidity of 0.5 McFarland standard was reached.

3.2.2 Agar Well Diffusion Assay

100ul of S. mutans at a turbidity of 0.5 McFarland standard were added to each BHI agar
test tube and poured into petri plates. The plates were allowed to sit at room temperature for 2
hours. Using a sterile cork-borer, five wells were punched in the BHI agar of every petri dish as
illustrated in Figure 3.1. A template was used to ensure that the wells were equidistant from each

other.

Figure 3.1. Illustration of a well-diffusion assay

14
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Figure 3.2 Well diffusion assay after 24 hours. Cranberry (Type R) and MGO. Controls:

Water (negative control), Chlorhexidine (CLX) (positive control).

In each petri dish, 95ul of cranberry, manuka honey, cranberry-manuka honey mixture,
water and chlorhexidine were pipetted into the wells. After allowing them to diffuse for 30
minutes, they were placed in a COz incubator at 37°C overnight.

This method was repeated with neem, cinnamon, MGO and the other cranberry extracts.

To compare the efficacy of the most antimicrobial combination with commercial
mouthwash, 95ul of the cranberry and manuka honey mixture was pipetted in one well and 95ul

of Colgate Total, Listerine and ACT mouthwashes were pipetted into the three other outer wells

respectively.

15



3.2.2.1 Photography and Image Analysis

After a 24hr incubation period, the plates were photographed individually (Figure 3.2) by
placing them in a lighted closed chamber to prevent glare. The plates were photographed with a
ruler, which would later serve as a reference while measuring the zones of inhibition.

Image analysis was done using two software Adobe Photoshop CS6® (Adobe Systems)
and Image J (Rasband, 1997). The borders around the zones of inhibition weren’t always well
defined. To deal with any uncertainty regarding measurements in photographs with structures that
weren’t well defined, a photo training process similar to that described by Jorgensen et al
(Jorgensen et al., 2013) was used. In this process, they used Adobe Photoshop to detect a dark
image on a light background by reading pixel values. In our research this process could be applied
to demarcate the zones of inhibition. Adobe photoshop was trained to pick out the exact pixel
values in each photograph that represented BHI agar with S. mutans growth. This was done by
clicking “Image > Replace color = Load = Select preset file - Ok = Save” in Photoshop
(Appendix D). By using this method to threshold the pixels with S. mutans, this gave us a well-
defined zone of inhibition that was easy to measure and wasn’t affected by the color of the extracts.
By automating the process, human bias was also reduced.

The image was then opened in a program called ImageJ (Rasband, 1997). By using the set
scale tool under the Analyze menu, we could measure a known value of 10 mm on the ruler in the
photograph and use that as a scale for that image. The straight-line tool helped in measuring the

zones of inhibition and generated the quantitative data. The results were saved on Microsoft Excel.

16



3.2.2.2 Data Analysis

In analyzing the data, the goal was to detect variations in zone diameters between the
extracts used separately and the extracts used in combination. Analysis of Variance (ANOVA)
was used to detect if the differences were statistically significant. “Petri Dish ID” was added as a
block factor as there could be some variances between each petri dish. This made the study a two
factor ANOVA. “Blocks” and “substance added” were the independent variables and “diameter of
zone of inhibition” was the dependent variable. This study is a Mixed Model ANOVA because
“petri dish ID” is a random effect.

In RStudio (RStudio Team, 2016), using the Ime4, ImerTest and Ismeans packages, Type
IIT Analysis of Variance with Satterthwaite's method was performed. This was followed by a post-
hoc Tukey test to compare diameters of the zones of inhibition and detect synergy with a

confidence interval of 95% (Appendix A).

3.2.3 Checkerboard Assay
3.2.3.1 Serial Dilutions

To prepare serial dilutions, 600 pl of sterile water was added to the bioactive agent like
cranberry extracts and methylglyoxal respectively in Eppendorftubes. This diluted mix was further
diluted with 600 pl of water. By repeating this process, eight concentrations of each agent were

prepared and labelled (Figure 3.3).

17



Extract 600p1 600! 600p! 600p! 600p1 600p! 600p!
(Stock solution) Water Water Water Water Water Water Water

Figure 3.3 Illustration of serial dilution preparation

3.2.3.2 96- Well Plate Assay

Corning™ Falcon™ Polystyrene 96 well microplates with nontreated surfaces (Fisher
Scientific, USA) were used in a clean laminar flow hood for the checker board assay to check
synergy as described by (Bonapace, Bosso, Friedrich, & White, 2002). 100ul of BHI broth were
added to each well of the 96- well plate. 20 ul of S. mutans at 0.5 McFarland standard turbidity
were added to each well, except the last column (column 12) of the well. These wells served as the
negative growth control. Column 11 containing only media and the bacteria served as a positive
growth control. 50ul of each concentration of cranberry extract was added to wells in separate
columns (columns 1 to 8). 50ul of MGO concentrations were added to rows A to H. This formed
a checkerboard pattern with varying concentrations of cranberry in the columns, combined with
varying concentrations of MGO in the rows. This 96- well plate was then placed overnight in a 5

% carbon dioxide (CO3) incubator at 37°C.

18



3.2.3.3 Minimum Inhibitory Concentration, Growth — No Growth Interface

After 18 to 24 hours, the 96- well plate was analyzed for bacterial growth (Figure 3.4, 3.5).
The wells with bacterial colonies were recorded as “1” in Microsoft Excel. The wells without any
growth were recorded as “0” (Table 3.1). The first wells without any growth in each row and
column, adjacent to the wells with bacterial growth form the “growth — no growth interface”.
The growth — no growth interface is required to calculate synergy. The first concentration of a
bioactive agent without any bacterial growth is the Minimum Inhibitory Concentration (MIC).
This is the minimum concentration of the individual agents required to stop bacterial growth. It is
important to disregard the color of the extracts and look for colonies in each individual well while
checking for bacterial turbidity. Cranberry extracts could polymerize and settle at the bottom of

the well. But by observing bacterial colonies, instead of the color, we can determine turbidity.

Controls
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Figure 3.5 Checkerboard Assay with Cranberry serial dilutions in columns and MGO
serial dilutions in rows

Table 3.1 Checkerboard Assay Turbidity.

MGOJ
R-> 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.0078125
1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0.25 0 0 0 0 0 0 0 1
0.125 0 0 0 0 1 1 1 1
0.0625 0 0 0 1 1 1 1 1
0.03125 0 0 1 1 1 1 1 1
0.015625 0 0 1 1 1 1 1 1
0.0078125 0 1 1 1 1 1 1 1
Blue Growth-No Growth Interface
Orange Turbid wells
MIC
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3.2.3.4 Checking for Synergy

Three methods were used to interpret the checkerboard assay and determine synergy (Table
3.2). The fractional inhibitory concentration (FIC) index was calculated for each well along the
growth — no growth interface.

FIC index = FIC of A+ FIC of B

where,

FIC of A =MIC of A in combination / MIC of A alone

FIC of B = MIC of B in combination / MIC of B alone

Example, If the concentrations of cranberry and MGO in a well were 0.25 and 0.0625
respectively and the MIC for cranberry is 1 and MIC of MGO is 0.5, FIC of that individual well is
calculated as:

FIC of well= [(Concentration of cranberry in well) / (MIC of cranberry)] + [(Concentration
of MGO in well) / (MIC of MGO)]

FIC of well= (0.25/1) + (0.0625/0.5)

FIC of well=0.375

3.2.3.4.1 Method 1 - Mean FIC Index

This method was first described by Den Hollander (Den Hollander, Mouton, & Verbrugh,
1998). The average of all FIC index values of wells along the growth — no growth interface was
calculated. Complete inhibition of an entire row or column is not required in this method. It is also

the most commonly used method of assessing synergy.
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3.2.3.4.2 Method 2 — Lowest FIC Index

This method is demonstrated in the Clinical Microbiology Procedures Handbook

(Isenberg, 1992). The lowest FIC index value among all the wells in the growth — no growth

interface must be between 0.25 and 0.5 to show synergy. If the lowest value is > 0.5, it shows

indifference or an additive effect.

3.2.3.4.3 Method 3 — Two Well Method

Synergy was defined as the absence of bacterial growth in the two wells containing 0.25

MIC of both extracts and 2 MIC of both extracts (Eliopoulos, 1989). Antagonism was defined as

the presence of growth in both of these wells. Additivity/ indifference was defined by the presence

of growth in the well containing 0.25 MIC and the absence of growth in the 2 MIC well. In some

cases, where the 2 MIC well is outside the range of the assay, this method was inconclusive.

Table 3.2 Interpreting the Checkerboard assay with Cranberry extract (SWPE) and MGO.

MGOJl,
SWPE-> 1 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.0078125
1
0.5 4
0.25 1.13 1.06 1.03 1.02
0.125 0.75
0.0625 0.50
0.03125 0.63
0.015625 0.56
0.0078125 1.03
Method #1 Mean FIC index 0.86
Method #2. Lowest FIC on interface. 0.5
Method #3 Two Well Absence of turbidity

Note: Blue: growth —no growth interface; Green: MIC of each extract alone.

This methodology was applied to six different cranberry extracts, two cinnamon extracts,

manuka honey, MGO and neem and studied in combinations.
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CHAPTER 4

RESULTS

Of the six cranberry extracts tested, two extracts when paired with manuka honey, were
better antimicrobials in the well- diffusion assay. The zones of inhibition around the cranberry-
manuka honey combination wells were larger than those around the cranberry and manuka honey
wells respectively. This difference was statistically significant (p < 0.0001) and repeatable, with
consistent results when the experiments were performed in triplicate.

No synergy was found with neem and cinnamon extracts, where the zones of inhibition of
their combinations with manuka honey were significantly smaller than the extracts used alone.

The cranberry extract — manuka honey combination was subjected to a well diffusion assay
along with store bought mouthwash. The zones of inhibition around the cranberry-manuka honey
combination was much larger than those around mouthwashes (Figure 4.1). The cranberry and
manuka honey combination (***) had statistically larger zones of inhibition than store bought
mouthwashes (Figure 4.2). Colgate Total and ACT mouthwashes had statistically similar zones of
inhibition (**). Listerine had a smallest zone of inhibition (*) among the mouthwashes tested in a

well diffusion assay.
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Figure 4.1 Well diffusion assay with a cranberry and manuka honey combination, and

commercial mouthwashes.
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Figure 4.2 Data from well diffusion assay with a cranberry and manuka honey

combination, and commercial mouthwashes.
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Cranberry extracts, neem and cinnamon extracts were respectively paired with MGO (the
bioactive agent in manuka honey) in well diffusion assays. While neem and cinnamon did not
show significant synergy, two of the cranberry extracts showed statistically significant (p<<0.0001)
larger zones of inhibition when used in combination with MGO, than when used alone.

The extracts which showed antimicrobial synergy were then subjected to a 96-well plate
checkerboard assay. Three cranberry extracts when combined with MGO, showed synergy in all
three methods of assessment. The mean FIC index for cranberry extracts combined with MGO
were 0.6, 0.5 and 0.8 respectively, which were less than 1, indicating synergy. The lowest FIC
indices were 0.38, 0.27 and 0.5, which were less than or equal to 0.5, indicative of synergy. This
study was replicated and showed similar data. The MIC of MGO was 0.5 of its original 550ppm
concentration. Two cranberry extracts had MICs of 1 (their original concentration) and the third
cranberry extract had an MIC of 0.5. For a cranberry extract with an MIC of 1, serial dilutions of
intermediate concentrations (0.75, 0.38, 0.19, etc.) were added to the checkerboard assay. This
study gave an MIC of 0.75 for cranberry and 0.38 for MGO, indicating that for cranberry extract
0.75< MIC <1 and for MGO 0.50< MIC <1. The mean FIC index for this study remained at 0.5

and the lowest FIC index was 0.28.

25



CHAPTER 5
DISCUSSION

It is a well-known fact that dietary sugars contribute to the progression of dental caries and
oral biofilm formation (Touger-Decker & Van Loveren, 2003). Manuka honey, like most honeys
has a high sugar content. Although manuka honey was synergistic with cranberry in this study, by
studying one of its main bioactive agents, MGO, we can avoid the complications caused by sugars,
if this is to be used orally as a dentifrice.

One of the main drawbacks of the well diffusion assay is that some natural products with
larger molecule sizes could not diffuse into the BHI agar leading to false negative results. The
color of cranberry extracts surrounding the well, indicated the level of diffusion into the agar.
Cranberry extracts have components that polymerize over time while maintaining their
antimicrobial properties. But the polymerized components could not diffuse into the agar in the
well diffusion assay. To test synergy between these products, the checkerboard assay was used.

Cranberry PACs that polymerize to form larger molecules were more bioactive in the
checkerboard assay than the well diffusion assay. The larger polymers cannot diffuse freely though
the agar although, the MIC of these extract were lower than that of the other cranberry extracts.
Another important feature was that this PAC-rich extract was antimicrobial even after
polymerization. While neem did not show synergy in the well diffusion assay, with small zones of
inhibition, it showed more antimicrobial activity in the checkerboard assay. So, while testing
natural products it is important to keep in mind the structure of the bioactive molecules with respect
to the assay that’s being used to test it.

The checkerboard assay has many advantages. The liquid broth medium would avoid the

agar diffusion problem faced by products with larger molecule sizes. We can simultaneously test
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combinations of various concentrations of both the test substances. The MIC and FIC for each
antimicrobial combination can be determined in a single plate. It is relatively easy to calculate the
FIC index.

Some papers (Bonapace et al., 2002) suggest that synergy is present when the mean FIC
index is <0.5, additive/ indifference is present when FIC index is between 1 and 4, and antagonism
is more than 4. The 0.5 conservative number will account for random effects in a microdilution
checkerboard assay. But as Meletiadis et al. describes, (Meletiadis, Pournaras, Roilides, & Walsh,
2010) a 0.5 FIC is not a natural cut off, making it difficult to classify FICs between 0.5 and 1.
Experimentally, an FIC index between 0.5 and 1 shows statistically significant synergy (Hall,
Middleton, & Westmacott, 1983) and run to run values do not vary to a point where synergy is
demonstrated in one run and antagonism is seen in another run (Meletiadis, Mouton, Rodriguez-
Tudela, Meis, & Verweij, 2000; Meletiadis, Verweij, Te Dorsthorst, Meis, & Mouton, 2005).
When the concentrations of a cranberry extract were shifted in this study to find intermediate FIC
index values the mean FIC index remained the same and the lowest FIC index value changed from
0.27 to 0.28. Therefore, the perception that checkerboard data may be more variable that single-
antimicrobial data is questionable. So, it is better to go by the cut offs indicated in Table 5.1. To
make the study more robust, two other methods of assessing checkerboard assays were used.

Table 5.1 Interpreting the Checkerboard Assay.

Method Synergy Additive/Indifferent Antagonism
Mean FIC Index <1 1<-<4 >4
Lowest FIC Index 0.25<-<05 >0.5 >2

Two Well Method Absence of turbidity in Presence of turbidity in ~ Presence of turbidity

both wells. one well. in both wells.
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CHAPTER 6
FUTURE RESEARCH

More research is required before these extracts can be used as a dentifrice for human
consumption. The oral biofilm is complex, with multiple species of bacteria embedded in a
polymer matrix. The effect of these natural agents on the biofilm must be studied.

A crystal violet biofilm assay can determine the antimicrobial activity of synergistic pairs
against the formation of new biofilm. By aspirating the planktonic bacteria, adding a staining
solution and using a plate reader to detect the wavelength of purple, we can determine which
concentrations stopped biofilm formation. This assay could also easily be applied to test
synergistic pairs against a pre-formed biofilm. Biofilms could also be grown in vitro on
hydroxyapatite chips or coating the bottom of a 96 well plate. This could then be treated with
natural products to test the effects on bacteria embedded in a biofilm. One of the main drawbacks
for using this method to test cranberries or similar compounds, is that the agents have color
wavelengths close to that of crystal violet and that could lead to errors while using a plate reader.

Randomized control studies could be performed on small groups of individuals to check
the effectiveness of synergistic pairs in vivo. The compounds could be used as a mouthwash or
incorporated in a toothpaste and tested over time to detect the effects on dental plaque and calculus
formation, This would also give more data regarding the effects of saliva on the synergistic
combinations.

Periodontal diseases are hard to treat because these bacteria occupy a separate niche in the
oral cavity that is devoid of oxygen and nutrient rich. The bacteria commonly found in periodontal

pockets in patients with gum disease are Aggregatibacter actinomycetemcomitans,
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Porphyromonas gingivalis, Prevotella intermedia, Bacteroides forsythus, Campylobacter rectus,
Eubacterium nodatum, Peptostreptococcus micros, Staphylococcus intermedius and Treponema
sp.

Some of these bacteria like P. gingivalis are anaerobes. By growing periodontal bacteria
anaerobically, and subjecting them to well diffusion and checkerboard assays, we can find
synergistic compounds that can treat gum disease. To test anaerobes, oxygen must be removed
from the media and all extracts, because even the smallest amount of oxygen could kill the bacteria.

Other plant derived antimicrobial agents can be tested in both the well diffusion assay and
the checkerboard assay. By identifying natural extracts that have proven antimicrobial activity in
vitro or in vivo and combining them with other agents, we can test for synergy. It is important to
keep in mind that the likelihood of detecting synergy is higher if the two agents being combined
have different antimicrobial mechanisms. If they have similar modes of action, they are more likely
additive or even antagonistic.

With the invention of newer technologies, it is crucial to find the right tools that can further

the study of antimicrobial synergy and use natural products more effectively to fight tooth decay.
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APPENDIX A

R SCRIPT AND OUTPUT

#Import data for trial run on 6/1/18
setwd("~/WSU/Research/9.12")

rmgo<-read.table("rmgo.txt", header= TRUE, dec=".

str(rmgo)
## 'data.frame': 48 obs. of 4 variables:
## $ no :int 12345678910 ...

## $ plate : Factor w/ 12 levels "P1","Pl1leO","P11",..:

## $ ext : Factor w/ 4 levels "1R","2MGO","3RMGO",..:

1111555566 ..

1234123412

## $ length: num 19.6 20.6 20.9 28.3 19 18.9 20.1 28.3 21 20.2 ...

head(rmgo,4)

## no plate ext length
## 1 1 P1 1R 19.6
## 2 2 P1 2MGO 20.6
## 3 3 P1 3RMGO 20.9
## 4 4 P1 4CLX 28.3

#Homogeneity of variance
tapply(rmgo$length, rmgo$ext, var)

H# 1R 2MGO 3RMGO 4CLX
## 0.6820455 0.2371970 0.2044697 0.4406061

#Load appropriate Libraries
library(1me4)

## Loading required package: Matrix
library(1lmerTest)

##
## Attaching package: 'lmerTest'

## The following object is masked from 'package:1lme4':

#H#

#it Imer

## The following object is masked from 'package:stats':
##

## step

library(lsmeans)
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APPENDIX A (continued)

## The 'lsmeans' package is being deprecated.

## Users are encouraged to switch to 'emmeans'.

## See help('transition') for more information, including how

## to convert 'lsmeans' objects and scripts to work with ‘emmeans’.

#ANOVA
1mrmgo< -1mer(rmgo$length~rmgo$ext+(1|rmgo$plate))
anova(lmrmgo)

## Type III Analysis of Variance Table with Satterthwaite's method

it Sum Sq Mean Sq NumDF DenDF F value Pr(>F)

## rmgo$ext 761.89 253.96 3 33 869.81 < 2.2e-16 ***

fHE oo

## Signif. codes: © '***' 9,001 '"**' ©.01 '*' ©0.05 '.' 0.1 ' ' 1
ranova(1lmrmgo)

## ANOVA-like table for random-effects: Single term deletions
#H#

## Model:

## rmgo$length ~ rmgog$ext + (1 | rmgo$plate)

it npar loglLik AIC  LRT Df Pr(>Chisq)
## <none> 6 -45.037 102.07

## (1 | rmgo$plate) 5 -46.749 103.50 3.424 1 0.06425 .
HHo---

## Signif. codes: © '***' 9,001 '**' 0.01 '*' ©.05 '.' 0.1 ' ' 1

#Tukey Test
lsmeans (1lmrmgo, pairwise~rmgo$ext, adjust="tukey")

## $1lsmeans

## rmgo$ext lsmean SE df lower.CL upper.CL
## 1R 19.47500 0.1805269 36.89 19.10918 19.84082
## 2MGO 20.10833 0.1805269 36.89 19.74252 20.47415
## 3RMGO 20.80833 0.1805269 36.89 20.44252 21.17415
## 4CLX 29.26667 0.1805269 36.89 28.90085 29.63248
#H#

## Degrees-of-freedom method: satterthwaite
## Confidence level used: 0.95

##t

## $contrasts

## contrast estimate SE df t.ratio p.value
## 1R - 2MGO -0.6333333 0.2205962 33 -2.871 0.0341
## 1R - 3RMGO -1.3333333 0.2205962 33 -6.044 <.0001
## 1R - 4CLX -9.7916667 0.2205962 33 -44.387 <.0001
## 2MGO - 3RMGO -0.7000000 0.2205962 33 -3.173 0.0163
## 2MGO - 4CLX -9.1583333 0.2205962 33 -41.516 <.0001
## 3RMGO - 4CLX -8.4583333 0.2205962 33 -38.343 <.0001
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APPENDIX A (continued)

#H#
## P value adjustment: tukey method for comparing a family of 4 estimates
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APPENDIX B

Well Diffusion Assay Plates

Figure B.1 Well diffusion assay: cinnamon 1 and cranberry 1

Figure B.2 Well diffusion assay: cinnamon 2 and cranberry 1
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APPENDIX B (continued)

Figure B.3 Well diffusion assay: cranberry 2 and manuka honey

Figure B.4 Well diffusion assay: Chlorhexidine in serial dilutions
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APPENDIX B (continued)

Neem Leaf Extract- Serial Dilution (with water)

100% Neem
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Figure B.5 Well diffusion assay: Neem in serial dilutions
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Figure B.6 Well diffusion assay: cranberry 2 and manuka honey
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APPENDIX B (continued)

Figure B.7 Well diffusion assay: cranberry 3 and 50% manuka honey
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Figure B.8 Well diffusion assay: cranberry 3 and MGO
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APPENDIX B (continued)

T e e e
CENTIMETERS
Cat. No. 08-016

K 4 :
‘:T‘:rlil\\iw|Al:Ll\\,l‘l.hl.lf‘.\.! B RN JPTT I A

Figure B.9 Well diffusion assay: cranberry 4 and MGO

Type R+ honey
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Figure B.10 Well diffusion assay: cranberry 3 and store-bought honey
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APPENDIX B (continued)

SWPE
(small molggule)

Manuka Honey
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Figure B.11 Well diffusion assay: cranberry 4 and manuka honey
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Figure B.12 Well diffusion assay: cranberry 3 and 4 comparison
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APPENDIX B (continued)

Type R+
Methylglyoxal

Methylglyoxal

Type R Chlorhexidine
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Figure B.13 Well diffusion assay: cranberry 3 and MGO
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Figure B.14 Well diffusion assay: manuka honey and MGO comparison
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APPENDIX B (continued)

CLX 100%
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Figure B.13 Well diffusion assay: cranberry 3 and 550 ppm MGO
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APPENDEX C

CHECKERBOARD ASSAY

TINTIITITTI ATTTTTTIT Se—

LTI TR

g e

Figure C.2 Checkerboard assay: cranberry 5 and MGO
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APPENDEX C (continued)
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Figure C.4 Checkerboard assay: cranberry 5 and MGO
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APPENDEX C (continued)

=

Figure C.6 Checkerboard assay: cranberry 6 and MGO
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APPENDEX D

IMAGE ANALYSIS IN ADOBE PHOTOSHOP, IMAGEJ, MICROSOFT EXCEL

& Photoshop File Edit Image Layer Type Select Fiter 3D View Window Help = Tue12:05PM Q @ :
. Mode > Adobe Photoshop CS6

B Festher

Adjustments »  Brightness/Contrast...
* DSCO2798JPG @ 16.7% (RGR/S Levels...
Auto Tone oxL Curves...
Auto Contrast X O¥L Exposure..
Auto Color %8
Vibrance.
Image Size... %!  Hue/Saturation... ®U
Canvas Size... XxC Color Balanc ®B
Image Rotation > Black & White.. XOXB
Photo Filter...
Trim, Channel Mixer...
Color Lookup...

Duplicate... Invert

Apply Image... Posterize...

Calculations... Threshold...
Gradient Map...
Selective Color...

Shadows/Highlights...
HDR Toning..

Analysis Desaturate
Match Color...
Replace Color...
Equalize

L J Adobe Photoshop CS6
- samolesuze [STRY ST RGeS

* DSCO2798JPG @ 16.7% (RGB/8)

Replace Color

Selection ﬁ

Localized Color Clusters

mee o]

Fuzziness: 20

Cancel

Load.
Save.

Preview

© Selection

Replacement

= .
Result
Saturation:

Lightness:

Dec: 45.9W45.98

Figure D.2 Adobe Photoshop: Eye-dropper tool=> (select pixels)=> Fuzziness 20, Lightness -100
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APPENDEX D (continued)

Adobe Photoshop CS6
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Figure D.3 Adobe Photoshop: Save Image
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Tools
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Figure D.4 Imagel: Line tool = draw a line of 10mm on the ruler - Analyze—> Set Scale..
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APPENDEX D (continued)
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4912x3264 pixels: RGB; 61MB

® o Set Scale

Distance in pixels: 200
Known distance: 10

Pixel aspect ratio: 1.0
Unit of length: mm|

Click to Remove Scale
Global

Scale: 20 pixels/mm
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Figure D.5 Imagel: Set “Known distance” as 10, “Unit of length” as mm
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Figure D.6 ImagelJ: Use the Line tool to measure diameters of zones of inhibition
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APPENDEX D (continued)

B 6.6 copy

Format

Figure D.7 Microsoft Excel: Data saved with “plate” as a block factor
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