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Executive Summary

The aim of this research was to determine if the seeds of Moringa oleifera were appropriate
for use in potable water treatment. The seeds grow, and are generally used, in regions that
lack basic water treatment infrastructure. In these regions, the seeds serve as a primary
method of water treatment by removing pathogens and causing flocculation and coagulation
of suspended solids. Significant information is available in the literature describing the use of
the crushed seeds as an antibacterial agent. The compounds that cause the antibacterial effects
have been isolated, identified and tested against a range of pathogenic bacteria. Of these
compounds, the M. oleifera cationic proteins were chosen for further research with a focus on
the attachment of these proteins to the surface of silica and sand, the inactivation of bacteria

using these functionalised surfaces, and the regeneration of the functional surfaces.

This thesis outlines the results from studies where the use of sand and silicon dioxide that had
been functionalised with MO,.; was investigated for bacterial attachment and inactivation. A
method of immobilising MO,.; onto the surface of sand to produce the functional sand (f-
sand) was experimentally optimised. The antibacterial effect of the f-sand on Escherichia
coli suspended in water was examined by packing f-sand into columns. The columns were
found to remove above 90% of the bacteria. Further experiments were conducted to
determine whether the inhibited E. coli could be removed from the f-sand without causing
the MO,.; to separate from the sand surface. Two regeneration methods were successfully
developed leading to the regeneration of the f-sand. In both cases the attachment of the
MO,.; was measured quantitatively by determining the amount of MO,.; bound to the f-sand
surface, and qualitatively by measuring the amount of E. coli that was removed by the f-sand
after it had been regenerated. The first regeneration method used the non-ionic surfactant
dodecyl glucoside. It was observed that after the initial exposure of f-sand to dodecyl
glucoside, there was an increase in the bacterial removal by the f-sand on subsequent
regenerations. The second method involved heating the used f-sand to between 50 °C and
100 °C for between 1 minute and 60 minutes. It was found that heating the f-sand to 60°C

allowed for repeated bacterial removal at a constant rate.

A laboratory scale-up trial of the f-sand was undertaken to determine the efficiency of the f-
sand for removing E. coli from artificially contaminated water. The different experimental
parameters that were investigated included varying the concentration of E. coli, operating

three columns in series and reversing the direction of flow so that the filter behaved either as



a packed bed or a fluidised bed. In this series of experiments a 1.1 log reduction was the
highest removal achieved from a 100 CFU/mL E. coli suspension through a fluidised f-sand
bed.

In the final investigation, the attachment of MO,.; to silicon dioxide (f-SiO,) and the effect
of the f-SiO, on E. coli and Micrococcus luteus inactivation were quantified. Both bacteria
were shown to attach to the f-SiO,, and the effect of dodecyl glucoside on these bacteria was
investigated. The M. luteus did not separate when exposed to the dodecyl glucoside, but
remained attached to the f-SiO,. The underlying mechanisms for removal were examined by
measuring the zeta potential of each system and making physical observations with live cell

microscope.

The thesis is divided into 8 chapters. These are comprised of the introduction and literature
review; where all of the antibacterial components isolated from M. oleifera are discussed.
Following the literature review, the methods chapter presents an outline of the general
analytical methods used throughout all of the experiments. Chapters 4 to 7 provide the
experimental, investigations that focussed on a laboratory-scale investigation using 100g f-
sand, and the reusability of f-sand and f-SiO,. The thesis is concluded in Chapter 8 where
the applicability and relevance of f-sand and f-SiO, are discussed, followed by the

identification of future areas of research.
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1.1 Problem Statement

Providing potable water to many of the world’s populations is a continuing challenge for
governments and international bodies. It has been the focus of extensive global effort as
exemplified by the United Nations Millennium Development Goals and more recently in
the Sustainable Development Goals (United Nations, 2017). It is currently estimated that
2.1 billion people lack safely managed drinking water services, 159 million of whom rely
solely on surface waters (WHO, 2017). These surface waters often contain pathogenic
organisms that cause serious illness and death. These organisms include cholera, polio,
dysentery and typhoid, and recent estimates by the World Health Organization state that
contaminated water causes 502 000 diarrhoeal deaths each year (WHO, 2018).

There are many reasons why people do not have access to reliable, potable water, though
in most cases it is a consequence of extreme poverty. The WHO has identified 22
countries where over 10% of the population relies on untreated surface waters (Figure 1).
The majority of these 22 countries are in Sub-Saharan Africa where 10% of the population
still rely on surface waters (WHO, 2017). In these areas where conventional water
treatment options, such as chlorination, are not available or are too expensive, other

traditional methods may be appropriate.
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Figure 1: Percentage of the population without access to treated surface water listed by
country, as identified by the WHO, (2017).

Plants have been used to treat water for thousands of years (Kansal & Kumari, 2014).
Reviews into the use of plant material for coagulation and antibacterial action have
identified a range of plant seeds, fruit waste and bark. Commonly-researched plant
materials include the seeds of Moringa oleifera and Strychnos potatorum, and the leaves
and sap of Opuntia ficus indica (Yin, 2010; Kansal & Kumari, 2014). All of these plant
materials exhibit coagulant or antibacterial properties with M. oleifera seeds capable of
achieving both (Choy, 2014).

M. oleifera is a tree that is native to the foothills of the Himalayas (Jahn, 1988). It has been
naturalised across the globe in tropical and subtropical regions (Figure 2) including many
of the countries listed by the WHO, where surface water is primarily relied upon for
drinking water. The seeds have a long history of use in local foods and traditional
medicines and were routinely used in the Sudan to clarify turbid water (Madsen et al.,
1987). The application of the seeds of M. oleifera for the removal of bacteria from water



was chosen as a topic for further investigation. This choice was driven by the global
availability of the tree, its wide-spread cultural acceptance and because of its previous

traditional use as both a coagulant and antibacterial agent.

Figure 2: Map of the world showing the regions where M. oleifera is reportedly grown.
(Trees for Life, accessed 13/07/2017)

An extensive body of literature describes the use of the crushed seeds of M. oleifera as a
primary method of water treatment to inactivate pathogenic organisms and reduce
turbidity via flocculation and coagulation (Kansal & Kumari, 2014). Several review papers
are available that discuss the use of crude M. oleifera seeds for potable water treatment
(Anwar et al, 2007; Kansal and Kumari, 2014; Wang et al., 2016; Yin, 2010). Much of the
antibacterial research is focused on the aqueous seed extract for household-scale
inactivation of waterborne bacteria. The M. oleifera seeds contain several antibacterial
agents with different mechanisms of action that are discussed in the literature review.

Adding the crushed seeds of M. oleifera to bacterially contaminated water is an effective
treatment in the short term; however, the increase in organic matter encourages bacterial
regrowth and prevents storage of the water (Ali et al., 2011). The degrading seed particles
also release sulphurous compounds that give an unpleasant odour to the water
(Ndabigengesere & Narasiah 1998). To overcome the issues currently preventing the
wide-scale use of M. oleifera seeds, many of the compounds within the seeds have been
isolated, identified, and tested for bacterial inactivation. Of these compounds, a group of
cationic proteins were considered to be the most promising for further research. Proteins

within this group have been shown to adsorb to the surface of sand. This functional sand



(f-sand) retains the antibacterial properties of the M. oleifera seed kernel and can be used

to remove Escherichia coli from water (Jerri et al., 2012).

1.2 Objective of this research

The focus was specifically on the use of the M. oleifera cationic protein as antibacterial
agents by means of the attachment to sand and silicon dioxide (SiO,). The natural
progression of this research was to make the f-sand reusable by removing the inhibited

bacteria from the proteins without separating the proteins from the sand.
The principal aims of this work were:

e To discover whether inactivated E. coli could be separated from the f-sand
o By treating the used f-sand with surfactants,
o By exposing the f-sand to water heated to different temperatures.
e To validate E. coli removal from water using a bench-scale study to determine the
capacity of f-sand to treat bacterially contaminated water.
e To prepare functional SiO, (f- SiO;) and then investigate:
o The inactivation of Micrococcus luteus using the f-SiO,,
o Whether the M. luteus could be separated from the f- SiO, in the same

manner as the E. coli.

The above objectives were achieved through a series of laboratory experiments, with the

primary focus being the ability to separate the inactivated bacteria from the sand.



1.3 Thesis outline

This thesis is written in a combined publication-traditional format. It comprises a literature
review, methods chapter and experimental chapters. Two of the experimental chapters

have been published. The following is a description of the thesis chapters.

Chapter 2 contains a literature review of the research that has been undertaken about the
antibacterial compounds isolatable from M. oleifera seeds. The literature review includes
the structure and composition of the antibacterial compounds, the methods of extraction
and production, an overview of the antibacterial action, and recommendations on future

research.

Chapter 3 describes the general preparations and methods followed during the

experimental research reported in Chapters 4 to 7.

Chapter 4 is a bench-scale study where the effect of altering different sand-bed

configurations was examined.

Chapter 5 is a presentation of the experiments undertaken to separate E. coli from f-sand
using the surfactants dodecyl glucoside and sodium dodecyl sulphate. This chapter is
presented as a journal paper and has been published with the Journal of Water and
Health.

Chapter 6 is a comparison of two methods for the separation of E. coli from f-sand using
dodecyl glucoside and heat. This chapter was originally a manuscript presented at the

International Water Association S2Small Conference, 2017.

Chapter 7 is an examination of the behaviour of M. luteus and E. coli in the presence of
f-SiO,, and dodecyl glucoside. This chapter has been published in the journal

Environmental Technology.

Chapter 8 summarises the key results and findings of this thesis and includes

recommendations for future areas of research.
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This chapter is a literature review of the antibacterial compounds that can be found in the
seeds of M. oleifera. It was conducted at the beginning of the research but has been kept
up to date over the intervening years as new studies have been published. While a
literature search will display hundreds of articles about the efficacy of M. oleifera seeds
for the removal of bacteria from water most of these studies focus on the crude seed
extract. While this research is extremely useful, and was the basis for most of the studies
that elucidated the specific antibacterial compounds present in the seeds, it has been
discussed in several other review papers that are referenced in Chapter 2. The aim of the
following chapter was to clarify how much research had been undertaken to identify the
specific antibacterial compounds of the seeds and to discover the extent of the knowledge

gap that could be used to drive further research.
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The role of Moringa oleifera in water disinfection: an up-to-date

review of compounds responsible for antibacterial activity.
Frances E. Williams*, Sanaz Orandi, David M. Lewis, Andrew K. Lee
School of Chemical Engineering, The University of Adelaide, Adelaide 5005, Australia
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Abstract

It has been known for hundreds of years that the seeds of Moringa oleifera can be used to
improve contaminated water. Adding the seeds to turbid water improves the perceived
cleanliness by reducing the amount of visible pollution through coagulation. The seeds
also reduce the amount of pathogenic organisms in the water through bacterial
inactivation. An extensive body of literature exists that examines the effect of the seeds
when they are added either directly or as an aqueous extraction added to contaminated
water. The compounds responsible for the coagulation and antibacterial activity of the M.
oleifera seeds have been described in individual studies; however, there is currently no
comparison of this research. The object of this review is to identify these compounds and
to discuss their isolation and use in potable water treatment. A particular focus is on the
antibacterial compounds, which can be isolated by liquid extraction and purified by ion
exchange chromatography. The first group of compounds are isothiocyanates, specifically
4-(a-L-rhamnosyloxy) benzyl isothiocyanate, a potent antimicrobial compound that is the
product of the enzymatic reduction of 4-(a-L-rhamnosyloxy)-benzyl glucosinolates. The
second group is comprised of a 12-14 kDa coagulant protein that under reducing
conditions can be isolated as a monomer of approximately 6.5 kDa. This monomer is a
coagulant and an antimicrobial agent. A summary is provided of the toxicity studies that
investigate the use of M. oleifera seeds in water treatment. The toxicity is generally
attributed to the isothiocyanates and so far no studies have been conducted on the toxicity
of the proteins. The toxicity studies primarily conclude that the seeds are not harmful at
the concentrations currently recommended for water treatment, but caution that increasing

this concentration could cause harm.
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2.1 Introduction

One quarter of the global population sources their water from a contaminated water supply
(WHO, 2017). Untreated surface waters contain a variety of particulate impurities
including suspended inorganic particles such as clays and metal oxides, and organic
particles such as decomposing plant and animal matter. Untreated water also contains a
range of microorganisms including bacteria, viruses, protozoa, microalgae and
cyanobacteria. The contamination of water by faecally transmitted pathogenic organisms,
including Salmonella typhi and Vibrio cholerae, significantly contributes to morbidity in
vulnerable population groups, especially very young children and the elderly.
Conventional drinking water treatment involves coagulation, flocculation, sedimentation,
media filtration and disinfection. Disinfection is usually the final step in water treatment
with the aim of removing pathogenic microorganisms. Certain methods of disinfection,
including treatment with chlorine, provide residual protection to the treated water by
preventing pathogen regrowth and by inactivating pathogens which enter the water after
the initial treatment. Accessible, small-scale and low-cost water treatment is required in
many low socioeconomic regions of the world, and methods using commonly grown plant
material with proven water purifying capabilities can help fill this requirement. One plant
already in use is Moringa oleifera. The crushed seed kernels are a traditional Sudanese
method of water treatment used on a small scale to clarify water before consumption
(Madsen et al., 1987). M. oleifera is native to the Himalayan foothills and has been
naturalized in many tropical regions including South America, Africa and Asia (Jahn
1988). An extensive body of literature exists describing the use of the crushed seeds as a
primary method of water treatment. When added to water, the crushed seeds visibly clarify
turbid water via coagulation (Muyibi & Evison 1995; Muyibi & Alfugara 2003; Pritchard
et al., 2009; Pritchard et al., 2010a, 2010b; Abatneh et al., 2014). The seed extract inhibits
numerous bacteria (Vieira et al., 2010b) and parasites (Olsen 1987; Sengupta et al., 2012).
The extract is also reported to cause heavy metal removal, (Sharma et al., 2006; Sharma et
al., 2007a; Sharma et al., 2007b; Sharma 2008) and the reduction of micro-fauna such as
mosquito larvae (Coelho et al., 2009). The seeds are currently used to treat drinking water
in Malawi (Al-Anizi et al., 2009) and are recommended by a Non-Government

Organisation in Brazil (Araujo et al., 2013).

The general toxicity towards bacteria, parasites and micro-fauna raises the issue of the

extract being a health risk to humans. There is a general assumption in the literature that
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the seeds of M. oleifera are non-toxic and safe to use in water treatment (Muyibi &
Alfugara 2003; Vieira et al., 2010a). This assumption is usually based on the plant’s long
use as an ingredient in food and indigenous medicines (Thurber & Fahey 2009), and not
from the result of any trials into the long- or short-term effect of treating water destined
for human consumption. A range of compounds can be extracted from the M. oleifera
seeds, though not all are water soluble and where any potential toxicity is mentioned, it is
generally attributed to the mustard seed oils, with the most research performed using 4(a-
L-rhamnosyloxy) benzyl isothiocyanate (Grabow et al., 1985; Aradjo et al., 2013; Al-
Anizi et al., 2014). Interestingly, the therapeutic effect of isothiocyanates from cruciferous
vegetables is well researched and their consumption is recommended (Waterman et al.,
2014). A review of the safety and efficacy of the M. oleifera leaves, which contain higher
levels of isothiocyanate than the seeds, reported no adverse effects in any of the human
studies so far conducted (Stohs & Hartman, 2015). In a review on the genotoxic potential
of isothiocyanates, Fimognari, et al., (2012) concluded that dietary consumption of
isothiocyanates was generally several orders of magnitude lower than the amounts used in
toxicity studies. This reflects the conclusions of Grabow et al., (1985) regarding the use of

the crude M. oleifera extract in water treatment.

The genotoxicity and cytotoxicity of the M. oleifera crude extract have been examined in
several studies. In the Salmonella typhimurium strains TA97, TA98, TA100 and TA102
the aqueous extract is reported to be genotoxic above 0.6 pg/uL, an effect that did not
occur when the purified protein was used (Rolim et al., 2011). In a second genotoxicity
assay performed on cell-free plasmid DNA the aqueous extract concentration of 0.8 pg/uL
showed signs of interaction and again, this was not observed with the purified protein
(Rolim et al., 2011). In both cases the effect occurred at a higher dose than is
recommended to treat water and the genotoxicity was not observed in this lower
concentration of 0.2 pg/pL (Rolim et al., 2011). Al-Anizi et al., (2014) examined the
cytotoxicity of the M. oleifera seed extract on the bacterium Acinetobacter baylyi ADPI
host, fused with the luxCDABE gene. They determined that the lethal concentration for
50% of the population (LCso) was 8.5 mg/L. The authors reported that the cause of the
cytotoxic effect was primarily from the insoluble fatty acid, not the water soluble
compounds, but concluded that M. oleifera seeds were not suitable for use in water

treatment. An argument against this conclusion is that using A. baylyi as a model to test
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the cytotoxic effect of an extract with proven antibacterial efficacy would give a false

positive result.

The toxicity of a concentrated extract (50 pug/mL) and an aqueous seed extract, in the
concentrations used to treat drinking water (20 pug/mL), has been evaluated by Araujo et
al., (2013) for several indicators: the cytotoxicity on peripheral blood mononuclear cells
collected from human volunteers, the haemolytic activity on mouse erythrocytes, the acute
and systemic toxicity (2000 mg extract /kg), and in-vivo anti-inflammation activity on
Swiss albino mice. A substance is considered non-toxic if the half maximal inhibitory
concentration (ICso) for peripheral blood mononuclear cells is above 100 pg/mL For
extract concentrations between 6.25 mg/L to 400 mg/L an ICso of 144 pg/mL was
recorded (Araujo et al., 2013 Neither the 6.25 mg/L nor 400 mg/L extract induced
haemolysis in the Swiss albino mice, nor were there signs of systemic or acute toxicity at
2000 mg/kg. However, there was a reduction in the number of erythrocytes, leukocytes
and platelets in the blood of the Swiss albino mice exposed to an acute dose of 2000
mg/kg. While these results were still within the normal range, Aradjo et al., (2013)
cautioned that increasing extract concentrations used for water treatment should be done
with care. The general consensus in the literature is that crude M. oleifera is an effective
treatment for bacterially contaminated water when used at the concentrations currently
recommended. However, the use is still confined to regions where the alternative is

consuming untreated water, and long-term toxicity studies would be beneficial.

A disadvantage of using crude M. oleifera in water treatment comes from the degradation
of the seed powder. As the seed powder degrades there is an increase in the concentration
of nutrients in the treated water. This increase in the nutrient concentration has been
shown to support the regrowth of surviving bacteria (Ndabigengesere & Narasiah 199843,
1998b; Ali et al., 2011). In addition to the increase in bacteria, this breakdown also
releases unpleasant odours and renders the water non-potable (Ndabigengesere & Narasiah
1998a). When the crude extract is used as a co-treatment with chlorine there is the
potential for forming disinfection by-products (Bhuptawat et al., 2007). These by-products
occur through the reaction of the chlorine with organic material during the disinfection
process and include trihalomethanes, which are known to be carcinogenic (AWWA 2011).
Another limitation with crude treatment comes from variation in the amount of useful
compounds present in each seed. Factors like soil, air and water chemistry, the season and

the amount of sunlight a plant receives can all affect the composition of the seed it
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produces (Tsukamoto et al., 1995; Shih et al., 2011). Differences in a coagulant assay
using a purified aqueous seed extract, where the M. oleifera seeds were sourced from

separate continents, has been observed (Nordmark et al., 2016).

The increase in organic matter from crude M. oleifera extract can be overcome through the
isolation and purification of the antimicrobial and coagulant compounds (Beltran-Heredia
et al., 2012). M. oleifera seeds contain two major types of compound known to cause
bacterial inactivation, an isothiocyanate and a proteinaceous group. Both of these
compounds are water soluble and the amount present in the crude extract is dependent on
the extraction process. The variation in the extract concentration leads to a significant
range in the reported efficacy of the seed extract, even when similar experimental
parameters are followed. The variation in efficacy, increased organic content and bacterial
regrowth associated with the crude treatment mean that this option is not currently suitable

for large-scale water treatment.

To overcome the issues of seed degradation and active compound variation, the
compounds within the seeds have been isolated, identified, and tested against a variety of
bacteria. Currently there is no comprehensive review of these compounds, nor is there a
comparison of the methods used to isolate them. Several review papers are available
where the use of crude M. oleifera seeds for potable water treatment is discussed. Kansal
and Kumari (2014) have published an extensive review of the efficacy of primary and
secondary processing of M. oleifera seeds for a range of parameters including coagulation
bacterial removal. Anwar et al., (2007) discuss the traditional uses of the M. oleifera tree.
Yin (2010) discusses crude M. oleifera seeds for water treatment as part of broader
reviews into plant-based coagulants and Wang et al., (2016) review the antimicrobial
activity of the whole tree and conclude that the seeds displayed antimicrobial activity
against pathogenic bacteria, fungi and parasites. The aim of this review is to compare the
extraction and use of the compounds within the M. oleifera seed, which are known to act
as antibacterial agents in water, specifically the proteins first isolated by Gassenschmidt et
al., (1995) and the isothiocyanates first used by Eilert et al., (1981).

2.2. The active compounds of M. oleifera seeds

There are three approaches generally followed when preparing M. oleifera seeds for water
treatment. The first two are also termed crude extract as they are the seed or seed extract

without any modification or purification (Kansal & Kumari, 2014).
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e Primary treatment is the direct addition of crushed seeds to water.

e Secondary treatment occurs when crushed seeds are soaked in a small volume of
water, or other solution, for a given period of time. This solution is either added
directly to the contaminated water or filtered and the filtrate added to the
contaminated water. The extract solutions for this method include water, saline
solutions, alcohol and organic solutions such as hexane and methanol.

e Tertiary treatment follows the same steps as secondary treatment, but the filtrate is
processed further in order to isolate the targeted compounds. The most common
process used to isolate the active compound is ion exchange chromatography.

The main compounds isolated from the seeds are glucosinolates, isothiocyanates, proteins,
lectins and a 3 kDa negatively charged polyelectrolyte. The glucosinolates and
isothiocyanates have been of interest since the isolation of ptergospermin (Rao et al.,
1946); later shown to be a precursor to benzyl isothiocyanate (Das et al., 1954). The
isolation of 4(a-L-rhamnosyloxy)-benzyl isothiocyanate (Figure 3) by Ker et al., (1979)
was used to show that the compound was a potent antibacterial agent (Eilert et al., 1981).
Glucosinolates and isothiocyanates are sometimes referred to as mustard oils because of
their prevalence in mustard seeds and are what give the spicy taste to broccoli, rocket, and
mustard (Fahey et al., 2001).
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Figure 3: 4(a-_-rhamnosyloxy)-benzyl isothiocyanate

The aqueous seed extract is comprised of a large mixture of proteins that share similar
physical characteristics (Ghebremichael et al., 2005). Only one of these has been
extensively studied and is most commonly called the M. oleifera coagulant protein
(MOCP). The MOCP is a 12 kDa dimer protein that is formed of a 6.5 kDa monomer,
called MO,.;, and a second similarly sized polypeptide (Gassenschmidt et al., 1995;
Shebek et al., 2015). MO,.; and the MOCP are effective coagulants (Gassenschmidt et
al.,1995, Ghebremichael et al., 2005). Significant bacterial reduction was reported from
MO,.; but it was originally attributed solely to removal from water via aggregation
(Madsen et al., 1987; Broin et al., 2002). The first report of the bactericidal effect of
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MO,.; was made by Suarez et al., (2003) who later confirmed that separate sections of the
protein were responsible for coagulation and bacterial inactivation (Suarez et al., 2005).
The predicted structure of MO ,.; is presented in Figure 4 and can be viewed using the
SWISS MODEL software (https://swissmodel.expasy.org/). The structure of the MOCP
has not been published.

Figure 4: The predicted structure of the MO,.; monomer. This structure is estimated
using the SWISS-MODEL Workspace (Benkert et al., (2011); Bertoni et al., (2017);
Biasini et al., (2014); Bienert et al., (2017); Guex et al., (2009))

2.2.1 Glucosinolates and isothiocyanates

Glucosinolates are anionic, secondary plant metabolites, and are common in plants of the
order Brassicales (Forster et al., 2015). Dietary glucosinolates are water soluble, but are
poorly absorbed with no known activity in the body (Angelino & Jeffery, 2014). The seeds
and leaves of M. oleifera produce stable, aromatic glucosinolates that contain an -
rhamnose sugar which is unique to the Moringaceae (Waterman et al., 2014). The major
glucosinolate found in the M. oleifera seed is 4-(a-L-rhamnosyloxy)-benzyl glucosinolate
(Eilert et al., 1981; Amaglo et al., 2010; Galuppo et al., 2014). This glucosinolate is also
called 4-(a-_-rhamnopyranosyloxy)-benzyl glucosinolate (Bennett et al., 2003; Fahey et
al., 2003) and glucomoringin (Amaglo et al., 2010; Galuppo et al., 2014). However,
glucomoringin has also been used to describe only the 4-(a-_-rhamnosyloxy)-benzyl
component of the compound (Brunelli et al., 2010). Fahey et al., (2001) identified seven
other glucosinolates from M. oleifera, and it is now known that M. oleifera also contains
2-propenyl glucosinolate (sinigrin) (Gueyrard et al., 2010). Glucosinolates are the inert
precursors of isothiocyanates (Shapiro et al., 2001) and are hydrolysed in the presence of
water by the enzyme myrosinase (Dufour et al., 2015). The reaction is illustrated in Figure
5. This reaction occurs when plant cells are damaged, releasing the myrosinase (Herr &
Buchler, 2010; Angelino & Jeffery, 2014). The enzyme is also produced by certain
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intestinal microflora, and so the conversion is reported to occur during digestion (Jadin,
1900, Fahey et al., 2012). No antibacterial or coagulant ability is attributed to the

glucosinolates found in M. oleifera.
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Figure 5: The hydrolysis of 4-(a-L-rhamnosyloxy)-benzyl glucosinolates to 4-(o-L-
rhamnosyloxy) benzyl isothiocyanate by the enzyme myrosinase.

2.2.1.1 4-(a-L-rhamnosyloxy) benzyl isothiocyanate

4-(a-L-rhamnosyloxy) benzyl isothiocyanate is produced in the leaves and seeds of M.
oleifera and has a molecular mass of 353 Da (Cheenpracha et al., 2010). It has also been
called 4-(a-L-rhamnopyranosyloxy) benzyl isothiocyanate (Oluduro et al., 2010) and

moringin (Gueyrard et al., 2010). Isolation of isothiocyanates is achieved by:

e Solvent extraction; and,

e Isolation via anion exchange chromatography.
The primary solvents used in the extraction process include water (Eilert et al., 1981;
Mehta et al., 2011; Waterman et al., 2014), methanol (Cheenpracha et al., 2010; Oluduro
et al., 2010; Rim Jeon et al., 2014; Waterman et al., 2014), dichloromethane (Padla et al.,
2012), and ether (Badgett 1964). Chromatography techniques used to isolate or identify 4-
(o-L-rhamnosyloxy) benzyl isothiocyanate are silica gel chromatography (Padla et al.,
2012), pressure liquid chromatography (Rim Jeon et al., 2014) and high-performance
liquid chromatography HPLC (Eilert et al., 1981; Cheenpracha et al., 2010; Oluduro et al.,
2010; Waterman et al., 2014). A second method of isolating the 4-(a -L-rhamnosyloxy)
benzyl isothiocyanate is to extract and purify the glucosinolate then react it in the presence

of myrosinase following the method of Barillari et al., (2005).

Eilert, et al., (1981) calculated that a 0.2 g/L crude M. oleifera solution produced from
shelled, defatted seeds would optimally contain 15 — 30 pmol/L 4-(a. -L-rhamnosyloxy)
benzyl isothiocyanate. Unfortunately, this concentration cannot be assumed when using

crude treatment as the amount of 4-(a -_-rhamnosyloxy) benzyl isothiocyanate present is
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dependent on the amount of the enzyme myrosinase, and the concentration of 4-(a -L-

rhamnosyloxy) benzyl glucosinolate.

Studies examining the effect of 4-(a -L-rhamnosyloxy) benzyl isothiocyanate on a range of
gram-positive and gram-negative bacteria are listed in Table 1. This list includes the gram-
positive bacteria Cacillus cereus, Bacillus subtilis, Staphylococcus aureus, and
Staphylococcus epidermidis, the gram-negative bacteria Escherichia coli, Enterobacter
aerogenes, Klebsiella pheumoniae, Pseudomonas aeruginosa, Salmonella typhi, Serratia

marcescens, and Shigella dysenteriae, and the acid-fast bacteria Mycobacterium phlei.

Table 1: Bacterial susceptibility to 4-(a-L-rhamnosyloxy) benzyl isothiocyanate

Initial Inhibitory
concentration concentration Incubation ~ Measure of
Bacteria Strain (CFU/mL) Method (mg/L) time (hours) Efficacy Reference

Gram-positive bacteria

7 2 Complete (Oluduro et
B. cereus NA 2.4 x10 Pour plate 0.005 3 inactivation al., 2010)
NA NA Broth dilution 175 48 MBC (E"legsit) al,
B. subtilis 250 18 -24 MIC
ATCC 1 x10° Broth dilution (Padlaetal.,
6633 and colony 2012)
500 18 -24 MBC
counts
1 %108 2. 18 -24 Mi
x10 62:5 8 ¢ (Padla et al.,
—_— 2012
ATCC 1 x108 Broth dilution 125 18 -24 MBC )
S. aureus 6538 and colony
1 x10° counts 50 48-72 MIC .
(Rim Jeon et
1x10° 1000 1824 MBC al. 2014)
8 iluti _
. - ATCC 1x10 Broth dilution 125 18-24 Mic (Padla et al.,
S. epidermidis 12208 — and colony 2012)
1 %108 counts 250 18 -24 MBC
Gram-negative bacteria
ATCC g Disk No (Padla et al.,
8739 1x10 diffusion® 10,000 18-24 inactivation 2012)
E. coli
Complete (Oluduro et
7 a
NA 1.5 x10 Pour plate 0.005 5 inactivation © al., 2010)
ATCC 8 Disk No
E. aerogenes 13048 1x10 diffusion® 10,000 18-24 inactivation
(Padla et al.,
- 2012)
- ATCC 8 Disk No
K. pneumoniae 13883 1x10 diffusion® 10,000 18-24 inactivation
. Complete (Oluduro et
7 a
P. aeruginosa NA 2.3 x10 Pour plate 0.005 5 inactivation al., 2010)
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Initial Inhibitory

concentration concentration Incubation ~ Measure of
Bacteria Strain (CFU/mL) Method (mg/L) time (hours) Efficacy Reference
1 %106 5000 48-72 MIC ]
Broth dilution (Rim Jeon et
... andcolony al., 2014)
5 ) ATCC 1 x10 counts 10,000 18 -24 MBC
. aeruginosa 9027
8 . B No (Padla et al.,
110 Disk b 10,000 18-24 inactivation 2012)
diffusion
. . N Complete (Oluduro et
S. typhi NA 1x10 Pour plate 0.005 2 inactivation al., 2010)
S. marcescens NA NA Broth dilution 25 48 . 59%. (Eilert et al.,
inactivation 1981)
. . N Complete (Oluduro et
S. dysenteriae NA 2.4 x10 Pour plate 0.005 5 inactivation ¢ al., 2010)

& Pour plate: 4-(a-L-rhamnosyloxy) benzyl isothiocyanate was isolated and mixed with
distilled water and the organism. The solution was mixed for 1 — 6 hours. The inactivation

time was determined by measuring the concentration of surviving organisms every hour.

b Disk diffusion: Paper disks impregnated with known concentration of 4-(a-L-
rhamnosyloxy) benzyl isothiocyanate and placed on agar inoculated with organism
(Jorgensen 2007).

“No growth observed at 5 or 6 hours.
*Pathogenic strain

The results presented in Table 1 are indicative of the antibacterial properties of 4-(a -L-
rhamnosyloxy) benzyl isothiocyanate against a broad range of bacteria but since the
methods followed to test the efficacy are not standardised against each other, and
influence the outcome, a direct comparison is difficult. Padla et al., (2012) tested seven
species of bacteria using the disk diffusion method. Of these seven species, the three
gram-positive bacterial strains showed inactivation and were further tested to determine
the MIC and MBC as shown in Table 1. The four gram-negative strains P. aeruginosa, E.
coli, E. aerogenes and K. pneumoniae were not inhibited using disk diffusion, even at the
highest concentration of 4-(a -_.-rhamnosyloxy) benzyl isothiocyanate (Padla et al., 2012).
However, in other studies 4-(a -_-rhamnosyloxy) benzyl isothiocyanate was found to be
effective against both P. aeruginosa and E. coli (Oluduro et al., 2010; Rim Jeon et al.,
2014). To improve the comparison the initial concentration of bacteria, concentration of 4-

(o -L.-rhamnosyloxy) benzyl isothiocyanate, incubation time and the method used to assess
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efficacy are presented if available. The minimum inhibitory concentration (MIC) is the
lowest concentration of antibacterial compound that prevents visible bacterial growth
while the minimum bactericidal concentration (MBC) is the lowest concentration that
results in a 99.9% decrease in culturable cells.

The mechanism of action for 4-(a -L-rhamnosyloxy) benzyl isothiocyanate against bacteria
has not been elucidated. However, the effect of isothiocyanates on specific bacterial
functions and the hypothetical mechanism of action of some other common
isothiocyanates have been proposed (Dufour et al., 2015). In their review Dufour, et al.,
(2015) argue that isothiocyanates may accumulate within bacteria as conjugates of
glutathione, bacillithiol and thioredoxin-dithiocarbamate. Once inside the cell, a number of
responses have been hypothesized: the isothiocyanate binds to the thiol or amine groups of
enzymes causing disruption of enzymatic activities including respiration, metabolism and
gene transcription; the isothiocyanate conjugates with the thiol groups of proteins,
promoting protein misfolding, protein aggregation and the activation of heat-shock
response; the isothiocyanate conjugates with amino acids, leading to depletion and a
stringent response; finally, the conjugation of isothiocyanates with thioredoxin and other

small thiols may affect cell redox homeostasis (Dufour et al., 2015).

4-(o -L-rhamnosyloxy) benzyl isothiocyanate has been observed to inhibit the human
pathogenic fungi Candida pseudotropicalis, Fusarium oxysporum f. lycopersici, (Eilert et
al., 1981), Trichophyton rubrum and Epidermophyton floccusum (Padla et al., 2012).
Benzyl isothiocyanate, extractable from the M. oleifera root, is another antimicrobial agent
and has been observed to inhibit B. subtilis, M. phlei and S. marcescens (Das et al., 1954;
Eilert et al.,, 1981). The compounds 4-[(2'-O-acetyl- a -_-rhamnosyloxy) benzyl]
isothiocyanate, 4-[(3'-O-acetyl-a-L-rhamnosyloxy) benzyl] isothiocyanate and 4-(4'-O-
acetyl- o -_-rhamnosyloxy) benzyl isothiocyanate have all been shown to be anti-
inflammatory agents (Cheenpracha et al., 2010; Waterman et al., 2014). The MIC of
another compound, 4-(4’-O-acetyl-a-L-rhamnosyloxy)-benzyl isothiocyanate, was reported
to be 62.5 mg/L and 250 mg/L against S. epidermidis and B. subtilis (Padla et al., 2012).
The 4-(4’-O-acetyl-a-L-rhamnosyloxy)-benzyl isothiocyanate was prepared in the same
way as 4-(a -L.-rhamnosyloxy) benzyl isothiocyanate and when compared, required a lower

dose to obtain the same result.
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The catalysed reaction of glucosinolates initially results in an unstable intermediate. This
intermediate rearranges to form the isothiocyanate group but can also result in formation
of nitriles, thiocyanates, epithionitriles and oxazolidonethiones (Fahey et al., 2003). Other
antimicrobial compounds isolated from M. oleifera seeds are methyl N-4-(o -L-
rhamnopyranosyloxy) benzyl carbamate. A 0.005 mg/L concentration has inhibited E. coli
and S. typhi after one hour, B. cereus after three hours, and P. aeruginosa, S. dysenteriae
after four hours (Oluduro et al., 2010). A methanolic fraction containing 4-(B-o-
glucopyranosyl-1—4-a-_-rhamnopyranosyloxy) at a concentration of 0.005 mg/L
completely inhibited E. coli after three hours, P. aeruginosa and S. dysenteriae after four
hours, and S. typhi and B. cereus after three hours (Oluduro et al., 2010). The compounds
S-ethyl-N-[ 4- (a-L-rhamnosyloxy) benzyl)] thiocarbamate and 2-acetoxy (4- [2°,3°,4* —
tri-O-acetyl —a- - rhamnosyloxy] benzyl acetonitrile) have been isolated from a ethyl
acetate fraction of M. oleifera seeds first extracted in distilled water but were not tested

against any organisms (Mehta et al., 2011).

Rim Jeon, et al. (2014) have reported that 4-(a -L-rhamnosyloxy) benzyl isothiocyanate
can be encapsulated within porous zinc oxide, itself an antibacterial agent, in a 10% w/v
suspension. This functionalised zinc oxide can then be used as reservoir, allowing for the
slow release of 4-(a -L-rhamnosyloxy) benzyl isothiocyanate. The applications of this

research are reported to be of interest for cosmetic purposes (Rim Jeon et al., 2014).

2.2.1.2 Potential toxicity of isothiocyanates

A significant body of research exists regarding the consumption of isothiocyanates,
especially those found in the Brassicaceae family, indicating consumption is beneficial for
overall human health (Angelino & Jeffery 2014). The benefits of isothiocyanates,
including 4(a-L-rhamnosyloxy) benzyl isothiocyanate, comprise inactivation of the
expression of nitric oxide synthase (iNOS) and nitric oxide production. Nitric oxide is an
inflammatory mediator that is overproduced during chronic inflammation associated with
diseases such as type 2 diabetes mellitus and multiple sclerosis (Cheenpracha et al., 2010;
Galuppo et al.,, 2014; Waterman et al.,, 2014), and 4(a-L-rhamnosyloxy) benzyl
isothiocyanate has also shown significant antitumor activity with low toxicity (Brunelli et
al., 2010).

The toxic effect of the crude seed extract is attributed to the glycosides; namely 4(o-.-
rhamnosyloxy) benzyl isothiocyanate (Grabow et al., 1985; Aradjo et al., 2013; Al-Anizi
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et al., 2014) and isothiocyanates are known to break down into goitrogenic agents, which
damage the thyroid gland (Al-Anizi et al., 2014). Stohs & Hartman (2015) reviewed the
safety of the M. oleifera leaf isothiocyanates and reported a high degree of safety across
human studies using powdered leaf preparations, and for animal studies using aqueous,
alcohol and hydroalcohol extraction techniques. They concluded that the research looks
promising but caution that there are significant differences in the methods used to test the
leaf extracts and so direct comparison is not currently feasible. The consensus is that 4(a-
L-rhamnosyloxy) benzyl isothiocyanate is a beneficial water treatment option where the
risks of its use are outweighed by the efficacy of the treatment. If 4(a-L-rhamnosyloxy)
benzyl isothiocyanate were to be used as a primary water treatment method, then long

term toxicity studies should be completed in order to verify this consensus.

2.2.2 Proteins

M. oleifera seeds contain 22.0 % +3 % total proteins (Shebek et al., 2015). Cationic
proteins make up 97 = 0.3 wt. % of the water-soluble proteins after fatty acid removal
(Nordmark et al 2018). This fraction contains a large range of proteins that share similar
physical characteristics (Ghebremichael et al., 2005). The defatted aqueous extract
contains at least eight distinct cationic protein sub-populations with non-reduced
molecular weights ranging from 11 kDa to 48 kDa, and reduced molecular weights
ranging from 7 to 30 kDa (Nordmark et al 2018). Of these fractions, 94.9% are strongly
cationic, are dominantly alpha helical in shape, and have a radius of 1.2 nm to 1.5 nm
(Nordmark et al 2018).

Only one of these proteins has been extensively studied, and is commonly called the M.
oleifera cationic protein (MOCP). This name is used to describe both the non-reduced 12-
14kDa dimeric protein as well as the reduced monomer. In this review MOCP will be used
exclusively to refer to the 12- 14 kDa protein while the monomer will be called MO,.,, as
this was the name it was originally given when first isolated by (Gassenschmidt et al.,
1995). MO.,.,, is often referred to as a polypeptide and the recombinant or synthetic
MO,.; has been called Flo (Suarez et al., 2003; Suarez et al., 2005), the recombinant M.
oleifera coagulant protein MOCRP (Pavankumar et al., 2014b), and the water-soluble M.
oleifera lectin (WSMoL) (Santos et al., 2005).

While the monomer is usually described as being 6.5 kDa, estimating the molecular

weight from the amino acid sequence gives a higher number of 6,782 Da. Sodium dodecyl
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sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is commonly used to identify
the presence of MO,.; and MOCP in an extract or purified solution. In SDS-PAGE the
protein solution is compared to protein markers of known molar mass and is used either to
estimate of the size of the protein(s) in the solution or verify the presence of a specific
protein in an extract solution. The aqueous extract of M. oleifera contains a large variety
of proteins with similar characteristics and molecular weight (Gassenschmidt et al., 1995).
Nordmark et al., (2016) suggested that small differences in the amino acid sequence of M.
oleifera proteins may not be distinguishable by SDS-PAGE but would affect when the
proteins eluted out of a cation exchange chromatography column. This variety within the
aqueous extract makes it difficult to accurately state that MO,., is the only protein present,
as SDS-PAGE may not be sensitive enough to distinguish between all of the coagulant
proteins of similar molecular mass and in many cases there may be more than one

compound present but only MO,., is identified.

2.2.2.1 MOy.4

In an effort to elucidate the components that cause flocculation, crushed seeds from M.
oleifera were defatted and soaked in a phosphate buffer (Gassenschmidt et al., 1995). The
flocculating proteins were separated from the non-flocculating proteins using cation
exchange chromatography with a NaCl gradient from 0 M to 2 M and the three fractions
of flocculating protein produced were called MO1-MOz. The second of these, MO, was
further fractionated into MO,.;, MO,., and MO,.; of which MO,.; and MO,., were
homogeneous polypeptides with molecular masses of 6.5 kDa and 7 kDa. MO,., is not
directly referenced in any other studies and there are currently no reports where MO,., is
examined as an antimicrobial. However, a compound with a molecular mass of 7.1 kDa
has been used to coagulate haemoglobin (Katre et al., 2008). This compound was isolated
by reducing the disulphide bonds of a 13.6 kDa homodimer using mercaptoethanol and the
N-terminal amino acid sequence, APGIMYRVQR, did not yield any significant matches
to MO,., (Katre et al., 2008). The sizes and structures of MO: and MOz were not
described (Gassenschmidt et al., 1995).

MO,., is reported to comprise 1.2 % +0.2 % of the total protein in unshelled seeds
(Shebek et al., 2015). MO,., contains eight positively charged amino acids and is highly
charged in an aqueous solution with an isoelectric point (pl) of 12.6 (Broin et al., 2002).
The amino acid sequence mapped by Gassenschmidt, et al., (1995) can be found on the
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protein  sequence database UniProt under the reference number P24303
(http://www.uniprot.org/). It is labelled Flocculent-active proteins MO,.; and MO,., with
the amino acid sequence QGPGRQPDFQ RCGQQLRNIS PPQRCPSLRQ
AVQLTHQQQG QVGPQQVRQM YRVASNIPST. The molecular weight of this
sequence is 6,782 Da .Another sequence can be found under the reference number
Q93YGO as 2.1 Protein. In this sequence the Gly-13 and Glu-23 amino acids were
replaced with Cys residues (Broin et al., 2002). The molecular weight of this sequence is
higher than the reported MO.., at 6,803 Da and as previously mentioned, may be a distinct
protein labelled as MO,.;. The European Bioinformatics Institute has MO,.; under
catalogue number AJ345072 (Broin et al., 2002). Tandem mass spectrometry (MS/MS)
has resulted in a four peptide sequences of similar mass but slightly different composition,

one of which is identical to the mapped sequence of MO,., (Ghebremichael et al., 2005).

The secondary structure of MO,.; is comprised of three a-helices and B-loop regions
(Suarez et al., 2005). Three conformations have been proposed. The first was modelled on
the NMR structure of 2S-albumin, the napin B chain, and had a sequence identity of 71%
with MO,.; (Suarez et al., 2005). The second is based on the Mabinlin Il protein and has a
97% similarity to MO,.; (Okoli et al., 2012). The third has 100% similarity to the peptide
sequence published by Broin, et al., (2002) and 97% similarity to the sequence of MO,.;
reported by Gassenschmidt, et al., (1995) and was presented earlier in Figure 4
(Pavankumar et al., 2014a). The reported size of MO,.; is 3.1 nm (Okoli et al., 2012),
which is larger than the 1.2 nm to 1.5 nm cationic fractions reported more recently by
Nordmark et al., (2016).The tertiary structure is proposed to be a dimer with another stable

formation as a tetramer with a molecular mass of 26 kDa (Pavankumar et al., 2014a).

The thermostability of the coagulating protein fractions was established by Ghebremichael
et al., (2005) who found that the coagulating protein fraction could withstand heating for 5
hours at 95°C and that heat-treating the proteins increased the coagulant efficiency. This
has been observed in several other studies of other M. oleifera proteins (Katre et al., 2008;
Luz et al., 2013) and boiling the crushed seed kernels to remove the oil before the seeds
use used to treat water is recommended in a protocol for using the seeds in water treatment
(Lea, 2010). Recently is has been reported that the M. oleifera coagulant proteins may
belong to the class of intrinsically disordered proteins (Dezfooli et al., 2016). Intrinsically

disordered proteins are characterised by a high thermal stability, a high percentage of polar
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amino acids, and a notable depletion of hydrophobic amino acids, leading to a high
solubility in aqueous solutions. Dezfooli et al., (2016) argued that as MO,.; contains
11.7% arginine residues, 11.7% proline residues and has minimal hydrophobic residues it
could be categorised as an intrinsically disordered protein. They supported their argument
by treating MO,.; to sterilising conditions (121 °C, 1.2 bar, 15 minutes) and reported that
it retained 70% of the coagulation activity of the crude extract. The general method used

to extract MO,.; is:

e Defatting;
e Solvent extraction; and,

e Isolation via cation exchange chromatography.

The solutions used to remove the fat from the seed powder were trichlorofluoromethane
(Gassenschmidt et al., 1995), ethanol (Ghebremichael et al., 2005; Ghebremichael et al.,
2006; Sanchez-Martin et al., 2010) or petroleum ether (Kwaambwa et al., 2010; Nordmark
et al., 2016). Defatting is not reported to cause any difference in the coagulation activity of
the extract (Ghebremichael et al., 2005; Nordmark et al., 2016). M. oleifera seed oil is a
valuable commodity so is beneficial that the oil is not necessary for coagulation
(Nordmark et al., 2016).

Most studies used distilled water to extract the MO,.; from the crushed seeds
(Ghebremichael et al., 2005; Santos et al., 2005; Ghebremichael et al., 2006; Kwaambwa
et al., 2010; Shebek et al., 2015). The other solutions used were sodium chloride (Suarez
et al., 2003; Ghebremichael et al., 2005), ammonium acetate (Ghebremichael et al., 2006;
Sanchez-Martin et al., 2010) and a sodium phosphate buffer (Gassenschmidt et al., 1995;
Nordmark et al., 2016). The solution is then generally filtered at this stage to remove the

undissolved particles.

After extraction, the MO,.; was isolated by running the extract solution through a cation
exchange chromatography column. The solutions used to equilibrate the chromatography
columns were ammonium acetate (Ghebremichael et al., 2005; Ghebremichael et al.,
2006; Sanchez-Martin et al., 2010), phosphate buffer (Gassenschmidt et al., 1995;
Nordmark et al., 2016) or water (Kwaambwa et al., 2010; Shebek et al., 2015). The
columns were then eluted using 0.6 M sodium chloride (Gassenschmidt et al., 1995;
Ghebremichael et al., 2006; Sanchez-Martin et al., 2010; Shebek et al., 2015), 1 M sodium
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chloride (Kwaambwa et al., 2010), a sodium chloride gradient of 0% to 65% phosphate

buffer Nordmark et al., 2016), or ammonium acetate (Ghebremichael et al., 2005).

The solution may be further purified, with loss of yield, by running it through a second
cation exchange column (Gassenschmidt et al., 1995). In one instance the polypeptide was
precipitated after the extraction step using ammonium and re-suspended in water, purified
by dialysis and then run through the cationic exchange column (Kwaambwa et al., 2010).
An ammonium acetate buffer can be used in the place of water negating the need to
change buffers during the purification process and simplifying this method of extraction
(Ghebremichael et al., 2006).

Recombinant production of MO,.4, both exactly and with slight changes to the amino acid
sequence, has been previously described (Broin et al., 2002; Suarez et al., 2003; Suarez et
al., 2005; Pavankumar et al., 2014b). The MO,., was then isolated using cation exchange
chromatography, similar to the method used in the extraction from seeds, and protein tags
were used to improve this process (Broin et al., 2002; Suarez et al., 2003). Synthetic
production of MO,.; has been achieved using an Applied Biosystems synthesizer 433A
and an Abimed AMS 422 multiple peptide synthesizer. Purification was achieved using

gel filtration on a Sephadex column and reverse phase HPLC (Suarez et al., 2005).

The MO,.; can be precipitated from an aqueous extract solution using 40% ammonium
sulphate, commonly called the salting out method. The ammonium sulphate is them
removed by dialysis (Dezfooli et al., 2016). Salting out is used in the isolation of the
MOCP and is discussed in more detail later in this review. After dialysis, the other
proteins were removed by heating the solution at 40 °C, 60 °C, 80 °C, 100 °C and 121°C
(Dezfooli et al., 2016).

An emerging field of research involves the development of MO,.; functional surfaces.
These surfaces include silica, super-paramagnetic iron oxide nanoparticles, magnetic iron
oxide nanoparticles, rice husk ash and granular activated carbon.MO,.; is cationic and can
be adsorbed onto the surface of silica where the polypeptide has been observed to form a
layer greater than 60A (Kwaambwa et al., 2010). This method has been developed, and
simplified, by Jerri, et al., (2012) who reported that the polypeptide adsorbed on the
surface of washed quartz sand. This functional-sand (f-sand) electrostatically adsorbs
anionic colloids and inhibits E. coli. To prepare f-sand, a crude aqueous extract is mixed

with clean quartz sand and the excess biological material is rinsed off. The MO,.; remains
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attached to the sand unless eluted with a 0.6 M NaCl solution (Jerri et al., 2012). The
adsorption of defatted total proteins (cationic and non-cationic) to the surface of ionic
strength of water can be varied from 2.3 mM to 9.2mM interfere with protein binding,
with hard and soft water displaying the same adsorption isotherms (Nordmark et al.,
2018). Sand prepared in this manner has been shown to remove some species of
microalgae from water (Li & Pan 2013). A similar idea was examined by Santos, et al.,
(2011) using a 30 kDa protein: however, this protein did not bind to sand, clay or
cellulose.

MO,.; has been successfully attached to the surface of magnetic iron oxide nanoparticles
and super-paramagnetic iron oxide nanoparticles that had been coated with SiO,, coated
with trisodium citrate or where uncoated (Okoli et al., 2011a, 2011b, 2012).Both types of
iron oxide nanoparticle preparations retained the coagulant capabilities of the unattached
MO.,., to varying degrees (Okoli et al., 2011a, 2012). The iron oxide nanoparticles could
then be removed from the solution using magnets (Pavankumar et al., 2014b). The amount
of MO,.; isolated in this manner ranges from 1 mg/L to 42 mg/L (Pavankumar et al.,

2014b). So far this method of MO,., isolation has not been examined against bacteria.

The method developed by Jerri et al., (2012) has been modified to use rice husk ash and
granular activated carbon as well as sand (Barajas & Pagsuyoin, 2015, 2017). For the
parameters used in this study, the functional activated carbon and rice husk ash samples
were able to remove more E. coli than the sand (Barajas & Pagsuyoin, 2015) Further
research by Barajas et al., (2016) determined that the maximum amount of polypeptide
attached to the rice husk ash was 32 mg/g. Interestingly, they also found that the amount
of bacteria removed using the functional rice husk ash was less than that using untreated
rice husk ash; however, the untreated rice-husk ash did not inhibit the E. coli and so posed

a risk of recontamination.

2.2.2.2 MO,.4 as an antimicrobial agent

MO,.; is an active antimicrobial agent. The amino acid sequence responsible for the
antimicrobial effect is RCGQQLRNIS PPQRCPSLRQ beginning at the 11th amino acid
residue, and does not exhibit any coagulant activity (Suarez et al., 2005). Removal of the
PSLRQ residues further along the chain caused a loss of efficacy, indicating that the entire
sequence is required for the antimicrobial effect (Suarez et al., 2005). The proline amino

acid residues at positions 21 and 22, bracketed by the positive side chains containing
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arginine amino acid residues, form a kink in the peptide and are responsible for the
antimicrobial effect of MO,.;. This activity was proposed to be due to the positively
charged arginines attracting the negatively charged bacterial membrane and the proline
residues penetrating the membrane, disrupting cell activity and resulting in cell lysis
(Suarez et al., 2005). The interaction of MO,.; with the bacterial membrane is reported to
cause fusion between the inner and outer membranes of E. coli cells (Shebek et al., 2015).
In order to elucidate whether membrane fusion is the key inhibitory mechanism, lipid
vesicles were prepared from commercial E. coli lipid extracts and treated with MO,.;. The
lipid vesicles in the presence of MO,.; aggregated while the control vesicles did not
aggregate. Using molecular dynamic simulations, it has been proposed that the MO,.,
facilitates binding by bringing the membranes into contact with each other where they
form a narrow stalk. This stalk widens until the two vesicles fuse with the stalk formation
being the rate limiting step (Shebek et al., 2015). The report of Shebek et al., (2015)
supports the work of Broin et al., (2002), who observed the aggregation of Paenibacillus
polymyxa CF43 and Pseudomonas brassicacearum NFM421 in the presence of MO,.; and
also explains why the antimicrobial activity of MO,.; is so often reported as a factor of the
coagulation. The attachment of MO,.; to E. coli was made apparent using f-sand where
live-dead staining showed that the organisms attached to the sand were dead and that once

attached, would not separate nor transfer between f-sand particles (Jerri et al., 2012).

Studies examining the effect of MO,.; on a range of gram-positive and gram-negative
bacteria are listed in Table 2. The list includes the gram-positive bacteria Bacillus subtilis,
Enterococcus faecalis, Staphylococcus aureus, Streptococcus mitis, Streptococcus
pneumoniae, and Streptococcus pyogenes, and the gram-negative bacteria Escherichia
coli, Legionella pneumophila, Proteus mirabalis, Pseudomonas aeruginosa, Salmonella
enterica, and Salmonella typhimurium. As with Table 1, the results presented in Table 2
are indicative of the antibacterial properties of MO,.; against a broad range of bacteria. In
addition, the optical density (OD) is was considered synonymous with the concentration of
the organism and is estimated using a spectrophotometer, at 600 nm (Suarez et al., 2003,
Pavankumar et al., 2014b) or 620 nm (Suarez et al., 2005). An optical density of 0.1 is
approximately 1 - 2 x 108 CFU/mL of bacteria (Wikler 2006).
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Table 2: Bacterial susceptibility to MO,.,

Initial Inhibitory Incubation Inactivation
Bacteria Strain concentration Method concentration time method Reference
(CFU/mL) (mg/L) (hours)
Gram-positive bacteria
Overnight culture 10 Low growth (Pavankumar
B. subtilis NA 1-2x108 diluted and mixed 4 9 . L 2014b
Wwith MO,.. 50 rate etal, )
Bt/ Overnight cul hebremich
B ) ght culture 410g (Ghebremic
thurin 'iensis 4 x 108 diluted and mixed NA 2 reduction ael et al.,
g B75 with MO, 2005)
Exponential phase
organism re-
7-8x108 suspended in buffer, 19502 2 LOV\r’a%EOCMh (Suazrgése; al,
Clinical incubated with
. inical MO...
E. faecalis isolate 2.1
5x10° Broth dilution and 10,000 24 Mic (Suazrgé;)t ol
colony counts
Overnight cult 10 L wth (Pavank
3 vernight culture oW gro avankumar
NA 1-2x10 diluted and mixed 5 rate ¢ etal., 2014b)
with MO,.1 50
P8 5 x10° 2000 - 5000 24 MiIC
methicillin - (Suarez et al.,
S. aureus . Broth dilution and 2003)
resistant 5 x10° colony counts 5000 - 10,000 24 MBC
Exponential phase
P8, organism re-
methicillin 7-8x108 suspended in buffer, 1950 2 LOV\r’a%gciMh (Suazr(e)ése)t al,
resistant incubated with
MO,.4
10,000 24 MiIC
S. mitis NA
10,000 24 MBC
. 1000 24 MIC
S. NA 5 105 Broth dilution and (Suarez et al.,
pneumoniae colony counts 2003)
2500 24 MBC
2000 - 5000 24 MIC
S. pyogenes ATCC
-PYog 700294+
2000 - 5000 24 MBC
Exponential phase
organism re-
ATCC ) 3 . a Low growth (Suarez et al.,
S. pyogenes 200294% 7-8x%x10 suspended in buffer, 1950 2 rate © 2005)

incubated with
MO,.,
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Initial Inhibitory Incubation Inactivation

Bacteria Strain concentratio Method concentration time (hours) method Reference
n (CFU/mL) (mg/L)
Gram-negative bacteria
5 x10° b diluti d 100 24 ICso I
ATCC 25922 Broth dilution an (Suarez et al.,
_— colony counts 2003)
5 x10° 10,000 24 MIC
E. coli oa1 1.1log
Overnight culture reduction (Ghebremich
4 x 108 diluted and mixed NA 2 ael etal.,
K12 with MO,.4 4 Iog 2005)
reduction
5 x10° o 800 48 MIC
L. serotvpe 1 Broth dilution and (Suarez et al.,
pneumophila yP colony counts 2003)
5 x10° 2000 - 3000 48 MBC
- 10
Overnight culture Low (Pavankumar
P. mirabalis® NA 1-2x108 diluted and mixed 5 growth et al., 2014b)
with MO, 50 rate © "
Overnight culture 10 Low (Pavankumar
NA 1-2x108 diluted and mixed 5 growth et al., 2014b)
with MO, 50 rate © "
PAOL / Exponen_tial phase
P aeruginosa organism re- Low (Suarez et al
- aerug ATCC 7-8x108 suspended in buffer, 1950t 2 growth 2005) N
15692 incubated with rate
MO,.,
Overnight culture 410 (Ghebremich
K12 4 x 108 diluted and mixed NA 2 reduct?on ael etal.,
with MO;., 2005)
Exponential phase
organism re- Low (Suarez et al
S. enterica Typhimurium 7-8x108 suspended in buffer, 1950t 2 growth 2005) N
incubated with rate ¢
MO;.1
Overnight cultures Low
i NA 1-2x10°  diluted and mixed 10 5 growth g’i‘l’a"zkoul'zg
yp with MO,.4 rate ¢ B

2 Synthetically produced polypeptide, converted using a molecular mass of 6500 g/mol

b Referred to as Serratia mirabalis

¢ Result reported as the organism growth rate in a control solution compared to the organism growth

rate in the presence of MO,.,

*Pathogenic strain
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There is substantial variation in the concentrations of MO,.; reported to reduce or inhibit
even one species of bacteria. This variation is evident in Table 2 as illustrated by E. coli
where the half maximal inhibitory concentration (ICso) is 100 mg/L, but the minimum
inhibitory concentration is 10,000 mg/L (Suarez et al., 2003). Further to this, the ability to
cause bacterial aggregation using MO,.; can differ between bacterial species. This was
observed using E. coli (D31) and E. coli (K12) where the latter did not noticeably
aggregate (Ghebremichael et al., 2005). In this study the MO,.; caused a 4 logio reduction
of the E. coli (K12) but only a 1.1 log reduction of the E. coli (D31) (Ghebremichael et al.,
2005). As noted with the isothiocyanates, the difference in the methods used to measure
the effect of the MO,.; on bacteria may be misleading. Larger, standardised studies to
determine the actual inhibitory concentrations would provide clarity on this issue Bacteria
that have shown inactivation for both MO,.; and 4-(a-L-rhamnosyloxy) benzyl
isothiocyanate are B. subtilis, S. aureus, E. coli, and P. aeruginosa. The specific quantities
of each compound in the seed extract comparable to each other compound have not been

determined.

The haemolytic effect of MO,.; on human red blood cells has been reported to occur at
300 uM. This is two magnitudes higher than the bactericidal concentration (Suarez et al.,
2005). No haemolytic effect on mouse erythrocytes was observed by Aradjo et al., (2013).
The protein fraction that most likely contained the MO,.; and the MOCP exhibited no
mutagenic activity against the TA97, TA98, TA100 and TA102 Salmonella strains (Rolim
et al., 2011). The effect of MO,.; on the human microbiome, or the beneficial bacteria
which reside there, and the potential implications for people relying on water containing
the protein is something which could be explored. The coagulant proteins are very robust
with the MO,., shown to maintain its structure when exposed to sterilising conditions (121
°C, 1.2 bar, 15 minutes). Likewise, a M. oleifera seed lectin with 81% similarity in its
amino acid sequence to MO,.; was shown to maintain its secondary structure across a pH
range of 2 to 12 so it is possible that these type of proteins may be able to pass into the

intestines and influence the bacteria that reside there.

2.2.2.3 The coagulant protein

The MOCEP is isolated under non-reducing conditions. Structural analysis indicated that
the secondary structure is dominantly a-helical and is stable between pH 4 and 10 in an
ionic solution of 0.5 M NaCl (Kwaambwa & Maikokera 2008). As with MO..4, there is a
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general method followed to isolate the MOCP. In all cases, the general method is based on

the method developed by Ndabigengesere et al., (1995). The steps are:

e Defatting;

e Solvent extraction;

e Protein precipitation (salting out);

e Dialysis; and,

e |solation via cation exchange chromatography.
Petroleum ether was the reagent used in all cases to remove the seed oil (Ndabigengesere
& Narasiah 1998a; Kwaambwa & Maikokera 2007, 2008; Hellsing et al., 2013;
Kwaambwa & Nermark 2013). The protein was then extracted using distilled water
(Ndabigengesere et al., 1995; Ndabigengesere & Narasiah 1998a; Okuda et al., 1999;
Kwaambwa & Maikokera 2007, 2008; Hellsing et al., 2013; Kwaambwa & Nermark
2013), and a salt solutions of NaCl (Okuda et al., 1999), KNOz, KCL and NaNOs (Okuda
et al.,, 1999). The protein was not soluble in petroleum ether, acetone, chloroform or

hexane (Ndabigengesere et al., 1995).

Ammonium sulphate was used to reduce the solubility of the protein so that it precipitated
out of the extraction solution. The protein was then re-suspended in water, and the salt was
removed by dialysis (Ndabigengesere et al., 1995; Ndabigengesere & Narasiah 1998a;
Kwaambwa & Maikokera 2007, 2008; Hellsing et al., 2013; Kwaambwa & Nermark
2013). Isolation was achieved by loading the protein solution into a cation exchange
column. The solutions used to equilibrate the column are water (Ndabigengesere et al.,
1995; Ndabigengesere & Narasiah 1998a; Kwaambwa & Maikokera 2007, 2008; Hellsing
et al., 2013; Kwaambwa & Nermark 2013), Tris-HCL and phosphate buffers
(Ndabigengesere et al., 1995). The solutions used to elute the protein are sodium chloride
(Ndabigengesere et al., 1995; Ndabigengesere & Narasiah 1998a; Kwaambwa &
Maikokera 2007, 2008; Hellsing et al., 2013; Kwaambwa & Nermark 2013) and sodium
chloride in Tris-HCL buffer or phosphate buffer (Ndabigengesere et al., 1995). To date,
MOCP has not been tested against any pathogenic organisms, as the research has been
focused on the protein as a coagulant. As MOCP is partly comprised of the MO,.,

polypeptide exploring its efficacy against bacteria is of interest for further study.
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2.2.2.4 Lectins

Another class of proteins that can be isolated from the M. oleifera seeds are the lectins.
Lectins are proteins which recognise and bind to monosaccharides and oligosaccharides,
including carbohydrates on the surface of blood erythrocytes. The binding of lectins to
these carbohydrates causes aggregation of the erythrocytes (Luz et al., 2013). Several
coagulating lectins have been isolated (Katre et al 2008; Santos et al 2005; Santos et al
2009). Though a lectin isolated from M. oleifera has been found to act as an anticoagulant
(Luz et al., 2013) The lectins have been shown to be structurally similar to the other M.
oleifera proteins (Luz et al., 2013), and effective at reducing the number of mosquito
larvae (Coelho et al., 2009

2.2.2.5 Other isolated proteins

Santos et al., (2009) reported the presence of a 30 kDa, thermo-stable, basic protein in the
water extract that denatured under reducing conditions and appeared as a 26.5 kDa band
on SDS-PAGE (Santos et al., 2009). This protein has also been shown to cause
coagulation and is comparable with alum (Santos et al., 2009). A further study showed
that the 30 kDa protein did not cause coagulation in the presence of calcium and
magnesium ions (Santos et al., 2011). The lectins have been shown to be structurally
similar to the other M. oleifera proteins (Luz et al., 2013), and effective at reducing the

number of mosquito larvae (Coelho et al., 2009

Other proteins ranging in size from 20 kDa to 66 kDa have been identified in M. oleifera
seed extracts. This protein has since been reported to be a stable oligomeric tetramer
comprised of the MO,.; and MO,., polypeptides (Shebek et al., 2015). A 66 kDa protein
with coagulant activity was observed in an extract solution that also contained MO,.;.
This protein bound to an anion exchange column and was eluted using 0.3 M NaCl. Two
proteins sized 20 kDa and 40 kDa were observed in the same solution (Agrawal et al.,
2007). None of these proteins have been tested for antimicrobial activity; however, testing
these compounds may be of interest in future studies since at least one of them contains

the amino acid sequence responsible for the antimicrobial activity of MO,.;.

2.2.3 The 3 kDa polyelectrolyte

The final M. oleifera seed compound that is reported to cause coagulation is a 3 kDa
polyelectrolyte. This polyelectrolyte is included here as it is often referred to in reports

discussing the use of the crude extract as a coagulant. However, there are only two reports
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that describe the isolation and use of this polyelectrolyte (Okuda et al., 2001a; Okuda et
al., 2001b).

The process of isolation was achieved in four steps:

e Solvent extraction;
e Dialysis with a molecular mass cutoff of 12 kDa to 14 kDa;
e Defatting; and,

e Anion exchange chromatography.

The electrolyte was extracted from crushed seeds with a 1 M NaCl solution used in the
extraction process followed by dialysis with a molecular mass cut-off of 12 kDa to 14 kDa
was used to remove the salt. An anion exchanger was used to purify this compound and
explains why the authors did not isolate any of the other proteins or polypeptides. Cation
exchange chromatography was used in all cases where the MO,., or MOCP was isolated.
When the same process was followed using a DEAE sephadex column none of the
polypeptide or protein bound to the matrix (Ndabigengesere et al., 1995; Katre et al.,
2008). As the isolation of this compound is achieved using anionic exchange
chromatography it would not appear in the literature discussing the coagulant protein

fractions but may be found in comparisons with crude extracts.

The proposed coagulation mechanism was that the negatively charged compounds bind to
divalent cations in solution to form an insoluble, matrix and remove the suspended solids
by sweep coagulation (Okuda et al., 2001a). When the polyelectrolyte was added to non-
turbid tap water (quality not specified) it precipitated; however, this did not occur when
distilled water was used (Okuda et al., 2001a). The precipitation was proposed to occur
because of an association between the electrolyte and the CaCl; in the water. A 0.2 mM
concentration of Ca2* was required for a 0.3 mg/L concentration of the polyelectrolyte to
cause coagulation (Okuda et al., 2001a). Despite the frequent referencing in the literature,
the two studies have not been repeated and it would be of interest to test the

polyelectrolyte for efficacy against any bacteria and to ascertain its long-term stability.

This polyelectrolyte is approximately 34 times more efficient than the salt water crude
extract and was shown to reduce kaolin concentrations of 5 mg/L, 10 mg/L, 25 mg/L and
50 mg/L to below 0.5 mg/L (Okuda et al., 2001b). The zeta potential of the
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polyelectrolyte in a pH 9 solution was around -25 mV (Okuda et al., 2001a). The

polyelectrolyte was ineffective when the solution pH was below 7 (Okuda et al., 2001b).

2.4. Conclusions

This review discussed the active compounds that can be isolated from the seed of M.
oleifera. While it is beneficial to use the crude seed extract if there are no other options
available, the disadvantages, such as the increase in biological material, currently prevent
any large-scale use of the seed. Simple, affordable procedures still need to be developed
for the isolation of these active compounds which are available in regions where
traditional water treatment methods are scarce. The majority of methods currently used to
purify the compounds are cost-restrictive and complex, especially for the areas where they
are most needed, and the use of the purified compounds for point-of-use water treatment is
not currently feasible. Further development of novel methods of isolating the active
compound could provide a cost effective, functional method for sustainable water
treatment. Functionalised super-paramagnetic iron oxide nanoparticles, silica and sand can
be easily removed from the treated water after they have been used. Studies into whether
communities in low-socioeconomic regions could practically gain access and use for these
methods would be valuable as the dissemination of research to these groups could have a
significant impact on their standard of living. The functional sand is currently the most
accessible method of isolating the M. oleifera bactericidal proteins as the sand does not
require specialist equipment to prepare and could greatly benefit regions where accessible,
small-scale and low cost water treatment is required. Development of effective ways to
regenerate the functional sand will remove the reliance on the M. oleifera seeds and is an
area for more work. Large-scale studies to determine the effectiveness of these treatment
systems using environmental and contaminated water sources would be beneficial to

elucidate the role of M. oleifera seeds against currently available technologies.

2.5 Summary

This literature review has outlined the major antibacterial compounds that can be extracted
from M. oleifera seeds. The reports of the versatility of MO,., were considered promising
as an emerging area of research. Removal of water-borne bacteria using MO,.;
functionalised sand and subsequent removal of the inhibited bacteria was chosen as an
area to research further. The following chapters outline the experiments undertaken to

achieve this goal.
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3.1 Introduction

This chapter outlines the general analytical methods used for the experimentation required
to achieve the aims of this research. Specific experimental designs and procedures are
presented in the relevant chapters. All laboratory work was performed at the University of

Adelaide with the majority undertaken in the School of Chemical Engineering.

3.2 Materials and Reagents

All reagents were analytical grade unless otherwise specified. Solutions were prepared
using Milli-Q water (Millipore Pty Ltd).

3.2.1 M. oleifera seeds

M. oleifera seeds were obtained from AustraHort Pty Ltd, Australia. These were manually
de-husked using a mortar and pestle. The seed kernels were ground using a spice grinder
(Sunbeam, EM0405 MultiGrinder™) for 30 seconds to 1 minute immediately before use.
Large particles (above approx. 0.5mm) were removed by sifting the seed powder through a

mesh tea strainer.

3.2.2 Sand and Silicon dioxide

Unimin™ Quartz sand was provided by the School of Chemical Engineering, The
University of Adelaide. It was thoroughly rinsed with distilled water and dried before use.
Silicon dioxide (SiO,, CAS 14808-60-7) was purchased from Sigma Aldrich and used as

received. Specifications for both are detailed in Table 3.

Table 3: Specifications for sand and SiO,.

Sand type Silica sand SiO,

. ) 75 pm to 300 um 0.5 ymto 10 um
Particle size
Approx. 80% between 116 um to 172 um  Approx. 80% between 1 um to 5 um

Purity >99% 99%

3.2.3 Cultivation of test bacteria

Nutrient agar was prepared by dissolving either 15 g agar (Oxoid, LP0011B) with 30 g
nutrient broth (Oxoid, CM0001B) or by dissolving 15 g nutrient agar (Oxoid, CM0003)
into one litre of RO water. The agar solution was autoclaved at 121 °C for 30 minutes and

poured onto sterile, plastic petri dishes before use.
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Nutrient broth was prepared in 1L Schott bottles by dissolving 25 g/L Nutrient broth
(Oxoid, CMO0001B) into one litre of RO water. The solution was shaken till all the powder
dissolved. The broth was distributed into 50 mL Schott bottles and autoclaved at 121 °C
for 30 minutes.

A non-pathogenic strain of Escherichia coli (ATCC® 25922™) was sourced from the
School of Animal and Veterinary Sciences, The University of Adelaide. Micrococcus
luteus was sourced from the School of Molecular and Biomedical Sciences, The
University of Adelaide. Bacteria colonies were maintained by selecting colonies with a
sterile loop and spreading onto agar. The plates were incubated overnight at 37°C, and
then stored at 4 °C in the refrigerator.

3.2.4 Surfactant stock solutions

Dodecyl glucoside (CAS 11061-47-9) is a non-ionic surfactant with the formula C1gHz606
and a molecular mass of 348.5 g/mol. It was donated by the Australian suppliers FPI
Oceania and Ingredients Plus and received as a 49.74% w/w concentrate solution. The
concentrated dodecyl glucoside was diluted to a 1 M stock solution, and the absorbance at
223 nm was used to check the concentration of subsequent dilutions. Sodium dodecyl
sulphate (as sodium lauryl sulphate, The British Drug House, CAS 151-21-3) is an anionic
surfactant with the formula NaCi2H2sSO4 and a molecular mass of 288.4 g/mol. The
surfactant was provided by the School of Chemical Engineering and was stored as a white

powder. A 1 M stock solution was prepared by dissolving the powder in Milli-Q water.

3.3 Analytical Methods

For the studies involving bacteria, all glassware, materials, solutions and tubing were
sterilised by autoclaving (121 °C for 30 minutes) in facilities provided by either the School

of Chemical Engineering or Medical School South, University of Adelaide.

3.3.1 M. oleifera protein extraction and concentration determination

Crude M. oleifera extract solutions were prepared by mixing the finely ground seed
particles with either Milli-Q water or a 0.05 M, 0.1 M or 0.15 M NacCl solution. The
extract solutions were mixed on shaker plates (Ratek, OM7 Digital Orbital Mixer) at 50
RPM for 1 hour unless specified otherwise. The solutions were allowed to settle for 5

minutes, strained through a tea strainer (approx. 0.5 mm) then separated from the solids
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using vacuum filtration through 0.8um filter paper (Zetapor ® Cuno Inc.). The filtrate was

used immediately, and fresh solutions were prepared as required.

The concentration of total soluble protein in each sample was tested using a UV-visible
spectrophotometer (Shimadzu, UV-1601). Calibration of the protein concentration was
performed by preparing five serial dilutions of a Bradford reagent (Bio-Rad Protein Assay
Dye Reagent Concentrate) mixed with a filtered M. oleifera extract solution. Once the
concentration had been calculated the absorbance of each crude or purified solution was
measured across a UV range of 190 nm to 800 nm, and the UV peak was observed at 270
nm to 280 nm. Variations in the sample turbidity were initially an issue, so the absorbance
at 400 nm was used as a baseline against the absorbance at 280 nm. In later experiments
this variation was removed by filtering the samples through 0.45um filter papers
(Millipore) to remove background turbidity. The total protein in each solution was
determined following the method of Aitken and Learmonth (1996) using the Beer-Lambert
law (Eq. 1). Quartz cuvettes with a path length of 1 cm were used for all experiments.

A=¢Cl Eq. 1
Where A is the absorbance at 280 nm, ¢ is the extinction coefficient (1520) as determined
from the amino acid sequence available on the protein sequence website UniProt
(http://www.uniprot.org/), C is the concentration (mol/L) and | is the cuvette pathlength

(cm).
3.3.2 Isolation of MO,.4

The 280 nm peak in the crude M. oleifera extract solutions is comprised of many water-
soluble proteins and polypeptides (Ndabigengesere et al., 1995). To isolate the MO,.,
polypeptide, cation exchange chromatography was performed following the method of
Ghebremichael et al., (2005). A glass chromatography column (46 cm, 1 mm ID) was
loaded with CM Sepharose Fast Flow (Sigma-Aldrich) and equilibrated with a 0.1 M NaCl
solution. The filtered crude extract was loaded into the column and washed with 0.1 M
NaCl. The NaCl concentration was increased stepwise from 0.1 M to 0.6 M then 1 M. The
MO.,., eluted at 0.6 M NaCl. An example of the elution profile obtained during this
research is presented in Figure 6. The first and second peaks shown in Figure 6 contain
weakly cationic proteins while the third peak contains the cationic proteins and includes

MO,.;. The elution profile of the third peak was comparable to the elution profiles
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reported by Ghebremichael et al., (2005, 2006) who demonstrated that single step cation
exchange purification for MO,.; was feasible using a NaCl step gradient as the other
proteins eluted between 0.1 M and 0.3 M NaCl.
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Figure 6: CM Sepharose Fast Flow cation exchange chromatography

3.3.3 Preparation of f-sand

The Moringa functional sand (f-sand) as studied by Jerri et al., (2012) had scope for
further development. In their study, they concluded that while the f-sand had potential for
water treatment, it was a single use technology. The reported limitation led to the decision
to develop a method that would render the f-sand reusable, as described in the principle
aims of the thesis in Chapter 1. Firstly, the preparation of the f-sand was optimised for the
greatest amount of bound MO,.; per unit mass of sand. The method of Jerri et al., (2012)
involved mixing 1.2 g of washed quartz sand with 9 mL of a 0.025 g/mL crude solution
for 1 hour at room temperature. Jerri et al., (2012) reported that the treated quartz had
acquired the same antibacterial activity when higher seed concentrations were used and
suggested that surface protein saturation occurred around 0.9 seeds per 1.2 g sand. The
amount of MO,.; that would attach to the surface of sand was tested in a series of
experiments. Three experimental parameters were chosen for investigation and are listed
below. The first two values were based on those in the published MO,., extraction
literature as they had all been reported to affect the amount of MO,.; extracted (Jerri et al.,
2011; Ghebremichael et al., 2005). The third was investigated as a time saving measure to
reduce the time spent preparing the f-sand. The total time to prepare f-sand from the
crude extract was 3 hours while preparing the f-sand from the chromatography-isolated

protein took over 6 hours.
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The three experimental parameters selected include:

e Seed powder concentration
o 0.025 mg/mL, 0.05 mg/mL, 0.1 mg/mL;
e NaCl concentration
o 0M,0.05M,0.1M,0.15M; and,
e Time of sand addition
o With the M. oleifera seeds or to the filtrate.
The amount of MO,.; on the sand surface was determined by eluting the MO,.; and
measuring the absorbance. The MO,.; was separated from the f-sand by mixing 1 g with 5
mL of a 0.6 M NaCl solution for 1 hour on a shaker plate. The mass of MO,.; per gram of
f-sand was determined using Equation 2, a modified version of the Beer-Lambert law (Eq.
2). The mass of MO,., was determined using a molecular mass of 6781.6 g/mol, based

upon the reported amino acid sequence of MO,.; (http://www.uniprot.org/).

1000 ((Azsﬂ)vex)msl.s

Msand

CM02.1 -

Eq. 2

Where Cwmo,., is the concentration of MO,.,in mg/g sand, A2go is the absorbance at 280

nm, Ve is the volume of extracting solution (L) and msand is the mass of sand (g).

3.3.4 Reusability studies

Currently f-sand is a single use technology and once inhibited, the E. coli remained
attached to the MO,.; and prevented any further inactivation from occurring (Jerri et al.,
2012). Development of a method to separate the inhibited bacteria without reducing the
efficacy of the f-sand would allow for more versatility in the use of f-sand as it would
reduce both the preparation time and quantity of M. oleifera seeds. The amount of MO,.,

remaining on the f-sand was determined using Eqg. 2.

The effect of surfactants on the inhibited bacteria was considered as many surfactants are
widely used in domestic cleaning products. Surfactants are amphiphilic compounds that
are commonly added to cleaning products to solubilise fats (Glover et al., 1999). This
mechanism can be utilised on a cellular level to destabilise bacterial lipid membranes and
is used to extract membrane proteins and other compounds of interest (le Maire et al.,

2000). The surfactants sodium dodecyl sulphate and dodecyl glucoside were selected as
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they are both commonly used in a large range of detergents, shampoos and cleaning

products.

The effect of heat on the inhibited bacteria was considered as it would be more widely
accessible than chemical methods. MO,.; is thermoresistant and able to withstand being
heated to 95°C for 5 hours without loss of activity (Ghebremichael et al., 2005). The
coagulant activity of isolated MO,., at 121°C is reported to be approximately 70% of the
crude extract (Deezfooli et al., 2016). Further information on the experiments conducted

to determine the effect of temperature on f-sand can be found in Chapter 5.

3.3.5 Preparation of synthetic water

In this thesis the term ‘synthetic’ is used to describe the water that had been deliberately
contaminated with bacteria. The amount of NaCl in this water was experimentally
determined to be the amount at which the bacteria could survive but would not remove the

protein from the sand or SiO, surface.

For the experiments in Chapters 4 to 7 the following procedure was followed to prepare
the synthetic water. Colonies of bacteria were selected using a sterile loop from an agar
plate and incubated at 37°C in nutrient broth (Oxoid) overnight. Approximately 10 mL of
bacterial broth was centrifuged at 3000 x g for 5 minutes (Allegra™ X-12, Beckman
Coulter). The resultant bacterial pellet was then resuspended in sterile 0.85% NaCl. The
bacterial pellet was centrifuged again and resuspended in sterile 0.85% NaCl to an
absorbance of 0.1 + 0.005 at 600 nm on a UV-visible spectrophotometer (Shimadzu UV-
Vis 1601). This absorbance is equivalent to a bacterial concentration of 1-2 x108 (Wikler,
2006). The solutions were diluted to the required bacterial concentrations, which were
quantified using UV-Vis. Cultivatable counts were performed to validate the number of

bacteria in solution.

For the work reported in Chapter 7, artificially contaminated water was prepared as
follows. A 0.1% NaCl solution was prepared in 1 L and 5 L glass bottles (Schott) or in 20
L plastic vessels (Nalgene) and sterilised by autoclaving (121 °C for 30 minutes). E. coli
was introduced by pipetting a volume from a 0.1 optical density (OD) solution as
described in section 3.2.3. A homogeneous bacterial concentration was maintained
through the use of a magnetic stirrer (Industrial Equipment & Control Ptd Ltd.). 200uL
cultivatable counts were performed to test the actual concentration immediately after

preparation and after the synthetic water had been used. An example of the variation in
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bacterial concentration over 3.5 hours in 5 L synthetic water is presented Figure 7. The
line of best fit was fitted by calculating linear regression of the E. coli concentration and
indicates loss of bacterial viability over the 3.5 hours. Because of the reduction in bacteria

larger volumes of source water were not used for the experiments in Chapter 7.

CFU/ 200 pL

Time (minutes)

Figure 7: Concentration of E. coli in 5 L synthetic water.

3.2.6 Live cell imaging

Microscopy was used to qualitatively observe the attachment and separation of bacteria to
the f-SiO, and f-sand. Staining was performed using propidium iodide (Img/mL, Sigma
Aldrich) at a 1:500 dilution of 100mM Tris/ acetic acid/ EDTA buffer (Biorad). Samples
were incubated for 15 minutes at room temperature in the propidium iodide then rinsed
twice in sterile Milli-Q water before imaging. The Nikon Ti E Live Cell Microscope at

Adelaide Microscopy (https://www.adelaide.edu.au/microscopy/) was used for all

imaging. The images were used in Chapters 4 to 6.
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Feasibility study of using Moringa oleifera functional sand for

water treatment

Abstract

Moringa oleifera seeds are an effective primary method of water treatment. Their efficacy
as a flocculent and antibacterial agent is already well-established in the literature. The
crushed seeds are traditionally used in small-scale water treatment in India, Sub-Saharan
Africa and Asia, where they are added directly to turbid water and act as an effective
flocculent to visibly clarify the water. This effect is caused by coagulant proteins from the
M. oleifera seed, including the MO,.; polypeptide, that adsorb onto the surface of sand.
This functional sand (f-sand) can then be used to inactivate Escherichia coli. In this study
the efficacy of f-sand in E. coli removal was examined in lab-scale sand columns with the
aim of determining the effect column configuration and length had on column efficiency.
The f-sand was most efficient when a fluidised configuration was used though the highest
bacterial reduction achieved was log 1 indicating that there is a place for f-sand in water

treatment, but the best method is still to be determined

4.1 Introduction

Lack of access to potable water remains a major issue for a significant part of the global
population with at least 10% of the inhabitants in 17 Sub-Saharan countries completely
reliant on untreated surface waters (WHO, 2017). Practical and accessible methods of
bacterial inactivation that use plant materials can improve health outcomes by filling the
gap that currently exists in the accessibility of water treatment methods. The M. oleifera
tree is native to the lower Himalayas and has been naturalised in Africa, South America,
India and across Asia (Jahn, 1988). The seeds of Moringa oleifera are a low cost, low
technology water treatment option that is well established in the literature (Kansal &
Kumari 2014). The seeds contain several bactericidal compounds and one of these can
also be used to initiate coagulation of colloidal solutions. The seeds are already used as a

primary method of water treatment in many countries (Kansal & Kumari 2014).

One of these compounds is the water-soluble, cationic protein that can be isolated via
adsorption onto the particle surface of sand to produce functional sand (f-sand) (Jerri et al.
2012). The applications of this f-sand include the inactivation of bacteria and
cyanobacteria, and a reduction of turbidity of a suspended kaolin solution (Jerri et al.
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2012; Li & Pan 2013). Escherichia coli is used as an indicator of recent faecal
contamination. When water containing suspended E. coli is mixed with f-sand, the E. coli
are attracted by the positive surface charge of the M. oleifera protein (Broin et al. 2002).
The bacteria are then immobilised and inhibited via the attachment of three hydrophilic
arginine residues of the MO,.; amino acid sequence (Suarez et al. 2005). These surround
two hydrophobic proline residues that are forced into the lipid membrane causing lysis and
cell death. Once inhibited the bacteria remains immobilised on the f-sand surface and does
not separate when rinsed with water (Jerri et al. 2012). A major block to the large-scale
use of M. oleifera seeds in water treatment is the biological matter that is released into the
water along with the useful compounds. The breakdown of this biological matter leads to
the recontamination of the water and making storage of treated water unfeasible
(Ndabigengesere & Narasiah, 1998). The isolation of the M. oleifera cationic proteins
onto sand limits the amount of biological matter released into the water during treatment
(Jerri et al, 2011). The World Health Organization recommends a minimum water
consumption rate of 8 to 15 L per person, per day for personal use, of which 2.5 to 3 L is
for drinking (WHO 2013). While theoretically scalable, no studies have been done to test
the efficacy of f-sand for the amounts of water that humans actually require. The aim of
this research was to produce quantifiable results that could be used to determine whether

f-sand can be an appropriate water treatment technology at scale.

Sand filters can be effectively used as a primary method of water treatment or as a co-
treatment to remove suspended solids from water before the water is disinfected. The f-
sand filter, while similar in appearance to other types of sand filters, differs as the sand is a
matrix to support the M. oleifera proteins instead of acting as a physical barrier. This
matrix configuration has also been achieved using granular activated carbon and rice husk
ash (Barajas & Pagsuyoin 2017). The preparation of f-sand can be separate to the use of
the f-sand and so removes the requirement to store water after it has been treated water for
periods longer than immediate use, an advantage in areas where collecting and treating
water is a significant daily task and re-contamination of treated water is a risk. While well
outside of the scope of this study, large scale production of f-sand, including commercial
production, could be a significant factor in the uptake of this low-technology method of

water treatment.

The aim of this study was to assess to use of f-sand as a practical method of bacterial

inactivation in the context of domestic water treatment. To achieve this aim f-sand was
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immobilised in columns and exposed to water artificially contaminated with 100 CFU/mL
E. coli. The f-sand columns were tested individually, in series and configured to be
gravity fed (flowing down) and fluidised (flowing up). All f-sand configurations were
compared to untreated sand using the same configuration and water supply. These works
were performed on a laboratory scale of capacity 8L, which is the minimum necessary
drinking water requirement for 3 people for one day. The results of this study could be

used to guide the development of a larger trial.

4.2 Materials and Methods

Glass columns (3 cm ID, 16.5 cm height) containing a sintered filter (size 1) and reduced
ends (0.7 cm) were purchased from Asis Scientific (Australia), These were flushed with
acetone, rinsed with sterile Milli-Q water and exposed to UV light for 10 minutes before
each use. Peristaltic tubing (ID 20 mm) was used to convey the source water from the
holding vessel to the columns and from the columns to the collecting vessels. The holding
vessels were glass 5L Schott bottles and the collecting vessels were glass 1 L Schott
bottles. A twin head peristaltic pump (Masterflex Easy-load) was used to pump the source

water through the columns. All flow rates were maintained at 11 mL/min.

4.2.1 Functional sand preparation

Quartz sand (Unimin™, approx. 80% between 116 um to 172 um) was thoroughly rinsed
with deionised water, dried, and then heated at 1000°C for one hour to remove organic
impurities that cause bacterial regrowth. The sand was cooled to room temperature and the
f-sand was prepared as described in Chapter 3. The isolation of the M. oleifera cationic
proteins was achieved following a similar method to Ghebremichael et al. (2005) using
cation exchange chromatography. To achieve this the crude solution was run through a
cation exchange chromatography column loaded with CM Sepharose Fast Flow (Sigma-
Aldrich) equilibrated with 0.1 M NaCl and eluted using an NaCl step-gradient up to 1 M.
Elution was performed at 0.6 M NaCl and the extract solution was diluted to 0.1 M before
the addition of the sand. The f-sand prepared using only the crude extract was rinsed with
a 0.1 M dodecyl glucoside solution to remove unwanted organic material from the seeds.
Both preparations of f-sand were thoroughly washed with deionised water then dried
overnight at 55°C.
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4.2.2 Preparation of contaminated water (synthetic water)

Water containing a known concentration of E. coli was prepared to test the efficiency of
the f-sand columns. The water contained E. coli with enough salt to keep the E, coli alive
but not enough salt to elute the protein from the sand. Fresh sterile saline (0.1%) was
prepared for each set of experiments and the concentration of bacteria was monitored via
colony counting as described above.

Escherichia coli (ATCC® 25922™) was sourced from the School of Animal and
Veterinary Sciences, The University of Adelaide and maintained on Bacteriological agar
(Oxoid). Colonies of E. coli were selected from an agar plate grown overnight at 37°C and
emulsified into 50 mL of sterile nutrient broth and grown overnight. 10mL of this was
centrifuged for 10 minutes at 3000 x g, re-suspended in a sterile 0.85% NaCl solution,
centrifuged again and finally resuspended in a 0.85% NaCl solution to an absorbance of
0.1+/- 0.005; equivalent to a bacterial suspension containing 1 x108 - 2 x10® CFU/mL of
E. coli (Wikler 2006). The amount of E. coli in each water sample was confirmed by
spreading samples onto agar plates, incubating overnight at 37°C and counting the number
of colonies that grew. Each concentration was sampled in triplicate. . The source water
was prepared by pipetting 5um aliquots of the 1 x108 - 2 x108 CFU/mL E. coli solution

into 5L of sterile 0.1% NaCl solution to prepare water containing 100 cfu/mL.

4.2.3 Column setup

Lab-scale glass columns (30mm ID and 90 mm bed depth) with a sintered filter at the base
of the column were constructed and operated in parallel (Figure 8). Before each run all
tubing and sampling glassware was autoclaved and the glass columns were rinsed with
acetone, allowed to dry, rinsed with sterile water then exposed to UV-light for 10 minutes.
The columns were filled with either 100g of f-sand, MO,.;-sand (purified protein used to
make the f-sand) or untreated sand as a control. The two types of f-sand were compared
to determine whether the purification step was necessary. For both column types, the water
was pumped through the peristaltic pump to regulate the flowrate. For the fluidised-bed
columns, source water was pumped through the base of the sand column causing the f-
sand to fluidise. The system was closed and had a flowrate of 11 mL/min. For the gravity-
fed columns the water was introduced into the top of the column with a constant flow of
water that kept the sand bed submerged. The system was partially open at the top of the

column and the water was introduced to the column at a flow rate of 12.5 mL/min. Each
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litre was collected in a sterilised 1 L Schott bottle and was gently swirled to homogenise

the bacterial concentration before sampling. Colony counts were performed on each

sample in triplicate, the method followed was as described in the Methods section.
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Figure 8: Fluidised bed columns

4.3 Results

4.3.1 Fluidised bed columns

f-sand Untreated
sand

Bacterial breakthrough occurred in the fluidised bed for both the f-sand and untreated
sand exposed to 100 CFU/mL E. coli (Figure 9). The f-sand had a log reduction of 1.1 for

the first litre to pass through the column with the amount of E. coli being removed

declining for each litre until the final removal was only 0.56 log. The majority of the E.

coli passed through the untreated sand column with the maximum amount held in the

column on the third and fifth litres.
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Figure 9: f-sand versus control sand — fluidised bed.

To determine if bacterial reduction was dependent on the concentration of the source water
or the system itself, three columns were run in succession. The results from column 1 are
presented in Figure 10: Column 1. Note: Data points not shown for f-sand columns 3 and
4. and the results from column 3 are presented in Figure 11 . Both columns are compared
to the inlet concentration of column 1. Data from the second, middle column was not
recorded. The outlet samples for columns 3 and 4 in Figure 10: Column 1. Note: Data
points not shown for f-sand columns 3 and 4.did not contain any E. coli and so do not
appear in the graph. The control sand column remained around 0 with slight increases and
decreases in bacterial concentrations for the first column and below 0.5 log for column 3.
The f-sand columns did not display consistent removal and all log reductions were below
1.
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Figure 10: Column 1. Note: Data points not shown for f-sand columns 3 and 4.
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Figure 11: Column 3.

Two ways of preparing the f-sand were compared in order to determine whether there was
any advantage to isolating the MO,.; prior to preparing the f-sand (Figure 12). Both
columns followed the same removal pattern across the 8 litres which indicates fluctuating
concentrations of inlet bacteria rather than one column performing better than the other.
This assumption is strengthened by the result of columns 7 and 8 where the log reduction

was around 0.1 then increased to 0.5 for the MO,.;-sand and 0.34 for the f-sand.
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Figure 12: Comparison of MO,.; -sand to f-sand, fluidised bed.
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4.3.2 Gravity fed columns
When the system was configured so that the water flows down through the packed sand
the system becomes a granular-bed filter (Figure 11). They have a similar performance for

the first four litres with the f-sand maintaining some efficacy until the 8th litre.
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Figure 13: f-sand versus control sand — gravity fed.

4.4 Discussion

Bacterial contamination of drinking water is still a major problem worldwide. Treatment
of water using M. oleifera seeds is an appropriate alternative that could be used where the
seeds are available. The isolation of MO,.; and production of f-sand increases the
availability of M. oleifera as a water-treatment option. The aim of this study was to
research the efficacy of f-sand when exposed to the minimum amount of water
recommended by the World Health Organization per person per day (WHO, 2013). To do
this, f-sand was contained in columns and exposed to water artificially contaminated with
E. coli. This type of biophysical filtration can be operated immediately after the f-sand is
prepared and can be used with a faster flow rate than the slow sand filters. There is also no
need to wait for a biofilm to develop. The f-sand has the added advantage of being
reusable if washed with dodecyl glucoside and if this is inappropriate, the f-sand is simple

to prepare.

The f-sand was most effective at the highest tested bacterial concentrations and when the
source water was introduced through the base of the column. This configuration allows for

bacterial breakthrough due to the constant movement of the sand particles in the fluidised
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bed. The slow flowrate and constant mixing of the sand increases the chance of a viable E.
coli cell contacting an unused MO,.; binding site. Reducing the bacterial concentration in
the source water rendered the f-sand inefficient, suggesting a lower limit of bacterial
inactivation and increasing the length of the bed by adding extra columns did not increase
the bacteria removal. There was no significant difference between the reduction in column
1 and 3 for either the f-sand or the untreated sand. This validates the idea that there is a
lower limit. Running an inlet concentration of 10 CFU/mL E. coli through a column did
not remove any more bacteria than the control column (data not shown). When a similar
system to the one used here was tested against a bacterial concentration of 7x 10" CFU/mL
bacterial reduction of 99% was recorded for the f-sand (Williams et al. 2017). The volume
of water used in that study was significantly less than the volumes used here and so it
would be valuable to test these higher concentrations using larger volumes of water to
determine if the f-sand efficacy increases with the increased bacterial load. The difference
between the bacterial removals for the gravity fed columns was not significant with the
bacteria passing through the column with only a small percentage of the bacteria ever
coming into contact with the M. oleifera proteins. The constant movement of the f-sand in
the fluidised columns would have increased the interactions between the E. coli and the

unused MO,., and so lead to higher removal.

Where the entrapment of the E. coli by two columns is of the same magnitude, the bacteria
in f-sand column was inactivated compared to the bacteria in the untreated column that
had only been retained. The increase in bacterial concentration in these columns is likely
from the displacement of bacteria that had been held but not inactivated in the column. In
a similar study using functional rice husk ash (RHA), Barajas et al. (2017) reported that
untreated RHA removed more bacteria than f-RHA but that the f-RHA inactivated the
bacteria that were removed. While the f-sand removed as much or more than the untreated

sand, the same reasoning applies.

The method used to prepare the f-sand did not influence the efficacy of the column as
isolating the MO,.; before attaching it to the sand did not increase the efficacy of the f-
sand. From this it can be concluded that the method of preparing the f-sand does not affect
the treatment outcome. One of the most important factors to consider before using f-sand
is the inconsistency of bacterial removal. All f-sand was prepared following the same
method and using the same materials. However, in Figure 9 a log reduction of 1.1 was

achieved whereas when the three columns were run in succession, column 1 only removed
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a maximum of 0.47 log. The first column as equivalent to the single column trial but there
was significant difference between the results. The the composition of the sand, including
the surface charge and silica content; the age of the f-sand; the age of the M. oleifera
seeds; the cleanliness of the sand, and the conditions under which the f-sand is used all
factors that influence the efficacy of the f-sand. The outcomes of this study justify the
need to test the f-sand on a larger scale to determine the real-world application; especially
for regions where water treatment infrastructure is lacking, or where current treatment

methods are not cost-effective, available or applicable.

4.5 Conclusions

In this study it is demonstrated that 100 g of f-sand can be used to improve bacterially-
contaminated water. However, this water still contained bacteria and is not yet comparable
to other methods of treatment. The bacterial reduction is highly dependent on the bacterial
concentration of the source water and that fluidisation of the f-sand allowed for E. coli
breakthrough in all trials. The results of this study indicate that there is a place for f-sand
in water treatment, and this may be as a co-treatment with chlorination, but the best
method is still to be determined. Future studies should include a range of turbid and non-

turbid natural surface waters, and surface waters that contain other aquatic microbes.
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Moringa oleifera functionalised sand - reuse with
non-ionic surfactant dodecyl glucoside

Frances E. Williams, Andrew K. Lee, Sanaz Orandi, Sarah K. Sims
and David M. Lewis

ABSTRACT

Moringa oleifera seeds are well known for their ability to cause flocculation in turbid water and
facilitate bactedal inhibition, Thase effects are due t0 the cationic polypeptide MO; ., which affects
the surface charge of suspended particles and causes lysis of bacterial cells. However, the
attachment of bacteria to MO, prevents further bacterial attachmant, reducing the effectiveness of
the seeds. This research investizated the effect of surfactants on functionality and reuse of Moringa
seeds to develop a sustainable water treatment techrigue, The seed extracts (M0; ) wera used with
a functionalised sand system, and the sands were exposed to commercially available {ionic and
non-lonic) surfactants, dodecyl glucoside and sedium dodecyl sulfate, Artificially polluted water
contaminated with Escherichia coli was used to evaluate the efficiency of the system. The non-ionic
surfactant was found to be effective at separating £ coli from the functionalised sand without the
detachment of the MO, and subsequent loss of the system efficiency, This was successfully
repeated four times. The results demonstrated a sustainable, reusable technigue to inhibit bacterial
contamination in water,

Key words | dodecyl glucoside, Escherichia coli, functionalised sand, Moringa oleifera, sodium
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INTRODUCTION

Eleven percent of the world's population relies on untreated
surface or ground water as a primary source of drinking
water (WHO zorg). This water is often contaminated with
pathogenic bacteria, and treatment for immediate use is
commonly undertalen using tablets of sodium hypochlorite
or calcium hypochlorte (Amold & Colford zoog). This
method is mainly used in regions which lack access (o suil-
able water treatment infrastructure, The use of the tablets
prevents recontamination, as the chlorine provides residual
protection lasting from hours to days {Arnold & Colford
2007), High cost, an unpleasant taste and low availability
of these chemicals have been identified as the main reasons
which lead to their underuse or misuse {Islam ef al. 2014).

doi: 102168 wh 2007 241

The crushed seed kernels from Mornga oleifera are
lnown to be an appropriate antibacterial agent for water
treatment (Madsen el al, 87 Jahn o88), The seeds can
be used directly, or as a crude water extract, to inhibit bac-
terial and viral organisims, They also cause coagulation of
suspended particles in water (Al ef all z2o04; Kansal &
Kumari 2o14). However, the disadvantage of using the
geeds in such a way is that the crushed seed particles quickly
decompose and increase the amount of organic carbon in
the water, promoting bacterial regrowth (Jerri ef al. 2o12).

The compound in the M. oleifera seed that causes the
effects has been identified as a cationic polypeptide called
MO, (Gassenschmidt er al 1005, Suarez ef al 2005).
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This polypeptide is part of a dimer protein comprised of two
polypeptide subunits linked by di-sulfide bonds (Ndabigen-
pesere ef al. wos), The amino acid sequence of MO, , has
been documented (Gassenschmide ef al 1og5) and the
molecular weight is 6,782 g/mol (hitp-/www uniprotorg,
accessed 28/09/2016),

MO, has been observed to adsorb to the surface of
negatively charged solids, including silica nanoparticles,
guartz sand, aluminum oxide and micro-emulsion prepared
magnetic iron oxide nanoparticles (Kwaambwa ef al, 2om0;
Jerti ef al. zo12; Okoli et al 2o12; Hellsing et al. 2o13).
When the MO, is adsorbed fo sand, this ‘functionalised"
sand (known as f-sand) displays the bactericidal and coagu-
lant properties of the non-bonded polypeptide (Jerr ef al
zo1z). This simple method of purifying MOy | has scope to
be used in waler treatment, as it negates the previously
described disadvantages of the erude extract as well as redu-
cing the costs associated with isolating the polypeptide by
other methods. The f~sand can be used to attach and inhibit
Escherichia coli in water {Jerri ef al. zo12). In practice, the
ohstacle which currently prevents the use of f-sand to treat
water is that the E. coli does not desorb once bonded to
the f~sand, preventing its reuse (Jern ef al. zo1z),

Surfactants are a class of amphiphilic compounds able
to wel surfaces and solubilise fatty material (Glover ef al
100). Anionic surfactants, such as sodium dodecyl sulfate,
are reported to be bactericidal; affecting the permeability
of cell membranes and causing cell lysis at high surfactant
concentrations {Glover & al mwoe; Van Hamme &f al
2o0f), Mon-ionic surfactants are also bactericidal and are
known to solubilise the bacterial lipid membrane (le Maire
el al. zooo). When solubilised in water, surfactants self-
assemble into compounds called micelles, and the minimum
surfactant concentration required for micelle formation is
called the critical micelle concentration {Privé 2o07).

M. oleifera seed extracts have been observed Lo interact
with sodium dodecyl sulfate and other anionic surfactants
{(Kwaambwa & Maikokera 2007; Maikokera & Kwaambwa
zoo7; Beliran-Heredia & Sanchez-Martin zooa). The crude
seed extract has been reported to remove up to B0%W of
sodium dodecyl sulfate via flocculation (Beltran-Heredia &
Sanchez-Martin zoog). Both MO, and the dimer protein
are cationic and readily adsorb to the anionic sodium dodecyl
sulfate {Beltran-Heredia & Sanchez-Martin 2004; Beltran-

Heredia ef al. 201z), This has been reported to neutralize the
charge {Maikokera & Kwaambwa 2007). The process begins
below the critical micelle concentration of 82-8.3 % 1077 M,
at the critical aggregation concentration of 11077 M, and
can be used to remove sodium dodecyl sulfate from solution
{Beltran-Heredia & Sanchez-Martin zoog),

Dodecyl glucoside is a non-ionic surfactant, and no
studies investipating this surfactant and the M. oleifera
crude or purified seed extracts were identified in the litera-
ture, Olkoli ef al, (zomz) report that a 0.1 wi% solution of
the non-donic surfactant Tween 20 can be used to wash
coagulated clay particles off M. oleifera protein functiona-
lised magnetic nanoparticles. These particles can then be
revsed as coagulants with some loss of efficiency. Triton
X, another non-<ionic surfactant, does not interact with the
M. oleffera coagulant protein {Kwaambwa & Maikokera
2007).

This study demonstrates the use of surfactants in
regeneraling f-sand for continued E. coli removal. All con-
centrations of dodecyl glucoside tested against the j-sand
were above the critical micelle concentration of 1.9 104 M
{Meugebaver 1o90). This is a novel approach for the regener-
ation of f-sand and has the potential to be applicable in
water treatment for developing countries.

MATERIAL AND METHODS

This investigation was conducted in two stages. The first
stage was focused on testing two surfactants, dodecyl gluco-
side and sodium dodecyl sulfate, to examine their effect on
attachment of the MO, to the sand surface. The second
stage evaluated the efficiency of these surfactants at separ-
ating E. eoli from the MOy .

Preparation of Moringa oleifera functionalised sand

The functional sand (f-sand) was prepared using M. oleffera
seeds. The preparation was based on the method described
by Jern el al (zowz) with some modifications. Dry, whole
seeds were purchased from AuwstraHort, Australia. The
seeds were dehusked and the kemnels pulverised to a fine
powder. A 0.05g/mL cmde solution was prepared by
mixing 20 g of the seed powder with 400 mL of a 0.1 M
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sodium chloride solution for 1 hour at 150 rpm. The solution
was sieved and filtered to remove the seed particles.

100 g of commercially available, fine grained silica sand
was thoroughly rinsed with deionised water, dried then
autoclaved. The sand was combined with 400 mL of the [l-
tered crude extract solution and mixed on a shaker plate at
150 rpm for 1 hour. After the fsand settled, the crude
extract supernatant was removed and the f-sand was
rinsed with deionised water. The f-sand was dried at 50 “C.

Mass determination of MO, 4

The mass of MO, per gram of f-sand was determined by elut-
ing the polypeptide on 1 g of f-sand using 3 mL of a 0.6 M NaCl
solution. A baseline for the absorbance at 280 nm was set
against the absorbance at 300 nm. A Shimadezu 1601 UV-visible
spectrophotometer capable of scanning from 190nm to
1,000 nm was used 1o detect the absorbance throughout this
study. The Beer-Lambert law, Abs = elc, was applied using a
path-length () of 1em and an extinction coefficient [#) of
1,520 (Aitken & Learmonth 1oo6). The mass of MO., was
determined in mg per gram f-sand using a molecular weight
of 6,781.6 g/mol, based upon the reported amino acid sequence
of MO, (http://www uniprotorg/, accessed 28/09/2016).

Preparation of surfactants

Two surfactants were examined in this study: anionic
sodium dodecyl sulfate (sodium lauryl sullate, CAS 151-21-3)
and non-ionic dodecyl glucoside {lauryl glucoside, CAS
11061-47-9) at concentrations ranging between 0.0005 M
and 0.1 M. The concentrations of dodecyl glucoside were
determined by UV-spectrophotometry. The absorbance
was measured al 223 nm and was initially determined by
serially diluting the supplied surfactant from a 49.74%
wiw solution, A commercially available dishwashing deter-
gent (Earth choice dishwashing concentrate, MNatures
Organies, Australia)l was purchased from a local Australian
supermarket. The detergent contained 10%0-30% dodecyl
glucoside as coco glucoside and <10% sodium dodecy] sul-
fate, and was tested at 1% and 2% v/v dilutions. The amount
of dodecyl glucoside in the 1% solution was eguivalent to
0,01 M dodecyl glucoside solution as confirmed by UY-
visible spectroscopy.

Effect of surfactants on protein adsorption

The effect of the surfactants sodium dodecy] sulfate and
dodecyl glucoside on the attachment of MOs to the sand
was measured by exposing 1 g of fsand o 5 mL surfactant
at known concentrations., This was mixed for 1 hour and
rinsed with deionised water. The samples were mixed
between one and four times to determine the effect of mul-
tiple washes on the fsand. The amount of MO.; was
measurcd as described above and the experiment was
repeated in triplicate. The concentrations of sodium dodecyl
sulfate examined were 0.01, 0.001 and 00005 M, and the
concentrations of dodeeyl glucoside were 0.1, 0.01 and
0.001 M.

synthetic water preparation

Synthetic water with a known bacterial concentration was
prepared to simulate non-potable water, Escherichia coli
(ATCC™ 25922™) was sourced from the School of Animal
and Veterinary Sciences, The University of Adelaide and
maintained on Bacteriological agar (Oxoid). Overnight bac-
terial suspensions were grown in nutrient broth (Oxoid),
The suspension was centrifuged for 5 minutes at 3,000 g
and the pellet was washed in a sterile 0.85% NaCl solution,
This was centrifuged, and the pellet was re-suspended in
sterile Milli-Q) water diluted to an absorbance of 0.1
0.003 at 600 nm. This was equivalent to a bacterial suspen-
sion containing 7= 107 CFU/mL of stationary phase E. coli
as confirmed by cultivatable counts. Fresh synthetic water
was prepared for each set of experiments.

Functional sand column tests

Stage two evaluated the efficiency of the surfactants at sep-
arating E. coli from the MO;,. To do this, 50g of dry
fesand was poured into @ vertical glass column of 1.5 cm
diameter, The fsand was rinsed with Milli-Q water until
the absorbance of the outgoing solution was less than
0,001 at 280 and 00 nm, The column was then subjected
to a set of solutions in the following order: synthetic
water, 2 = Milli-0) water, surfactant, 4 = Milli-Q water. Each
set was repeated four times, so that the f-sand had been
exposed to four discrete synthetic water treatments,
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A schematic of this process is presented in Figure 1. New
columns were prepared for sodium dodecy] sulfate concen-
trations of 0.001 and 0.0005 M and for dedecyl glucoside
concentrations of 0.1, 0.01 and 0,001 M,

The solutions passing out of the columns were collected
and the absorbance of the eluting solutions was measured at
600 nim. This was used to estimate the bacterial concen-
tration of each solution and is used here as an alternate
method of measuring bacterial concentrations in non-
turbid solutions. To justify this method, the absorbance of
bacteral solutions from 0,01 to 0.1 at 600 nm was compared
with the cultivatable counts of these solutions. Colony
counting was also performed on select columns, The percen-
tage of E. coli inhibited by the column was determined by
Equation (1),

F'4|.1 = 100% — 100, (ﬁbuu.llet 1+ Ahslmlh 2t ﬁbsu‘ul'lrl 3)

Absipe
(1)

where Abs is the absorbance of the eluting solution at
600 nm for the solutions entering the column, inlet 1, and
passing out of the column, outlets 1, 2 and 3.

Bacterial staining

Sand was heated at 600 °C in a high temperature oven for 5
hours to remove any impurities and crganic matter, inclod-
ing dead bacteria, from the surface. 10g of fsand was
prepared as above and exposed to synthetic water, 0.01 M
dodecyl glucoside and synthetic water in the same manner
as the columns, 2g samples were collected after each
step and were stained with a 1:500 dilution of propidium
iodide in Tris buffer for 15 minutes, then rinsed twice with
sterile Milli-C) water. Staining was performed on all samples,
including controls of bare sand and fsand, to confirm that
only the dead E. coli was being stained. The samples were
viewed on a Nikon Ti Live Cell Microscope at 40w optical
goom. A 100 ms exposure for fluorescence was used on all
samples with a 195 ms exposure for the live view.

RESULTS
Mass determination of MO, ,

The mass of MO, per gram of j~sand was caloulated using the
Beer-Lambert Law. The maximum, minimum and average
masses of eluted MOz, in mg per g of fsand were 1.19, 0,48
and 0.79, respectively. Vanation in turbidity was observed
across all of the elution-type experiments, To overcome the
variation between samples and batches, the absorbance at
300 nim was used as a baseling and subtracted from the absor
bance of the protein peak at 280 nm.

Effect of surfactants on MO, , attachment

The effect of sodium dodecyl sulfate on the attachment of
MO, to the sand was immediately apparent. At 0.01 M,
the highest concentration tested, there was an 80%
reduction in the amount of MO, but there was no further
significant loss after the first wash. At 0.001 M, there was
a gradual reduction in the amount of MOz, and at
0.0005 M, the amount present was relatively stable. The
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results of the interaction of sodium dodecyl sulfate and
f-sand are presented in Figure 2.

Washing the fsand with dodecyl glucoside caused a
slight and immediate reduction in the amount of MO, ,.
The loss was not as significant as that observed with the
sodium dodecyl sulfate, and for 0,01 and 0.001 M the mass
of MOs, remained above 80% of the initial value. The
results are presented in Figure 3.

FUNCTIONAL SAND COLUMM TEST RESULTS

Synthetic water treatment results with sodium dodecyl
sulfate in an f-sand column

Based on the results from part one, the 0.01 M concen-
tration of sodium dodecyl sulfate was excluded from
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Figure 2 | Fiect of sadium dedecy sulfase (S0S)on attachment of MO, | 1o 5and used at
three concantrations o 0004, 0001 and 00005 M and percentage of MO,
reMmaning on me sard.

1o
- 1
i
u 8
£
+ -
=4
=]
W el
=
"
£ w
=) —+—0.1M DG
x el - 000000000 0 0 0 - =
k-] =E=0.018 DG
-

——r 1 DG
[
1 2 3 4 5
Mumber of sand washas

Figure 3 | Effect of dodecyl ghucoside |DE on attachment of MO, f0 sand used at three
concenirations of 0.1, 007 and 0,007 M, and percentage af MO, 5 FemAainng an
thee sar.

further investigation. The treatment results of functional
sand columns with sodium dodecyl sulfate, 0.001 and
0.0003 W, are presented in Figure 4 and demonstrated that
the surfactant was not effective at separating the E. coli
from the fsand. In the first treatment run, when the syn-
thetic water was passed through the fsand column,
between 600 and 70% of the E coli was removed. Further
treatment results did not show any reduction in E. coli
and even increased the wrbidity of the water.

Synthetic water treatment results with dodecyl
glucoside in an f-sand column

The dodecyl glucoside was effective at separating the E. coli
from the fsand without affecting the capacity of the f-sand
to remove E. coli from water. The 0.01 M dodecyl glucoside
was the most consistently effective, as shown in Figure 5. To
confirm the use of UV-visible spectroscopy in bacterial esti-
mation, colony counts were performed on the fsand
columns treated with 0.01 M dodecyl glucoside. For the first
treatment, the percentage reduction in the fsand columns
determined by colony counting was 12% greater than that
determined by UV-wvisible spectroscopy. For the second,
third and fourth treatments, the diference in the values was
less than 4%, When testing by UV-visible spectroscopy, the
absorbance includes both viable and inhibited cells, whereas
with cultivatable counts. only the living cells are recorded,
indicating that UV-visible spectroscopy underestimates the
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Figure 4 I Synthetic waler reamens with sodium dodecyl sulfate (SDE) in an f-sand
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82



5.3

B&E . F, Wiliams g al | mMaringa oiiera fsand - muse with dodecd ghicasice

Journal of Water and Health | 15,6 | 2017

0
LU 3G
B L0AIM 06
a0 LG R DG
oo
]
B
.a
]
2
g
®
el
0

Treatment 1 Treatment 2 Treatment 3 Treatrrent 4

Mumber of synthetic wash treatments
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amount of bacterial reduction, In this study, the absorbance
between 0.1 and 0.001 at 600 nm was comparable to the
cultivatable count taken from the solutions. However, lor
concentrations  below 1 105 CFU/mL, colony  counting
only should be performed.

To confirm that the dodecy]l glucoside was effective at
separating the E coli from the fsand, three further columns,
Al, A2 and A3, were prepared and are presented in Figure 6.
For Al, the column was washed with 0.01 M dodecyl gluco-
side after cach E coli suspension, and each treatment
retains the efficiency of the first run. Two synthetic water
treatments were undertaken in succession for A2 and
three for A3 without exposure to dodecyl glucoside between
synthetic water treatments. For A2, the column was washed
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A2 E ol susp., £ ool susp., 0.01 M dodecy glucaside, £ col susp. A3 £ cal
sisp B, ool susp., E. ool susp, 0.01 M dadecyl glucoside, £ ool susp.

with dodecyl glucoside after the second treatment, and the
restoration of the column is apparent on the third treatment.
A fourth synthetic treatment was immediately run through
the column and the efficiency was reduced. For A3, the
column was run three times before it was washed with
the dodecyl glucoside, and by the third treatment the
E. coli removal dropped to below 10%. After washing with
the dodecy] glucoside, the f-sand regained its initial efficacy.

Commercially available dishwashing detergent

Dodecyl glucoside is a surfactant that is widely used in com-
mercial detergents and can be readily sourced in local
supermarkets. The efficacy of a detergent mixture reported
to contain between 10 and 300% v/'v dodecy] glucoside was
tested on the fsand columns, 1% and 2% solutions were
prepared, which corresponded to approximately 0.25 and
0.57 M dodecyl glucoside, respectively, and were compared
against the 0.01 M v/v dodecyl glucoside solution as shown
in Figure 7. The 2% solution was comparable to the 0.01 M
dodecy] glucoside, whereas the 1% solution exhibited a loss
of efficacy for each run, This result further confirms the use
of dodecyl glucoside as an effective treatment for the
removal of E colf from f-sand,

Bacterial staining

The attachment of E. coli to the f-sand was clearly visible

when viewed on the live cell microscope, as presented in
Figure &, After washing with the 0.01 M dodecyl glucoside,
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Figure 8 ] Top: untreated sand, unused f-sand; middke: f-sand with £ cal, f-sand washed with 0.01 M dodecyl glucoside; bottom: washad £-sand with reattached £, coll, Scale bar

100 um

the E. coli was no longer visible on the f-sand. After further
exposure to the bacterial solution, the f-sand attached and
inhibited more E. coli. For each image, the left-hand image
corresponds to the superimposed fluorescence-photo
image, and the right-hand image is the fluorescence image
only. The untreated sand and unused f-sand did not display

any fluorescence.

DISCUSSION

MO, , is a potent inhibitor of a range of bacterial and viral
organisms (Broin et al. 2002). The key mechanism of
action of MO, involves the interference and absorbance
of the polypeptide through the hydrophobic regions of bac-

terial phospholipid membranes, reported in E. coli to
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cause lysis and cell death (Suarer et al. zon5; Shebek ef al.
2015). When MO, | is attached to f-sand, the bacterial attach-
ment prevents any further bacterial attachment, and the aim
of this study was to develop a method of renewing the
fsand, Kwaambwa ef @l (zoto) examined the attachment
of the coagulant protein to the oxide layer on an 111 face
of a cut silicon crystal, reporting that saturation occurred
at 5.5 mg/m>. Rinsing with water or exposing the surface
to a 2% 107 M sodium dodecyl sulfate solution did not
cause the protein to separate from the silica surface. In a
similar experiment, the coagulant protein was shown to
adsorb onto the surface of aluminium oxide (Kwaambwa
ef al. zo15). However, in that study, the coagulant protein
could be removed by rinsing with waler afler exposure 1o
concentrations of sodium dodecyl sulfate below the critical
micelle concentration (Kwaambwa et al. 2005), Additionally,
washing the surface with a 9% 10 ° M solution of the cat-
ionic surfactant cetyltrimethylammonivm bromide caused
all of the protein to be removed (Kwaambwa ef al. zo15),

In our study, the fsand sample washed with a sodium
dodecyl sulfate solution above the critical micelle concen-
tration had an &0% reduction in the amount of MO,
attached to the sand, The next sample was just below this
and also showed a loss of MOg . All of the samples were
exposed to concentrations above the eritical aggregation con-
centration. It is likely that the 0.01 M sodivm dodecyl sulfate
was able to overcome the electrostatic adsorption of most of
the MOz, polymers; however, some strongly bonded poly-
peptides remained. The third sample, which was below
the critical micelle concentration but still above the critical
aggregation concentration, did not exhibit a loss of MO. .
Kwaambwa et al (zom0) reported that the 2:x10 *M
sodium dodecyl sulfate solution exposed to a cut silicon crys-
tal co-adsorbed onto the silica surface with a ratio of four
molecules per one M. oleifera protein molecule.

When the 0,001 and 0.0005 M sodium dodecyl sulfate
werg run through the fsand column, it became apparent
that the surfactant did not affect the attachment of the
E. coli. Here, the formation of surfactant-MO, | complexes
and the solubilising of organic contaminants previously
attached to the sand surface contribute to the increase in tur-
bidity of the eluting solutions. The increase in turbidity of
the outlet solutions was the most obvious on the first surfac-
tant wash, where the eluting solution was visibly turbid.

Studies examining the effect of dodecyl glucoside on
MO;,; have not been undertaken previously; however,
reports of other non-ionic surfactants were encouraging,
While all of the f-sand samples washed with dodecyl glhuco-
side showed an immediate loss of MOz, they remained
stable around #0% for the subseguent washes. When the
dodecyl glucoside solutions were run through the fsand
column, the high percentage reduction of bacteria for both
0.01 and 0.001 M dodecyl glucoside was unsurprising, as
the destabilising mechanism s similar to that which
oceurs when phospholipid membranes are solubilised by
detergents (Helenius & Simons 1975; le Maire ef all 2000},
Bacterial membranes are made of a complex and dynamic
lipid bilayer (Seddon ef el 2o04) and gram negative bacleria
possess a high density of anionic lipids (Shebel ef al. zo1s).
The use of detergents to solubilise bacterial lipid membranes
has been thoroughly investigated and covered by a three-
stage hypothesis addressed by le Maire ef al (zo00). In
stage one, the free detergent molecules distribute into the
phospholipid membrane, In stage two, the phospholipid
membranes co-exist at a thermodynamic equilibrium com-
prised of phospholipids and detergent. Eventually, the
detergent—detergent inferactions destabilize the membrane
structure, causing it to fragment. This leads to stage three,
where, upon exposure (o more detergent, the phospholipids
become fully solubilised into the detergent micelles. In our
study it is assumed that this three-stage phenomenon is
what is causing the E. coli to separate from the MOz . As
the E. coli membrane was already disrupted by the MOy,
the hydrophobic phospholipids would readily solubilise
into the dodecyl glucoside micelles and be removed from
the f-sand column, leaving behind the MO.,. Since the
dodecyl glucoside did not interfere with the attachment of
the majority of the MOy, this method allowed the reuse
of the f-sand.

The amount of E. coli which the fsand removed varied
significantly between experimental runs. In some cases, it
was 99%; however, in other runs it was as low as 37%. This
was likely due to the sensitivity of the spectroscopy as a
measurement method. When it was compared with colony
counting, it was observed that the difference between the
two methods was greater when the f-sand had lower efficacy,
and the spectroscopy method underestimated the amount of
bacteria removed when compared with direct colony
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counting, It was stll a vseful measurement Tor this type of
study, as it was a guick way of determining whether the
system could be regenerated. For further scaleup studies,
colony counting or similar methods should be emploved.

CONCLUSIONS

Bacterial contamination of water is a significant problem and
many people rely on untreated water for drinking purposes.
MO 4, found within the seed of Moringa oleifera, can be
readily adsorbed onto the surface of silica sand particles,
which can then be used for the attachment and inhibition
of bacteria such as E. coli in contaminated water. The
attached bacteria prevent any further attachment and the
J-sand is no longer effective for water freatment. The main
findings from this study are as follows. 0.01 M dodecyl gluco-
side, a non-ionic surfactant, is effective at separating the
E. coli from the MO, ,, allowing the reuse of the f-sand.
Sodium dodecyl sulfate, an anionic surfactant, causes the
MOy to separate from the sand surface. A commercially
available detergent containing 10-30% dodecyl glucoside
was also effective at separating the E. coli from the sand.

The results demonstrated in this work offer a potentially
sustainable, reusable process to combat bacterial contami-
nation of water,

ACKNOWLEDGEMENTS

The authors would like to thank Dr Agatha Labrinidis at
Adelaide Microscopy for her help and advice in using the
Milkon Ti Live Cell Microscope and Dr Quang Doan for his
timely  advice regarding  chromatography  and  lipid
membrane-detergent interactions. They would also like to
acknowledge the generous donation of dodecyl glucoside
from the Australian suppliers FPI Oceania and Ingredients plus.

FUNDING SOURCES

This research was funded through the School of Chemical
Engineering, The University of Adelaide.

REFERENCES

Aidtken, A, & Learmonth, M. 196 Protein determination by UV
absorption. In: The Protets Protocols Handbook, Springer,
Berlin, pp. 3-6.

Ali, G. H., El-Taweel, G. E. & Ali, M. zoo4 The cviotoxicity and
antimicrobial efficiency of Moringa oleifera sceds extracis,
Irternational Journal of Environmental Studies 61, 659=703.

Amold, B. F. & Colford, ]. M. zoo7 Treating water with chlorine at
point-of-use to improve waler gualily and reduce child
diarrhea in developing countries: a systematic review and
meta-analysis. The Awrerican Journal of Tropical Medicine
and Hygiene 76, 334-304.

Beltran-Heredia, |. & Sanchee-Marfin, |. zoog Eemoval of sodium
lauryl sulphate by coagulation/TNlocculation with Moringa
wleifera seed extract, fournal of Hazardous Materials 164,
715-T149.

Beltran-Heredia, |, Sanchez-Martin, ). & Barrado-Maoreno, M.
2002 Long-chain anionic surfactants in aqueous solution,
Removal by Moringa aleifera coagulant. Chemical
Ergineermg Jowrmal 180, 128-136,

Braoin, M., Santaella, C., Cuine, 5., Kolou, K., Peltier, G. & Joet, T.
2002 Flocculent activity of a recombinant protein from
Maoringa oleifera Lam. seeds. Applied Micrabiology and
Biotechinelogy 00, 114-11%,

Gassenschmidt, U, Jany, K. D, Tauscher, B. & Niebergall, H. 1995
Isolation and charactenzation of a tlocculating protein from
Moringa-oleifeva Lam. Biockinrica ef Biophysica Acla-
Grereral Subjects 1243, 477-781,

Glover, B E., Smith, R. R, Jones, M. V., Jackson, 5. K. &
Rowlands, C. C. 1909 An EPR investigation of surfactant
action on bacterial membranes. FEMS Microblology Leiters
177, 57-62.

Helenius, A. & Simons, K. 1975 Solubilization of membranes by
detergents. Biochimica et Biophysica Acta (BBA) - Revieros
on Biomembranes 415, 29-79.

Hellsing, M. 8., Kwaambwa, H. M., Nermark, F. M., Nkoane, B.,
Jackson, A. ., Washrough, M. ], Berts, [, Porcar, L. & Rennie,
A R zorz Structure of flocs of latex particles formed by
addition of protein from Moringa seeds, Calloids and Surfaces
A: Physicachemical and Enginesring Aspects 460, 460-367,

Islam, M., Ansaruzzaman, M., Mahmud, Z., Matin, M_, Mallik, A,
Meogi, 8., Jahid, 1, Endiz, H., Cravioto, A & Sack, D, 2014
A movel and simple mixture as point-af-use water treatment
agent to produce safe drinking water. Transactions of the
Roval Sociefy of Tropical Medicine and Hygiene 108, 290-296.

Jahm, 5. A A 1o88 Using Moringa seeds as coagulanis in developing
countries, Maragement and Operations 10, 43-50,

Jerri, H. A, Adolfsen, K. |, McCullough, L. B, Velegol, D. &
Velegol, 8. B. zonz Antimicrobial sand via adsorption of
cationic Moringa oleifera protein, Langmuir 28, 2262-2268,

Kansal, 8. K. & Kumari, A, zorq4 Potential of M. aleifera for the
treatment of water and wastewater. Chewrical Revigros 114,
4953-5010,

86



B72  F.F, Willams ot al | aoringa olefers fand = reuse with docecy ghurasice

v and Health | 15,6 | 2017

lournal of ¥

Kwaambwa, H. M. & Maikokera, R. zo07 Air-water inferface
interaction of anicnic, cationic, and nonionic surfactants with 2
coagulant protem extracted from Moringa oleifera seeds studied
using surface tension probe, Warer SA 33, 383=588.

Kwaambwa, H, M., Hellsing, M. & Rennie, A R, 20100 Adsorption
of & water treatment protein from Morirga oleifera seeds to a
silicon oxide surface studied by newtron reflection. Langmaurr
26, 3902-3910,

Kwaambwa, H. M., Hellsing, M. 5, Rennie, A. R. & Barker, R,
2015 Interaction of Moringa oleffera seed protein with a
mineral surface and the influence of sudactants. Journal of
Codipid and Interface Science 448, 3309-346,

le Maire, M., Champeil, P. & Maller, . V. zo00 Interaction of
membrane proteins and lipids with solubilizing detergents,
Biochimica et Biophysica Acta {BBA) - Biomentbranes 1508,
Be-111,

Madsen, M., Schlundt, |. & Omer, E. E. 1987 Effect of water
cosgulation by seeds of Mermga-oleifers on bacterial
concentrations, Jourmal of Tropical Medicine ard Hygiene 90,
101-109.

Maikokera, B & Kwaambwa, H. M. 2007 Interfacial properties
and Muorescence of a coagulating protein extracted from
Moringa cleifera seeds and its interaction with sodium
dodecyl sulphate. Colloids and Surfaces B-Bioinlerfaces 55,
173-178.

MNdabigengesere, A., Narasiah, K. 5. & Talbot, B. G. 1995 Active
agents and mechanism of coagulation of turbid waters using
Morimpa-olerfera. Waler Research 20, 703-710.

Meugebauer, J. M. mooo Detergents: an overview, Meathods in
Enzymology 182, 239-256,

Okoli, C., Boutonnet, M., Jaras, 5. & Rajarac-Kuttuva, G. zo1z
Protein-functionalized magnetic iron oxide nanoparticles:
time efficient potential-water treatment, fourral of
Narnoparticle Research 14, 1194-1203.

Privé, G. G. zoo7 Detergents for the stabilization and
erystallization of membrane proteins, Methods 41, 388-397,

Seddon, A, M., Curnow, P, & Booth, P. |, 2004 Membrane
proteins, lipids and detergents: not just a soap opera.
Biochimica ef Biophysica Acta (BBA) - Biomenbranes 1666,
105-117.

Shebek, K., Schante, A, B, Sines, 1, Lavser, K., Velegol, 5. &
Kumar, M. zoag The focculating cationic polypetide from
Muoringa oleifera seeds damages bacterial cell membranes by
causing membrane fusion, Lamgruwir 31, 44%6-4502,

Suarez, M., Haenni, M., Canarelli, 5., Fisch, F., Chodanowski, P.,
Serviz, O, Michielin, O., Freitag, K., Moreillon, P. &
Mermod, M. 2005 Structure-function characterization and
optimization of & plant-derived antibacterial peptide.
Antimicrobial Agents and Chemotherapy 49, 3847-3457.

Van Hamme, . D, Singh. A. & Ward, O. P. z006 Physiological
aspects: Part 1 in a series of papers devoted to surfactants in
microbiology and biostechnology. Biokechnology Advances
24, Gl4-620.

WHO 2014 Progress on Drisdiing Water and Saritation Joing
Muonitaring Pragramece Update 2004, Warld Health
Organization, Geneva.

First received 5 July 2007, accepled in revised form 24 July 2017, Available online 19 September 2007

87



Chapter 6. Heat study
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The work reported in this Chapter was presented at the 2017 International Water
Association conference on sustainable solutions for small water and wastewater treatment
systems (S2Small) as Ref # S2SMALL-82653. The manuscript which was used for the
conference is presented here with alterations.

The aim of the experiments described in Chapters 5 and 6 was to examine two
independent methods of f-sand regeneration. Chapter 6 provides an extension to the work
presented in the published f-sand paper shown in Chapter 5. The experiments presented in

Chapter 6 were designed to test if the exposure of f-sand to elevated temperatures would:
1. Effect on the binding of the Moringa oleifera protein to the sand surface,

2. Cause the separation of inactivated Escherichia coli from f-sand so that the f-sand

could be regenerated using heat.

The results of this temperature study were compared against those reported in the
surfactant study. The surfactant and heat re-activation studies were performed as proof-of-
concept, and any further experimentation on the application of these, and any other

reactivation methods, is encouraged as future work.
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Abstract

Moringa oleifera functional sand (f-sand) can be used to remove Escherichia coli from
water by immobilization and inactivation via an antibacterial protein from the M. oleifera
seed that is attached to the sand surface. As the proteins inactivate the bacteria, the f-sand
becomes less efficient, so the purpose of this study was to determine if exposing the f-
sand to elevated temperatures caused the immobilized bacteria to separate from the protein
without causing the protein to separate from the sand surface. The aim of this test was to
determine if heat could be used to regenerate the f-sand. To examine the effect of heat on
‘used’ f-sand, the f-sand was exposed to water contaminated with E. coli so that the
removal of the inactivated E. coli could be measured. This ‘used’ f-sand was then
subjected to dry or wet heat between 60°C and 100°C. The use of the 60°C water to
regenerate f-sand was successfully demonstrated. Temperatures below 50°C did not
demonstrate a regenerative effect. Temperatures above 70°C reduced the efficacy of the f-
sand. The results were compared to the regeneration of f-sand using the non-ionic

surfactant dodecyl glucoside.

6.1 Introduction

Moringa oleifera seeds are traditionally used for water treatment due to its ability to
clarify turbid water (Jahn & Dirar 1979). This clarifying effect is caused by a family of
water-soluble, cationic proteins which are known to be effective coagulating agents for
colloidal material and other suspended particles (Pritchard et al., 2009; Pritchard et al.,
2010a, 2010b). Generally known as M. oleifera cationic proteins one of the proteins that
has been isolated, referred to as MO,.,, is reported to inactivate a range of bacterial
organisms by interacting with the phospholipid membrane of the bacteria. The inactivation
of the E. coli by MO,., occurs via penetration by a hydrophobic kink in the MO,.; amino
acid sequence into the bacterial membrane. The interaction between the E. coli and MO,.,
is proposed to lead to the fusion of the inner and outer bacterial membrane, causing the
antimicrobial effect (Shebek et al., 2015). The section of the amino acid sequence that
penetrates the membrane is separate to the section which causes coagulation, as

demonstrated by Suarez et al., (2005).

The cationic, antibacterial M. oleifera proteins have been observed to adsorb
electrostatically onto the negatively charged surface of silica sand particles. This

functional sand (f-sand) can be used to attach and inactivate E. coli (Jerri et al., 2012). In
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practice the attachment of E. coli to the f-sand prevents any further bacterial inactivation
and the f-sand cannot be reused. Preparation of f-sand is laborious and the development

of a method to regenerate the f-sand is worthwhile.

The MO,., protein is reported to be thermostable at 95°C for 5 hours without loss of
activity (Ghebremichael et al., 2005). The suggestion has been made that M. oleifera
coagulant proteins belong to a class of proteins known as intrinsically disordered proteins
(Dezfooli et al., 2016). Intrinsically disordered proteins are characterised by a high
thermal stability and high solubility in aqueous solutions. To examine this phenomenon
Dezfooli et al., (2016) exposed MO,.; to sterilising conditions (121°C, 1.2 bar, 15
minutes) and reported that the protein retained 70% coagulation activity of the crude

extract. The antibacterial efficacy of MO,.; post-sterilisation has not yet been reported.

The principle aim of this study was to determine if the thermostability of the M. oleifera
coagulant proteins could be leveraged to develop a second method of regenerating the f-
sand The effect of temperature from 60 °C to 100 °C on the attachment of the M. oleifera
antibacterial proteins to the sand surface was experimentally examined along with the
antibacterial activity of f-sand that had been exposed to the above-mentioned
temperatures. The regenerative effect of heating the f-sand was compared to the effect of
the non-ionic surfactant dodecyl glucoside as investigated previously (Williams et al.,
2017). Dodecyl glucoside is a non-ionic surfactant. It is non-hazardous, biodegradable and
rapidly degrades in aquatic environments (Gamia et al., 1997) and is known by the trade
names lauryl glucoside and coco glucoside. Dodecyl glucoside is derived from glucose
and fatty alcohol and is used in a wide range of household products including shampoos,
clothes washing detergents and dishwashing detergents. In our previous work we
determined that exposing 1 g samples of f-sand to the dodecyl glucoside resulted in a 10%
reduction in the amount of protein on the sand surface and that no further loss of protein
occurred despite repeat washing (Williams et al., 2017). Unfortunately, while the dodecyl
glucoside is widely available, it is not always clearly labelled and can be mixed with a
range of other surfactants including sodium dodecyl sulphate. We previously reported that
a 0.01M solution of sodium dodecyl glucoside reduced the amount of protein on the f-
sand by 80%. The objective of this investigation was to develop a second method of f-

sand regeneration using heat.
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6.2 Materials and methods

6.2.1 f-sand preparation

The f-sand was prepared following the method presented in Williams et al., (2017) and
based on a method modified from Jerri et al., (2012). A 0.05 g/mL crude M. oleifera
solution was prepared by mixing 20 g of dry, powdered M. oleifera seed with 400 mL of a
0.1 M sodium chloride solution for one hour. The crude solution was sieved and filtered
through 0.45um filter paper (Millipore) to remove suspended seed particles and residue
bacteria which may have been on the surface of the seeds. 100 g of commercially
available, fine grained silica sand was thoroughly rinsed with deionised water, dried then
autoclaved (121°C, 30 minutes). The sand was combined with 400 mL of the filtered
crude extract solution and mixed on a shaker plate for one hour. The f-sand was

thoroughly rinsed with deionised water and dried overnight at 50°C.

6.2.2 Effect of heat on protein adsorption

Initial tests were performed to determine the effect of heat on the attachment of the protein
to the sand. Dry 1g samples of f-sand were heated between 50 °C and 100 °C for 1 to 60
minutes. The dry samples were prepared by placing 1 g of f-sand in a sealed glass tube
and submerging the lower half of the tube in heated water. After heating, the f-sand was
immediately rinsed in 5 mL deionised water. The proteins that remained on the surface of
the f- sand were eluted by mixing the f-sand with 5 mL NaCl (0.6 M) solution on a shaker
plate for 1 hour to determine the amount of protein remaining on the sand after heating.
The amount of protein in the NaCl solution was determined by measuring the absorbance
of the filtered solution at 280 nm using UV-visible spectroscopy (Shimadzu, 1601 UV-
visible spectrophotometer). The concentration of total eluted protein was determined using
the Beer-Lambert law, Abs= e¢lc, with a path length (I) of 1 cm and an extinction
coefficient (¢) of 1520 (Aitken & Learmonth 1996). The total mass of protein on the f-

sand surface was then determined as described in the Chapter 3 and Chapter 5.

6.2.3 Preparation of synthetic water

Colonies of E. coli (ATCC® 25922™) were selected using a sterile loop from an agar
plate and incubated at 37°C in nutrient broth (Oxoid) overnight. Approximately 10 mL of
bacterial broth was centrifuged at 3000 x g for 5 minutes (Allegra™ X-12, Beckman

Coulter), and the pellet was re-suspended in sterile NaCl solution (0.85%). The bacterial
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pellet was centrifuged again and re-suspended in a sterile, room temperature, NaCl
solution (0.85%). The absorbance was diluted to 0.1 + 0.005 at 600 nm with the use of a
UV-visible spectrophotometer (Shimadzu UV-Vis 1601). This absorbance is equivalent to
a bacterial concentration of 1-2 x10® (Wikler, 2006). Cultivatable counts were performed

to validate the number of bacteria in solution.

6.2.4 Functional sand column tests

60°C, 70°C, and 100°C tested further to determine if those temperatures could be used to
regenerate the f-sand. The method described in Williams et al., (2017) was followed but
instead of using glass columns to contain the f-sand, glass condensers were used so that
the temperature could be controlled while performing the experiments. 40 g of dry f-sand
was poured into a glass column condenser (1.5 cm diameter) fitted with a filter. The f-
sand was rinsed with Milli-Q water until the absorbance of the outgoing solution was less
than 0.001 at 280 and 600 nm. The column was then subjected to a set of 40 mL solutions
in the following order: synthetic water, 2 x Milli-Q water, hot water, 2 x Milli-Q water.
Each set was repeated four times, so that the f-sand had been exposed to three discrete
synthetic water treatments and the amount of E. coli removed each time was recorded.

Fresh columns were prepared for each experimental run.

Unattached E. coli were removed by rinsing the f-sand column twice with sterile Milli-Q
water. For each temperature tested, 60°C, 70°C, and 100°C, the f-sand column with the
immobilised, inactivated E. coli was exposed to 80 mL heated water followed by two 40
mL rinses with sterile Milli-Q water. A uniform f-sand temperature was achieved by
pumping heated water around the outside of the glass condenser column while the 80 mL
heated water passed through the f-sand within the centre of the glass condenser. The f-
sand was rinsed twice with room temperature, sterile Milli-Q water before it was re-
exposed to the E. coli solution (40 mL) followed by sterile Milli-Q water rinse, the hot

water treatment and final Milli-Q water rinses.

The solutions passing out of the columns were collected and the absorbance was measured
at 600 nm. Measuring the absorbance of the outlet solution was used to determine the
bacterial concentration and was standardised against the absorbance of bacterial solutions
from 0.01 to 0.1 at 600 nm and was compared with the cultivatable counts of these

solutions. Colony counting was also performed on select columns to ensure accuracy of
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the absorbance. The percentage of E. coli removed by the columns was determined using

Equation 1, Chapter 5.

6.2.5 Bacterial staining

Fluorescence imaging was performed on the f-sand at initial bacteria attachment using a
Nikon live cell microscope at 40x optical zoom. A 100 ms exposure for fluorescence was
used with a 195 ms exposure for the live view The E. coli cells were stained with
propidium iodide, a fluorescent stain that only attaches to membrane-compromised

bacterial cells.
6.3 Results and discussion

6.3.1 Bacterial staining
The attachment of E. coli to the f-sand surface was confirmed by staining with propidium
iodide, as shown in Figure 14. The inactivated E. coli is visible as fluorescent ovals across

the sand surface.

Figure 14: Fluorescence image of inactivated E. coli on f-sand surface. Scale bar 100um
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6.3.2 Effect of heat on protein attachment

Heating the 1g samples resulted in an immediate reduction of the amount of protein
attached to the sand surface. The data presented in Figure 15 to Figure 20 shows that at
70°C and below, no further loss of protein was recorded, and at 80°C and 90°C there was
consistent loss of protein over 1 hour. At 100°C there was an immediate loss of protein.
The amount lost over 1 hour was more significant at 100°C than the other temperatures
tested.
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Figure 15: Effect of 60°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.

96



100- -®- 65 degrees
oy
©
o
o
> (]
= T T T
= ?
S 08 t ?
b
=
bt
a
0 T T 1
0 20 40 60

Time (minutes)

Figure 16: Effect of 65°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.
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Figure 17: Effect of 70°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.
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Figure 18: Effect of 80°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.
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Figure 19: Effect of 90°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.
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Figure 20: Effect of 100°C heated water on the percent of M. oleifera proteins remaining

on the sand surface.

The reduction in the amount of protein from the sand surface seen at the higher
temperatures was expected to correlate to a reduction in column efficacy as the proteins
are separated from the sand surface and washed out of the column. Significant variation in
the amount of proteins bound to the sand surface at 100°C (displayed as the mean with the
standard error of the mean in the error bars). One explanation for the significant variation
in the amount of protein binding to the sand surface may be explained by the repeated

separation and re-attachment of protein at 100°C.

6.3.3 Functional sand column test results

The efficacy of the f-sand columns after they had been exposed to water heated to 60°C,
70°C or 100°C, and by extension the ability of heat to regenerate the f-sand, is reported in
Figure 21. Water heated to 60°C was effective at regenerating the column and allowed for
repeated bacterial removal across the three treatments. At 70°C and above each run lead to
a loss of efficiency in the f-sand column with the greatest loss occurring at 100°C.
Heating the column to 60°C regenerated the f-sand most consistently and for this study is

the optimum temperature for f-sand regeneration.
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Figure 21: Heat effects on f-sand column regeneration.

Non-ionic surfactants, including dodecyl glucoside, can be used to solubilise the lipid
membrane of bacteria via integration of the surfactant into the bacterial membrane,
followed by extraction of the lipids and formation of micelles (le Maire et al., 2000). For
dodecyl glucoside at concentrations of 0.01 M and below, this occurs without affecting the
attachment of the protein to the sand surface. The regeneration of the f-sand using heat
was not as efficient as using the non-ionic surfactant dodecyl glucoside where a 99%
reduction in E. coli was achieved. Washing the f-sand with 0.01 M dodecyl glucoside
increased the bacterial removal on the second and subsequent washes while washing with
0.001 M maintained the original efficiency of the f-sand across the three treatments. A
side by side comparison of an untreated f-sand and the f-sand columns treated with water

heated to 60°C or 0.01 M dodecyl glucoside is presented in Figure 22.
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Figure 22: Comparison between untreated f-sand, f-sand treated to 60°C heated water and

0.01 M dodecyl glucoside

6.5 Conclusions

In this study, a second method of regenerating used f-sand is demonstrated. Exposing the
f-sand to water heated to 80°C and above caused a loss of protein from the sand surface
and lead to a loss of efficiency of the f-sand columns. A temperature of 60°C was found to
be the optimal temperature because it was not a high enough temperature to cause the
protein to separate from the sand surface but was sufficient to cause a regenerative effect
of the f-sand. Further work is required to develop this technology into a water treatment
system that could be used in non-ideal conditions. However, it is a significant step in the
development of an alternative treatment method to combat bacterial contamination of
water with potential to become an effective alternative for water treatment in regions

where accessible, affordable water treatment is lacking.
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Introduction

The use of Moringa oleifera seeds in water treatment is a
well-established practice that is believed to have origi-
nated in rural Sudan [1]. The seeds are currently used in
developing regions because they are comparatively
cheap and widely available where other water disinfection
practices, such as chlorination, are not obtainable or are
too expensive to be used effectively [2]. Currently, a restric-
tionto the wider use of M, oleifera seeds for potable water
treatment s that the treated water cannot be stored for
more than one day as the decaying seed particles
release nutrients and dissolved organic carbon (DOC)
into the water [3). This increase in nutrients promotes
the growth of enterichacteria that either survived the
treatment or are introduced latervia recontamination,
Two main types of bactericidal compound, the iso-
thiocyanates and the coagulant proteins, have been suc-
cessfully isolated from the M. oleifera seeds. The

coagulant proteins are comprised of at least eight sub-
populations that share similar physical characteristics
[4-6]. Of these fractions, 24.9% are strongly cationic,
dominantly alpha helical in shape, and have a radius of
1.2 to 1.5 nm [4,5]. This fraction contains the M, oleifera
coagulant protein (MOCP), a 12 kDa dimer protein that
is partly comprised of a 6.5 kDa monomer called MO,
[7.8]. MOy is recognised for its bactericidal properties
against a range of pathogenic bacteria [9].

The use M. oleiferato develop functional bactericidal
surfaces is an emerging field of research that combines
the benefits of the M. oleifera proteins with the unique
optical, electronic and physicchemical properties of the
material that is being functionalised [10-12]. This
method of isolation overcomes the increase in DOC by
effectively separating the useful proteins from the seed
extract and allows for greater control over where the
protein is used. The attachment of the M. oleifera
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proteins to materials such as sand, metal oxide and mag-
netic nanoparticles has the additional benefit of being
easily separated from the water post-treatment [3,13].
Isalating MO, onto finely ground SI0; allows for visual
observations of bacterial inactivation and the suspension
of functional 50, (#-5i0.) in solution. When attached to
5i0; the MO, , forms a dense layer of 60 to 70 A 10,
Quartz sand functionalised with the cationic M. oleifera
proteins has been shown to effectively remove anionic
colloids, Escherichio coli, and harmful marine and fresh
water microalgae cells from water [3,14].

Bacteria have a net negative surface charge and are
attracted to the cationic M. oleifera proteins, including
MO, where they are then inactivated via attachment
of the MO, to their lipid membrane. The attachment
of E. coli has been elucidated for MO, and is initiated
by several hydrophilic sections of the aminoc acid
sequence that surround two hydrophobic prolines [15].
The hydrophilic, positively charged arginines interact
with the negatively charged bacterial membrane,
forcing the prolines into the membrane. This has been
proposed to lead to fusion of the inner and outer lipid
membrane [18]. Furthermore, the bactericidal and
coagulant actions of MOy are attributed to separate sec-
tions of the amino acid sequence and can be isolated
from each other [15). This interaction has so far only
been studied with E coli and the interaction between
gram-positive  bacteria and MO.;, may follow a
different mechanism of inactivation. The effect of MO.
on M. luteus has not been examined in the literature.

The lipid membrane of M. luteus is strongly hydro-
phobic [18] especially when compared to £ coll [17].
The overall surface charge of gram-positive bacteria is
more negative than that of gram-negative bacteria.
This difference isdue to the presence of anionic poly-
mers called teichoic acids in the thick peptidoglycan
layer outside of the phospholipid membrane [18]
Surface charge neutralisation has been shown to be
an indicator of the minimum inhibitory concentration
of several antimicrobial peptides [19,20]. Measuring
the concentration required for charge neutralisation is
applicable  when determining measuring  protein
adsorption onto the surface of silica [4.5] and the
optimal coagulant dose of the M. oleifera protein for
colloid suspensions [3,21,22],

The isolation of proteins from the bacterial lipid
bilayer using surfactants is a well-established process in
areas of biochemistry and can allow recovery of the pro-
teins without loss of activity [23). In these systems, the
lipids are solubilised by the surfactants to release the
proteins of interest and can be achieved using gram-
positive and gram-negative bacteria [24]. The effect of
non-ionic surfactants on the lipid membrane occurs in

three stages. First, surfactant molecules enter the lipid
membrane. This continueas until the surfactant-surfactant
interactions destabilise the bacterial membrane struc-
ture and causes it to fragment. Finally these lipid frag-
ments solubilise into the surfactant micelles and the
protein of interest can be isolated from the solution
[23]. In our previous work, we reversed this process
using dodecyl glucoside, a non-ionic surfactant, to
remove the bacteria from a layer of proteins. We used
this to developa method of separating inactivated
E. coli from sand that had been functionalised with cat-
ionic M. oleifera proteins [24],

The primary aims of this study were to determine
whether M. futeus could be inactivated using f£-510,
and tostudy the effect of dodecyl glucoside on the
attachment of Micrococcus luteus to £-5i0;. The second
of these was performed in order to determine if this
method of separation could be applied more broadly.

Materials and methods
Polypeptide extraction and attachment

The functionalised 50, (f-510;) was prepared using an
experimentally optimised wersion of the method
described by Jerri et al. [3]. Whole, dry M. oleifera seeds
(AustraHort PTY Ltd, Australia) were dehusked before
use, A 50 g/l solution was prepared by mixing finely
ground M. oleifera seed kernels with a 0.1 M Nadl sol-
ution for one hour at 150 rpm. This extract solution
was filtered through a biologically inert, mixed cellulose
ester membrane (0,45 um, Millipore) to remove the non-
soluble seed particles and any native bacteria. A naturally
gccurring microcrystalline  silicalSi0,) with 0.5-10 pm
diameterwas purchased from Sigma Aldrich (CAS
Mumber 14808-60-7) and uwsed as provided. 10 grams
of 5i0wereadded to 40 mL of the extract solution and
rolled on a shaker plate for one hourat room temperature
(~22°C). The solution was centrifuged for 10min at
3000 = g, resuspended in Milli-Q water and centrifuged
again. This procedure was repeated three times to
remove excess biological material and salt. The attach-
ment of the cationic proteins to the 50, was
confirmed wusing solid spectrophotometry at 280 nm
iShimadzu UV-Vis-MNIR3600PIus). The spectra of the fF-
Si0; were compared to a purified protein extract con-
taining MO, at 280 nm (Shimadzu, UV-1601). The
extract was prepared by running the crude M. oleifera
extract solution through a cation exchange chromato-
graphy column loaded with CM Sepharose Fast Flow
(Sigma-Aldrich) equilibrated with 0.1 M MaCl and eluted
using an MaCl gradient up to 1 M based on the MO, iso-
lation method of Ghebremichael et al. [&]. This solution is
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known to contain other homogenous proteins and some
variation in the composition of the attached proteins was
expected [21].

Preparation of bacterial suspensions

Fscherichia coli (ATCC® 259227) was sourced from the
School of Animal and Veterinary Sciences, The University
of Adelaide, Micrococous futeus was sourced from the
School of Molecular and Biomedical Science at the Univer-
sity of Adelaide. Both bacteria were maintained on Bac-
teriological agar (Owoid) and suspensions were grown
avernight in nutrient broth (Oxoid), 10 ml of bacterial nutri-
ent broth was centrifuged for 5 min at 3000 x g and the
pellet was resuspended in a sterile 0.85% NaCl solution.
The bacterial suspension was centrifuged and the pellet
was resuspended in either sterile Milli-Q water or sterile
0.85% MaCl solution and diluted to an absorbance of 0.1
+ 0.005 at 600 nm. For the 0.85% NaCl solution this is equiv-
alent to a bacterial suspension containing 1-2 » 10° Colony
Forrming Units (CFU)/mL of £ coli [25]. The Milli-Q suspen-
sion was generally lower but always above 5 x 107 CFL/
mL. Fresh bacterial suspensions were prepared immedi-
ately before each experiment. The concentration in each
suspension was verified by performing cultivatable tripli-
cate spread plate counts on Bactericlogical agar (Owxoid).

Attachment and separation of bacteria

The initial bacterial attachment (step 1), bacterial separ-
ation (step 2) and attachment of fresh hacteria (step 3)
were defined as follows:

step 1: The £-5i0, was mixed with bacterial solution
for one hour. Bacteria which had not attached to the
F-510; was removed by centrifuging the sample at
3000 =g for 10 min, re-suspending the F-5i0; In
sterile Milli-Q water and centrifuging the sample
again at 3000xg for 10 min. Different concen-
trations of £-5i0; were used for the different analysis
performed,

Step 2: The £-5i0; prepared in Step 1 was suspended
in 20mL 001 M dodecyl glucoside (supplied as
49.74% wiw solution, CAS 11061-47-9, Ingredients
Plus Australia) and continuously mixed for one
hour. The dodecyl glucoside was removed by
repeatedly washing the sample by centrifuging the
sample at 3000 g for 10 min, re-suspending the f-
5i0y in sterile Milli-Q water and centrifuging the
sample again at 3000 = g for 10 min.

Step 3: The process followed for Step 3 was identical
to Step 1.1 g of £-310; was mixed with 20 mL of bac-
terial solution for one hour. Bacteria which had not
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attached to the £-5i0; was removed by centrifuging
the sarnple at 3000 = g for 10 min, re-suspending the
£-5i05 in sterile Milli-Q water and centrifuging the
sample again at 3000 g for 10 min.

Bacterial staining

A 10 mgdmL #-5i10; suspension was prepared for steps 1
to 3 with 5 mL being subtracted after each step. All £-
5i0, samples were centrifuged then re-suspended for
15 min in 1 mL of a 1:500 dilution of propidium iodide
iSigma Aldrich] in Tris buffer. The samples were then pel-
leted and washed twice in Milli-Q water before being re-
suspended in 5 mL Milli-Q water. A 200 pL aliquot of
each sample was pipetted into an individual well of a
sarmple holder, allowed to dry, and viewed on a Live
Cell Microscope (Mikon Ti).

Zeta potential

The bactericidal effect of the protein on E coli and
M. lutews was examined by measuring the zeta potential
of the 3i0; under different treatments. 5i0; and F-5i0;
suspensions were prepared in in sterile Milli-Q water at
0.25 mg/mL. The bacteria suspensions were prepared
in sterile Milli-Q wateras described above at 12
10° CFU/mL, 13 10° CFU/mL, 1x 107 CFU/mL, and 1 x
10° CFU/mL. The samples measured were Si0.andf-
5i0;, 0.01 M dodecyl glucoside, the E coli and M. lureus
suspensions, f-5i0; in the bacterlal suspensions (Step
11, £-5i0; after the interaction with the 0,07 M dodecyl
glucoside (Step 2), and the f-5i0; used in Step 2 into
fresh bacterial suspensions (Step 3). The zeta potential
measurements were performed using freshly prepared
samples on a Zetasizer Mano (Malvern Instruments).
The zeta potential of each suspension was calculated
from the electrophoretic mobility using the Henry
Equation (1} and the Smoluchowski approximation
flwa) of 1.5,

_ 2e{flxa)
-5
Where UE is the electrophoretic mobility, £ is the dielec-
tric constant, r is the viscosity of the medium. All samples
were examined using folded capillary cells (Malvern

Instruments) and the average charge and standard devi-
ation is presented in the results.

Ut

(1}

Results and discussion

The use of surface-bound bactericidal proteins, including
MO, for bacterial inactivation could provide a nowel
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Figure 1. UV-visible spectra of MO, ,, Si0; and £-Si0,.

tool for water treatment. The separation of inactivated
bacteria further develops this treatment method;
however, it is still a new area of research and further

analysis is required to elucidate the scope with which it
can be utilised. The aim of this study was to compare
the effect of dodecyl glucoside on the attachment of
E. coli and M. luteus to f-Si0,. In our previous study we
reported that dodecyl glucoside could be used to separ-
ate the inactive E. coli from the surface of MO, , functio-
nalised sand [23). M. luteus has not been previously
studied in this context. The presence of the MO, , on
the £-5i0; was confirmed using UV-visible spectropho-
tometry (Figure 1). The MO,, appears as a peak at
270 nm and is comparable to the MO, , isolated from
the seed extract.

Propidium iodide is a fluorescent stain that only
permeates membrane-compromised bacterial cells. In
this study it was used to visualise whether the inacti-
vated bacteria remained bound to the £-SiO; during
steps 1 to 3. The fluorescent images of the attachment,
separation and further attachment of E, coli to the f-
Si0; are presented in Figure 2. In the initial attachment,

Figure 2. Fluorescence microscopy of the attachment of £ coli to £-5i0,. A: Super-imposed fluorescence image of step 1. B; fluor-
escence image of step 1. C: super-imposed fluorescence image of step 2. D: fluorescence image of step 2. E: super-imposed fluorescence

image of step 3. F: Fluorescence image of step 3. Scale bar: 100 pm.
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Figure 3. Fluorescence microscopy of the attachment of M. Juteus to §-Si0,. A: super-imposed fluorescence image of step 1. B: fluor-
escence image of step 1. C: super-imposed fluorescence image of step 2. D: fluorescence image of step 2. E: super-imposed fluorescence

image of step 3. F: fluorescence image of step 3. Scale bar: 100 um.

the £-SiO; formed flocs densely populated with E. coli.
After washing the bound E. coli with the dodecyl gluco-
side it was observed that the bacteria had separated
from the £-Si0,. The exposure to fresh E. coli led to reat-
tachment of the bacteria and the binding and inacti-
vation is again apparent with larger flocs forming than
in step 1.

The fluorescent images of the interaction of M. luteus
with the £-5i0; and the dodecyl glucoside are presented
in Figure 3. The M. luteus was inactivated by the £-SiO,
but did not separate in the presence of the 0.01 M
dodecyl glucoside, nor did it separate when 0.1 M
doecyl glucoside was trialled. The M. luteus floc sizes
were more consistent than the E. coli floc sizes.

The attachment mechanism was investigated by
examining the zeta potential of the £-Si0, after exposure
to the M. luteus, E. coli, and dodecyl glucoside. The
M. oleifera coagulant protein, a 13 kDa dimer comprised
partly of the MO, , monomer is +14 +2 mV [26].

In this study the zeta potential of the MO, solution
isolated by cation exchange chromatography and
diluted 1:10 in MilliQ water was +3.0 £ 0.4 mV. SiO; was
—24.0 +0.9 mV while the addition of the MO, , caused
ashift to +27.0+5.6 mV for the f-Si0,. A similar shift
has recently been reported by Nordmark et al, [4,5].
After treatment with the 0.01 M dodecyl glucoside, the
zeta potentials of the SiO; and £-Si0; reduce; shifting
to —446 =35 mV and +17.2 = 1.4 mV respectively. The
addition of the surfactant lowered the zeta potential
which suggests that the dodecyl glucoside interacts
with the SiO; by adsorbing to the surface as has been
observed with other surfactants.

Living bacteria maintain a surface charge that is more
negative than their inactivated counterparts [27]. Prior to
inactivation, the E. coli had a zeta potential of =27.0
49mV and the M. Juteus of —38.8 + 6.9 mV. For some
antimicrobial peptides, the surface charge neutralisation
of bacteria has been reported to occur close to the
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Figure 4. Effect of £-510; on zeta potential on increasing concen-
trations of £ coli and M. lutews. Filled circle {«): M. futeus, filled
square (w): £ coli. The error bars represent the standard devi-
ations of the measurements.

minimal inhibitery concentration (MIC) [19,20], The
charge neutralisation of £ coli and M. luteus exposed to
10 mg of £-5i0; occurred between 5 % 10° CFU/mL and
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Figure 5. A; Steps 1-3 of E coli. B: 5teps 1-3 of M. futews, Filled
circle (+): 13 10% CFU/mL, filled square (m): 1107 CFU/mL, and
unfilled circle [0} 1= 10° CFU/mL. The error bars represent
the standard deviations of the measurements.

1% 107 CFU/mL (Figure 4). In this study, no definite link
was established between charge neutralisation and the
MIC. At bacterial concentrations above 1% 107 CFU/mL
the effect of the §£-Si0; is not apparent as the amount
of MO, ; is limited. At concentrations of 1 x 10% CFU/mL
and below, there is an abundance of MO, and the
effect on the zeta potentialcan be observed.

At each bacterial concentration, the effect of dodecyl
glucoside on the zeta potential was investigated (Figure
5). The bacterial concentrations used in step 1 were the
same as those used in step 3.

In Step 2, the two E. coli samples below the charge
neutralisation point were both positive though neither
returned to the initial F-50; zeta potential of +27 =
5.6 mY. This may be indicative of the dodecyl glucoside
co-adsorbing onto the 5i0; which was reported for the
anionic  surfactant  sodium  dodecyl sulphate  [10]
though not ohserved in our previous study [24]. The
non-ionic surfactant Triton X has been found to interact
with the hydrophobic region of the M. ofeifera coagulant
protein without affecting its overall charge [26]. Since the
coagulant protein is comprised of MO5, and another
similar polypeptide, it was anticipated to behave in a
similar manner.

For the M. luteus samples none of the suspensions
had a positive zeta potential after the removal of the
dodecyl glucoside in step 2, indicating the continued
attachment of M. luteus to the £-5i0;. The lowering of
the zeta potential is due to the combined effect of
the dodecyl glucoside and the bacteria. When fresh
M. Juteus was added in step 3, the entire system
becarme more negative, likely to be due to the further
reduction of available MO . The cell wall of gram-paosi-
tive bacteria significantly differs to the cell wall of
gram-negative bacteria. The thick peptideglycan layer
that surrounds gram-positive bacteria may interact
differently to the MO, than the lipid outer membrane
of gram-negative bacteria, which is predominantly a
hydrophobic interaction [15]. Further research could
determine if the issue of non-separation applies to all
of the gram-positive bacteria or just the M. Jureus and
would clarify the mechanism of inactivation for these
bacterial species.

Conclusions

This study investigated the attachment and separation
of bacteria from M. oleifera functionalised SO, using
the non-ionic surfactant dodecyl glucoside. 0.01M
dodecyl glucoside was effective at removing E coli
from the £-5i0; to allow for the reuse of F-Si0; as a
bactericidal agent. This removal was not observed

with the M. luteus Future work will determine
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whether this is specific to M. lufeus or occurs across a
range of bacterial species. Measurements of the zeta
potential indicated that the surface charge reversal
for both bacteria occurs at the same f-50. concen-
tration and that the surfactant adsorbed onto the
5i05 surface.
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8.1 Summary and Discussion

The studies presented in this thesis demonstrate the potential of f-sand for the inactivation
of bacteria in water. A review of the available literature confirmed that previous research
had focussed on the use of the crushed M. oleifera seeds to directly treat contaminated
water, and on the antibacterial properties of the isolated compounds. Little work had been
done on the use of these compounds in a practical setting. The results highlighted the need
for the development of a system that did not rely on the continued use of fresh seeds or
could otherwise overcome the issues with the increased organic matter added to the water
by the seeds. The growing body of research into the attachment of M. oleifera compounds
to surfaces to create functional surfaces was also identified as an area of interest. The aims
of this thesis were to investigate the use of f-sand for the removal of waterborne bacteria
and to develop methods of removing inactivated bacteria from the f-sand. The principal
direction of research chosen for this thesis was to advance the use and application of f-
sand. The use and subsequent regeneration of f-sand was proposed to be an effective and
potentially scalable, yet simple, method of isolating the M. oleifera antibacterial proteins

including MOs,..

Laboratory-scale studies were used to demonstrate the capacity of f-sand to remove E.
coli from water using different configurations. Pumping the water upwards through the
column to fluidise the sand resulted in a greater removal rate of E. coli that was due to the

constant movement of the f-sand increasing the interactions between the E. coli and f-sand

The most significant contribution of this research has been the removal of the inactivated
E. coli from the f-sand. Preparing the f-sand is laborious and time consuming, so having
the option of regenerating the f-sand reduces the cost required to treat water. The two
methods described in this thesis expand on the versatility of f-sand, with the surfactant
treatment increasing the bacterial reduction achievable to 99% on the second, third and
fourth treatments. It also reduces the reliance on M. oleifera seeds as the f-sand can be
used multiple times. This extends beyond water treatment and into any application to
which the M. oleifera antibacterial proteins attached to a matrix and used to inactivate
bacteria.

One limitation of f-sand treatment was the significant variation in bacterial reduction
achievable on the first run of the sand column experiments. Two reasons were considered

likely to cause this. The first was from organic matter attached to the sand that was used in
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the preparation of the f-sand. This could be removed by heat-treating the sand, as
described in Chapter 7. The second reason was due to the organic matter introduced to the
sand during the f-sand preparation. This was more difficult to remove although pre-
washing the f-sand with dodecyl glucoside appeared to be effective most of the time. The
introduction of organic matter to the f-sand from the water passing through the column
was not considered in the scope of this experimental work and was not investigated.
Surface waters that contain organic matter will likely affect the f-sand performance and

will need to be considered in future trials.

The use of UV-visible spectroscopy in Chapters 4 and 5 to measure bacterial reduction
was based upon the method used to estimate bacterial concentration in a solution. It
proved to be a fast method that did not overestimate the efficacy of the process and may be
useful in other trials where cultivatable counts are not appropriate, though for this method

to be appropriate, the concentration of bacterial cells must be very high.

The inactivation of M. luteus by M. oleifera cationic proteins has not been reported in the
literature and the removal by f-SiO, adds to the list of bacteria that can be inactivated by
the M. oleifera proteins. While M. luteus was inactivated, the f-SiO, was not regenerated
when mixed with the 0.01 M dodecyl glucoside as had occurred with the E. coli. The

reasons the M. luteus did not separate from the f-SiO, were not determined.

8.2 Conclusions and suggestions for future work

This study has shown that f-sand and f-SiO, is an effective method to physically remove
bacteria from water and that E. coli can be removed by washing the f-sand and f-SiO,
with dodecyl glucoside or heating the f-sand to 60°C.The inability of dodecyl glucoside to
separate M. luteus and the variability in bacterial removal seen across the f-sand columns

elucidate some of the challenges associated with using MO,.; in this manner.

It is recommended that further research is conducted to assess the viability of this process
for treating environmental or polluted water that contains a large range of microorganisms,
including pathogens, and would preferably include an investigation into the effect of the f-
sand on a range of bacteria, waterborne viruses, parasites and algae, as this would greatly
expand on the use and answer the question about whether f-sand would be feasible as a
water treatment system. After this had been investigated, the f-sand could be tested at

larger scales. The regeneration of f-sand using dodecyl glucoside has been successfully
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demonstrated against E. coli. However, this method is not universally effective as
demonstrated by the attachment of M. luteus to f-SiO,. During the testing of a scale
model, the types of organisms that can be removed from the f-sand could also be

examined. This would determine the application of f-sand in the field.
Further areas of research include.

e An assessment on the f-sand to determine how many surfactant wash-cycles the f-
sand could be exposed to before it loses efficacy.

e The effect of heat on the attachment of M. luteus and other gram-positive bacteria
to f-sand has not been trialled and is worth investigating.

e The effect of water chemistry on the f-sand. It has already been demonstrated that
a 0.6 M NaCl concentration causes the proteins to elute so the f-sand would not be
effective in sea water but to date the effect of water hardness, pH and other
chemical contaminants has not been defined.

e A separate area of research would be in determining if this method of regeneration
would be effective on MO,.; adsorbed onto other surfaces such as granular
activated carbon, rice husk ash or magnetic nanoparticles.

e An investigation into the treatment of environmental waters or wastewater where
bacterial concentrations are significantly higher than 100 CFU/mL. A f-sand
system could also be incorporated into a larger water treatment system as one of
the primary steps in drinking water treatment or as the final stage in wastewater

treatment before the water is released to the environment.
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