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Synopsis

Microencapsulation of geraniol and wintergreen oil by the maize protein, zein, was
investigated. The efficiency of encapsulation, the morphology of micro-particles and the

controlled-release kinetics of the geraniol-zein system were studied.

The main findings were the following:

e Geraniol-to-zein mass ratios lower than unity showed very low particle yields. At
ratios higher than unity an abrupt increase in particle yield was observed. It reached
values as high as 85%. Concurrently high geraniol mass fractions up to 78% were
realised. This unusual behaviour is proposed to be attributed either to the inversion
of the zein globular structure driven by an increase in the hydrophobicity of the
surrounding medium or to the increased phase separation kinetics of the geraniol.

e Insignificant particle yields for the wintergreen oil-zein system may be attributed to
the high polarity of methyl salicylate.

e Geraniol and wintergreen oil-containing micro-particles had a spherical geometry

prior to lyophilisation.
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e Scanning electron and confocal microscopy revealed that the geraniol-zein micro-
particles can be classified as reservoir systems. Release kinetics approaching zero-
order release, consistent with a glassy reservoir system, were observed.

e Kinetic modelling predicts that 80% of encapsulated geraniol can be released over a
period of 17 days at 20 °C.

e The results mean that the geraniol-zein microcapsule system holds promise and that
it should be possible to produce it for large-scale, sustainable agricultural use as an

aphid repellent.

It is recommended that the release kinetics of the geraniol-zein system be studied in an

aqueous environment and that other polar biopolymers be investigated.

Keywords: micro-encapsulation; zein; geraniol; wintergreen oil; controlled release; aphid
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Vapour pressure of substance i
Universal gas constant
Temperature

Time

Wall membrane thickness

Liquid mole fraction of i volatile
Vapour mole fraction of i volatile

Liquid mass fraction of component i

Activity coefficient of substance i
Dynamic viscosity
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Polymer relaxation time
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Introduction

1 Introduction

Aphids are destructive pests of economically important crops throughout the world. They
damage the plants by imbibing sap causing wilting of the plant, injection of toxic saliva and
the production of honeydew (Blackman, 1974). In addition, aphids transmit more plant
viruses than any other sap-feeding insects (Dewhirst et al., 2010). The accompanying
environmental problems caused by the overuse of current pesticides have become a
concern in recent years. An alternative to the use of pesticides is essential oils with insect
repellent properties which cause fewer concerns about animal and environmental toxicity

(Koul et al., 2008).

However, due to the volatility of essential oils, the sustained release thereof for pest
management remains a challenge (Allsopp et al., 2014). Applied in emulsion form, essential
oils require relatively high application rates and will also require frequent re-application,
which renders their use for large-scale agricultural applications both unpractical and
uneconomical. A well-known solution is to micro-encapsulate the volatile in a polymer shell

to control its release (Brinkhuis et al., 2011).

The objective of this study was to determine whether geraniol, a major constituent of lemon
grass essential oil (Ricci et al., 2006) and wintergreen oil, the essential oil of the evergreen
Wintergreen shrub (Gaultheria procumbens), could be micro-encapsulated by the
biodegradable corn protein, zein. Geraniol and the major constituent of wintergreen oil,
methyl salicylate, are proven aphid repellents (Halbert et al., 2008, Hardie et al., 1994),
while zein is a protein by-product yet to be used as an industrial polymer (Shukla and
Cheryan, 2001). Subsequent objectives were to gain insight into the mechanism of micro-
encapsulation and to characterise the efficiency of the micro-encapsulation at different
volatile-to-zein mass ratios, the microcapsule geometry and structure, and the release
kinetics of the micro-encapsulated volatiles. The ultimate goal is to utilise the volatile-

containing microcapsules in agricultural irrigation systems for pest control.

The geraniol and wintergreen oil were dispersed in an ethanol-water solution containing

zein, after which the phase separation technique was used to form the microcapsules.

© University of Pretoria
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Phase separation occurred upon the addition of additional water. The resultant micro-

particles were lyophilised for characterisation purposes.

© University of Pretoria
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Theoretical Background

2 Theoretical Background

2.1 Zein

There are four primary methods by which corn is processed, namely dry milling, alkaline
processing, wet milling and the dry-grind process. The products of the dry-milled and
alkaline-processed corn are for direct human consumption (Watson and Ramstad, 1987). Of
the two remaining processes, the primary use of corn in the dry-grind process is for the
production of ethanol, which renders protein by-products contained in distillers dried grains
(DDG) and DDG with solubles (DDGS). The main products of the wet milling process are
starch and oil and it also renders protein by-products known as corn gluten meal (CGM) and
corn gluten feed (CGF). The CGM is the main concern, as this is where the endosperm

proteins of a corn kernel are mostly found.

Zein is a corn protein that belongs to the characteristic class of proteins known as
prolamines, which are high in proline and glutamine amino acid content. It is almost
entirely present in the endosperm of a corn kernel, which constitutes 75% of protein
present in a corn kernel (overall 6-12% of a corn kernel consists of protein). These by-
products are currently incorporated into animal feed. However, zein is deficient in essential
amino acids, such as lysine and tryptophan, and yields poor nutritional value. It is insoluble
in water and this limits its use in food products. Therefore there has been an effort to utilise

zein as an industrial polymer since the mid-20th century (Shukla and Cheryan, 2001).
2.1.1 Composition

The solubility behaviour of zein can be explained by its amino acid composition, of which a
great proportion consists of non-polar amino acids with low fractions of basic and acidic
amino acids. This can be seen in Table 2-1, which shows the amino acid composition of

commercial zein.

It is clear that zein is constituted of a variety of amino acids that can be categorised into
classes with differing properties, which is why zein is regarded as an amphiphilic substance

(Kim and Xu, 2008). The majority of the amino acids are, however, nonpolar at 53.4%,

3
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which explains the overall hydrophobic behaviour of zein. These different amino acid

classes are not homogeneously present in the zein structure as zein is comprised of a

mixture of different polypeptides, with differing compositions of amino acids resulting in a

range of molecular sizes, solubility and charges.

Table 2-1: Amino acid composition of zein (Pomes, 1971).

Amino acid Class Mass fraction (%)
Glycine Nonpolar 0.7
Alanine Nonpolar 8.3
Valine Nonpolar 3.1
Leucine Nonpolar 19.3
Isoleucine Nonpolar 6.2
Phenylalanine Nonpolar 6.8
Tryptophane Nonpolar NR
Proline Nonpolar 9.0
Serine -OH 5.7
Threonine -OH 2.7
Tyrosine -OH 51
Methionine -S 2.0
Cysteine -S 0.8
Lysine Basic NR
Arginine Basic 1.8
Histidine Basic 1.1
Aspartic acid Acidic NR
(as aspargine) Acidic 4.5
Glutamic acid Acidic 1.5
(as glutamine) Acidic 21.4

This leads to the fractionation of zein according to structures that shared common

properties. The methods used to distinguish these fractions were precipitation (Watson et

al., 1936), cation exchange chromatography (Craine et al., 1961), charcoal and gel filtration

(Danzer et al., 1975), etc. which resulted in the definition of multiple fractions.

4
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The fractionation of zein according to differential solubility provides the best understanding
(Esen, 1986, Esen, 1987, Shukla and Cheryan, 2001). Zein can be categorised into fractions
according to their solubility in isopropyl alcohol (IPA); namely a-zein, B-zein and y-zein
(Esen, 1986, Esen, 1987). The properties of these fractions are given in Table 2-2. It can be
concluded from Table 2-2 that the properties of commercial zein will be close to those of
a-zein as it forms the major fraction. a-Zein has large amounts of hydrophobic residues

(Gianazza et al., 1977), hence its particular hydrophobic nature.

Table 2-2: Properties of a-zein, B-zein and y-zein fractions.

Zein fraction Solubility Mass fraction of Molecular weight of
characteristic zein (%) polypeptides (kD)
a-zein Soluble in 50-95% IPA  75-85 21-25and 10

but insoluble in 30%
IPA/30 mM Na-
acetate
B-zein Soluble in 30-95% IPA  10-15 17-18
that contained a
reducing agent but
insoluble in 90% IPA
(without a reducing
agent) and 30%
IPA/30 mM Na-
acetate
y-zein Soluble in 0-80% IPA 5-10 27
with a reducing agent
and 30% IPA/ 30 mM

Na-acetate

© University of Pretoria
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2.1.2 Structure

It has been proposed that zein has a helical coil structure where nine homologous repeating
units are arranged in an anti-parallel form stabilised by hydrogen bonds (Argos et al., 1982).
It has been indicated that the helical content of zein varies between 33.6% and 60% in 50-
80% ethanol (Argos et al., 1982, Danzer et al., 1975, Gortner and Macdonald, 1944,
Matsushima et al., 1993). This suggests that zein has a globular structure in non-aqueous
solutions (Danzer et al., 1975), also described as macromolecular micelles (Wang et al.,
2004b, Wang et al., 2004a). An illustration of the proposed zein structure is given in

Figure 2-1.

62093\ 40009 Q0Qy

Figure 2-1: Proposed helical wheel structure of the zein molecule (Argos et al., 1982).

It is known that zein undergoes conformational changes as the ethanol content is varied
from 50 - 80% (Shukla and Cheryan, 2001), although the behaviour of individual zein
molecules is not known. However, it has been shown that the size of the macromolecular
micelles decreases as the ethanol content is increased from 70 - 90% and then suddenly
increases at ethanol concentrations higher than 90%. This was explained by the suggestion
that a micellar inversion takes place depending on the nature of the solvent with regard to

hydrophobicity and hydrophilicity (Wang et al., 2004b, Wang et al., 2004a).
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2.1.3 Properties

One of the main properties of concern in this investigation is the solubility of zein. As
established, zein is an amphiphilic amorphous powder, but due to its high content of
nonpolar amino acids, it is insoluble in water (Shukla and Cheryan, 2001). An extensive list
of non-aqueous solvents, mixtures of non-aqueous solvents and mixtures of non-aqueous
solvents and water is available (Evans and Manley, 1941, Evans and Manley, 1944).
Ethanol-water mixtures have been extensively used in the commercial production of zein
(Shukla and Cheryan, 2001) and in experimental work with zein (Kim and Xu, 2008), and

consequently an ethanol-water mixture was chosen for this investigation.

A phase diagram shows that the solubility of zein varies from 2 - 60% depending on the
ethanol content (50 - 90%). Maximum solubility is achieved at approximately 60% ethanol
content in the ethanol-water mixture. At ethanol concentrations lower than 40% and higher
than 90% between the precipitation regions, a coacervation region exists where two liquid

phases appear, both containing water, ethanol and zein (Mossé, 1961).

Other properties of importance of zein are its thermal degradation point at 320 °C, specific

gravity of 1.25 at 25 °C (Shukla and Cheryan, 2001) and its biodegradability.
2.1.4 Zein as an encapsulating biopolymer

Zein has been investigated in numerous studies as an agent to encapsulate substances the
release of which needs to be controlled. The major advantage of zein is its hydrophobic
nature, which causes it not to undergo significant swelling (see Section 2.7) when in contact
with water, but it still yields controlled release in an agueous environment (Park et al., 1995,
Wu, 1995). The substances encapsulated are medicinal drugs (Liu et al., 2005), fatty acids
(Quispe-Condori et al., 2011), fertilisers, agents for environmental clean-up (Shukla and

Cheryan, 2001) and pesticides (Redding, 1990).
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2.2 Aphids

Aphids are small (1.5-3.5 mm), soft-bodied insects (Blackman and Eastop, 2000) that feed
exclusively on sap from the vascular tissues of plants, mainly the phloem. Aphids are the
main insect pests of agricultural crops in temperate regions, and they cause major economic

losses (Dewhirst et al., 2010).

Aphids can damage plants by imbibing sap causing the plant to wilt, by injecting toxic saliva,
and by producing honeydew (which encourages sooty moulds to colonise leaf surfaces and
decreases photosynthesis in the plant)(Blackman, 1974). The even more damaging effect
that aphids have on plants is their ability to transmit plant viruses due to their biology and
feeding behaviour. Aphids transmit more plant viruses than any other sap-feeding insects
(Dewhirst et al., 2010). Approximately 200 aphid species are known to transmit 275 viruses
of 19 plant virus genera (Nault, 1997). Consequently, aphids are destructive pests of many
economically important crops throughout the world (Fan et al., 2015). The major problem
with controlling aphids is that they do not colonise affected crops, making insecticide
treatment ineffective, and if repellents such as reflective mulch and whitewash paint are

used, plants tend to overgrow the mulch and the paint inhibits photosynthesis.

2.3 Essential oils

2.3.1 Composition

Essential oils are volatile, natural, complex compounds characterised by a strong odour and
are formed by aromatic plants as a secondary metabolite, i.e. they are an intermediate or

product of metabolism that has an important ecological effect.

Essential oils can consist of 20 to 60 components, but are usually characterised by two or
three major components. The major components determine the biological properties of
essential oils (Bakkali et al., 2008). The components of essential oils can be categorised into
two groups: the main group consists of terpenes and terpenoids, and the other group

consists of aromatic components.
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Terpenes are derived biosynthetically from isoprene CsHs, therefore the basic formulae for
terpenes are multiples of isoprene (CsHg)n, where n dictates the class of the terpene.
Terpenes therefore usually contain one or more carbon-carbon double bonds
(Hydrocarbons). The precursor to terpenes is isopentenyl diphosphate (IPP). More IPP’s are
then added which leads to the different classes of terpenes, and ultimately the allylic prenyl
diphosphate undergoes specific synthetases to form the terpene skeleton with secondary
enzymatic modification to give terpene its characteristic functional groups. Consequently
terpenes can have varying structures (linear or ring) and different properties. Some of the
terpene classes are hemiterpenes (n=1), monoterpenes (the most common, n=2) and

diterpenes (n=4). Terpenoids are simply terpenes containing oxygen.

Aromatic compounds have a different biosynthetic pathway than that of terpenes and are
derived from phenylpropane. The pathways for terpenes and aromatic compounds may

coexist, but usually one becomes the major pathway (Bakkali et al., 2008).

2.3.2 Essential oils as a defence mechanism

Essential oils play an important role in the protection of plants as antibacterials, antivirals,
antifungals and insecticides, and protect against herbivores. They are also useful in the
attraction of desirable insects to aid in the dispersion of seeds and pollens, or they can repel
undesirable insects (Bakkali et al., 2008). Plant volatiles (of which the terpenes are a major
category among fatty acids) are normally released in small quantities. However, during the
activity of herbivorous insects, they are released in much larger quantities, depending on
the herbivorous insect attacking the plant. This release may also induce self-defence

responses in neighbouring plants and act as semiochemicals (Paré and Tumlinson, 1999).
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2.4 Geraniol

Geraniol is one of the major components found in various essential oils, e.g. ninde oil (66%)
(Baser et al., 2005), rose oil (44.4%) (Baydar and Baydar, 2005), palmarosa oil (53.5%)
(Dubey and Luthra, 2001) and citronella oil (24.8%) (Rajeswara Rao et al., 2004). It has a
clear to pale yellow appearance and a characteristic rose-like odour (Chen and Viljoen,
2010), which is why it is commonly referred to as the poor man’s rose oil and is widely used
as a fragrance material. Geraniol falls under the major terpene/terpenoid group of essential

oil components. It is an acyclic monoterpene alcohol and is therefore a terpenoid.
2.4.1 Structure

The IUPAC name for geraniol is 3,7-dimethylocta-trans-2,6-dien-1-ol. It must be noted that
the commercial product referred to as geraniol is a mixture of two trans-cis isomers named
geraniol (trans) and nerol (cis) (Chen and Viljoen, 2010). Both structures have the chemical

formula Ci0H180. The chemical structures of geraniol and nerol are given in Figure 2-2.

CH,0H

Geraniol Nerol

Figure 2-2: Chemical structures of geraniol and nerol (Chen and Viljoen, 2010).
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2.4.2 Properties

The properties of geraniol are summarised in Table 2-3.

Table 2-3: Chemical and physical properties of geraniol.

Description Value

Molar mass (g/mol) 154.25

Solubility in water (g/L) 0.1 (effectively insoluble)
Boiling point at 1 atm (°C) 230

Auto-ignition temperature (°C) 250

Density at 20 °C (g/mL) 0.879

Dipole moment (D) 1.349

(Lide, 2004) (CID=637566 n.d.)

The vapour pressure data of geraniol are presented by the Antoine Equation given by

Equation 1.

log P(T) = A, - B (T+C) (1)

where P is the vapour pressure in (mmHg) and T is the temperature in °C. The values of the
constants Ay, B and C are 8.60515, 2773.11 and 254.443 respectively. The equation for

geraniol is valid between the temperatures of 4 and 230 °C (Yaws et al., 2005).

According to the GPS Safety summary of BASF, geraniol is considered to be of low toxicity
after single ingestion, virtually nontoxic after single skin contact and is also not considered
toxic after repeated exposure. However, skin irritation and sensitisation are possible, and
geraniol could cause severe damage to the eyes. Geraniol is considered not to be

mutagenic or carcinogenic.

With regard to environmental impact, geraniol is considered to be readily biodegradable,
and significant accumulation in organisms is not thought likely (GPS Safety Summary

Geraniol).
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2.4.3 Geraniol oil as an insecticide/insect repellent

Geraniol has been shown to be an effective acaricide (insecticide against mites and ticks).

Its acaricidal activities against the storage food mite, Tyrophagus putrescentiae, were
compared to those of benzyl benzoate and proved to be more effective (Jeon et al., 2009).
Geraniol is also known to be an effective mosquito repellent (Omolo et al., 2004) in the form
of commercially available candles. They have been found to be more effective than

citronella and linalool candles (Miiller et al., 2008).

Most importantly for this application, geraniol shows promise as an aphid repellent with
reference to Rhopalosiphum maidis (Halbert et al., 2008), and it has been concluded that
lemongrass oil (of which the main constituents are geraniol, citral and myrcene) is effective

in repelling the Russian Wheat Aphid, Duraphis noxia (Ricci et al., 2006).
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2.5 Wintergreen oil

Wintergreen oil is an essential oil from the evergreen shrub Wintergreen (Gaultheria
procumbens), which occurs in the eastern parts of North America. It is also known as Qil of
Wintergreen or Gaultheria Qil. It has a pale yellow to pink appearance and has a distinctive
fresh woody, medicinal odour and flavour (Gurung, 2007). It is used in many chewing gums,
candles, toothpastes and mouthwashes (Facciola, 1998). The component responsible for
this is methyl salicylate, which makes up approximately 96 - 98% of wintergreen oil (Gurung,

2007, Nikoli¢ et al., 2013)

2.5.1 Structure

Methyl salicylate is an ester with the IUPAC name methyl 2-hydroxybenzoate and chemical

formula CgHsOs. The chemical structure of methyl salicylate is shown in Figure 2-3.

O

O/

OH

Figure 2-3: Chemical structure of methyl salicylate (Lapczynski et al., 2007).
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2.5.2 Properties

The properties of methyl salicylate are given in Table 2-4.

Table 2-4: Chemical and physical properties of methyl salicylate.

Description Value

Molar mass (g/mol) 152.15

Solubility in water (g/L) 1.875 (regarded as insoluble)
Boiling point at 1 atm (°C) 222

Auto-ignition temperature (°C) 451

Density at 20 °C (g/mL) 1.18

Dipole moment (D) 2.47

(Lide, 2004) (CID=4133 n.d.)

2.5.3 Wintergreen oil as an insecticide/insect repellent

Methyl salicylate is well known as a herbivore-induced defence volatile, which is not only
present in the Wintergreen shrub, but has also been detected in the head space of other
insect-infested plants, e.g. soybean (Zhu and Park, 2005), tomato (Ament et al., 2004) and

lima bean (Arimura et al., 2002).

Various studies have shown methyl salicylate to be an effective insect repellent, e.g. it
repels the black bean aphid, Aphis fabae (Hardie et al., 1994), and the bird-cherry-oat aphid,
Rhopalosiphum padi L. (Petersson et al., 1994). It should, however, be noted that the
impact of aphid-repelling substances cannot be generalised as they affect various aphid

species differently (Bernasconi et al., 1998).
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2.6 Methods of encapsulation

2.6.1 Microfluidic method

The microfluidic approach can be used to create water-in-oil emulsions or oil-in-water
emulsions by channelling the two immiscible fluids through a microfluidic device and mixing

them. A schematic of such a device is shown in Figure 2-4.

Figure 2-4: Schematic of a microfluidic device (Fang and Cathala, 2010).

Water-in-oil emulsions can be made by introducing the continuous oil phase through inlet 1
and introducing water, pectin (the polysaccharide used for encapsulation) and calcium
chloride (the cross-linking agent of pectin) through inlets 3, 2 and 4 respectively. This
enabled the individual production of pectin microcapsules (Fang and Cathala, 2010). The
major advantage of this method is that the size of the microcapsule can be minutely
controlled by simply adjusting the flow of the immiscible fluids through the channels
(usually through controlling syringe pumps). This results in monodisperse microcapsules
with almost 100% encapsulation (Okushima et al., 2004). Furthermore, it allows control
over the shape, morphology and internal structure of the microcapsules through different

microfluidic device geometries (Nie et al., 2005).

This method could possibly be applied to the geraniol-zein and wintergreen oil-zein systems
in this study by dispersing the oil in water through two channels and introducing a zein-
ethanol-water solution through a third channel, causing the zein to precipitate (the
concentration of ethanol and water in the final solution can be controlled through
manipulating the flow of the various compounds). This can be an extremely effective
method, but the scalability of the method to produce large amounts of microcapsules for

agricultural use is in doubt.
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2.6.2 Supercritical anti-solvent method

This method is analogous to spray drying and enables the production of microcapsules by
using supercritical carbon dioxide. The method requires the encapsulating polymer to be
dissolved in a solvent or solvent mixture; typically for zein this will be an ethanol and water
mixture. The solvent mixture has to be miscible with carbon dioxide as the carbon dioxide
has to extract the solvent when the polymer solution is sprayed into it. The extraction

causes the polymer concentration to increase and the ultimate precipitation of the polymer.

This method has been shown to be successful for the encapsulation of lysozyme with zein by
dissolving the zein in a 90% ethanol water-ethanol mixture (Zhong et al., 2009). A possible
method of applying this to the geraniol-zein and wintergreen-zein systems is to disperse the
geraniol or the wintergreen in a zein-water-ethanol mixture and to inject the emulsion into

the carbon dioxide.

The method is regarded as a promising scalable technique (Jung and Perrut, 2001), so
industrial production may be possible. The only possible disadvantage of this method is the
requirement of a pressure vessel; a pressure vessel was filled with carbon dioxide at 40 °C to
10 MPa for the encapsulation of lysozyme (Zhong et al., 2009). In addition, high-pressure
pumps are required to feed the polymer solution and to purge the pressure vessel with
carbon dioxide. These pieces of equipment will lead to increased costs and may pose a

safety risk with legal requirements playing a role.
2.6.3 Phase separation method by mixing

This is, in my opinion, by far the simplest method to prepare zein microcapsules. It simply
entails dispersing the substance to be encapsulated with a mixer in a solution that contains
zein. Water is then abruptly added to the solution so that the ethanol concentration is
lowered below the solubility range of zein i.e. typically to less than 40% ethanol. This causes
the zein to precipitate out and, it is hoped, the dispersed substance will be encapsulated.
This method was successfully employed to encapsulate ivermectin and flax oil with zein (Liu
et al., 2005, Quispe-Condori et al., 2011). The simplicity and robustness of this method
makes it very attractive. It is clearly scalable, and although there might be some mixing
effects, it can likely be used to produce microcapsules on an industrial scale.
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2.7 Controlled release characteristics

2.7.1 Mechanism of controlled release

All molecules undergo random collisions with other molecules, which leads to Brownian
motion. The direction of the motion of the molecules caused by the collisions are random
and changes constantly. However, macroscopically, the independent direction of the
motions lead the molecules from a higher concentration to a lower concentration. This is
termed as diffusion and is the mechanism by which an active substance is released from a

polymeric micro-particle system.

The diffusivity of the molecule depends on the molecule itself and the medium through
which it has to travel. The Stokes-Einstein equation (Siegel and Rathbone, 2012), presented

by Equation 2, provides insight into the fundamental properties affecting diffusivity.
D = kg T/6mau (2)

Where: D is the diffusivity; kB is Boltzmann’s constant; T is the temperature in Kelvin; a is

the radius of the molecule; and u is the dynamic viscosity of the medium.
It is clear from Equation 2 that there are three properties governing diffusivity:

e The higher the temperature, the higher the diffusivity (more rapid random
movements of the molecules).
e The smaller the molecule, the higher the diffusivity.

e The higher the viscosity of the solvent, the lower the diffusivity.

The last point is of concern with polymer systems. If a polymer is considered as a solid, the
diffusivity should approach zero according to Equation 2. However, this is not true, because
a polymer possesses a so-called micro-viscosity, which is a more accurate parameter to use
for diffusivity than the bulk viscosity. This micro-viscosity is explained by the free volume
theory, which states that each polymer molecule contains an impenetrable core,
surrounded by nano-voids or free volume. The polymer matrix is a dynamic fluctuating
structure and so the size of the voids also fluctuates. On occasion, a void size increases to

such an extent as to allow a molecule to diffuse through it (Siegel and Rathbone, 2012).
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This micro-viscosity in turn is controlled by four variables, namely temperature, the
crystallinity of the polymer, the state of the polymer and the sorption of smaller molecules

than those of the release substance.

e When the temperature increases, the movement of polymer chains is more intense,
therefore an increase in the diffusivity is observed (besides the increased movement
of the release substance).

e Crystalline domains in the polymer act as obstructions to the release substance,
decreasing available voids and increasing the diffusion path length.

e If the temperature drops below the glass transition temperature of the polymer, the
polymer chains become static and there is a drastic decrease in free volume.

e The sorption of small molecules may cause a dry, glassy polymer to convert to a
rubbery state (gelling of the polymer), greatly increasing the mobility of the release
substance. This is commonly referred to as swelling and the small molecule

commonly absorbed is water.

From these variables, it can be concluded that there are two categories according to
which controlled release kinetics from a polymeric system can be classified. They are
the internal structure (reservoir or monolithic) of the polymeric system and the state of
the polymer. The state of the polymer is whether the polymer is gelled (if the polymer is
below its glass transition temperature or above it), the dissolution of the polymer and

the degradability of the polymer (Siegel and Rathbone, 2012).

2.7.2 Internal structures of micro-particles

There are mainly two micro-encapsulation systems possible, namely a reservoir system and
a monolithic system, each with a different internal structure. Some authors differentiate
between microcapsules and microspheres based on these internal structural differences,
where reservoir systems correspond to the former and monolithic systems to the latter.
(Anal and Singh, 2007). In this study, micro-particles is regarded as the non-specific term for

microcapsules and microspheres.
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Reservoir system

The characteristics of a reservoir system (microcapsules) are a well-defined core containing
the active substance surrounded by a well-defined polymer membrane. Controlled release
of the active substance takes place by diffusion of the substance through the polymer
membrane; therefore the release kinetics can be explained by Fick’s Law. What makes the
system of particular interest is that it can display extended zero-order release kinetics under
specific conditions, which is the most favoured behaviour (this is discussed in detail in

Section 2.8).

There are, however, two disadvantages to the system: reservoir systems tend to be difficult
to produce and most likely result in expensive products. In addition, there is the risk of
microcapsules rupturing with a consequential sudden release of the active substance
resulting in an overdose (Heller and Hoffman, 2004). This should not be confused with the

burst release effect discussed in Section 2.8.
Monolithic system

In @ monolithic system (microspheres) there is no outer membrane, and these systems are
in effect matrix devices with the active substance uniformly distributed in the polymer. The
release kinetics depend on whether the active substance is dispersed or dissolved, and
unlike a reservoir system, zero-order release kinetics is nearly impossible (Siegel and
Rathbone, 2012). The advantages of this system, however, are that a sudden release is not
possible due to bursting capsules and the production is usually inexpensive (Heller and

Hoffman, 2004).
2.7.3 State of the polymer
Gelling

The gelling of a polymer occurs by means of a process called swelling, i.e the uptake of the
medium (usually water) in which the polymer exists; once swelled it is referred to as a
hydrogel. The dynamic swelling behavior of hydrogels is controlled by the structure of the
polymeric network and polymer—medium interactions. A schematic diagram of the sweliing

process is given in Figure 2-5.
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Glass polymer-containing
drug molecule, D

Glass-to-rubbery transition

Swelling front disappears

Rubbery hydrogel

Figure 2-5: Schematic of the swelling process in a polymer (Onwulata and Huth, 2009).

Note that in Figure 2-5 there are three distinct states, i.e an unswollen glassy polymer, a
polymer in which a swelling front exists, liberating the active substance, and a completely
swollen (gelled) polymer. This can mathematically be described by the Deborah number

(Ritger and Peppas, 1987) given by Equation 3.

D= t/8 (3)

Where: tis the characteristic relaxation time of the polymer and ¢ is the characteristic
diffusion time of the solvent (water) into the polymer. If De << 1 then the polymerisin a
rubbery state, because the polymer immediately relaxes upon solvent uptake. The release
kinetics is then Fickian. This is known as Case Il transport. If De >> 1, the polymerisin a

glassy state and is diffusion controlled, therefore once again Fickian kinetics are exhibited. If
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De = 1, the diffusion and relaxation of the polymer is coupled and the release kinetics are

considered non-Fickian.

It should be clear that Fickian behaviour should always be observed with reservoir systems
as the active substance is not in a polymer matrix (therefore the active substance is not
liberated) and the relaxation of the polymer membrane will only increase the diffusion rate.
For monolithic systems, the release behaviour can therefore be Fickian or non-Fickian. A

comprehensive summary of the release mechanisms is given in Table 2-5.

Table 2-5: Comprehensive summary of the mechanisms of controlled release if perfect sink
conditions are met.

Monolithic Reservoir
Glassy Fickian, non-zero order Fickian, zero order
Swelling Non-Fickian Mostly Fickian, zero order
Swollen Fickian, approaches zero order  Fickian, zero order

Note that for the monolithic and the reservoir systems, the release rate will be faster in the

case of a swollen matrix or membrane.
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2.8 Kinetic models of controlled release

Monolithic systems

The simplest model for describing the release of an active substance from a monolithic
system is the semi-empirical power law model (Siepmann and Peppas, 2001) given by

Equation 4.

m,(t)/m, = (kt)" (4)

Where: m,(t) and m, are the absolute cumulative amount of active substance released at
time t and infinite time (which should be equal to the total amount captured in the polymer
at time t = 0); k is a constant incorporating structural and geometric characteristics of the
device; and n is the release exponent, indicative of the mechanism of active substance
release. The Higuchi model given by Equation 5 is also represented by this model (Higuchi,

1961).

m;(t) =,/D(2c,-c,)cs t for co>cs (5)

Where: D is the diffusion coefficient; ¢, is the initial active substance concentration; csis the
solubility of the active substance in the polymer; and A is the area exposed to the external

medium.

It should be remembered that the assumptions for this model in Equation 5 are that the
concentration of the initial active substance is much higher than the solubility of that in the
polymer, perfect sink conditions apply, swelling is negligible and the polymer is a thin film.

The adjusted values for n are given in Table 2-6 (Siepmann and Peppas, 2001).
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Table 2-6: Adjusted values for n according to mechanism of transport and geometry.

Exponent n Release mechanism
Thin film Cylinder Sphere
0.5 0.45 0.43 Glassy diffusion
0.5<n<1.0 0.45<n<0.89 0.43<n<0.85 Non-Fickian
1.0 0.89 0.85 Case-ll

It is clear that a monolithic system can only show zero-order kinetics if it is swollen.
Reservoir systems

The kinetics of a reservoir system can be deduced from Fick’s first law given by Equation 6.
. dw
j=-pD (6)

Where: The mass flux is represented by j; the diffusivity by D; the mass fraction of a
component by w; and the membrane thickness by x. For a single component system when
perfect sink conditions are met and if the membrane thickness equals x, and also remains

constant with time, then Equation 7 will be true.
W 1/x (7)

Equation 6, multiplied by the area of the microcapsule on both sides, results in the change

in component mass within the microcapsule. Therefore Equation 8 can be deduced.

dmt

ol -ApD/x (8)

Where: m: is the mass of the volatile remaining in the micro-particles. Upon integration, the

zero order kinetic profile can be deduced. This is given by Equation 9.

m; = m,-(ApDt/x) (9)
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Note that ADpt/x is the mass released (m,). Also note that this corresponds to Equation 4

where n=1 for zero-order kinetics. Equation 10 shows it in the same format.

m,/m,=1 - (ADpt/xm,)" (10)
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3  Experimental

Zein, geraniol and wintergreen oil were purchased from Sigma Aldrich, USA. Ethanol (99%)

was purchased from Merck, Germany.
3.1 Solubility of zein in an aqueous ethanol mixture

Approximately 300 mg of zein was added to ethanol-water solutions in pre-weighed glass
containers with varying ethanol concentrations. The ethanol content varied from 0 to 100%
in 10% increments. The ethanol-water solutions were prepared by adding 1 000 mg of
anhydrous ethanol (99% pure) to each container, while varying the amount of distilled
water added to achieve the required concentrations. After the zein had been added, the
mixture was stirred with a commercial kitchen blender for one minute and left for 24 hours
for equilibrium to be reached. Two repeats at each ethanol concentration were conducted.
The undissolved zein precipitated at the bottom of the containers and was clearly visible
due its dark yellow colour; however, some zein particulates remained suspended. The
solutions were then filtered using pre-weighed Whatman grade 1 filter paper. The
undissolved solids in the containers and those captured with the filter paper were dried in
an oven at 50 °C for approximately one hour and weighed. Through mass balance

calculations the mass of dissolved zein was then approximated.
3.2 Preparation of micro-particles

Micro-particles loaded with geraniol and wintergreen oil were prepared using the phase
separation method as it was decided to be the simplest and the most practical method for
producing large amounts of micro-particles for agricultural use. In both instances, 2 g zein
was dissolved in 15.7 ml of an 80% ethanol-water mixture, resulting in a solution containing
15% zein on a mass basis. Either geraniol or wintergreen oil was then added to the solutions
in volatile-to-zein mass ratios of 4:1, 3:1, 2:1, 1:1, 1:2 and 1:3. Each solution was stirred for
2 minutes using a kitchen blender to mix the oil in the solution. While stirring, distilled
water was instantly added to each solution, resulting in an approximate 70% water mixture

and stirred for another minute. The instant addition of water caused the phase separation
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© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Experimental

of the zein, precipitating out of the solution and encapsulating the oil. All procedures were

performed at room temperature.

The geraniol-containing micro-particles floated on the solutions, and the majority were
scooped off the surface with a spatula. The remaining particles were filtered out using
Whatman grade 6 filter paper, taking care that the precipitated zein which was not involved
in the encapsulation, did not dislodge from the bottom. The wintergreen oil-containing
micro-particles, however, did not float and were separated from the precipitated zein,
which was not involved in the encapsulation, by passing the solution through a 200 um

sieve.

The captured micro-particles were stored at -20 °C until further analysis. Four samples of
each volatile-to-zein mass ratios were prepared, of which two were used to determine
particle yield and the remaining two for all other analyses. For all analyses, except particle
yield determination, approximately half of the captured micro-particle mass was lyophilised
(i.e. freeze dried). Prior to lyophilisation, the geraniol-containing micro-particles were
rinsed with water while being subjected to vacuum filtration using Whatman grade 6 filter
paper to remove non-encapsulated oil. The same could not be done for the wintergreen oil
as preliminary tests indicated that the wintergreen micro-particles were extremely small
and would pass through the filter paper. Consequently, the wintergreen oil micro-particles
were centrifuged in an effort to concentrate them. All micro-particles were stored at -60 "C
for 2 hours and then lyophilised at -60 °C to remove all water, ethanol and remaining non-
encapsulated oil. The lyophilisation pressure measurements ranged from 100 to 400 mTorr.
The geraniol and wintergreen oil micro-particles were lyophilised for 24 hours and 36 hours

respectively as water crystals were still clearly visible for the latter case after 24 hours.
3.3 Particle yield

For samples used in this instance, special care was taken to recover all the micro-particles.
Any capsules adhering to the surface of the container were carefully rinsed off with distilled
water prior to filtering. The recovered micro-particles were placed in prior weighed petri
dishes and placed in an oven at 50 °C for approximately one hour. The micro-particles were

dried to the point where they were tangibly dry, but care was taken not to dry out the
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micro-particles. With this, the assumption was made that all water, ethanol and non-
encapsulated volatiles had been driven off and that a negligible amount of encapsulated
volatile was released (this was later confirmed from kinetic studies). The wintergreen oil
and the geraniol samples were dried separately to prevent contamination. The petri dishes

with their contents were then weighed.

The particle yield is defined as the mass fraction of oil and zein added that participates in

the formation of micro-particles. The mathematical description is given by Equation 11.
Particle Yield (w/w%) = (mp/my) x 100 (11)

Where: mp is the mass of the micro-particles after drying; and mris the total mass of zein

and geraniol or wintergreen oil initially added.

3.4 Volatile mass fraction, encapsulation and participation

efficiency

Geraniol or wintergreen oil mass fractions, subsequent geraniol or wintergreen oil
encapsulation efficiencies and zein participation efficiencies were determined by
thermogravimetric analysis (TGA) in a Perkin Elmer 4000 with Pyris software. For the
geraniol- and wintergreen-containing micro-particles, samples of 30 and 10 mg respectively
were weighed off and placed in 50 pL alumina pans. TGA analysis was performed prior to
and after lyophilisation for the geraniol micro-particles, but for the wintergreen micro-
particles, analysis was only performed after lyophilisation. The samples were heated at a
rate of 10 "C/min from 30 to 300°C. The TGA chamber was continuously purged with
nitrogen at 50 ml/min. The inert atmosphere was chosen to prevent the oxidation of the

zein and auto-ignition of geraniol that may have affected the observed mass loss.

Volatile mass fraction is defined as the volatile mass fraction of the micro-particles. The

mathematical description is given by Equation 12.
Volatile mass fraction (w/w%) = (mg,/ms,) x 100 (12)

Where: meyis the mass of encapsulated volatile; and mmy is the total mass of the micro-
particles.
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Volatile encapsulation efficiency is defined as the fraction of volatile initially added that
participates in the formation of micro-particles. The mathematical description is given by

Equation 13.
Volatile encapsulation efficiency (w/w%) = (mp,/mp,y,) x 100 (13)

Where: mpy is the mass of volatile that participated; and mav is the mass of volatile initially

added.
The same definition holds for the zein participation efficiency and is given by Equation 14.
Zein participation efficiency (W/w%) = (mpz/m,z) x 100 (14)

Where: mpz is the mass of zein that participated in the formation of micro-particles; and maz

is the mass of zein initially added.
3.5 Particle size analysis

The micro-particle size analysis was performed in a Malvern Mastersizer 3000 instrument
prior to lyophilisation. It was attempted to analyse lyophilised micro-particles, but they
tended to agglomerate and consequently produced inaccurate results. The geraniol micro-
particles used for the particle size analysis were rinsed and filtered through Whatman grade
6 filter paper. This was not done for the wintergreen micro-particles, although the non-
participating wintergreen oil was carefully disposed of after centrifuging. Just prior to
analysis, the micro-particles were thoroughly dispersed in water by rapidly stirring the

mixture to ensure that no agglomeration occurred.

3.6 Microscopy

3.6.1 Light microscopy

The geraniol- and wintergreen-containing micro-particles were dispersed in small amounts
of distilled water and placed on microscopy plates with cover slips. They were viewed with

40x and 100x objectives with a Nikon Optiphot microscope.

28

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Experimental

3.6.2 Scanning electron microscopy

The carbon-coated micro-particles were viewed after lyophilisation, as there were concerns
that the non-participating oil could damage the scanning electron microscope (SEM).
Afterwards, they were examined with a Zeiss Ultra 55 FESEM field emission scanning

electron microscope (FESEM) at an acceleration voltage of 1 kV.
3.6.3 Confocal microscopy

Prior to examination, a fluorescein isothiocyanate (FITC) and water mixture (0.1 mg/mL) was
added to the micro-particles on a microscopy plate to induce fluorescence of zein. It was
left for approximately three minutes to react. The confocal images were taken with a Zeiss
510 META confocal laser scanning microscope, equipped with a 100x oil immersion

objective.

3.7 Kinetics

The kinetics of the release of geraniol from the micro-particles were determined by TGA
analysis in a Perkin EImer 4000. Samples of 30 mg were accurately weighed off and placed
in 50 pL alumina pans. Runs were performed of the geraniol-to-zein mass ratio 3:1 system
as it showed the most promising results. A sample was heated from 30 °Cto 60 °C, 70 °C
and 80 °C respectively at a rate of 10 “C/min. The sample was then kept at the end
temperature until no further mass loss could be detected. The TGA chamber was
continuously purged with nitrogen at 50 ml/min to ensure that it approached sink

conditions.

Additional runs at 40 °C were performed in an oven to improve the mathematical
correlation. These runs were not performed in the TGA due to limited booking time
available. Silica gel crystals were placed in the oven to ensure that low humidity conditions

similar to those in the TGA chamber could be maintained.
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4 Results and Discussion

4.1 Solubility of zein

Results and Discussion

The experimentally determined solubility of zein in an ethanol-water solvent is shown in

Figure 4-1.
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Figure 4-1: Solubility of zein in an ethanol-water solvent with varying ethanol content.

From Figure 4-1 the peculiar solubility behaviour of zein can clearly be seen. It is practically

insoluble in pure water and pure ethanol. However, a sudden increase in its solubility

occurs at a 50% ethanol mass fraction and this solubility range extends up until 80% ethanol

where it reaches a maximum. A sudden decrease in solubility at 90% ethanol is then

observed. This range corresponds very well to the phase diagram (Mossé, 1961), but the

ethanol concentration at which the maximum peak occurs does not correspond and the

value of the maximum solubility is much less. The phase diagram suggests that the
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solubility can be as high as 60%, whereas the maximum in this study never exceeded 18%
(Mossé, 1961). The solubility and final mass fractions of the zein solutions in Figure 4-1 are

summarised in Table 4-1.

Table 4-1: Mass fractions of the components in the zein-ethanol-water solution.

Ethanol mass fractionin  Zein mass fraction in solution (mg zein/
solvent (mg ethanol/mg  mg solution)

solvent)

Run1 Run 2 Average Standard

deviation

1 0.004 0.009 0.007 0.003
0.9 0.038 0.071 0.055 0.017
0.8 0.176 0.163 0.169 0.006
0.7 0.148 0.128 0.138 0.10
0.6 0.129 0.131 0.13 0.001
0.5 0.093 0.065 0.079 0.013
0.4 0.000 0.000 0.000 0.000
0.3 0.003 0.003 0.003 0.000
0.2 0.003 0.005 0.004 0.001
0.1 0.003 0.003 0.003 0.000

The zein-ethanol-water solution in all the micro-particle preparations are based on the
findings summarised in Table 4-1. Therefore an ethanol solvent mass fraction of 80% was
used and the ultimate zein-ethanol-water solutions contained 15% zein. The zein mass

fraction was slightly decreased as a contingency measure.
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4.2 Particle yield

4.2.1 Zein-geraniol system

The formation of micro-particles in this system could be visually observed. A light yellow
viscous cream formed on top of the solvent medium of the batches that yielded significant
amounts of micro-particles. Initial light microscopy confirmed that the cream consisted of

micro-particles. This is shown in Figure 4-2.

The fact that the cream floated on top of the solvent was the first indication that the
geraniol was successfully encapsulated and the micro-particles did not merely consist of zein
or water encapsulated in the zein. This is due to the low density of the geraniol with an SG
of 0.879, whereas zein that did not participate collected at the bottom (SG 1.25). The
precipitated zein could easily be distinguished by the darker yellow colour. The particle

yields obtained for the different geraniol-to-zein mass ratios are given in Table 4-2.

Table 4-2: Particle yields of different geraniol-to zein mass ratio systems.

Geraniol-to- Particle yield (mg/mg%)
zein mass
ratio
Run 1 Run 2 Run 3 Average Standard
deviation
4:1 80.9 84.0 75.6 80.2 2.9
3:1 83.4 84.9 87.6 85.3 1.8
2:1 81.7 73.7 83.2 79.5 4.2
1:1 0.4 0.2 0.0 0.2 0.1
0.5:1 0.3 0.5 0.3 0.4 0.1
0.33:1 0.4 0.2 0.2 0.3 0.1

The geraniol-to-zein mass ratio of 3:1 showed the highest particle yield throughout all the
repetitions with an average of 85.3%. A very interesting phenomenon occurs at a geraniol-
to-zein mass ratio of 1:1, where ratios equal to or lower than this showed almost no particle
yield, with the highest average being a mere 0.4% for the 0.5:1 mass ratio. In contrast, mass
ratios higher than this showed an abrupt increase in particle yield — all were higher than
70%. Therefore there is a clear discontinuity in the particle yield. The abrupt increase in

particle yield could also be observed visually. This is shown in Figure 4-2.
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Figure 4-2: Visual change in particle yield at different geraniol-to-zein mass ratios.

To obtain a greater understanding of the mechanism of this phenomenon, geraniol solubility
tests were conducted. These showed that the mass geraniol used in all mass geraniol-to-
zein mass ratios, was completely miscible in the 80% ethanol-water solutions prepared.
Solutions prepared with zein and without the addition of water also remained stable.
However, the mass geraniol used in all geraniol-to-zein mass ratios, was immiscible in
ethanol-water solutions with 25% and lower ethanol content. This corresponded to the end
ethanol content after the addition of water. Therefore the mixing before the addition of
water, did not result in an emulsion, but a solution. Upon the addition of water, the
geraniol and the zein then separated from the ethanol-water solutions. At geraniol-to-zein
mass ratios of 1:1 and lower, the zein and the geraniol separated separately, but at higher
ratios the zein was able to encapsulate the geraniol. Two theories are proposed in this work

to explain this phenomenon.

The first theory is that the explanation for the solubility behaviour of zein in an ethanol-
water solvent medium may be analogous to the explanation of this abrupt increase of the
particle yield depending on the amount of geraniol in the system. If each zein molecule acts
as an amphiphile and zein forms macromolecular micelle structures, the hydrophilic
moieties will be exposed to the surface with the hydrophobic moieties clumped together
(Wang et al., 2004a). If the solvent medium turns hydrophobic, then the orientation of each
molecule will be reversed. Therefore a micellar inversion takes place depending on the

condition of the solvent medium. The hydrophilic moieties are orientated outwards at
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ethanol concentrations lower than 90%, and an inversion takes place at ethanol

concentrations higher than 90%, causing the zein to precipitate (Kim and Xu, 2008).

As can be seen from Table 2-3, the dipole moment of geraniol is 1.348 D, showing that it is
much less polar than that of water at 1.8546 D and ethanol at 1.69 D (Dipole Moment).
Consequently, the addition of geraniol to the solvent medium will cause the environment in
which the zein micelles exist to become more hydrophobic. It may be concluded that at
geraniol-to-zein mass ratios lower than 2:1, the hydrophilic moieties may still be oriented
outwards at an ethanol concentration of 80%, and the presence of geraniol at this stage did
not affect this. Since geraniol is hydrophobic (non-polar), the interaction between the
geraniol and the hydrophilic zein moieties would be insignificant during phase separation
with the addition of water. Therefore the zein precipitates out separately, not

encapsulating the geraniol, and a very low particle yield is observed at these mass ratios.

To the contrary, at geraniol-to-zein mass ratios equal to or higher than 2:1, there may be
enough geraniol in the solvent medium to cause a micelle inversion, resulting in the
hydrophobic moieties to be oriented outwards. There could then be significant interaction
between the geraniol and the zein for the geraniol to be encapsulated upon the addition of

water.

Furthermore, the high particle yield in a non-polar environment suggests that the zein is
mostly non-polar, as expected due to its composition and the fact that the expected major

fraction of the zein is a-zein.

The second theory is that due to the increased geraniol activity and decreased zein activity
as the geraniol-to-zein mass ratios are increased, the separation kinetics of the two
substances may be affected upon the addition of water. At lower geraniol-to-zein mass
ratios the zein may precipitate first, followed by the phase separation of geraniol, resulting
in poor encapsulation. At higher geraniol-to-zein mass ratios the geraniol may phase
separate first and due to the continued stirring, be emulsified. This is then followed by the

precipitation of the zein enabling encapsulation.
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4.2.2 Zein-wintergreen system

For this system, on the addition of water, two distinctive zein-containing phases were
observed. Firstly, at all wintergreen-to-zein mass ratios investigated, a large amount of zein
precipitated out as a sticky, dark yellow mass collecting at the bottom of the container. It
was therefore visually evident that low particle yields could be expected. The second phase
consisted of a white to yellow colour solid that appeared to have fluid-like properties if
shaken, suggesting that it consisted of small particles (this was confirmed with microscopy).
These micro-particles, unlike the geraniol micro-particles, collected at the bottom of the
container. Therefore it could not be concluded whether the wintergreen was encapsulated
or not since the SG of wintergreen is 1.18. The precipitated zein and micro-particles are

shown in Figure 4-3 and the particle yields obtained are given in Table 4-3.

Figure 4-3: Precipitated zein and micro-particles formed after phase separation in the wintergreen
oil-zein system.
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Table 4-3: Particle yields of different wintergreen-to-zein mass ratio systems.

Wintergreen- Particle yield (mg/mg %)

to-zein mass

ratio
Run 1 Run 2 Run 3 Average Standard
deviation
4:1 22.50 20.94 7.90 17.11 6.55
3:1 8.47 12.59 5.38 8.81 2.95
2:1 6.35 8.59 5.50 6.81 1.30
1:1 11.67 10.07 8.75 10.16 1.19
0.5:1 13.50 12.50 17.33 14.45 2.08
0.33:1 10.5 19.01 16.88 15.46 3.62

As can be seen from Table 4-3, the particle yields are indeed much lower than the geraniol-
zein system. The highest particle yield achieved was 22.5% for a wintergreen-to-zein mass
ratio of 4:1. Furthermore, the results seem to be inconsistent with no definite trend. By
disregarding mass ratios 3:1 (although in run 2 it did show a similar value) and 2:1, the

particle yield seems not to vary that much.

Similar wintergreen solubility tests were conducted and similar results were obtained i.e.
the mass wintergreen oil used in all wintergreen-to zein mass ratios were completely
miscible in the 80% ethanol-water solutions prepared, but immiscible in 25% and lower
ethanol-water solutions. However, solutions containing zein, without the addition of water
did not remain stable where zein and wintergreen oil separated. Precipitated zein and

wintergreen oil droplets were collected at the bottom of the containers.

By taking into account that the dipole moment of methyl salicylate (the major constituent of

wintergreen) is 2.47 D compared to that of water at 1.8546 and ethanol at 1.69 D
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(Lide, 2004), it can be considered to be relatively polar. Since zein is mostly non-polar, it
seems that the interaction between the zein and the wintergreen oil is not favourable to
result in encapsulation. However, the fact that micro-particles did form, may suggest that a

certain fraction of zein other than a-zein participated.
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4.3 Volatile mass fraction

4.3.1 Zein-geraniol system

TGA runs of the micro-particles were performed prior to and after lyophilisation to estimate
the differences in geraniol mass fractions due to lyophilisation. Assuming that no zein is
lost, the fraction of oil lost during lyophilisation can be estimated. Three approaches were
followed to estimate the geraniol content of the micro-particles prior to lyophilisation. The
first case approach was to assume that any mass loss observed below the boil-off
temperature of pure water at the relevant pressure was only due to water or ethanol.
Therefore no geraniol was lost at these low temperatures. The second case approach was
to assume that if geraniol was lost at these low temperatures, the fraction of geraniol lost
up to the boil-off temperature of pure water, should equal the fraction of geraniol lost in
the case of only pure geraniol. These assumptions were made due to the significant
difference in the volatility of water or ethanol compared to the volatility of geraniol and its
immiscibility with water. The third approach was based on thermodynamic calculations,
where the composition of the mass loss was approximated by the application of Raoult’s
Law. Please refer to Appendix | for a detailed discussion on the thermodynamic approach.
It should be noted that the assumptions for the thermodynamic approach were that the
system reaches steady state and is closed, which is not accurate. Therefore the three
approaches are followed to indicate the possible variance in the true geraniol mass

fractions.

4.3.1.1 Geraniol-to-zein mass ratio 2:1

Experimental approach prior to lyophilisation

The TGA results of the micro-particles prior to lyophilisation are shown in Figure 4-4. The

mass loss curves of the pure substances involved in the preparation are also included.

The first matter of concern is that a heterogenic azeotrope may be reached, since the
geraniol is immiscible with the ethanol-water phase at the end preparation compositions.
Depending on the composition of the micro-particles, the liquid phase may either approach
pure geraniol or pure solvent (water and ethanol) as they are heated. Consequently, the
boiling point temperature of the liquid phase will also approach the boiling point
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temperature of either of the two at the relevant pressure. From Figure 4-4 it is clear that a
significant mass loss occurs beyond the boil-off temperature of the pure water and the
ethanol, indicating that the liquid phase approached pure geraniol. This was proven by

thermodynamic calculations (Appendix I).
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Figure 4-4: TGA mass loss of geraniol-to-zein mass ratio 2:1 micro-particles at different
temperatures prior to lyophilisation.

By considering the pure substances in Figure 4-4, it can be seen that the onset of mass
reduction of the pure zein sample occurs at the highest temperature of approximately

270 °C and is higher than the range at which the mass reduction of the zein-geraniol micro-
particles stabilised. Therefore it can be concluded that the thermal degradation of zein was
not reflected in the mass reduction of the geraniol-zein micro-particles at temperatures
lower than 270 °C. It is noteworthy that the measured thermal degradation point, at 270 °C
is much lower than the reported 320 °C. Furthermore, the mass reduction onset

temperature and the boil-off temperature of the pure geraniol are approximately 107 °C
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and 233 °C respectively. All pure water should be boiled off at a temperature of 135 °C and

likewise pure ethanol at 90 °C.

It can be concluded that the mass reduction of the micro-particles from temperatures of

30 °C-90 °C can be attributed to ethanol and water, from 90 °C - 107 °C to water only, from
107 °C- 135 °C water and geraniol, and 135 °C - 270 °C geraniol only. However, it should be
noted that since these are the mass loss curves of pure substances, neither the influence of
the interaction between the substances on the mass loss nor the diffusion of the substances

through the polymer is taken into account.

The mass loss rate in Figure 4-5 clearly shows the ranges at which different substances are
evaporated with three distinct peaks. The first peak indicates the mass loss of ethanol and
water with a maximum mass loss rate at approximately 72 °C, corresponding to the boiling
point of ethanol. Thereafter a decrease in the mass loss rate is observed, and it is noted
that all the ethanol has been boiled off, followed by an abrupt increase in the mass loss rate
at a temperature of 97 °C, which corresponds to the boiling point of water. The third peak

resembles the mass loss of the geraniol.

From this, an approximation of the geraniol mass fraction can be established. The geraniol
mass loss taken only from 135 °C for run 2 is 26.2 % of the total observed mass loss. A
geraniol mass fraction of 62.6% then follows. However, from Figure 4-4, the geraniol mass
loss up until 135 °C is approximately 3.6% of the geraniol contained. By taking this into
account the geraniol mass fraction increases to 63.3%. The results for Run 1 and Run 2 are

summarised in Table 4-4 at the end of this section.
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Figure 4-5: TGA mass loss rate of geraniol-to-zein mass ratio 2:1 micro-particles at different
temperatures prior to lyophilisation.

Thermodynamic approach prior to lyophilisation

The predicted remaining mass of the subsequent substances are shown in Figure 4-6. The
respective temperatures predicted at which ethanol and water are completely boiled off are

95 °C and 105 °C.

For comparison, the mass loss rates of the different substances are shown in Figure 4-7. As
expected, the first peak can be attributed to the increasing mass loss rates of ethanol and
water, after which the water loss rate flattens out with an abrupt increase close to its boiling
point, giving rise to the second peak. At this point an increasing contribution from the
geraniol mass loss rate is observed. At temperatures exceeding 105 °C the mass loss rate

can only be attributed to the loss of geraniol, resulting in the third peak of Figure 4-5.
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Predicted ethanol, water and geraniol mass remaining at different temperatures prior

to lyophilisation for the geraniol-to-zein mass ratio 2:1 system.

From Figure 4-6, the geraniol mass loss up to 135 °Cis 7.3% of the total geraniol contained,

resulting in a geraniol mass fraction of 66.3%. The best and worst cases are summarised in

Table 4-4 at the end of this section.
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Figure 4-7: Predicted ethanol, water and geraniol mass loss rates at different temperatures prior
to lyophilisation for the geraniol-to-zein mass ratio 2:1 system.

Experimental approach after lyophilisation
The TGA results of the micro-particles after lyophilisation are shown in Figure 4-8.

It is clear from Figure 4-8 that the entire mass loss of the micro-particles at temperatures
lower than 270 °C can only be attributed to the loss of geraniol. If some water is possibly
still present, its contribution to the mass loss should be negligible. The gradient of the mass
loss also seems to have abrupt changes. This is confirmed by the rate of mass loss
presented in Figure 4-9, which shows three peaks. This should not be confused with the

three peaks identified for the micro-particle mass loss prior to lyophilisation.
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Figure 4-8: TGA mass loss of geraniol-to-zein mass ratio 2:1 micro-particles at different
temperatures after lyophilisation compared to pure component mass loss.

The third peak in Figure 4-9 is simply the decomposition of the zein polymer with an onset
temperature of approximately 272 °C, corresponding to the onset decomposition

temperature of the pure zein sample from Figure 4-4.

With regard to the geraniol mass loss rate, the first observation is that the temperature at
which the geraniol micro-particle is boiled off is much higher than the temperature at which
the pure geraniol is boiled of at 265 °C compared to 233 °C. This is an indication that the
geraniol is not merely surface oil, but is encapsulated (the mass loss is not only dependent
on the vapour pressure of the geraniol but on the diffusion of the geraniol through the
polymer structure). Furthermore, a second geraniol mass loss peak is observed
commencing at 220 °C. A possible explanation for this is that the geraniol has reached its
boiling point (literature value of 230 °C), possibly leading to the rupturing of the micro-

particles. Consequently there is a rapid release of the remaining oil.
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Figure 4-9: TGA mass loss rate of geraniol-to-zein mass ratio 2:1 micro-particles at different
temperatures after lyophilisation.

The geraniol mass fractions for the geraniol-to-zein ratio 2:1 micro-particles is summarized

in Table 4-4.
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Table 4-4: Geraniol mass fractions predicted for the geraniol-to-zein mass ratio 2:1 system with
experimental and thermodynamic approaches prior to and after lyophilisation.

Geraniol mass fraction

Il 1] v
Run 1 64.6 65.3 66.3 61.5
Run 2 62.6 63.3 64.3 64.5
Average 63.5 64.3 65.3 63.0
Standard deviation 0.9 1.0 1.0 1.5

| = without lost geraniol, Il = with experimental lost geraniol, Il = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.

From Table 4-4 the geraniol lost during lyophilisation can be estimated. A best, medium and
worst case scenario can be defined, corresponding to columns |, Il and Il of Table 4-4
respectively. The best-case scenario is that only 0.8% of the geraniol originally encapsulated
is lost during lyophilisation. The medium and worst case scenarios amount to 2.0% and

3.5% of the geraniol being lost respectively.

By taking into account the particle yields in Section 4.2 and the geraniol mass fractions, the
average geraniol encapsulation efficiency and the zein participation efficiency can be
estimated. Once again, the efficiencies depend on the amount of geraniol lost during
lyophilisation and the accuracy of the calculated mass fractions. The results are presented

in Table 4-5.
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Table 4-5: Average geraniol encapsulation and zein participation efficiencies for the geraniol-to-
zein mass ratio 2:1 system.

Geraniol encapsulation and zein participation efficiency

Il 1 \Y
Zein participation efficiency (%) 87.1 85.1 82.8 88.2
Geraniol encapsulation efficiency (%) 75.7 76.7 77.9 75.1
| = without lost geraniol, Il = with experimental lost geraniol, Ill = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.
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4.3.1.2 Geraniol-to-zein mass ratio 3:1

The TGA results for the geraniol-to-zein mass ratio 3:1 micro-particles prior to lyophilisation
are shown in Figure 4-10. The thermodynamically predicted mass loss of the different

components are also shown.
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Figure 4-10: TGA mass loss of geraniol-to-zein mass ratio 3:1 micro-particles at different
temperatures prior to lyophilisation with predicted remaining ethanol, water and
geraniol mass.

From Figure 4-10, by referring to the gradient of the mass loss curve of Runs 1 and 2, it is
once again clear that there are three distinct regions of mass loss. The same second case
approach is taken as for the geraniol-to-zein mass ratio 2:1 micro-particles, i.e. 3.6% of the
geraniol is lost at a temperature of 135 °C. The geraniol fraction predicted to be lost at
135 °C for the geraniol-to-zein mass ratio of 3:1 is 5.1% compared to the 7.3% of the 2:1

system. The geraniol mass fractions prior to lyophilisation are summarised in Table 4-6.
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The TGA results for the geraniol-to-zein mass ratio 3:1 micro-particles after lyophilisation

are shown in Figure 4-11.

100 -

90 - ¢ G31Run1

80 T = G31 Run 2

60 1

50 +

30 +

Mass fraction {mg/mg %)

10 +

0 I I I I I I I I I I I I I
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Temperature (°C)

Figure 4-11: TGA mass loss of geraniol-to-zein mass ratio 3:1 micro-particles at different
temperatures after lyophilisation.

As with the geraniol-to-zein 2:1 system, it is clear that the mass loss observed at a
temperature lower than 270 °C can only be attributed to geraniol. These micro-particles
also show a change in the mass loss rate (three peaks), with the second peak commencing
at 210 °C. The geraniol mass fractions calculated after lyophilisation are also given in

Table 4-6.
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Table 4-6: Geraniol mass fractions predicted for the geraniol-to-zein mass ratio 3:1 system with
experimental and thermodynamic approaches prior to and after lyophilisation.

Geraniol mass fraction

Il 1l v
Run 1 76.0 76.6 76.9 70.1
Run 2 72.7 73.3 73.8 68.3
Average 74.4 75.0 75.4 69.2
Standard deviation 1.65 1.65 1.55 0.9

| = without lost geraniol, Il = with experimental lost geraniol, Il = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.

From Table 4-6, the average estimates of the geraniol lost during lyophilisation for the best,
medium and worst case scenarios are 7.0%, 7.7% and 8.2% respectively. In all three cases
the geraniol lost for the geraniol-to-zein mass ratio 3:1 system is higher than that of the
geraniol-to-zein 2:1 system. The geraniol encapsulation and zein participation efficiencies

are given in Table 4-7.

Table 4-7: Average geraniol encapsulation and zein participation efficiencies for the geraniol-to-
zein mass ratio 3:1 system.

Geraniol encapsulation and zein participation efficiency

| Il 1 v

Zein participation efficiency (%) 87.5 74.1 72.9 91.6

Geraniol encapsulation efficiency (%) 84.5 90.4 90.9 83.5
| = without lost geraniol, Il = with experimental lost geraniol, Ill = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.

By comparing the geraniol-to- zein mass ratio system 2:1, it seems as if a trend can be
observed. Firstly, there is great increase in the geraniol mass fraction, and secondly there is
an increase in the geraniol encapsulation and zein participation efficiencies.
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4.3.1.3 Geraniol-to-zein mass ratio 4:1

The TGA results for the geraniol-to-zein mass ratio 4:1 micro-particles prior to lyophilisation
are shown in Figure 4-12. The thermodynamically predicted mass loss of the different

components are also shown.
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Figure 4-12: TGA mass loss of geraniol-to-zein mass ratio 4:1 micro-particles at different
temperatures prior to lyophilisation with predicted remaining ethanol, water and
geraniol mass.

From Figure 4-12, the gradients of Runs 1 and 2 once again clearly resemble the three peaks
observed. From this, the thermodynamically predicted percentage geraniol lost at

temperatures lower than 135 °C amounts to 4.9%.

The TGA results for the geraniol-to-zein mass ratio 4:1 micro-particles after lyophilisation

are shown in Figure 4-13.
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Figure 4-13: TGA mass loss of geraniol-to-zein mass ratio 4:1 micro-particles at different
temperatures after lyophilisation.

From Figure 4-13, as with the other systemes, it is clear that all the water and ethanol was
removed during lyophilisation. Another consistency is that the three peaks in the mass loss
rate are once again observed, showing a sudden release of the remaining geraniol at a
temperature of 212 °C. A summary of the geraniol mass fractions for the geraniol-to-zein

mass ratio 4:1 is given in Table 4-8.

From Table 4-8, the estimated geraniol lost during lyophilisation amounts to 3.8%, 4.3% and
4.6% for the best, medium and worst case scenarios respectively. The corresponding

calculated geraniol encapsulation and zein participation efficiencies are given in Table 4-9.
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Table 4-8: Geraniol mass fractions predicted for the geraniol-to-zein mass ratio 4:1 system with
experimental and thermodynamic approaches prior to and after lyophilisation.

Geraniol mass fraction

Il 1] v
Run 1 82.3 82.7 83.0 79.0
Run 2 81.2 81.6 82.0 78.4
Average 81.8 82.2 82.5 78.7
Standard deviation 0.6 0.6 0.5 0.3

| = without lost geraniol, Il = with experimental lost geraniol, Il = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.

Table 4-9: Average geraniol encapsulation and zein participation efficiencies for the geraniol-to-
zein mass ratio 4:1 system.

Geraniol encapsulation and zein participation efficiency

I Il 1 \Y

Zein participation efficiency (%) 73.2 71.6 70.1 85.4

Geraniol encapsulation efficiency (%) 81.9 82.3 82.7 78.9
| = without lost geraniol, Il = with experimental lost geraniol, Il = with thermodynamically

predicted lost geraniol, IV = after lyophilisation.

By comparing the 2:1, 3:1 and 4:1 systems, a clear trend is observed, i.e. the mass fraction
geraniol significantly increases with the amount of geraniol initially added relative to the
amount of zein initially added. Post-lyophilisation geraniol mass fractions increased on
average by 9.8% from the 3:1 system compared to the 2:1 system and 24.9% with the 4:1
system compared to the 2:1 system. Therefore the more hydrophobic the environment, the

more geraniol is encapsulated.

However, by considering the zein participation efficiency, peculiar behaviour is observed.
Initially the zein participation efficiency increases from the 2:1 to the 3:1 system, but
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decreases again for the 4:1 system. The same is observed for the geraniol encapsulation

efficiencies. In a trade-off of the systems:

e The 4:1 system is the most effective in terms of geraniol mass fraction, second most
effective in terms of geraniol encapsulation efficiency but the least effective in terms
of zein participation efficiency.

e The 3:1 system is most effective in terms of geraniol encapsulation and zein
participation efficiencies and second most efficient in terms of geraniol mass

fraction.

In conclusion, by considering the input materials wasted, the 3:1 system will be the most
economically feasible, except where the added value of the higher fraction geraniol in the
4:1 system exceeds the value of the wasted input materials. For this reason, only the

kinetics of the 3:1 system were studied.
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4.3.2 Zein-wintergreen system

Since the wintergreen-zein systems showed very low particle yields, these systems were
considered not to be economically feasible. Therefore the wintergreen oil lost during
lyophilisation was not of concern and TGA studies were only performed on the lyophilised
wintergreen-to-zein 4:1 system, which showed the highest average particle yield. These

results are presented in Figure 4-14 with the results of the pure components.
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Figure 4-14: Mass loss of the wintergreen oil-to-zein mass ratio 4:1 micro-particles at different
temperatures after lyophilisation

From Figure 4-14, a significant mass loss of the pure wintergreen commences at
approximately 80 °C, similarly for the micro-particles where the mass loss onset

temperature is higher as it is for the pure water and ethanol.

What it boils down to is that it is reasonable to assume that the observed mass loss of the

micro-particles is mainly due to the wintergreen oil. This is a very interesting phenomenon,
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i.e. although the wintergreen system showed very poor particle yields, in this case it showed
an average wintergreen mass fraction of 66.6%. Therefore, although in totality the
interaction between the zein and the wintergreen oil was insignificant, a fraction of the zein

may have interacted to such an extent as to encapsulate the wintergreen oil.

The zein participation and wintergreen oil encapsulation efficiencies were calculated to be
28.6% and 14.3% respectively. This shows that some fraction of zein, most probably the
more polar fractions, may have participated and the mostly non-polar a-zein to a lesser

extent.
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4.4 Particle size analysis

4.4.1 Geraniol-zein systems

The particle size distributions of the geraniol-to-zein mass ratio systems 2:1, 3:1 and 4:1 are

shown in Figures 4-15, 4-16 and 4-17 respectively.
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Figure 4-15: Particle size distribution of the geraniol-to-zein mass ratio 2:1 system.

From Figure 4-15, the particle size distribution can be seen to be normal, with only one
peak, and slightly skew to the smaller particle sizes. The single peak may indicate that there
are no distinct differences in the polarity of the zein with which the geraniol interacted, i.e.
it suggests that the geraniol only interacted with one fraction of zein, most possibly a-zein.
The average D(10) micro-particle size is 40.9 um, whereas the average D(50) and D(90)
equate to 94 um and 209 pum.
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The geraniol-to-zein mass ratio 3:1 system also shows a normal distribution, shown in
Figure 4-16, which is skew to the smaller particle sizes. However, the micro-particles are
significantly smaller than those of the geraniol-to-zein 2:1 system. The average D(10), D(50)

and D(90) particle sizes are only 10.7 um, 30.5 um and 86.1 um respectively.
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Figure 4-16: Particle size distribution of the geraniol-to-zein mass ratio 3:1 system.

Interesting to note is that the size of the micro-particles of the geraniol-to-zein mass ratio
4:1 system, shown in Figure 4-17, is once again bigger than that of the geraniol-to-zein 3:1

system with an average D(10), D(50) and D(90) of 34.3 um, 95.2 um and 250 um

respectively.
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Figure 4-17: Particle size distribution of the geraniol-to-zein mass ratio 4:1 system.

An approximation for the wall thickness of a micro-particle for a reservoir system is given by

Equation 15.
x=p,d/(6p,4) (15)

Where x is the membrane wall thickness, pg the density of geraniol, p; the density of zein, d

the diameter of the microcapsule and £ the geraniol-to-zein mass ratio of the microcapsule.

The corresponding average values of £ for the lyophilised geraniol-to-zein mass ratio
systems 4:1, 3:1 and 2:1 from the TGA results are 3.7, 2.2 and 1.7. The wall thickness for the
D(50) microcapsule of each system can then be estimated to be 3.0 um, 1.6 um and 6.5 um.
Clearly, there is a trade-off i.e. the geraniol-to-zein 2:1 system compared to the geraniol-to-
zein 4:1 system will have the lowest geraniol content per mass microcapsules, but with the
thickest wall membrane, it will have the slowest expected release rate. The geraniol-to-zein

3:1 system, however, will have a moderate geraniol content with the fastest expected
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release rate. This is unwanted, but with the highest geraniol encapsulation and zein
participation efficiencies it remains the preferred system for study of release kinetics.
4.4.2 Wintergreen-zein systems

The average particle size distributions for the best wintergreen systems with the highest

particle yields are shown in Figure 4-18.
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Figure 4-18: Average particle size distributions of the wintergreen-to-zein mass ratio systems 4:1,
3:1and 1:3.

From Figure 4-18 it can be seen that firstly the wintergreen-zein system overall yielded
micro-particles with significantly smaller sizes than those encountered in the geraniol-zein
systems. Secondly, it also consistently shows three peaks. A possible explanation for this is
that it is not just one zein fraction that participated in the formation of these micro-
particles. The fractions of zein with the higher polarities should possibly lead to the

formation of the micro-particles.
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4.5 Microscopy

4.5.1 Light microscopy

Light microscopy was used for the initial confirmation of the formation of micro-particles. It
was also the only method used to visually observe the micro-particles that formed prior to
lyophilisation, as the possible presence of non-participating volatiles limited its
characterisation with the SEM. An image of multiple micro-particles and a close-up image of
one micro-particle of the geraniol-to-zein 3:1 system are shown in Figure 4-19 and Figure 4-

20 respectively.

Figure 4-19: Image of multiple micro-particles of the geraniol-to-zein 3:1 system.

The first observation is that the size of the micro-particles fall in the vicinity of 50 um. In

addition, their shape appears to be spherical which should reflect in the release kinetics.
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Figure 4-20: Close-up image of a large micro-particle of the geraniol-to-zein 3:1 system.

The close-up image in Figure 4-20 reveals that there are roundish irregularities on the
surface of the micro-particles. Although it is not clear from this image, the irregularities
could either be dents or bumps on the surface. If they are bumps, they can either be bumps
within the polymer structure or non-encapsulated surface geraniol adhering to the surface

of the zein.

The wintergreen-zein micro-particles, shown in Figure 4-21 and Figure 4-22, also have a
spherical shape. These micro-particles are extremely small, with a few exceptionally larger
ones (unfortunately they are not in focus due to the size difference) exceeding 10 um in

diameter.
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Figure 4-21: Image of multiple micro-particles of the wintergreen-to-zein 4:1 system.

Figure 4-22: Close-up image of a micro-particle of the wintergreen-to-zein 4:1 system.

The surface of the wintergreen-zein particle also seems to be irregular; however, the clear

spherical geometry of the irregularities is not observed.
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4.5.2 Scanning electron microscopy

The image of the multiple micro-particles shown in Figure 4-23 shows that the micro-
particles retained their spherical geometry after lyophilisation, but they did seem to
agglomerate and in some instances formed filament-like structures connecting them. A few
ruptured or broken micro-particles were also observed as shown in Figure 4-24 and

Figure 4-26, but no collapsed structures were observed.

EHT = 1.00 kV
Signal A = InLens Photo No. = 6433 Date :8 Sep 2015 WD = 23 mm

Figure 4-23: SEM image of multiple micro-particles of the geraniol-to-zein 3:1 system after
lyophilisation.
The ruptured micro-particles showed a view of their internal structure, which revealed that
they have a membrane structure with a hollow internal cavity, making them microcapsules.
This corresponds to a reservoir system, and possible zero-release kinetics could be
observed in their present glassy state. Whether this structure is only limited to the ruptured
micro-particles due to the possible collapse of the internal structure upon rupturing, or
whether it extends to lyophilised micro-particles, was clarified with confocal microscopy. A
close-up image of a micro-particle is shown in Figure 4-25, in which the irregularities on the

surface can clearly be seen.
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EHT = 1.00kV
Signal A = InLens Photo No. = 6438 Date :8 Sep 2015 WD = 23 mm

Figure 4-24: Close-up SEM image of a ruptured micro-particle of the geraniol-to-zein 3:1 system
after lyophilisation.

EHT = 1.00kV
Signal A = InLens Photo No. = 6404 Date :8 Sep 2015 WD = 24 mm

Figure 4-25: Close-up SEM image of a micro-particle from the geraniol-to-zein 3:1 system after
lyophilisation.

There are definite dents in the polymer structure, with some dents being so severe as to
protrude through the membrane exposing the inner cavity. The dents varied between

microcapsules observed — the microcapsule shown in Figure 4-26 has a major dent on the
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left. The dent on the right may be misleading as it may have been caused by the rupture.
Furthermore, from Figure 4-26, the dents protruding through the membrane can be seen
from the inside of the microcapsule and the exposed membrane can be observed. A
possible explanation for the dents is that non-encapsulated geraniol may have adhered to
the surface of the zein and was evaporated during lyophilisation. On closer inspection, in
Figure 4-27 the membrane seems to consist of small spherical cavities possibly containing
geraniol. In the middle of the membrane it appears that one of these cavities is not closed
off to the surface. Therefore the dents observed may be cavities that are not closed off to
the surface and the holes may be cavities extending from the inner surface to the outer
surface. If the cavities in the membrane contain geraniol, it could have implications for the
release kinetics, as a burst effect may be observed when encapsulated oil is present in the

membrane of a microcapsule.

EHT = 1.00kV

Signal A = InLens Photo No. =6413  Date :8 Sep 2015 WD = 24 mm

Figure 4-26: Close-up SEM image of a ruptured micro-particle from the geraniol-to-zein 3:1 system
after lyophilisation with exposed membrane
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EHT = 1.00kV
Signal A = InLens Photo No. = 6414  Date :8 Sep 2015 WD = 24 mm

Figure 4-27: Close-up SEM image of an exposed membrane of a ruptured micro-particle of the
geraniol-to-zein 3:1 system after lyophilisation.

The size of the microcapsule shown in Figure 4-26 and Figure 4-27 is in the range of 30 um
i.e. the D(50) size of the geraniol-to-zein 3:1 system with an approximate membrane
thickness (x) of 1.9 um. This is slightly more than the predicted wall thickness of 1.6 um

indicating that the zein structure is porous, evident from Figure 4-27.
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The wintergreen-zein system observed after lyophilisation, as shown in Figure 4-28, showed

zein flakes rather than micro-particles.

EHT = 1.00 kV
Signal A = InLens Photo No. = 6440 Date :8 Sep 2015 WD= 24 mm

Figure 4-28: SEM image of zein flakes of the wintergreen-to-zein 4:1 system after lyophilisation.

Small, spherical objects were also observed on the surface of the flakes. They do not seem
to be zein micro-particles themselves, but rather oil droplets. Unfortunately, the reason for
the difference in zein structures prior to and after lyophilisation for the wintergreen-zein
system is unknown. The low pressure during lyophilisation may have caused the

wintergreen to evaporate and the zein micro-particles to burst or collapse.
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4.5.2 Confocal microscopy

The confocal image of the geraniol-to-zein 3:1 system prior to lyophilisation is shown in

Figure 4-29.

—
10 pm

Figure 4-29: Confocal image of the internal structure of multiple microcapsules of the geraniol-to-
zein 3:1 system prior to lyophilisation.

The internal structures observed in Figure 4-29 corresponds very well to those observed
under the SEM. There is a clear, defined core cavity in all the microcapsules, with
surrounding smaller cavities in the fluorescing zein membrane wall stained with FITC. The
membrane cavities, however, can vary significantly in size between microcapsules. In
conclusion, the reservoir system is not only limited to microcapsules that are lyophilised or
that have burst, and nearly zero-order kinetics can be expected for the geraniol-to-zein 3:1

system in the glassy and swollen states.
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4.6 Kinetics

The release kinetics of the geraniol-to-zein 3:1 system at different temperatures is shown in

Figure 4-30 as the fraction of oil released.

100 S *
90 +
80 T G3180°C
70 + G3170°C
60 + G3160°C
50 + ©G3140°C

Fraction geraniol released, m,/m,
°

o
e

Figure 4-30: Fraction of encapsulated geraniol released of the geraniol-to-zein 3:1 system at
different isothermal temperatures.

As expected, the geraniol release rate decreases with decreasing temperature. The system
exhibits near-linear release behaviour (zero-order kinetics) at all temperatures for geraniol-
released values lower than 80%. This behaviour is favourable with regard to the intended
application as a constant amount of geraniol is released per unit of time, allowing consistent
repellent concentrations. The release kinetics correspond to those of a reservoir system
and the conclusions from the SEM and confocal images. However, the linearity seems to
weaken as the temperature is decreased, with particular reference to the first 20% of the

geraniol released at 40 “C. The zoomed-in range is shown in Figure 4-31.
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Figure 4-31: Release kinetics range of the geraniol-to-zein 3:1 system showing non-linearity.

As can be seen from Figure 4-31, the kinetics at temperatures higher than 40 °C also show
the non-linearity, but not as profoundly. A possible explanation for this occurrence is the
bursting effect, i.e. that the geraniol captured within the membrane wall is initially released
at a higher rate (shorter diffusion path) than the bulk of the geraniol in the main reservoir.
The combination of the two shows a marked difference from the remaining release profile.
At high temperatures, this effect is not as profound as the diffusion from the main reservoir
is so high that the additional release from the wall membrane can be regarded as

insignificant.

The data were fitted with Equation 4, with the values for n equalling 1 (thin sheet geometry)
and 0.85 (spherical geometry) for case Il transport from Table 2-6. The values for k" were
then obtained with the least square method. Note that only the data between 20%
released and 80% released were taken into account. These values at the respective
temperatures are given in Table 4-10. A visual presentation of the mathematical

approximations at 60 °C, 70 “C and 80 °C is shown in Figure 4-32.

71

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Results and Discussion

Table 4-10: Release kinetics constants at different temperatures for the geraniol-to-zein 3:1

system.
Temperature k" with n =1 (1/min) k™ with n = 0.85
(1/min °%9)
40°C 0.000123 0.001553
60 °C 0.000334 0.001066
70°C 0.000621 0.004768
80 °C 0.001111 0.002932

In all instances, by taking n = 0.85, a better fit with a smaller cumulative error was obtained.
This can also clearly be seen in Figure 4-32. Assuming that the concentration gradient
through the wall membrane remains constant, the area of the microcapsules is unaltered
and that no morphological changes occur at the different temperatures, then the only
variable with temperature will be the diffusivity of the geraniol. Its temperature

dependence is given by Equation 16.
D= D, ef/RT (16)

Subsequently, k" will have the same dependency. By taking the natural logarithm on both

sides, Equation 17 is obtained.
In(k") = In((k,") - (nE,/RT) (17)

The fit to obtain nE,/R is shown in Figure 4-33.
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Figure 4-32: Mathematical approximations of release rate for the thin film and spherical
geometries at 60 °C, 70 °C and 80 °C of the geraniol-to-zein 3:1 system.

The data showed a very good linear trend and the values for nE,/R were fitted to be

6048.9 K and 5033.2 K for the thin film and spherical geometry approximations respectively.

Consequently, the time needed for the microcapsules to release 80% of their initial geraniol
content at 20 °C and 30 °C could be predicted as 25 342 min and 12 863 min respectively
using the linear model, and 20976 min and 11 114 min respectively using the sphere model.
In terms of days where one day equals 24 hours, the corresponding values are 17.6, 8.9,

14.6 and 7.7 days.
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Figure 4-33: Value of -In(k") at different temperatures with trend lines.
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5 Conclusions and Recommendations

The conclusions for the geraniol-zein system are:

e At geraniol-to-zein mass ratios of 1:1 and lower, practically no microcapsules were
formed, but at geraniol-to-zein mass ratios of 2:1 and higher, particle yields of up to
85% were observed. Proposed explanations for this phenomenon include a micellar
inversion of zein at geraniol-to-zein mass ratios greater than unity due to an increase
in the hydrophobicity of the environment or higher phase separation kinetics at
these geraniol-to-zein mass ratios. This may cause the geraniol to phase separate
first, be emulsified by continued stirring and followed by the zein, enabling
encapsulation.

e The geraniol mass fraction increased with higher geraniol content. Of the geraniol-
to-zein mass ratios investigated, the geraniol-to-zein 4:1 system showed the highest
geraniol mass fraction. However, the geraniol-to-zein 3:1 system showed the best
utilisation of materials with the highest geraniol encapsulation and zein participation
efficiencies. From this it was concluded that the geraniol-to-zein 3:1 system might
be the most economically viable for large-scale agricultural use.

e In all cases, the thermodynamic modelling approach predicted a worst case scenario
in terms of estimating the fraction of geraniol lost during lyophilisation. The
geraniol-to-zein 3:1 system showed the highest loss at 8.2%.

e During particle size analysis a single peak was consistently observed. The geraniol-
to-zein 3:1 system differed from the other systems as it is comprised of much smaller
microcapsules. This corresponded to the higher geraniol encapsulation and zein
participation efficiencies.

e Light microscopy revealed that the microcapsules were spherical in shape with
irregular surfaces prior to lyophilisation. SEM indicated that there were dents on the
surface of the microcapsules, which could possibly be areas to which non-
encapsulated geraniol adhered. SEM and confocal microscopy showed that the
microcapsules had large central cavities with a surrounding zein membrane. This
classified the microcapsules as reservoir systems. Smaller cavities were also

observed within the membrane wall.
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Release kinetics of the geraniol-to-zein 3:1 system approximated zero-order
characteristics. This corresponds to a glassy polymer reservoir system. Some non-
linearity in the initial release profile was observed. This is possibly a small bursting
effect caused by the geraniol in the cavities within the zein membrane.
Extrapolation of release constants at different temperatures showed that the time
period for the geraniol-to-zein 3:1 system to release 80% of the initial geraniol

content can range from 7.7 and 17.6 days at 20 °C and 30 °C respectively.

The conclusions for the wintergreen oil-zein system are:

The wintergreen-zein system showed very low, inconsistent particle yields compared
to the geraniol-zein system, but showed significant wintergreen oil mass fractions. A
possible reason for the low particle yields is the high polarity of the major
constituent of wintergreen oil, methyl salicylate. This may not favour encapsulation
by the predominantly hydrophobic zein.

Particle size analysis showed several peaks, possibly indicating differing extents of
interaction by different zein fractions.

Light microscopy revealed that these micro-particles were also spherical in shape
prior to lyophilisation, but the SEM images showed the zein to be flakes after

lyophilisation with possible wintergreen oil droplets adhering to them.

Recommendations for future investigations are to:

Extend the range of geraniol/wintergreen oil-to-zein mass ratios beyond those
studied in this study.

Establish the initial zein fraction content by selective solubility.

Establish the zein fraction content that participated in the encapsulation of geraniol
and wintergreen by selective solubility.

Experimentally determine the orientation of the moieties of zein micelles at different
geraniol contents by studying their interaction with polar and non-polar surfaces.
Study the kinetics of the phase separation of geraniol and zein e.g. by varying the

rate at which additional water is added.
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Establish the effect that different stirrer speeds will have on the geometry and
microcapsule size.

Study the swelling and release kinetics of the geraniol-zein system in an aqueous
environment to determine whether swelling takes place, and if so, how it will affect
the release profile. This is for the possible distribution of the microcapsules in
irrigation systems.

Explore methods of blending diffusion-inhibiting materials with zein to extend the
release period of the geraniol.

Explore more polar biopolymers for the encapsulation of wintergreen oil.

Study the rheology of the microcapsules to determine at which shear rates the
microcapsules will be mechanically damaged, for the purpose of establishing flow
rates in irrigation systems.

Determine the effectiveness of the microcapsules as an aphid repellent by means of

olfactory studies, especially in a South African context.
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Appendix |

The method for the mathematical approximation of the TGA vapour compositions and
subsequent calculated encapsulation efficiencies and the geraniol and zein participation
efficiencies are explained in this section.

The vapour pressures of the ethanol, water and geraniol were calculated using the Antoine
equation represented by Equation 1, which is repeated here for convenience.

log P(T) = A, - B (T+C) (1)

The values for the constants Ay, B and C, as well as the units for the vapour pressure (P;) and
temperature (T) of the various components, are summarised in Table A-1. The validity range
of Tis also provided.

Table A-1: Summary of Antoine information for the various components.

Component Ak B C Units of  Units of T validity
P; T range (°C)
Water 8.05573 1723.64 233.076 mmHg °C 0.01 -
373.98
Ethanol 5.24677 1598.67 -46.424 Pa K 19.65 -
93.45
Geraniol 8.60515 2773.11 254.443 mmHg °C 4-230

The first assumption that was made is that the geraniol is completely immiscible with the
water or ethanol at the end concentrations after the addition of additional water, but the
water and ethanol are miscible. Therefore two phases existed: geraniol with the other
phase being water and ethanol. The combined vapour pressure of the system can then be
estimated by Raoult’s Law shown in Equation 18.

Pror = P6+Pew (18)

Where: Pg is the vapour pressure of the geraniol and Prw is the vapour pressure of the
ethanol and water phase.
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The vapour mole fractions of the respective phases (represented by y;) can then be
calculated by using Equation 19.

yP. =P (19)

The vapour pressure of the ethanol-water phase was also estimated with Raoult’s law for

non-ideal miscible liquids shown in Equation 20.
Pew = YoV XiP; (20)

Where: y; is the activity coefficient and x; is the liquid phase mole fractions, respectively, of

either ethanol or water within the ethanol-water phase.

The vapour mole fractions (by just considering the ethanol-water phase) were then

calculated using Equation 21.

yiP y,'XiPi (21)

EW =
The activity coefficients were calculated using the Margules Equation given by Equation 22.
Ln(y,)= X7 [A+ 2(A;- Ayxi] (22)

Where: Ajj and Aj are factors dependent on temperature, but the temperature dependency

was ignored in this study.

The mass loss recorded in the TGA analysis were reasonably assumed to be only that of
water, ethanol and geraniol, i.e. zein did not contribute. Therefore, by combining the
vapour mole fractions of the two phases from Equation 19 and the subsequent vapour mole
fractions from Equation 21, the composition of the mass loss recorded in the TGA analysis
could be estimated. With each measurement taken, the mass loss of each component could
be calculated, and by simple mass balance the composition of the liquid remaining could be
estimated. The initial compositions of the ethanol-water liquid phase and the total liquid
system were initially unknown and therefore reasonably guessed. This guess was corrected

by iteration until an error of less than 2% was achieved. Points of importance are:
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e By applying Equations 18 to 21, the system is assumed to be closed and to be at
equilibrium with each measurement, which is definitely not the case. However, for
the approximations calculated, the estimates proved sufficient.

e Note that the ethanol-water liquid phase would not have reached an azeotrope at
this composition or at a higher water composition (as the ethanol is evaporated at a
higher rate). If the captured vapour were cooled repeatedly then the azeotrope
would have been reached as the ethanol content of the vapour would increase.

e The overall two-phase system also did not reach a heterogenic azeotrope as the
initial ethanol and water mole fraction in the entire liquid system was lower than the
azeotropic composition, even in the case of the highest possible initial compositions

(see Figure A-1).

At the bubble point of the binary system, the total vapour pressure will equal the absolute
pressure which was held constant at 1.1 bar. Therefore Pror at the bubble point can be
equated to Paps. From this the bubble point temperature can be calculated, which in this
case was a range as Proris a function of the respective ethanol and water content in the
ethanol-water phase which shifts until only pure water is left. Consequently the vapour
phase mole fractions at the bubble point at which the azeotrope would exist could be

estimated with Equation 23.
y;=P; /(Pi+Pj) (23)

The range of bubble point temperatures and the corresponding ethanol-water vapour mole

fractions calculated are shown in Table A-2.
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Table A-2: Calculated bubble point temperatures of the geraniol and ethanol-water immiscible
binary system with azeotropic vapour mole fractions of the ethanol-water phase.

Actual Saturation Ethanol-water phase Actual ethanol-
temperature (°C) temperature (°C) azeotropic vapour mole water phase liquid

fraction mole fraction

Geraniol-to-zein 2:1 system

30 95.2 0.994 0.878
50 96.7 0.994 0.858
100 102.1 0.992 0.386

Firstly from Table A-2, it can be seen that the changing composition of the ethanol-water
phase has a significant effect on the bubble point temperature of the entire system.
Similarly, although to a very small extent, the diminishing ethanol content causes the
azeotropic mole fraction to decrease somewhat. What is of the real concern is that the
initial liquid mole fraction of the ethanol-water phase is in all cases less than that of the
azeotropic mole fraction. This leads to the composition of the remaining liquid to increase
in geraniol content. Conclusively, and put in simple terms, the initial conditions were on the
preferred side of the azeotrope. Figure A-1 shows the composition loci based on these

calculations for the geraniol-to-zein 2:1 system.
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Figure A-1: Composition loci of the immiscible geraniol and ethanol-water binary system.

Note that the azeotropic mole fraction is extremely close to an ethanol-water phase only.

This is due to the very great difference in volatility between geraniol and water/ethanol.

Furthermore, the bubble point temperature of the system approaches that of water

(102.3 °C at 1.1 bar) compared to that of geraniol (233°C at 1.1 bar), indicating that initially

very little geraniol is lost and that the initial mass loss is almost entirely due to ethanol

and/or water as shown in Figure A-1. The water and ethanol should then be almost

completely boiled off by 135 °C. This corresponds to the distinct peaks obtained in the

experimental runs.
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