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Abstract 

Citronella oi l (CO), has been reported to possess a mosquito repellent action. However, its 

application in topical preparations is limited by its rapid volatility. 

The objectives of this study were to confirm its activity and reduce the rate of evaporation, 

thereby to enhance its repellency effect via microencapsulation (ME); using gelatin simple 

coacervation method. And, to formulate the optimized MCs into topical formulation. For this, 

sodium sulphate (20%) was used as a coacervating agent. The microcapsules (MCs) were finall y 

hardened by using formaldehyde (37%) as a crosslinking agent. The effects of three variables, 

stirring rate (X l), oil loading (X2) and amount of crosslinking agent (X3), on encapsulation 

efficiency (EE), particle size (PS) and the release rate (RR) of CO were studied. Thus, response 

surface methodology (RSM) was employed to optimize the EE (%) and PS with respect to those 

three variables. An effort was also made to develop topical formulations for the MCs with 

reduced CO membrane permeation. For this, four different classes of ointment bases were used: 

white petrolatum, wool wax alcohol , hydrophilic ointment (USP) and PEG ointment (USP). 

Ointments were prepared for both the MCs and the un-microencapsulated citronella oil (uCO). 

The effects and the nature of an ointment base on the percutaneous permeation of CO were then 

investigated. In vitro membrane permeation of CO was evaluated in Franz diffusion cells using 

ce llulose acetate membrane at 32 °C, with the receptor compartment containing a water-ethanol 

solution (50:50). The receiver phase samples were analyzed by GC/MS with citronellal as a 

reference standard. 

The effect of the amount of crosslinker was insignifficant on EE (%). The effects of the stirring 

rate, oil loading and amount of crosslinking agent were significant on PS. The EE (%) and PS 

exhibited sign ificant effect on RR. The response surface plot and contour plot for the polynomial 

equations were constructed to find the optimum area. One optimal condition for ME of CO was 

found to be a stirring rate of 720 rpm, CO to gelatin ratio of 0.57: 1 and formaldehyde (37%) of 

8.15 ml. The MCs under the optimized conditions provided EE of 60% and PS of 213 [lm. The 

optimized MCs were observed to have a sustained release profile (70% of the content was 

released at the 10'" hr) with minimum initial burst effect. Differential scanning calorimetry 
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This is particularly true for the chief genera which vector human di sease-causing pathogens, 

Table 1.1 (Tolle, 2009). 

Table 1.1: Chief genera of mosquitoes and human diseases they vector (Tolle, 2009) 

Mosquitoes 

Anopheles 

Culex 

Aedes 

Diseases 

Malaria, lymphatic filariasis 

Japanese encephalitis, lymphatic filariasis, other viral di seases 

yellow fever, dengue, dengue haemorrhagic fever, lymphatic 

filariasis , other viral di seases 

Attempts to control mosquito-borne diseases have met, from the time of Julius Caesar, with 

variable success and continue to the present. Far from being controlled, in many regions of the 

world , mosquito-borne di seases are flouri shing, responsible for significant global morbidity and 

mortality, and di sproportionately affecting children and adolescents. Malaria, in particular, 

continues to impart a major di sease burden. Nearly 90% of mortality attributed to it is 

experienced by infants and young chi ldren, the vast majority in sub- Saharan Africa (Tolle, 

2009). Apart from being direct cause of mortality and morbidity, malaria also has a larger, 

indirect effect on mortality and di sability. For example, maternal placental sequestration of 

malaria results in low birth weight (less than 2.5 kg) thereby decreasing the chance of infant 

survival (Lagerberg, 2008). 

1.2 Malaria 

1.2.1 History of malaria 

Malaria has been around since ancient times; the famous Greek physician Hippocrates described 

the disease in detai l. In 1880, it was di scovered that malaria is caused by a Plasmodium parasite, 

and 18 years later, it was identified that the transmitting vector of malaria in man is the female 

Anopheles mosquito (Mahidol, 2004). 

Before the 20lh century, malaria was found throughout most of the nonpolar world, including 

North America and Northern Europe. It has been eradicated from most of the world outside the 

2 
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tropics. Similarly, malaria incidence in subtropical regions such as Mexico, the Middle East, 

North Africa, and China has been greatly reduced. In much of the tropics, however, malaria 

remains a significant clinical problem, particularly in certain regions of sub-Saharan Africa. 

Here, transmission is intense, and malaria is a major contributor to overall infant and child 

mortality (Tolle, 2009). 

1.2.2 Malaria transmission 

Malaria is a protozoal infection of red blood cell s (RBCs) with one of the four species of 

Plasmodium which commonly infects humans (Tolle, 2009). Of the 172 known Plasmodium 

species, the vast majority typically are only capable of infecting birds, repti les, and nonhuman 

mammals. Only four Plasmodium species, P Jalciparum ; P vivax; P ovale and P malariae, are 

known to commonly infect humans and cause clinical disease (Ashley et al., 2006). The majority 

of malaria infections worldwide are caused by P Jalc iparum and P Vivax. Of the two, P 

Jalciparum is the most dangerous, as it is capable of causing high parasitaemias, resulting in 

severe and complicated disease. It is also the chief contributor to global malaria morbidity and 

mortality at a fata li ty rate of around 15% (Ashley et ai. , 2006; Lagerberg, 2008). 

1.2.3 Life cycle of Plasmodium 

Plasmodium has both human and mosquito cycles. Human cycle is initiated when the Anopheles 

mosquito injects saliva containing plasmodial sporozoites into the intermediate host. It injects 

approx imately 15 - 20 sporozoites into the subcutaneous tissue and, less frequently, the 

bloodstream. After some minutes in the bloodstream the sporozoites reach the liver and start to 

reproduce asexually, becoming hepatic schizonts. It is not certainly known how the sporozoites 

enter hepatocytes. However, it has been suggested that hepatocyte receptors to the major surface 

protein on the sporozoite, the circumsporozoite protein, are involved. This stage is asymptomatic 

\ 0 and reflects the primary incubation period. It lasts on average from 5 - 6 days for P. Jalciparum 

\ to 10 - 14 days for P. vivax. Occasionally, it may take much longer, on average 1 month, for P. 

~ 
I 
I , 

malariae (Moore el ai., 2002). At the completion of this stage, hepatic schizonts rupture and 

release hundreds of plasmodial merozoites into the circulation and rapidly infect other RBCs 

(Moore et ai. , 2002; To lle, 2009). In vivax and ovale malarias a number of the sporozoites 
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alTiving at the liver become dormant hypnozoites. The latter are capable of causing a relapse of 

malaria at a later date . P. malariae does not have the hypnozoite stage but may persist in the 

blood for many years, if inadequately treated (Ashley el aI. , 2006). 

The young trophozoites consume haemoglobin in the RBCs and develop into schizonts which 

rupture, releasing more merozoites to invade yet more RBCs causing the symptoms (fever) and 

the infective biomass to expand. This asexual life-cycle, from the invasion of RBCs by 

merozoites until schizont rupture, takes 48 h for falciparum , vivax and ovale malarias, and 72 h 

for P maiariae (Ashley el aI. , 2006). 

This multiplication and periodic release from RBCs of new merozoites and malarial antigens 

forms the classical description of waves of fever. Symptoms coincide with the release of 

merozoites into the blood and the release of cytokines such as tumour necrosis factor and 

interleukin I from macrophages in response to the rupture of erythrocytes (Ashley el aI., 2006; 

Lagerberg, 2008). 

When in the liver and RBCs, the parasites are relatively protected from attack by the body's 

immune system. To prevent the circulating infected RBCs from being destroyed in the spleen, 

the parasites produce surface proteins. These cause the RBCs to adhere to the walls of the blood 

vessels producing end-organ damage and life-threatening complications (Lagerberg, 2008). The 

, asexual cycle continues until infection is controlled, either by the host's immune response or 

chemotherapy, or until the host dies (Ashley el aI., 2006). 

, 

The other li fe cycle of Plasmodium, the mosquito cycle, starts with the differention of some of 

the merozoites within the RBCs into immature gametocytes. And, for the sexual reproduction of 

Plasmodium to take place, these gametocytes must be taken up into the alimentary tract of an 

Anopheles mosquito . On biting an infected intermediate host, the mosquito ingests blood 

containing the parasite and the normally asexually dividing bloodstream forms (merozoites) die. 

The gametocytes are stimulated and the sexual stage of the cycle then continues in the mosquito. 

The gametocytes are released from the ingested RBCs and transform into male and female 

gametes. The male form (microgamet) undergoes flagellation and fertili ses the female form 

(macrogamet), forming a zygote. Within 24 hr, the zygote develops into a worm-like ookinete 

4 
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The unique feature that helps explain the intensity of transmission in Africa is the extremely 

anthropophilic behaviour of the Anopheles vectors (A . gambiae, A. arabiensis and A.Junes/us)' . 

Key anthropophilic behaviours include preference for humans as a blood meal source, 

oviposition in water bodies created through anthropogenic environmental modification, and 

endophily, the tendency to enter and rest inside houses. Such extreme specialization on a single 

host species, particularly humans, is rare among mosquitoes, most of which feed mainly on 

mammals and birds (Besansky et al., 2004). Although the burden is estimated to be highest in 

Africa (90%), around 13% of the deaths occur in the Southeast Asia region (Lalloo et al. , 2006). 

In Eth iopia, Malaria accounts for a fifth of all inpatient deaths in 2006, the burden remains 

higher than elsewhere in East and Southern Africa (Wakabi , 2007). P. Jalciparum causes severe 

malaria which accounts for about 17.8% hospital admissions and 28 % deaths among children. It 

has the highest under-five mortality rates ( 14011 000 live births) even among countries in sub

Saharan Africa, although this figure has shown a modest decline over the past decade (Oeressa el 

ai, 2007). 

1.2.5 Malaria control 

Environmental management reduced malaria in temperate areas of the world. In the tropics, the 

fight against malaria was first successful following the introduction of the insecticide I C) Oichlorodiphenyltrichloroethane (DDT) and the drug chloroquine. At the beginning, this 

combination of insecticide spraying and drug treatment had many successes. However, progress 

fa ltered when it was found that Anopheles mosquitoes and Plasmodium Parasite were developing 

resistance to the insecticide spraying and drug treatment, respectively . To cope with any 

dangerous resurgence of the disease, scientists were intensively looking for : sophisticated 

techniques for detecting di sease transmission, new ways to control transmission of malaria by 

mosquitoes, the development of a vaccine for preventing infections and their spread and more 

effective ways of treating malaria. At the same time, carefu ll y selected prevention methods have 

been implemented (Mahidol, 2004). 

,) 

Prevention measures often represent the most successful, practical and economical way of disease 

prevention and control. They are usually applied with other methods in an integrated manner. 
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Out of the various approaches of preventive measures, personal protection is the commonly 

advocated one. This method allows an individual to select from (or combine) avoidance 

techniques, exclusion of mosquitoes with physical and chemical barriers, treatment of fabric with 

toxicants, and the use of topical mosquito repellents (MRs) (Barnard & Xue, 2004). 

1.3 Mosquito repellent 

Most of the malaria transmission occurs during dusk, corresponding to the habits of the female 

Anopheles mosquito. Thus, any measure that reduces exposure to the evening and night-time 

feeding of Anopheles mosquito will reduce the risk of acquiring malaria. The use of MRs on 

exposed skin is, therefore, strongly recommended (Mahidol, 2004; Karunamoorthi el at., 2009a) 

As a result, it has already been accepted as part of an overall integrated mosquito-borne disease 

control program (Kall1Suk el ai., 2007). In fact, in many circumstances, applying MRs to the skin 

may be the only feasible way to protect against mosquito bites (Fradin & Day, 2002). 

According to a generally recognised definition, MRs are substances which induce a movement of 

the mosquito away from the host. They are used primarily on the skin, but also on fabric 

materials (Nentwig, 2003). 

There are a number of effective MRs containing synthetic chemicals such as N,N-diethyl-3-

methylbenzamide, formerly known as diethyl-lI1-toluamide (DEET), picaridin, etc. (Thavara el 

aI., 2002). DEET is currently the most effective and available in various commercial 

formu lations such as solutions, lotions, ge ls, creams, aerosols, sticks, and impregnated towelettes 

(Kamsuk el at., 2007). Despite its effectiveness, several researchers have reported adverse effects 

after use of MRs containing DEET. These include contact urticaria, skin eruption or toxic 

encephalopathy in children (Peterson & Coats, 200 I; Thavara el al., 2002; Das el aI., 2003). In 

add ition, synthetic chemicals used for control of vectors are caus ing irreversible damage to the 

eco-system, as some of them are non-degradable in nature (Das e l al. , 2003; Kall1Suk el al., 

2007). 

These problems have highlighted the need for the development of effective non-DEET 

alternatives. Unfortunately, there is currently no product that can give superior or comparable 
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2008). However, at present there is inadequate study and research related to the technology to 

encapsulate volatile material in MCs (Hsieh et aI. , 2006). Thus, the main aim of this study is to 

improve the MR property, both in efficacy and duration, of CO obtained from C. nardus, via 

ME. 

1.4 Microencapsulation 

ME is defined as a technology of packaging solids, liquids or gaseous materials in miniature, 

sealed microcapsules (MCs) that can release their contents at controlled rates (Hirech et al., 

2003). In its simplest form, a MC is a small sphere with a uniform wall around it, Fig. 1.1. Many 

workers classify capsules smaller than 1000 flm as MCs. Commercial MCs, however, typically 

have a diameter between 3 and 800 flm and contain 10 -90% w/w core (Thies, 1996). 

+ o 
Core Material " 'all Shell 

Figure 1.1: Structure of a MC (Cheng et al. , 2008) 

Conuullc.,j 
Release 

'ftIM icrocapsu l~ 

The material inside the MC is referred to as the core, internal phase, or fill; whereas the wall is 

sometimes called a shell, coating, or membrane (Deressa et aI. , 2007). The core may be active 

pharmaceutical ingredients, proteins, peptides, VOs, food materials, pigments, dyes, monomers, 

catalysts, pesticides, etc. The shell surrounding the core materials are typically synthetic or 

natural polymers with the ability to form a film (Jyothi et al., 2009). The most common wall 

materials are carbohydrates (e.g., maltodextrins, modified starches, and gum acacia), proteins 

(e.g., gelatin or whey protein), cellulose, or combinations of these materials (Leclercq et al. 

2009). The selection of the MC wall material is of the utmost importance. This is because, it 

constitutes the critical point for providing stability and cost efficiency to the system. It must also 

be compatible with the ME technique to be employed. Furthermore, the wall material must 
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release the encapsulated material during the appl ication (Hussain and Maji , 2008). Generally, a 

hydrophobic core is usually protected by a hydrophilic shell , and vise versa (Wilson and Shah, 

2007). 

1.4.1 Purposes of microencapsulation and release mechanisms 

The purpose of ME is usually defined by its permeability. Mes with impermeable walls are used 

in products where isolation of active substances is needed, followed by a quick release under 

defined conditions. The effects achieved with impermeable Mes include: separation of reactive 

components, protection of sensitive substances against environmental effects, conversion of 

liquid ingredients into a solid state, taste and odour masking, and toxicity reduction. On the other 

hand, Mes with permeable walls enable prolonged release of active components into the 

environment, such as in the case of prolonged release drugs, perfumes, deodorants, MRs, etc. 

Q (Boh & Sumiga, 2008). 

Q 

l 

The release mechanisms of the core contents vary depending on the selection of the wall 

materi als and, more importantly, its specific end uses. The core content may be released by 

friction, pressure, change of temperature, diffusion, di ssolution of the wall coating, and/or 

biodegradation (Wilson and Shah, 2007). 

1.4.2 Microencapsulation technology 

Different purposes of Me-based fi nal products require different characteristics of Mes. The size 

and shape of Mes, chemical properties of Me walls, and their degradability, biocompatibility 

and permeability have to be considered in the selection ofraw materials and ME processes (Boh 

and Sumiga, 2008). 

There are various techniques available for the ME of core materials. Each method has its own 

advantages and disadvantages. The choice of a particular teclmique depends on the attributes of 

the wall and the core, the site of action, and the duration ofthe action (Park et ai., 2005). Broadly 

the methods are di vided into tlu'ee types: chemical methods, phys ico-chemical methods and 

physico-mechanical methods, Table 1.2 (Jyothi et ai. , 2009). Some of the most commonly used 

techniques are discussed below. 

10 
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Complex coacervatioll 

This method takes advantage of the abilities of cationic and anionic water-soluble polymers to 

interact with water, forming a liquid, polymer-rich phase called complex coacervate. Here, two 

oppositely charged macromolecules (or a polyelectrolyte and an oppositely charged colloid) can 

undergo coacervation through associative interactions. The charges on the polyelectrolytes must 

be sufficiently large to cause significant electrostatic interactions but not so large to cause 

precipitation (Mohanty & Bohidar, 2003). Traditionall y, gelatin is used in combination with gum 

arab ic in numerous studies (Shefer & Shefer, 2003; Weinbreck el ai. , 2004; Tolle, 2009). 

When the complex coacervate forms, it will be in equi librium with a dilute solution called the 

supernatant. The supernatant acts as the continuous phase, whereas the complex coacervate acts 

as the dispersed phase. These two liquid phases are incompatible and immiscible. As the water

insoluble core materials are dispersed in the system, each droplet or particle of di spersed core 

material is spontaneously coated with a thin film of coacervate. The liquid film is then solidified 

to make the capsules harvestable. This method has been applied to encapsulate many water

immiscible liquids and is used in a variety of products (Cheng el ai., 2008) . 

Simple coacervation 

Simple coacervation is based on partial polymer desolvation in binary or ternary systems. This 

partial polymer deso lvation may be induced by changing the temperature of the polymer 

solution, by adding to the polymer solution a non solvent for the polymer, or by "salting-out" 

using electrolytes. The coacervate phase may form droplets in the stirred equilibrium phase or 

deposit as a film on a given solid or liquid surface, such as solid drug particles or droplets of 

aqueous core solutions. In both situations, the coacervate can be stabi lized by intermolecular 

physical or covalent cross- linking, which typically can be achieved by altering the pH or the 

temperature, or by adding a cross-linking agent (Gander el al., 1995). 

A very commonly employed simple coacervation procedure utilizes gelatin. This is because use 

of gelatin in pharmaceutics is particularly attractive by virtue of its biocompatibility and 

biodegradabi li ty along with a total absence of toxicity or allergic problems (Dinarvand et al., 

2005). Simple coacervation of gelatin typically invo lves the use of water-miscible nonsolvents 

for gelatin, such as alcohols, or salts, such as sodium sulfate. This produces a partial dehydration 
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• To formulate the microcapsules, from the optimized formula , into ointment dosage form ; 

• To undertake in vitro membrane permeation study for microencapsulated citronella oil 

from various ointment bases; and 

• To suggest a suitable ointment base for topical application of the microcapsules . 
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Determination of protection time 

When the dose giving 100% repellency was identified, 10% and 20%, the arm was re-exposed at 

I min intervals. The commercial DEET (15%) was also tested as a standard for compari son of 

protection time to that of the CO. The other hand treated with ethanol was used as a negative 

control. Tests were undertaken immediately after the application of repellents followed by an 

hourly interval until repellency declined to 50%. Four replicates were conducted for each 

concentration of CO and for each human vo lunteer. None of the vo lunteers was tested more than 

one formu lation per day. The protection time was thus, the ti me from the first application till the 

repellency declined to 50%. 

Percentage of repellency was calculated based on the following equation: 

% Repellency = (C- T)xIOO 
C 

Eq.2. 2 

Where, C is the number of mosquitoes counted from contro l and T is the number of mosquitoes 

counted from the test. 

2.2.2 Gas chromatography/mass spectrometry (GC/MS) analysis 

The identification of the major compounds in the CO was performed by comparing their 

" retention times and mass spectra with those obtained from authentic samples. The oil was diluted 

to 20 ~lg/mL, with chloroform, and injected into GC/MS system (MagnumTM, Germany) 

equipped with a fused si lica capillary column (30 111 x 0.25 mm, coated with Optima® - FFAP -

0.25 ,.lIn film thickness) and Helium as carrier gas (I ml min- I). The oven temperature was 60 °C 

for I min, increasing up to 200 °C (100 °C/min) and then, after 14 min, it was further increased 

to 240°C (30 °C/min). The injector and detector temperatures were 240 °C each. Analysis was 

o 
done by MS (ion trap temperature at 240 °C; manifold temperature at 220 °C, transfer line 

temperature at 240 °C). 

2.2.3 Construction of calibration curve 

A stock so lution of 2 mg/ml of citronellal standard solution was prepared in chloroform. 

Working so lutions were prepared by diluting the stock so lution with the same solvent to contain 
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1, 2, 5, 10,20, 40 flg/ml. Each solution was prepared three times and triplicate injections of each 

solution were made into the GC/MS system. 

2.2.4 Microencapsulation of citronella oil by simple coacervation 

A method described by Gander el at. (1995) was employed. Accordingly, an aqueous dispersion 

containing 10% w/w of gelatin in purified water was prepared at 50 °C, a temperature well above 

the gelation temperature of gelatin. A suitable amount of CO was then added and emulsified with 

stirring using a magnetic hot plate stirrer (MR 300 I, Heidolph, Germany). Coacervation was 

brought by gradual addition of an aqueous sodium sulphate solution (20% w/v) at a feeding rate 

of about 2.5 mllmin. The mixture was stirred for I hr, total coacervation time, to ensure a 

complete deposition of gelatin onto the oil. The temperature of the system was then brought 

down to about 5 °C within one hour, on an ice bath. Formaldehyde solution (37% v/v) was then 

added to rigidize the gelatin coating. Crosslinking time was set to be I hr. Finally, the MCs 

collected were washed three times with ethanol, followed by cold water (5 °C), filtered and dried 

by Iyophilisation (Christ@, Alpha 2-4, Germany). 

2.2.5 Characterization of the microcapsules 

2.2.5.1 Microscopy 

The structure, shape, and formation of MCs during manufacturing were observed using a light 

microscope (Axiolab, Carl Zeiss, Inc. , Germany), connected to a colour digital camera (Canon, 

E330, Japan) . 

2.2.5.2 Determination of microcapsules size 

The PS of the prepared MCs was determined by using Laser Diffraction PS Analyzer 

(Mastersizer 2000, Malvern Instruments, UK). The sizes of the MCs were determined in distilled 

water as a non-dissolving dispersion medium. The particles were mechanically suspended by 

magnetic stirring during the measurement. The size distribution was characterized by its mean 

diameter and standard deviation. Results reported are the average of triplicate samples. 
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2.2.5.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were carried out using Netzsch DSC 200 

(Netzsch-Geraetenbau, Germany), The samples of known weight were prepared, Then, a 

temperature ramp from - 50 °C to 200 °C was applied at a rate of 10 °C/min under Nitrogen 

atmosphere, 

2.2.6 Encapsulation efficiency 

Encapsulation Efficiency (EE, %) of CO was determined using a method by Maji el ai, (2007) 

wi th some modification, Accurately weighed amounts of the MCs were dispersed in a known 

vo lume of chloroform, This di spersion was agitated at 700 rpm for 12 h, then ultrasonic-treated 

twice for 20 min with 10 min interval. After filtration, using 0.45 11m PTFE filter, quantitative 

analysis of the supernatant was done by GC/MS, Each experiment was carried out in triplicate. 

The EE (%) was determined as follows: 

EE(%) = M a x lOO 
Mill 

Eq.2.3 

where: Ma is the actual amount of CO entrapped in the MCs, and Mlh is the theoretical amount of 

CO entrapped in the MCs. 

2.2.7 In vitro CO release study 

This study was done according to a method by Maji el al. (2007). A known quantity of MCs was 

placed into a known volume of water - ethanol solution (50:50). The mixture was magnetically 

stirred at a constant rate and the temperature throughout was maintained at 32°C. The 32 °C 

value recalls the human skin temperature, whilst the agitation was needed to avoid any stagnant 

layer outside of the suspended MCs. An aliquot of receptor medium (I ml) was collected for 10 h 

during the study, followed by the replenislunent of same volume of fresh, preheated receptor 

medium at each sampling interval i.e. 0 min and 30 min and thereafter every hr for 10hr. The 

collected samples were analyzed by GC/MS after extraction with ethanol. Each experiment was 

performed in triplicate. 
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Percutaneous absorption kinetics 

In this study, Fick's first law was employed to describe steady state diffusion (Hadgraft 200 I; 

Hadgraft 2004). Accord ing to this law, the cumulative amount of the permeant diffused through 

a skin surface (f,lg/cm2) at time t is expressed as follows: 

Eq. 2.4 

Where: Ps (cm/h) is the skin permeability coefficient and CD and CR (f,lg/cmJ) are the oil 

concentrations in the donor and receptor chambers, In this study, the amount of substance 

diffused at t was obtained by GC/MS analysis; corrected for the amount of analyte subtracted at 

every sampling. 

-) The flux J (f,l g/cm2/h) was calculated from the slope of Q (f,lg/cm2) as a function of t (hr), when 

excellent linear behavior was recorded. The membrane permeability coefficient was determined 

according to equation 2.5 . 

o 

'-' 

'J 

P =Yc ., c 
I) 

Eq.2.5 

The lag-time tlag (hI') is the time employed by the permeant to start its diffusion through the 

membrane into the receptor medium. It was the X intercept of the linear plot and determined by 

linear regression analysis. 

2.2.8 Experimental designs for response surface methodology 

The process optimization of CO encapsulation was designed by full factorial design (FFD). The 

response surface methodology (RSM) was applied to optimize the EE (%), PS and rel ease rate 

(RR) of the CO by means of three independent variables; stirring rate (rpm, X I) the ratio of 

coating material (gelatin) to core material (CO) (X2), and amount of the formaldehyde (37%) 

(ml, X3). The po lynomial model was employed for the EE (%), PS and RR. And, to find the 

optimum area at wh ich the desired responses are achieved, the response surface plots and 
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Percutaneous absorption kinetics 

In this study, Fick's first law was employed to describe steady state diffusion (Hadgraft 200 I; 

Hadgraft 2004). According to this law, the cumulative amount of the permeant diffused through 

a skin surface (llg/cm2) at time t is expressed as follows: 

Eq.2.4 

Where: Ps (crn/h) is the skin permeability coefficient and CD and CR (llg/cm3) are the oil 

concentrations in the donor and receptor chambers, In this study, the amount of substance 

diffused at t was obtained by GC/MS ana lys is; corrected for the amount of analyte subtracted at 

every sampling. 

(\ The flux J (llg/cm2/h) was calculated from the slope of Q (llg/cm2) as a function of t (hr), when 

excellent linear behavior was recorded. The membrane permeability coefficient was determined 

according to equation 2.5 . 

o 

P =Yc ' c D 
Eq.2.5 

The lag-time tl ag (hr) is the time employed by the permeant to start its diffusion through the 

membrane into the receptor medium . It was the X intercept of the linear plot and determined by 

linear regression analysis. 

2.2.8 Experimental designs for response surface methodology 

The process optimization of CO encapsulation was designed by full factorial design (FFD). The 

response surface methodology (RSM) was applied to optimize the EE (%), PS and release rate 

(RR) of the CO by means of three independent variables; stirring rate (rpm, XI) the ratio of 

coating material (gelatin) to core material (CO) (X2), and amount of the formaldehyde (37%) 

(ml, X3). The polynomial model was employed for the EE (%), PS and RR. And, to find the 

optimum area at which the desired responses are achieved, the response surface plots and 
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contour plots fo r the polynomial equations were constructed USll1g MA THEMA TICA 5.2 

software. 

2.2.9 Storage stability 

This was assessed as reported in the Markus (1996), and by Moretti el al. (2002). The oil content 

was determined after exposure of dried MCs in sealed glass containers at 54 °C for 2 weeks 

under daylight cycle. 

2.2.10 Incorporation of microcapsules into ointment bases 

The pure CO and the optimized MCs were separately formulated into an ointment using four 

different ointment bases: white petrolatum, wool wax alcohol, hydrophilic ointment (USP) and 

PEG ointment (USP). All formulations were prepared at 10% of the MCs. All the bases, except 

PEG ointment (USP), were used as received and levigation technique was employed to 

incorporate the MCs. Here, mineral oil was used as levigating agent. PEG ointment (USP) was 

prepared by heating PEG 4,000 (40%) and PEG 400 (60%) on a water bath to 65 °C, with 

continuous stirring. This mixture was allowed to cool, and the MCs were incorporated, the 

mixture was stirred until congealed. In all the formulations, the MCs were sieved before 

incorporation. 

) 2.2.11 In vitro membrane permeation study 

Permeation studies were conducted for the eight ointment formulations with Franz diffusion cells 

(Variomag® Mono, Germany). The samples were placed on a cellulose acetate membrane 

(CAM) (0.2 ~m pore size, 25 mm diameter, Sartorius, Germany), which was soaked in rPM in 

order to mimic a lipophilic barrier such as the stratum corneum (Csoka et aI. , 2005a; Penzes et 

aI. , 2005). The testing sample, 300 - 350 mg, was placed in the donor cell, maintaining a 

o complete and intimate contact with the membrane surface. During the study, the donor cell was 

covered with a microscope cover glass to create an occlusive environment (Wang el aI., 2006). 

The receptor compartment contained a water-ethanol so lution (50 :50), to allow the establishment 

of the 's ink ' condition and to susta in CO solubilization (Puglia el al. , 2001). This compartment 

was constantly stirred and thermostated at 32 °C using a recircu lating water jacket during all the 

experiments. The system was allowed to equilibrate for 30 min before the first sample was 
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collected. An aliquot of receptor medium (250 ~lIn) was collected for 6 hrs during the study, 

followed by the replenishment of same vo lume of fresh, preheated receptor medium at each 

sampling interval i.e. 0 min and 30 min and thereafter every hour for 10 hrs. The co llected 

samples were analyzed by GC/MS after extraction with ethanol. Each experiment was performed 

in triplicate. 

2.2.12 Statistical ana lysis 

The results were treated stati stically using Origin Software, Yersion 7. One-way analysis of 

variance (ANOY A) was employed for the comparison of all the results. When there was a 

statistically significant difference, post-hoc Tukey Honestl y Significant Difference test was 

applied. A statisticall y significant difference was considered when P < 0.05. 

2.2.13 Ethical consideration 

Ethical clearance was reviewed and granted by Ethical Committee of School of Pharmacy, Addis 

Ababa University (Addis Ababa, Ethiopia). 
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3. Resu lt and Discussion 

3.1 Bioassay 

Test ing of MRs, whether In the laboratory or the fie ld, is performed using a process called 

" biological assay, bioassay for short. In general, bioassays use a living organism. Repellent 

bioassays typically involve mosquitoes or some other type of bloodsucking arthropod (Barnard, 

2005). 

Accordingly, the bioassay for the CO was performed and compared with that of DEET. The CO 

showed signifi cant repellent activity in the dose response test of the study against A. arabiansis. 

The ED;o value was calculated to be (3.52 ± 0.02)%. Based on the results of the dose response 

study, the duration of protection of the CO was carri ed out at 10% and 20% concentration with 

reference to the standard synthet ic repellent (DEET). At 10% concentrations, CO showed above 

97% relative protection soon after application, Table 3.1. This was not statistically different 

(P > 0.05) in efficacy than DEET. But, the duration of protection was only 3 hr. At 20% 

concentration of the CO, the same pattern was observed except that the duration of protection 

was extended to 5 hI's. 

From the resu lts shown in Table 3.1, it can be seen that increasing concentration of the CO, 

increased the percentage and duration of protection. But, increasing concentration beyond 20% 

does not seem to be practi cal, both in terms of safety and cost. And, the most probable reason for 

the loss of efficacy could be the vo latili ty of the oil. Thus, a system has to be designed which 

controls the release of CO in time and space. Therefore, the aim of the present study was to 

prepare a formulation to prevent/retard from evaporation of the oil and protect it from any other 

envirollli1ental effects, so that its repellency activity lasts as long as DEET. For this purpose MCs 

\ 0 of the oil were prepared and characterised. 
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Table 3.1: Percentage protection of CO at concentrations 10% and 20% and of OEET at 15% 

concentration 

Percentage protection 

CO (10%) CO (20%) DEET (15%) 
Hour post application 

o 97.12 ± 1.58 100.00 ± 0.00 100.00 ± 0.00 

84.25 ± 0.69 96.04 ± 2.78 100.00 ± 0.00 

2 69.75 ± 4.56 91.12 ± 0.97 100.00 ± 0.00 

3 51.43 ± 5.23 84.09 ± 1.99 100.00 ± 0.00 

4 34.01 ± 0.03 61.67 ± 3.24 97.49 ± 1.45 

5 NO 50.95 ± 2. 17 94.23 ± l.23 

6 NO NO 90.57 ± 1.27 

7 NO NO 80.33 ± 0.67 

8 NO NO 75.98 ± 1.04 

ND = Not done 

3.2 Gas chromatography/mass spectrometry analysis 

The chemical composition of CO from C nardus consists of monoterpenes, hydrocarbons, 

ketones, aldehydes and esters. In this study, a method was developed and validated for the 

.) analysis of the major constituents of CO, to be used as tracer compounds for further study. 

o 

'-' 

Accordingly, it was found that the oil consisted largely of citronellal (35.3%) and geraniol 

(25%), which are considered to be responsible for MR activity of the oil. Fig. 3.1 shows the GC 

chromatogram of the oil. 
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GC chromatogram of CO. (Ana lyt ica l column : 30 01 x 0.2 5 mm. coated with Optima" -

FFA P - 0.25 ~m fi lm thickness; Carrier gas: Helium; Flow rate: I ml min- ' ; Oven temperature : 60 

°C for I min, increasing up to 200 °C (100 °C/min) and then, after 14 min. it was further increased 

to 240 °C (30 °C/min); Injector, detector, ion trap, manifold, transfer li ne temperature: each at 240 

°C; Runn ing time: 2 1 min; Samp le so lvent: Chloroform) 

3.2.1 Validation of gas chromatography/mass spectrometry method 

Val idation of an analytical method is a process that establi shes, by laboratory studies, that the 

performance characteristics of the method meet the requirements for the intended analytical 

applications. According to the International Conference on Harmonisation (ICH) guidelines and 

United States Pharmacopoeia (USP) 29 recommendations (ICH, 1996; USP, 2004), some 

validation parameters must be evaluated: linearity, specificity, precision, limits of detection 

(LaD), limits of quantification (LOQ) and accuracy. Thus, in the present study, the GC/MS 

method was validated by determining these parameters. 

Specificity 

Specificity is defined as the ability to assess unequivocally the analyte in the presence of 

components that may be expected to be present, such as impurities, degradation products, and 

other components (ICH, 1996; USP, 2004). In the present study, the specificity test was 
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evaluated by assaying a known amount of citronellal in the presence of geraniol (20 J.l glml) , 

which presents in CO (about 25%). No interference was observed at the retention time of 

citronellal (8: 26 min), as shown in the chromatogram obtained, Fig. 3.2. 
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Figure 3.2: 
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Gas chromatogram of citronellal and geraniol at concentrations of 20 J.lglml 

(Analytical column: 30 m x 0.25 mm , coated with Optima"' - FFAP - 0.25 ~m film thickness; 

Carrier gas: Helium; Flow rate: I ml min- I; Oven temperature: 60 °C for 1 min, increas ing up to 

200 °C (100 °C/min) and then, after 14 min, it was furth er increased to 240 °C (30 °C/min); 

Injector, detector, ion trap, manifold, transfer line temperature: each at 240 °C; Running time: 2 1 

min; Sample solvent chloroform) 

The linearity of an analytical method is its ability to elicit tests results that are directly, or by a 

we ll-defined mathematical transformation, proportional to the concentration of the analyte in 

samples within a given range (ICH, 1996; USP, 2004). In this study, the linearity of the method 

o was investigated by constructing a calibration curve for citronellal in the range of I - 40 ~tglml. 

The cal ibration curve, Fig. 3.3, was constructed by plotting concentrations vs. peak area (Y = 

808787.7*X - 907312.2, n = 6, r = 0.99958). The correlation coefficient value (r = 0.99958) 

indicates best linearity of the method in the range of I - 40 J.lg/ml. 
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Figure 3.3 : Calibration curve of pure cironellal in chloroform, with upper and lower 95% 

confidence interval (Analytical column: 30 m x 0.25 mm, coated with Optima" - FFAP - 0.25 

~m film thickness; Carrier gas: Helium; Flow rate: 1 ml min- I; Oven temperature: 60 DC for 1 

min, increasing up to 200 DC (100 DC/min) and then, after 14 min, it was further increased to 240 

DC (30 DC/min); Injector, detector, ion trap, manifold, transfer line temperature: each at 240 DC; 

Running time: 21 min; Sample solvent: chloroform) 

Precision 

The precision of an analytical method is the degree of agreement among individual test results 

when the method is applied repeatedly to multiple samplings of a homogeneous sample (lCH, 

1996; US?, 2004). The method was validated by evaluating the precision (repeatability - intra

day) and intermediary precision (interday). In this study, the repeatability was studied by 

assaying eight samples of CO, at same concentration (20 !lglml), during the same day. The CV 

obtained was 2.92%. The concentration of citronellal in CO obtained in this assay was 35.2%, 

Table 3.2. 
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emulsification achieved, revealed by the presence of two phases. But at relatively higher speeds, 

300 rpm and above, the system was completely emulsified. In addition, as observed under light 

microscope, the mean diameter of the oil droplets decreased with time and converged 

progressively to an equili briwl1 value after stilTing for I hr. Thus, throughout thi s work, stilTing 

rate above 300 rpm and emulsification time of I hr was used. 

Coacervation 

In the present study, sodium sulphate was used as coacervation inducing agent (CIA). And, the 

beginning of the coacervation process was judged, as stated by Maji el ai. (2007) , by the 

appearance of turbidity in the gelatin solution wh ile the proper amount of CIA was added. The 

appearance of turbidity was further verified by microscopic observations. 

The main problem faced at this stage was to control the final MC size and their tendency to 

aggregate. This is actually typical of the ME process by salting-out (Mauguet el ai., 2002). And, 

the solution was to control the initiation of the coacervation process (Lazko el ai., 2004a). 

Accord ingly, in thi s study, two major factors that affected the process were identified and 

controlled: kinetics of the CIA addition, and the time of coacervation. 

Kinetics of CIA addition 

In the present work, it was observed that when the salt solution was added very slowly (- 2.5 

:> mllmin), the aggregation phenomenon did not appear. This was because, when the salt solution 

was added all at once in the aqueous phase, it became instantaneously an unfavourable solvent 

fo r the total amount of protein present in the solution. In this case, the proteins previously 

adsorbed around oi l droplets, during the emulsion formation, served as initiators for the 

aggregation process. When the salt solution was dropped in slowly, unfavorable localized zones 

of aqueous phase were created for a short time. This is due to the rapid diffusion of the salt 

o solution to the continuous phase volume. And, only a few proteins contained in this area 

precipitate (Mauguet et ai., 2002). Thus, in thi s study the CIA addition rate was set at a rate of 

about 2.5 mllmin. 
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Coacervatioll time 

How long a coacervation step should last was another important parameter identified to influence 

the morphology of the MCs. According to different studies (Lazko el al. , 2004a), prolonged 

stirring after the stage of adding the CIA and before cooling causes an increase in aggregation 

and decrease in EE (%). This could be because the coacervation disturbs the equilibrium between 

coalescence and break-up established during the emulsification. In the present work, aggregation 

was observed at coacervation time above 1:30 hrs. Considering the observations from some 

preliminary works, a coacervation time of I hr was set throughout, which was also considered as 

an optimum by other researchers for similar work (Puglia el ai. , 2001). 

Cooling Stage 

The fina l step of ME is stabili zing the coacervate system so that the formed MCs can easily be 

harvested. This could be achieved by altering the temperature, the pH of the system or by 

addition of a crosslinking agent (Mauguet el al. , 2002) . 

In thi s study, the temperature of the coacervate system was changed from its initial working 

temperature, 50 °C, to 5 °C (Mauguct el al. , 2002). This sudden cooling would solidify the 

gelatin, previously adsorbed around the oil droplets . Different methods were employed to cool 

the system. Cooling to 5 °C on an ice pack at -80 °C, and cooling to room temperature then to 

5 °C was not successful to get the Mes. The efficient cooling method was found to be a modified 

ice bath at 0 °C, thus used throughout this work. Though this stage was the final one where MC 

formation was over, collecting the MCs was a challenge. This was because, most of the MCs 

reversed to solution. Thus, further means of stabilization was necessary. 

Most researchers recommend chemical cross linking to harden the wall material of MCs. This 

will make the MCs more stable as cross-linked proteins lose some of their functiona l properties 

and become insoluble. The loss of solubility was thus considered as a criterion of a successful 

reticulation of proteins (Mauguet el al., 2002; Lazko el ai., 2004b). Crosslinking is also supposed 

to reduce RR by producing a more homogeneous and less porous shell (Dowding el ai. , 2004). 

Based on this fact , in the present work, the gelatin walled MCs were crosslinked with 

formaldehyde (37%). In fact , it was found almost impossible to harvest the MCs without 
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chemical crosslinking. Thus, crosslinking was not optional as described by Leclercq el al. 

(2009), but rather mandatory. This could be as a result of the temporary effect of cooling on the 

rigidization of the MC wall. 

In this step, the duration of crosslinking was found to have some effect. At hardening time of less 

than I hr, the MCs could not be harvested efficiently; thi s was judged by the freely floating oils 

observed during the subsequent steps. Cross-linking time longer than 1hr caused agglomeration 

and irregular shape of the MCs (Wang el aI., 2008). Similar observations and conclusions 

regarding the hardening time were also made by others (Junyaprasert et aI., 200 I ; Wang el al. , 

2008). Thus, a hardening time of I hr was employed in the entire work. 

Drying 

After the stabilization stage, the MCs were washed three times with ethanol and then with cold 

water (S 0c) to remove free CO, formaldehyde and gelatin which were not involved in the 

encapsulation process. Following filtration, the MCs were dried . In this study, the 

microcapsules, following filtration , were freeze dried as recommended in Junyaprasert et aI., 

(200 I). 

3.3.2 Effects of various processes & formulation parameters on the 

encapsulation efficiency, particle size and release rate 

The effects of various processes and formulation parameters on EE (%) and PS of MCs are 

shown in Table 3.S. 

Effect of variation of oil loading 

As shown in Table 3.S, EE (%) increased from 36.15 ± 1.58 to 51.94 ± 1. 52 upon increasing 

CO:G from 0.5: I to I: I. Interestingly, no statistically significant (P < O.OS) change was observed 

in EE (%) with further increase of the ratio to 2: I and 3: 1. Instead, there was a visible CO 

floating on the top layer of the emulsion. Some other researchers also reported that EE (%) will 

not increase with simple and indefinite increase in oil loading (Chan el aI. , 2000; Tayade & Kale 

2004; Maji el aI. , 2007). A possible explanation for this might be the higher percentage of oi l 

loss during isolation. At low oil load, the dispersive force by the stirrer was more effective, 
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causing the formation of smaller oil vesicles. And, the amount of gelatin present in the system 

was sufficient to encapsulate the oil vesic les properly. At higher oil load, the di spersive force of 

the stirrer became less efficient and larger oil vesicles were produced as a result. At thi s stage, 

gelatin would try to encapsulate the larger oil vesicles at the expense of decrease of thickness of 

the MCs. Also, the amount of gelatin might not be sufficient to encapsulate all the oil vesicles, 

which means that some of the oil vesicles might ex ist without encapsulation and hence get lost 

during iso lation (Wu et ai. , 2005 ; Maji et ai. , 2007). 

The extent of loading appears to infl uence the morphology and the particle size distribution 

(PSD) of MCs as shown in Figure 3.4 and 3.5, respectively. With increasing amount of the oil , 

the morphology of MCs changed from spheri cal to irregular shape with more aggregation. The 

mean size also gradually increased with increasing the oil load. When the C:OO ratio was 

increased from 1:1 to 2: 1, the mean PS of the MCs increased from (351 ± 6)flm to (438 ± 6)flm 

and the PSD became wider. When the core/wall ratio was 3: 1, the mean PS of MCs continued to 

increase with relatively wider PSD. Similar resu lts were also obtained by other researchers (Lee 

& Rosenberg, 2000; Tayade & Kale, 2004). 

The reason could be the high viscosity of the protein so lution at such high oil loadings (Tayade 

& Kale, 2004). In general, high-viscosity liquids exhibit a greater resistance to breakage and 

deformation than those of low-viscosity fl uids when they are stirred. Thus, as the efficiency of 

agitation decreased considerably larger and more stable emulsion droplets are formed compared 

to those of the low-viscosity ones (Yeom el al., 2002) . 

Contrary to a similar work done by Dong et at. (2007), the type of the MCs formed 

(mononuclear vs multinuclear) did not change irrespective of the loading. Thus, the MCs were 

multinuclear in all the cases. This difference could be due to the difference in the oil type used 

In addition, the effect of CO: 0 ratio on R.R was al so studied. As depicted in Figure 3.6, the in 

vitro release profil es at all the ratios were almost similar. But at a higher oi l loading, 3:1 , the 

initial burst effect observed was very signifi cant. Also, at ratios 2: 1 and 3: 1, 74.35% and 93 .3 8% 

CO were re leased, respectively, by the end of the 10th hr. However, on ly 52.79% and 60.97% of 

CO was re leased at lower ratios of 1: 0.5 and 1: I . The reason for faster RR at higher CO: 0 

35 



o 

36 

I -. 



-, 
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c) d) 

Figure 3.4: Effect of the citronella oil to gelatin ratio on the morphology of citronella oil 

containing gelatin microcapsules (a) 0.5:1 (b) I : 1 (c) 2:1 (d) 3:1 at 550 rpm 

" stirring speed and 5 ml formaldehyde (37%) solution 
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Figure 3.5 : Effect of the citronella oil to gelatin ratio on the PSD of CO containing gelatin 

microcapsules, at 550 rpm and 5 ml formaldehyde (37 %) solution 
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Actually, in this study, it was assumed that the release of the oil from the MCs occurred by 

diffusion through the wall , into the aqueous environment. For thi s reason , it could be 

hypothesized that a thicker wall would slow the overall release. And also, according to Hussain 

& Maji (2008), with the decrease in wall thickness of the MC, diffusional path for the oil release 

becomes short which resulted in an increase of RR. Therefore, the thickness of the wall might 

playa predominant ro le for contro lling the RR. Sim ilar results have been reported in the 

literature (Lee & Rosenberg, 2000; Hsieh e/ ai., 2006; Maji e/ ai. , 2007; Hussain & Maj i, 2008; 

Leclercq e/ aI., 2009). 
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Figure 3.6: Effect of citronella oil to gelatin ratio on the release profile of citronella oil from 

gelatin microcapsules, at 550 rpm and 5 ml formaldehyde (37 %) solution 

Effect of Stirring Rate 

During the preliminary study, the effect of stirring rate at each of the ME steps was studied. The 

stirring speed of one of the three steps, discussed in section 3.3.1 , was varied from 500 to 700 

rpm, while fi xing 700 rpm for the others. This was done for all of the steps. Accord ing to this 

study, the stirring rate was found to have a great effect on the cooling stage than the others. A 

rationale for this could be: in the first two steps, emulsification and coacervation, the size of the 

oi l core and the thickness of the wall established can be changed by controlling the stirring in the 

following stage. At the third stage, cooli ng, the formation of MCs was complete and the wall 
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solidified. The stirring during this process can break either the aggregates of MCs or the MCs 

themselves. And, only sufficiently high speed can reduce the size of the MCs. The effect of 

stirring rate during the crosslinking process on the size of the MCs was observed to be 

insignificant. This could be because, at this stage there would only be a chemical reaction 

between the already formed MC wall and the crosslinking agent, during which the effect of the 

stirring rate was almost nil. The effect of stirring rate on the emulsification process is discussed 

in section 3.3.1. Considering these observations, in thi s study, there was no need to set different 

stirring rates at different stage of ME. And thus, the stirring rate employed was the same at each 

stages of the ME. 

The effect of stirring on EE (%), PS and RR was evaluated at 300, 550 and 950 rpm. There was 

stati stically significant (P < 0.05) change on EE (%) of the drug with increasing the speed of 

agitation· from 300 rpm to 950 rpm. This was in agreement with a work by Yeom et at. (2002). 

However, in another study, the effect of stirring on EE was reported to be not significant (Tayade 

& Kale, 2004). 

Varying the stirring speed from 300 rpm to 950 rpm, Table 3.5, caused the mean diameter of the 

MCs to decrease, independent of the ratio of CO:G. Fig. 3.7 illustrates the PSD curve of the 

spherical multinuclear MCs at different stirring speeds. The average PSs were 395.33 ± 5.84, 

35 1.02 ± 6. 14, and 210.35 ± 3.17 ~lm at the stirring speed of300, 550, and 950 rpm, respectively. 

The difference between the diameters of the MCs produced was statistically significant 

(P < 0.005). The reason could be due to the appl ication of low agitation rate of stirring, the 

coalescence of the primary emulsion droplets continues unabatedly, leading to the formation of 

very large coacervate particles and, finally , to macroscopic phase separation (Wang el al. 2008). 

The decrease in PS of the MCs with increas ing stirring speed is classically reported by a number 

of researchers (Chang el aI. , 2006; Aziz el aI. , 2007; Guo & Zhao, 2008; Valot el ai., 2009). 

The effect of the stirring rate on RR is shown in Fig. 3.8. When the agitation speed increased 

from 300 to 550 and to 950 rpm, the percentage release at the end of the 10'h hr was 46.38%, 

60.96% and 88%, respectively. This effect could best be explained in terms of PS (surface area 

to volume ratio) of the MCs produced. At higher stirring rate, smaller MCs with high surface 

area to vo lume ratio could be produced. This inturn could result faster RR (Sopena el al., 2007) . 
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Figure 3.7: Effect of the stirring speed on the particle size distribution of citronella oil 

containing gelatin microcapsules, at 1: 1 citronella oil to gelatin ratio and 5 ml 
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Effect of stirring rate on the release profile of citronella from gelatin microcapsules, 

at citronella oil to gelatin ratio of I: I and 5ml formaldehyde (37%) solution 

Effect of amount of formaldebyde 

Keeping the concentration constant at 37%, at its most common commercial form, the effect of 

the amount of the formaldehyde, as crosslinking agent was studied. The effect of variation of 

formaldehyde (37%, v/v) amount on EE (%), PS and RR are shown in Table 3.5, Figure 3.9 and 

Figure 3. 10, respectively. With 2 ml formaldehyde (37%, v/v), there were almost no MCs 

collected. Similar explanation given in section 3.1.1 for the effect of shorter hardening time 

could be forwarded. That is, 2 ml of formaldehyde was insufficient for complete reaction with 

the avai lable amino group of gelatin. But, when the amount of formaldehyde (37%, v/v) 
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yield of the process without increasing cost. Hence, optimization technique was employed for 

this purpose (Doornbos & Haan, 1995). 
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Figure 3.10: Effect of amount of formaldehyde (37%) solution on the release profile of CO 

from gelatin MCs , at 1: 1 CO:G and 550 rpm 

3.4 Optimization of citronella oil microencapsulation by response surface 

methodology 

Optimization of a formulation or process is finding the best possible composition or operating 

conditions. One of the methods of optimization is one-variable-at-a-time technique. Here, there 

is a parameter change in the general practice of determining the optimal operating conditions 

whi le keeping the others at a constant level. The major disadvantage of this technique is that it 

does not include interactive effects among the variab les and, eventually, it does not depict the 

complete effects of the parameters on the process. In order to overcome this problem, 

optimization studies can be carried out using RSM (Doornbos & Haan, 1995; Casti llo, 2007). 

RSM is a collection of statistical and mathematical techniques useful for developing, improving, 

and optimizing processes in which a response of interest is influenced by several variables. It 

defines the effect of the independent variables, alone or in combination, on the processes. In 

addition to analyzing the effects of the independent variables, this experimental methodology 
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generates a mathematical model which describes the chemical or biochemical processes 

(Doornbos and Haan, 1995; Castillo, 2007). 

Optimization study using RSM has three major stages. The first stage is factor screening in 

which the impOliant factors, among a wider set of possible controllable factors , will be 

identified. The second stage is the selection of the experimental design with the prediction and 

verification of the model equation. The last one is obtaining the response surface plot and 

contour plot of the response as a function of the independent parameters and determination of 

optimum points (Lei mann el 01., 2009). In thi s study, RSM was used to design and formulate CO 

containing MCs. Accordingly, the three stages of RSM were followed to arrive at an optimum 

formula. 

Factor screening 

Chemical and biochemical processes are atTected by numerous parameters. Because it is not 

possible to identify the effects of all parameters, it is necessary to select the parameters that have 

major effects. Thus, screening experiments are useful to identify the independent parameters. 

This is particularly true in techniques like ME, which could be affected by a number of factors. 

One of the teclmiques to identify influential facto rs, to determine independent parameters and 

their levels is pre liminary study (Bas & Boyac i, 2007) . 

. " As was discussed in Section 3.3.2, preliminary study was performed to identify the responses to 

be optimized. As the purpose of the ME of CO is to control the release of the oil for prolonged 

MR action, EE (%), RR and PS seem to be the important responses to be optimized. But 

according to the preliminary study, it was found that RR was highly dependent on and influenced 

by EE (%) and PS, for reasons mentioned in section 3.3.2. Moreover, it is highly recommended, 

in such tec1miques to select the most important response to be optimized (Doornbos and Haan, 

o 
1995). Therefore, in this study, EE and PS were found to be the two important responses to be 

optimized. 

Similarly, the preliminary work was used to screen the influential factors, to determine the 

independent parameters and their leve ls. Accordingly, stirring rate (Xl , rpm), CO: G (X2) and 

amount of formaldehyde (X3, ml) was chosen as influential factors and independent parameters 
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with 500 - 800 rpm, 1:0.5 - I : I and 5 - 12 ml being their corresponding upper and lower levels, 

respectively. Determination of these leve ls was important because the success of optimization 

process directly relates to these level s (Bas & Boyaci , 2007). This way the variable space for the 

identified factors was constrained for the ME of CO via simple coacervation. 

Experimental design techniques suggest that these levels should be scaled or coded into a 

unitless value. This can be done typica ll y on the - I to + I range, Table 3.6, so that they all affect 

the response more evenly, and so the units o f the parameters are irrelevant. This was performed 

according to equation 3.1 (Doornbos and Haan, 1995). 

[X max+ X min] / 

x= 12 
[X max- X minK 

Eq.3. 1 

Where : X' is the coded variable, X is the natural variable and Xmax and Xmin are the maximum 

and minimum values of the natural variable. 

Table 3.6: Coded levels for independent variables used in the experimental design for 

microencapsulation of citrone ll a oi l 

Variables Coded, Coded level 

Xi -1 1 

Stirring rate (rpm) XI 500 750 

Ratio of CO to gelatin X2 2:1 I: I 

Amount of formaldehyde (ml) X3 5 15 

Selection of Model Equation 

The model used in RSM is generall y a full quadratic equation or the diminished form of this 

equation consisting of the main effects of each variable plus all the possible interaction effects, 

The general second order model can be written as follows: (Bas & Boyaci , 2007) 

k k I-I k 

Y = 130 + IfJj
X j + IfJ1I x~ ++ II fJ"x" 

}= I 1=1 J=2 
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where ~o, ~ i, ~ii and ~ Ij are regression coefficients for intercept, linear, quadratic and interaction 

coefficients respecti vely, Xi and Xj are coded independent variables. 

The coefficients of the polynomial equation can be calculated using Equation 3. 2 and Table 3.7: 

(Eq. 3.2) 

where: X is the transformed value in the corresponding column to the coefficient being 

calculated , n is the number of factors being studied (3, in this case) and Y is the response for 

each formu lation . 

Accordingly, for thi s study, for the three factors, XI , X2 and X3, the polynomial equation 

describing EE (%) and PS, using 3-factor 2-level FFD, is given by Equation 3.3 and 3.4, 

respectively: 

Y = 47.8 + 7. 61X, + S.22X, + 0.808X, - 0.408X,X, 

- 0.300X,X, - 0.20SX,X, + 0.398X,X,X , 

Y = 303.9 - 60X, + IS.16X, + 26. IX, + 3.2SX,X, + 6.87 X ,X ) 

+ 9.76X,X ) + 4.28X,X ,X ) 

Eq.3 .3 

Eq. 3.4 

Table 3.7 : Transformed levels of factors , interacti ons and their corresponding responses to 

determine the polynomial coefficients describing PS and EE (%) 

Formu lation XI X2 X3 XIX2 XIX3 X2X3 XIX2X3 Total EE (%) PS (I'm) 

OF! 1 1 1 1 1 1 62.21 ± 1.54 309.441 ± 4.71 

OF2 1 -I 1 -I -I -I 62.81 ± 3.07 215.431 ± 506 

OF3 -I 1 - I 1 -I -I 52.57 ± 2.18 244.529 ± 4.33 

OF4 1 -I -I -I -I 1 1 51 .94±1.12 206.689 ± 4.08 

OFS -I 1 1 -I -I 1 - I 47.99 ± 1.27 400.449 ± 6.12 

OF6 -I 1 -I -I 1 -I 1 46.98 ± 1.94 351 .017 ± 3.19 

OF7 - I - I 1 1 - I -I 1 39.57 ± 1.67 365.651 ± 5.11 

OF8 -I - I - I 1 - I 36.15±1.51 338.161±4.17 
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From the polynomial equation, one can understand that the factors that significantly affect the 

EE (%) are sti rring rate and ge latin to oil rat io. However, the magnitudes for X3, X IX2, X IX3, 

X2X3 and X IX2X3 are less than one. Thus, it can be concluded that the amount of 

formaldehyde and the various interactions of the three factors did not significantly affect the EE 

(%) of the CO in the range of the factors used in the experimental design. Furthermore, the signs 

of the coefficients indicate the relationship between each factor and/or the corresponding 

interactions and the response. Accordingly, the positive coefficient for X I and X2 indicates that 

both stirring rate and CO:G ratio contribu te positive ly to the EE (%). 

Similarly, the factors that have significant influence on PS can be identified to be stirring rate 

and amount of formaldehyde. In thi s case, the effect of CO:G ratio is considerable. And, also the 

preliminary study indicated that the rat io had some influence on PS. But, as it is practically 

impossible to represent four variables (three factors and the response), in a three-dimensional 

plot, it was necessary to fix one of the levels. Hence, the factor with relatively lesser influence 

was fixed, i.e. CO:G ratio. It is also worthwhile to note that in such cases, factors are also 

interacting. For instance, stirring rate and amount of formaldehyde interact to increases PS. 

Graphical presentation of the model equation and determination of optimal operating 
conditions 

o The visuali zation of the predicted model equation can be obtained by the response surface plot 

and contour plot. The response surface plot is a theoretical three-dimensional plot showing the 

relationship between the response and the independent variables. The two-dimensional display of 

the surface plot is called contour plot. In the contour plot, lines of constant response are drawn in 

the plane of independent variables (Doornbos and Haan, 1995). 

1° 
In thi s study, the response sur face plot and contour plot for the polynomial equations (equations 

3.3 and 3. 4) were constructed to find the optimum area at which the desired EE (%) and PS are 

achieved. Hence the impact of the amount of formaldehyde on EE (%) was relatively less 

significant, its value was fixed at four different points 5, 8, 10 and 12 ml. These values are then 

coded, substituted to Equation 3.3 and 3.4 and the co rresponding optimum areas for EE (%) were 

obtained, Fig. 3.11 - 3.14. 

I 
~ 
J 

) 

46 



EL G:co 

1 

, 
, 

6 
0 

. ~ 0.2 
0.4 Ci :CO 

Pate. (RH1 p .6 
0.2 

Stirrir.q 0.8 
1 

-1 -tl.5 0 o . ~ 
Stl::::L~ ;!ate. i<P.i 

Figure 3. 11 : Surface Response (a) and contour plot (b) of citronella oil containing 

microcapsules with encapsulation efficiency of 0 - 65%, at 5 ml formaldehyde 
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o Figure 3.1 2: Surface Response (a) and contour plot (b) of citronella oi l containing 

microcapsules with encapsulation efficiency of 0 - 70%, at 8 ml formaldehyde 

(37%, v/v) level 
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Figure 3.13: Surface Response (a) and contour plot (b) of citronella oi l containing 

microcapsules wi th encapsulation efficiency of 0 - 70%, at 10 ml fo rmaldehyde 

(37%, v/v) level 
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Figure 3.14: Surface Response (a) and contour plot (b) of citronella oil containing 

microcapsules with encapsulation effi ciency of 0 - 75%, at 12 ml formaldehyde 

(37%, v/v) level 
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[n Fig. 3.1 1- 3. 14, a sharp increase in EE (%) with increasing in stirring rate is shown . The effect 

of CO: G was relatively less sign ificant. As shown in Fig. 3.15, combination of the above 

responses and contour plots gave an optimum area for EE (%) at forma ldehyde level of 5, 8, 10 

and 12 ml. Fig. 3.1 5 shows the area at which the MCs have an optimum EE (%) at formaldehyde 

level of 5- 12 ml. 
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Figure 3.15: Surface Response (a) and contour plot (b) of citronella oil containing 

microcapsules with encapsulation efficiency of 57.5%, at 5 - 12 ml formaldehyde 

(37%) leve l 

Similarly, Fig. 3.16- 3. 19 show the optimum areas for PS. As discussed above, the effect of CO: 

G was relatively less significant, and thus its value was fixed at four different points; 1 :0.5, I: 

0.67, I :0.75 and I : 1. The effect of sti rring rate was considerably sign ificant in that a sharp 

decrease in PS resulted in increasing stirring rate. The formaldehyde level also had some effect 

of on PS, though not as significant as the stirring rate . 
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Figure 3. 16: Surface Response (a) and contour plot (b) of citrone lla oil containing 
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Figure 3. 17: Surface Response (a) and contour plot (b) of citronella oil containing 

microcapsules with particle size of 350 ~lm , at citronella oil to gelat in ratio of 

1:0.67 
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Figure 3. 18 : Surface Response (a) and contour plot (b) of citronella oil containing 
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Figure 3. 19: Surface Response (a) and contour plot (b) of citronella oi l containing 

microcapsules with pa11icle size of 340 ~m, at citronella oi l to gelatin ratio of I : I 
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As shown in Fig. 3.20, combination of the above responses and contour plots give an optimum 

area for PS at CO: G of I: 0.5 - 1:1. 
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Figure 3.20: Surface Response (a) and contour plot (b) of citronella oil containing 

microcapsu les with particle size of 350 !-IITI, at citronella oil to gelatin of 1:0.5 -

I : I 

From the plots shown above, it is evident that increasing stirring rate increased the EE (%) and 

decreased PS considerably. The latter, has a great impact on RR in that as the PS decreases, the 

surface area to volume ratio increases and thus the RR wi ll be faster. Thus, it was found that 

these two responses are compet itive for the factor assessed. Furthermore, since the effect of 

stirring rate was found to be very influential , it was recommended to see its effect by using 

blenders instcad of magnetic stirrer. Thus, this could help to increase the EE (%) and PS to a 

much better values. In one such study, it was found that MCs prepared using mixers showed a 

o better EE (%) than those prepared using a magnetic stirrer. 

I 

3.5 Validation of the optimum formulation 

To validate the optimum areas obtai ned, a point (0.75, 0.5 and -0.1 , showing stirring rate, CO:G 

and level of formaldehyde (37%) respectively) , which is included in the optimum areas of EE 

(%) and PS was obtained. The theoretical values were calculated using the corresponding 
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polynomial equations obtained for optimized responses. The EE (%) and PS calculated for the 

point considered are 55.8 ± 4.42 and 264. 02 ± 2.05 !1m, respectively. Then, the theoretical 

values of the point were transformed to their corresponding actual values: stirring rate of 720 

rpm, CO: G of 0.57: I and 8.15 ml of formaldehyde. Using these values, three batches were 

prepared. 

The EE (%) and PS of the resulted MCs are shown in Table 3.8 and Fig. 3.2Ib. The MCs 

obtained were observed under microscope and appeared without aggregation as seen in Fig. 

3.21 a. The release profile obtained from the three formulations is also shown in Fig. 3.22a. 

Table 3.8: Characteristics of CO containing MCs at stirring rate of718.75 rpm, CO: G of I: 0.57 

and 8. J 5 ml of formaldehyde; used for validation of the optimum area 

a) 

Batch 

Bl 

B2 

B3 

PS (11m) 

215.43 ± 2.55 

212.42 ± 2.63 

211.91 ±2.15 

10 
~ 

t. 
~ 

• 
E , 

4 I ! 

> 2 

~01 0.1 

EE(%) 

57.11 ±3. 19 

61.52 ± 3.07 

61.03 ± 4.13 

10 
ParticleS~ewml 

b) 

--- - Bl 

-82 

100 1000 3000 

Figure 3.21: (a) The morphology and (b) particle size distribution for the optimized three 

batches of microencapsulated citronella oil 
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The release profile from the three batches were almost the same with minimum burst effect. All 

the MCs continued to release their content until the lOth hr, at which all released 70% of the 

content. From the release profiles, it can roughly be concluded that, the mCO can have a duration 

of protection, against the mosquito bite, of at least 8 hrs. This, however, has to be confirmed by 

bioassays. Although further studies are required to determine the mechanism of CO release, 

these experiments could lead to hypothesize that the MCs act as a diffusion-based delivery 

system wih first order release kinetics. A more typical release pattcrn is first-order in which the 

rate decreases exponentially with time until the drug source is exhausted. First order models are 

based on the Fick's law. In this situation, a fixed amount of core is in solution inside the MC. 

The concentration difference between the inside and the outside of the MC decreases continually 

as the core diffuses (Deressa e/ ai., 2007). 
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Release profile of citronella oil from gelatin microcapsules, for the optimized 

three batches of microencapsulated citronella oil 

Storage stabi lity of the three batches was also studied after exposure of the dried MCs in sealed 

glass containers at 54°C for 2 weeks under daylight cycle. No marked changes in the EE (%), 

PS and RR were observed, indicating that the MCs are reasonably stable when stored in the 

absence of humidity . 
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Differential scanning calorimetry analysis 

DSC was run for the following samples: pure gelatin, CO, formaldehyde (37%), CO containing 

MCs and empty MCs (MCs without CO). The DSC thermogram, Fig 3.23a-e, revealed that there 

was a difference in thermal property of the empty MCs as compared to its components; gelatin 

and formaldehyde. This could be llsed as an evidence for cross linking to take place. In the 

contrary, there was no major change in the thermal property of CO containing MCs as compared 

to its components; CO and the empty M C. This shows that there was no major interaction 

between the CO and the MC wall. 
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The results obtained so far showed that ME of CO in ge lat in could potentially be a suitable 

method for controlling RR and offer prolonged duration of protection against mosquito bite. 

Havi ng these encouraging results, however. furth er experiments on its skin permeation potential 

were performed. 

3.6 In vitro membrane permeation study 

As discussed earlier, the use of DEET containing MR products have been associated with many 

adverse reactions. Many of these adverse reactions are as a resu lt of its rapid dermal absorption 

(Qiu et aI., 1998 ; Ross & Shah, 2000; Kasichayanula et aI. , 2007). As suggested above, the mCO 

could be used as effecti ve as DEET. Apart fro m its e ffi cacy, the safety of CO has to be 

demonstrated, even though it has a well established toxicity profile. Generally, essential oi ls are 

known to penetrate human skin , mostly by passive diffusion. They are also known to influence 

the permeabili ty of the skin to other bioact ive ingred ients delivered from topical formulations. 

As a consequence, eval uating their percu taneo us permeation from any formulations would be 

highl y relevant for their quality and safety assessment. But, such studies appear to be rare in the 

literature (Gabbanini el al. 2009). In the present study, the permeation of mCO from different 

ointment bases were studied and compared with unmicroencapsulated (uCO) from the same 

ointment bases. Laboratory test systems requi re a di ffusion system and a membrane to mimic the 

barrier function of the stratum corneum (Haigh & Smi th, 1994). Of the available systems, the use 

I of Franz- diffusion cell s for in vitro transdermal evaluations has been well establ ished and 
,J 
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documented (Hadgraft & Lane, 2005 ; Haigh & Sm ith, 1994; Wang et ai. , 2006). In this study, 

static Franz diffusion cell were employed 10 ex plore perculaneous permeation of CO. And also, in 

thi s study, a CAM (0.2 ~lm pore size) was used after pretreatment with rPM; in order to mimic a 

lipophilic barrier such as the stratum corneum (Csoka el ai., 2005 b; Penzes el ai. , 2005). 

At the end of the study period, the membrane was extracted with chloroform, to check the 

amount of rPM persisted throughout. This was done for those experiments performed with mCO . 

For this purpose a calibration curve was constructed (Y = 13771X + 13596, R2 = 0.99885, P < 

0.05) and analys is was done by UC/MS. The result, Table 3. 9, showed that almost 80%, except 

for white petro latum, of the rPM was on the membrane througho ut the study. This confirmed the 

viability of the system throughout the study period, in terms of the lipophilic barrier. Thus, it can 

be concluded that, any result observed during the subsequent study could not be due to the loss 

of the barrier effect of the IPM. 

Table 3.9: The percentage of isopropylmyristate restored after 6 hrs of study period 

Ointment base rPM Restored (%) 

White Petro latum 67.04 ± 2.41 

Wool wax alcohol 79.6 1 ±2.0 1 

Hydrophilic® ointment 78.2833 ± 1.11 

PEG ointment (USP) 80.35 ± 4.1 2 

3.6.1 Effect of microencapsulation on the percutaneous permeation of 

citronella oil 

In the present wo rk, the effec t of ME on the permeab ility of CO was studied . For thi s purpose, 

uCO and mCO were, each, formu lated in to ointment using fo ur di fferent ointment bases. The 

ointment bases selected were from the lou r different classes of ointment bases based on 

hydrophilicity. They were: white petro latum as a hydrocarbon base, woo l wax alcohol as an 

absorption base, hydrophi lic ointment (USI») as a ,·vater washab le base and PEG ointment (USP) 

as a water-soluble base. 
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Figure 3.24: Time course of mean cumulative amounts of citronella oil unmicroencapsulated 

(a) and microencapsulated (b) permeated through 0.64 cm2 of cellulose acetate 

membrane 

The phenomenon that ME retarded in vitro membrane permeation was consistent with the 

previously reported observations that showed ME of retarded skin permeation of DEET (Kasting 

et ai., 2008), According to Kasting et at. (2008), passive absorption and evaporation of a 
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compound are both subjected to the same driving force, ie., the gradient of the chemical 

potential of the diffusing ingredient. And. for a very thin film applied, the ratio of evaporation 

rate to absorption rate depends on a s ingle dimensionless paramete r x.. 

Eq.3.7 

In equation 3.7, h is the thickness of the sk in, p is lhe densi ty of the permeant, 0 is its diffusivity 

in the stratum corneum and Csa( is its so lu bili ty in the stratum corneum. The parameter key•p is an 

evaporative mass transfer coeffi cient which depends sensitive ly on the vapor pressure of the 

permeant and the air flow over the surface (Kasting and Mi ller, 2006). Thus, if the formulation 

could be structured in such a way that more surface area was exposed to the air than to the skin, 

then the evaporation-to-absorption rate rat io would be increased by maintaining or increasing 

o key"" and reducing the effective area for diffusion into the skin (Kasting e/ al., 2008). 

'-

Thus, for the same reason, it could be concluded fi'o m thi s stud y that the primary mechanism 

responsible for the decreased permeat ion of mCO was the lower surface area achieved from ME. 

That is, the MCs that reside on the membrane surface have more surface area exposed to air than 

to the skin/membrane. 

This could also be substantiated by another fact. It is well known that the percutaneous 

absorption of topical products involves two consecutive processes : the release from the topical 

preparation and absorption into and through the skin at the appl ication site. Enhancing the 

release from the dosage form might promote increased percutaneous absorption. The topical 

bioavailability of a product therefore depends, at least in part, on the rate of release from its 

formulated product. Thus, as the barrier effect of ME decreases the rate of release from the 

formulation , the percutaneous absorption of the oil from the MCs becomes lower than the 

unencapsulaed one. It can also be concluded that the RR of the oil from the MCs is the rate 

limiting step than the simple permeation (diffus ion) . 

The phenomena that the uCO showed such permeation cou ld best be explained by the possible 

and probable penetration enhancing effec t or terpe ns. The effectiveness of terpens as permeation 

enhancers has been discussed (EI-Kaltan el ai , 200 1; Aqil e/ ai, 2007; Kang el ai. , 2007; 
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Nokhodchi el al., 2007; Moghimi el 01., 2009). It was reported that geraniol, a mono terpene 

alcohol, provided a 16-fold increase in permeation of caffei ne (Aqil el 01., 2007). It is a well 

know fact that, also observed in thi s study from GC/MS anal ysis, CO contains two terpens as its 

major components: citrone ll al and geraniol. 

3.6.2 Effect of nature of an ointment base on the percutaneous permeation 
of microencapsulated citronella oil 

In this study, it was also observed that, the permeat ion of mCO from the ointment bases 

increased with an increase in the hydrophili city of the o intment bases used. This can be seen 

from, Table 3.10, Fig. 24a and b. A relati ve ly higher J and P values were observed from 

hydrophilic ointment and PEG, than woo l wax and white petrolatum. The cumulative amounts 

permeated from white petrolatum and Wool wax alcohol were significantly lower (P < 0.05) than 

o that from PEG and Hydrophilic ointment. Thi s could be best explained by the partiti oning of the 

CO between the ointment base and the recepto r medium . CO, with 10gP (o/w) of 3.63 , is highly 

lipophi li c. Thus, it wou ld tend to stay in hydrophob ic ointment bases like white petrolatum and 

wool wax alcohol. The nature o f the ointment base used had no e ffect on tl ag of mCO as they 

were stati sticall y similar (P > 0.05) for all of the fo rmulations. From this, it can be concluded that 

the use of the hydrophobic bases cou ld further dec rease the skin permeation of CO. 
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