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Abstract  

Skin protects the body against the invasion of external pathogens, allergens, and chemical 

substances. It is considered that most of the skin barrier function resides in the epidermis, 

particularly in its outermost layer, stratum corneum (SC). The SC is composed of 

corneocytes embedded in a lipid-enriched intercellular matrix. Ceramides (CERs), free 

fatty acids (FFAs), and cholesterol are the major components of the lipid matrix in an 

approximately 1:1:1 molar ratio. The unique molecular organization and the equi-molar 

ratio are considered crucial in barrier function and semipermeable nature of the SC. 

Compositional and organizational changes in SC lipids such as CERs cause defective skin 

barrier function in relation with ageing and skin disorders partly due to altered enzymatic 

activity. However, the glucocerebrosidase enzyme responsible for the conversion of 

glucosylceramides (GlcCERs) to CERs is not affected by ageing. It has been shown that 

direct topical replacement of depleted native skin CERs has beneficial effects in improving 

skin barrier function and skin hydration. CERs are obtained from animal, plant and 

synthetic sources. Plants are more reliable sources of CERs, as animal and synthetic CERs 

have safety/ethical issues and affordability challenge, respectively. Though plants are 

preferred, most of the plant sphingolipids (SPLs) are available in a complex form with a 

polar head group attached to the CERs. It requires an economical and effective method of 

hydrolysis to produce CERs from dominant SPLs such as GlcCERs. Moreover, the poor 

solubility and permeability of CERs on top of normal SC barrier property make the delivery 

of topical CERs challenging using conventional formulations.   

While GlcCERs/CERs are intended to be delivered to the upper layer of the skin, the 

present study also considered formulating essential oils having mosquito repellent activity 

for topical application. The mosquito repellent potential of plant materials has been 

exploited for centuries using different means, including applying essential oils on the skin 
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and clothes to combat transmission of malaria. However, due to the volatile nature of 

essential oils, the protection against mosquitoes is short-lived. 

Therefore, the objectives of this PhD work were to explore potential GlcCER plant sources, 

investigate suitable chemical and enzymatic methods of hydrolysis of plant GlcCERs into 

CERs and develop an optimized nanoemulgel formulation for topical delivery of the plant 

GlcCERs as well as to formulate citronella oil (CO) (Cymbopogon nardus) and palmarosa 

oil (PO) (C. martini) in the form of nanoemulgel (NEG) to delay the volatility of the 

essential oils upon application. 

GlcCERs were isolated from lupin bean (Lupinus albus), mung bean (Vigna radiate) and 

naked barley (Hordium vulgare). The GlcCERs were identified using ultra high-

performance liquid chromatography hyphenated with atmospheric pressure chemical 

ionization-high resolution tandem mass spectrometer (UHPLC/APCI-HRMS/MS) and 

quantified with validated automated multiple development-high performance thin layer 

chromatography (AMD-HPTLC) method. The GlcCERs were hydrolyzed into CERs with 

mild acid hydrolysis (0.1N HCl) following treatment with an oxidizing agent, NaIO4, and 

reducing agent, NaBH4. After securing ethical clearance, excised human skin was 

employed to investigate the enzymatic hydrolysis of plant GlcCERs. Homogenized 

epidermis in citrate phosphate buffer was incubated with lupin GlcCERs. The total lipid 

was extracted with MeOH/CHCl3/H2O solvent mixture and the unhydrolyzed lupin 

GlcCERs in the extract was quantified using a UHPLC-QqQ-MS/MS method in MRM 

(multiple ion reaction monitoring) mode (m/z 714.5 →696.54→ 262.25). Formulations of 

GlcCERs were developed for topical delivery. The Nanoemulsion (NE) components were 

screened and pseudo-ternary phase diagrams were constructed at different hydrophilic-

lipophilic balance (HLB) values of surfactant-co-surfactant mixture (Smix). Extreme 

vertices mixture design was developed to investigate the impact of percentage 

compositions of the independent variables; oil mixture (2-3%), Smix (15-18%) and aqueous 

component (79-83%) on the globule size of the NEs. NEG was prepared from optimized 

0.25% lupin GlcCER NE and Carbopol 980 gel. The membrane penetration depths of 

GlcCERs loaded optimized NEs and NEGs were measured.  
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NE for both essential oils were also prepared using ultrasonication technique following 

suitable HLB selection of Smix and phase diagram development. NEGs were formulated by 

mixing NEs and Carbopol 934 gel. Physicochemical characterizations, including in vitro 

release and permeation studies were carried out. The Gas chromatography hyphenated 

mass spectrometry method for identification and quantification of essential oils was 

validated.  

GlcCERs with 4,8-sphingadienine, 8-sphingenine and 4-hydroxy-8-sphingenine sphingoid 

bases linked with C14 to C26 α-hydroxylated FAs were identified from all the three plants. 

Single GlcCER (m/z 714.5520) was dominant in lupin and mung beans, while five major 

GlcCERs species (m/z 714.5520, m/z 742.5829, m/z 770.6144, m/z 842.6719 and m/z 

844.56875) were obtained from naked barley. The GlcCERs contents of the three plants 

were comparable. However, lupin bean contained predominantly a single GlcCER (m/z 

714.5520). CER species bearing 4,8-sphingadienine and 8-sphingenine sphingoid bases 

attached to C14 to 24 FAs were found after mild acid hydrolysis. CER species with m/z 

552.4992 was the main component in the beans while CER with m/z 608.5613 was 

dominant in the naked barley. However, CERs with 4-hydroxy-8-sphingenine sphingoid 

base were not detected with UHPLC-HRMS/MS. Following skin enzyme hydrolysis 

investigation, the characteristic signals of GlcCER fragments (m/z 696.54, 552.49 and 

534.48) due to in-source fragmentation were detected in the MS spectra of the skin extract. 

The MS2 fragmentation of the dominant fragment (m/z 696.54) ion provided the target 

product ion (m/z 262.25) which was integrated to quantify GlcCER. The LC-MS method 

was selective, precise and accurate. It was also free from matrix and carryover effects. The 

unhydrolyzed lupin GlcCER amount decreased with time suggesting hydrolysis of 

GlcCERs by the skin enzymes. An optimized NE formulation was prepared. The HLB 

values of 13.5 and 12 provided broader NE regions for Miglyol and isopropyl myristate, 

respectively. The analysis of variance of the quadratic model showed suitability of the 

model with R2 of 99.80% and non-significant lack of fit (F value= 17.06). The optimized 

percentage compositions of oil phase, Smix and aqueous phase were 2.15%, 16.39% and 

81.46%, respectively, with predicted globule size of 23.96 nm. Accordingly, the optimized 

NE globule size, polydispersity index and zeta potential were 23.93 ± 0.25 nm, 0.069 ± 

0.017 and 23.95± 1.20 mV, respectively. The oil globules were spherical and distributed 
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uniformly without aggregation. The NE exhibited Newtonian flow with a viscosity of 6.75 

mPa.s, while NEGs showed non-Newtonian flow with shear thinning property. The amount 

of lupin GlcCER released and penetrated into each model membrane layer at different time 

points was in the order of NEs > basic cream > NEGs. After 180 min, 51%, 84% and 96% 

of lupin GlcCER was released and penetrated into the model membrane layers from NEG, 

basic cream and NEs, respectively.  

The formulation developed for the topical application of essential oils employed CO and 

PO as the oil components. Tween 80, Transcutol P and distilled water with 40% glycerol 

were selected as surfactant, co-surfactant and aqueous components of the NE, respectively. 

HLB values of 11 and 12 were found to be appropriate for CO and PO NEs preparation, 

respectively. Clear CO and PO NEs with an average globule size of 131.34 nm and 120.77 

nm, respectively, were obtained. The NEG preparations of both essential oils were 

kinetically stable, and the formulation components were chemically compatible with each 

other. 

In conclusion, considering affordability, GlcCER content and yield, lupin bean would be 

the preferred alternative commercial source of GlcCERs. The mild acid hydrolysis method 

is economical and effective, mainly for plant GlcCERs carrying dihydroxy sphingoid 

bases. Plant GlcCER hydrolysis in skin homogenate, being investigated for the first time, 

the findings pave the way for a new mode of skin barrier function enhancement modality. 

Taking into account the drawbacks of animal and synthetic CERs on top of enzymatic and 

chemical methods of plant GlcCER hydrolysis limitations, topical administration of plant 

GlcCER to enhance skin barrier function would be the preferred alternative. The NEG 

formulation developed for dermal delivery of lupin GlcCERs prolonged the release and 

slowed down the penetration of GlcCER into the multilayer membrane model which is 

crucial to limit its penetration into the epidermal skin layer. Therefore, NEGs could be 

considered as an option for the delivery of plant GlcCER into the upper part of the skin 

after further ex-vivo investigation, as the study is the first of its kind.  

Regarding formulations of the essential oils, NEGs prolonged the release of both CO and 

PO up to 24 h and significantly reduced the percentage permeation via cellulose acetate 
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membrane as compared to NEs. Therefore, NEG could be an alternative formulation to 

prolong the mosquito repellent effect of essential oils. 

Key Words: Ceramide, Glucosylceramide, Lupinus albus, Vigna radiate, Hordium 

vulgare, Mild acid hydrolysis, Enzyme hydrolysis, LC-HRMS/MS, Structural 

characterization, Method validation, Topical delivery, Nanoemulsion, Nanoemulgel, 

Optimization, Extreme vertices mixture design, Mosquito repellent, Essential oil, 

Cymbopogon nardus, Cymbopogon martini, Ultrasonication.  
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1 Introduction  

1.1 The human skin  

The skin is the largest organ of the body composed of three main layers, the hypodermis, 

the dermis and the epidermis. It mainly works as a permeability barrier that protects against 

the invasion of external pathogens, allergens, and chemical substances and prevents the 

loss of water and electrolytes from the body. It also plays a crucial role in thermoregulation, 

inflammatory and immune responses, and sensations of pain and touch [1–3]. The 

hypodermis contains blood vessels and adipocytes which is mainly responsible for 

thermoregulation and storage of energy. The dermis is composed of a vascular and nerve 

plexuses together with a fibroblasts and immune cells imbedded in a collagen and elastic 

fibers. The epidermis consists of four layers, the inner most layer, stratum basale (SB), the 

stratum spinosum (SS), the stratum granulosum (SG) and the stratum corneum (SC). It is 

considered that most of the skin barrier function resides in the epidermis, particularly in its 

outermost layer, stratum corneum (SC) [4,5].  

The SC is composed of approximately 15-25 layers of protein-enriched flattened dead cells, 

corneocytes, embedded in a lipid-enriched, intercellular matrix. The corneocytes are 

surrounded by a cornified cell envelope made up of proteins, mainly loricrin and 

involucrin, and covalently bound to the hydroxyceramide molecules of a lipid envelope 

[6]. The lipids matrix, which accounts for about 15% of the SC weight, contains ceramides 

(CER), free sterols and sterolesters, cholesterol sulfate, and free fatty acids (FFA). 

Ceramides, FFAs and cholesterol are the major components in an approximately 1:1:1 

molar ratio. The unique molecular organization into a bilayer units with alternating 

electron-dense and electron-lucent lamellae and the equimolar ratio are considered to be 

crucial in barrier function and semipermeable nature of the SC [7–9].  

FFAs in the skin barrier are 14-34 carbons long, mostly saturated and unbranched. They 

mainly consist of palmitic (C16:0), stearic (C18:0), oleic (C18:1ω9), behenic (C22:0), 

lignoceric (C24:0) and cerotic (C26:0) acids. The last two species comprise approximately 

50% of the SC FAs. Unsaturated and shorter FAs are available in the SC lipid membranes 

in minor quantities [8]. The primary sterol found in the SC is cholesterol (27%), though a 
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significant level of cholesterol esters (10%) and cholesterol sulfate (3%) are also observed 

[10].  

1.1.1 Skin ceramide 

CERs are a structurally heterogeneous and complex group of sphingolipids (SPLs) with a 

relatively small polar head that do not extensively hydrate. CER is composed of a long 

chain base (LCB) linked to a FA via an amide bond [2]. The structure of LCBs and FAs 

are depicted in Fig.1-1. There are five types of LCBs: dihydrosphingosine (DS), 

sphingosine (S), phytosphingosine (P), 6-hydroxysphingosine (H), and 4, 14-sphingadiene 

(SD). The Sphingosine and dihydrosphingosine bases are common in eukaryotic cells 

while phytosphingosine is found only in some human tissues. The 6-hydroxysphingosin 

and 4,14-sphingadiene are epidermis specific and recently identified bases, respectively 

[2,8]. The FA of human CERs are also four types: nonhydroxy (N), α-hydroxy (A), ω-

hydroxy (O), and esterified ω-hydroxy (EO) FAs. Both the LCBs and FAs differ in their 

number and position of hydroxyl group, carbon chain length and degree of unsaturation 

[11,12].  

A 

6-hydroxysphingosine (H)

t18:1

NH2

OH

OH

4, 14-Sphingadienine (SD) 
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B 

Figure 1-1: Structures of human CER LCBs (A) and FAs (B) [2] 

There are currently 21 classes of human SC free CERs classified based on the combination 

of LCB and FA [2,8,13]. Each CERs class is represented using the abbreviations of its type 

of LCB and FA. The nomenclature of the CERs is presented in Table 1-1. It has also been 

reported that the CERs LCBs in the SC range from C16 to 26 of which C18 (28.6%) is the 

most abundant, followed by C20 (24.8%) and C22 (12.8%). The most abundant SC CER 

classes are NP (29.4%), NH (23.4%), NDS (11.3%), AH (9.1%), and EOS (7.7%) [2] while 

SD-type CERs levels are quite low (0.4%). [13]. 

Table 1-1: Nomenclature of human SC CER classes represented by a combination of their 

FA and LCB abbreviations. 

        LCB 

FA 

Dihydro-

sphingosine 

(DS) 

Sphingosine 

(S) 

Phytosphing

osine (P) 

6-hydroxy-

sphingosine 

(H) 

4,14 

Sphingadiene 

(SD) 

Non-hydroxy (N) NDS NS NP NH NSD 

α-hydroxy (A) ADS AS AP AH ASD 

β-hydroxy (B) - BS - - - 

ω-hydroxy (O) ODS OS OP OH OSD 

Esterified ω-

hydroxy (EO) 

EODS EOS EOP EOH EOSD 
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1.1.1.1 Synthesis and organization  

CERs and other skin SPLs are formed following the de novo synthesis or breakdown of a 

complex SPLs (salvage) pathways. The de novo pathway starts from the condensation of 

serine and palmitoyl CoA to form 3-ketodihydrosphingosine catalyzed by serine 

palmitoyltransferase (SPT) in the endoplasmic reticulum (ER) of a viable epidermis 

keratinocytes [14]. The reaction product is reduced, desaturated and acylated by 3-Keto-

dihydrosphingosine reductase, dihydroceramide desaturase and ceramide synthases, 

respectively to provide CERs. CERs are then transported from the ER to the Golgi 

apparatus where they are converted to their polar precursor such as sphingomyelins and 

GlcCERs. The CER precursors are stored in lamellar granules together with catabolic 

enzymes. At the SG/SC interface, the lamellar granules migrate to the keratinocyte upper 

surface, merge with plasma membrane, and secrete their contents into the intercellular 

space. The enzymes, such as acid sphingomyelinase and beta-glucocerebrosidase are 

activated and convert sphingomyeline and GlcCERs into CERs, respectively [8,15]. 

CERs with other SC lipids form a periodic sheet of lipid lamellae. There are two forms of 

lamellar phases, short and long-periodicity phase, with a periodicities of ~6 and ~13 nm, 

respectively [16]. Within the lipid lamellae, the lipids are arranged in three types of lateral 

packing arrangements which differ in their rotational and translational mobilities[17]. The 

orthorhombic packing does not allow rotational or translational mobility as the lipid chains 

are organized in a rectangular crystalline lattice. The hexagonal packing allows some 

rotational mobility along their long axes with restricted translational mobility. The liquid-

crystalline phase does not have lateral organization and the chains have both high rotational 

and high translational mobility [18]. The skin barrier lipids form an orthorhombic lattice 

with the exception of the most superficial layers in which hexagonal packing has been 

observed [8,10]. It has been reported that a tight orthorhombic packing is crucial in 

maintaining the permeability barrier of the SC and absence of proper lamellar organization 

has a greater impact on the skin barrier function [2,19–22].  

1.1.2 Common skin disorder 

Skin disease has an enormous impact on the health sector globally. It has been reported 

that skin diseases were the fourth leading cause of morbidity in 2010. Eczema (atopic 
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dermatitis) and psoriasis are the common skin diseases exhibiting skin barrier defect partly 

associated with SC CERs composition or organization problems, the former being among 

the top 50 globally [23,24].  

1.1.2.1 Atopic dermatitis 

Atopic dermatitis (AD) (also referred to as atopic eczema) is chronic, relapsing, 

inflammatory skin disorder characterized by dry skin, pruritus, increased total epidermal 

water loss, and decreased skin barrier function. Though, the pathogenesis of AD is not 

completely clear, complex interaction between skin barrier defect, infectious agents, and 

immune dysregulation contribute for the disorder [25]. It has been indicated that skin 

barrier problem in AD patients is associated with filaggrin gene mutation and epidermal 

lipid matrix composition and organizational disturbance [26]. A total amount of CERs and 

CERs to free sterols ratio decrease in SC of AD patients compared to healthy subjects. 

CERs (1and 3) and cholesterol are the most significantly reduced and increased SC lipids 

of AD patients, respectively[27]. The lateral and lamellar SC lipid organization are also 

changed as less lipids adopt orthorhombic packing while more lipids possess hexagonal 

packing [17]. 

1.1.2.2 Psoriasis 

Psoriasis is a chronic inflammatory skin disease with a complex pathogenesis involving 

genetic, immune and environmental factors, and abnormal epidermal proliferation [28]. 

Impaired skin barrier function following disturbed process of keratinization is 

manifested[29]. Studies showed that lipids compositions and enzymatic expressions are 

affected in the SC of psoriatic patients. The percentage of a long chain CERs (NH and NP) 

with C24 or C26 FAs and ratio of CER NP to NS decreased in the SC of psoriatic patients 

[30,31]. Another report also inidcated that CER (AP), CER (NP) and CER (EOS) were 

reduced in 27%, 66% and 40%, respectively due to posriasis compared to normal skin [29]. 

The expression level of ceramide synthase 3 and activity of sphingomyelinase were reduced 

[31,32] and the level of ceramide synthesis was inversely correlated with the severity of 

mild to moderate psoriasis [33]. 
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1.2 Plant sphingolipids  

SPLs are an important structural membrane constituent of plants like other eukaryotes. 

They are also biologically active, involved in a number of activities such as in programmed 

cell death, signal transduction and response to low temperature and pathogen attack [34]. 

Free LCBs, CERs, glycosylceramides and glycosyl inositolphosphoceramides (GIPCs) are 

the main classes of plant SPLs. The chemical structure of LCBs, CERs and 

glycosylceramides are presented in Fig.1-2. Glycosylceramides are the predominant SPL 

in some plants [35] while free CERs are available in trace quantity. It is estimated that the 

CERs content of plant tissues is 10-20% of the glycosylceramides content [35–37]. 

The LCBs in plants are predominantly C18 amino alcohol characterized by the presence of 

a hydroxyl group at C1 and C3, an amine group at C2 and double bonds in the C4 or C8 

positions (Fig. 1-2). The C4 double bond is found only in the trans configuration, while 

the C8 double bond can be found in either the trans or cis configurations. The C8-

unsaturated LCBs are only found in plants [38,39]. The short hand notation of LCBs 

indicates the number of carbon, hydroxyl groups (d: 1, 3 dihydroxy, t: 1,3, 4 trihydroxy), 

the geometry and position of double bonds (E: trans, Z: cis) [40]. A LCB with 18 carbon 

containing 3 hydroxyl group and a double bond at C8 position in cis geometry is 

represented as t18:18. Plant SPLs LCBs are comprised of 4-hydroxysphinganine (t18:0) 

(phytosphingosine), (8E/Z)-4-hydroxy-8-sphingenine (t18:1), sphinganine 

(dihydrosphingosine) (d18:0), (E/Z)-sphing-8-enine (d18:1), 4-sphingenine (sphingosine) 

(d18:1) and 4,8-sphingadienine (d18:2) [34,36,41]. 

CER is the resulting molecule when a LCB is acylated at the 2-amino position and linked 

via an amide bond to a long-chain FA. Thus, N-acyl-sphingosine gives CERs, N-acyl-

sphinganine gives dihydroceramide (DHCer), and 4-hydroxylated DHCer produces 

phytoceramide (phytoCER) [42]. The long chain FAs bonded to the LCB might be 

nonhydroxy FA, α-hydroxy FA or esterified ω-hydroxy FA, resulting in different CER 

subclasses. The basic CER structure can be further modified through changes in chain 

length, methylation, hydroxylation and/or degree of desaturation of both the LCB and FA 

moieties. Covalent linkage of the 1-hydroxyl group of CERs to a polar head group results 

in a complex SPLs which can be a phosphoryl group (ceramide-phosphates), mono- or 
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pluri-hexose (glycosphingolipids), and an inositol-phosphate group (IPC) (Fig.1-2) 

[40,43]. Most (90%) SPLs in plants are in a ‘complex’ form with a polar head group [44].  

 

Figure 1-2: Chemical structure of plant SPLs LCB, CERs and GlcCERs. 

Depending on the types of CERs, the LCBs are modified at C4 with hydroxyl group or 

double bond (a) and/or double bond at C8 (b). The FA chains can also be modified at C9 

with double bond (c).  

The simplest glycosphingolipid in plants is the GlcCER with a single glucose polar head 

group [45]. d18:1, t18:1, and d18:2 are the predominating LCBs in plant 

glycosylceramides. Plant glycosylceramides FAs are almost exclusively α -hydroxylated 

and vary in chain length from C14 to C26 with C16, C20, C22 and C24 FAs as major 

components. Saturated FAs predominate in plant glycosylceramides, whereas n-9 

monounsaturated very long chain FAs from C22 to C26 occur in low amounts. The sugar 

moiety found in plant glycosylceramides is usually D-glucopyranose in β linkage to the C-

1 hydroxy group of the SB. However, mannose can also be attached to the CER backbone, 

and higher homologues with up to four sugars as a linear chain were isolated from cereals 

[46–48].  

1.2.1 Synthesis 

SPLs can be formed following two pathways: the de novo and the salvage pathways [37]. 

The de novo synthesis begins in the endoplasmic reticulum (ER) with condensation of 

serine and palmitoyl-CoA by serine palmitoyl-transferase (SPT) to 3-ketosphinganine. The 

product is then reduced by ketosphinganine reductase (KSR) to sphinganine (d18:0) which 

is the simplest LCB in plants and other eukaryotes. In the modification process LCB 
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hydroxylase and desaturase enzymes are involved [48] which likely act before CER 

synthesis and on a more complex SPLs [36]. Addition of hydroxyl at C-4 produces the 

trihydroxy LCB, phytosphingosine (t18:0). LCBs may also be unsaturated to produce 

dihydroxy or trihydroxy LCB [34]. Sphinganine may also be phosphorylated to form 

sphinganine-1-phosphate; or hydroxylated to form 4-hydroxysphinganine [39]. 

CERs are formed from the LCBs following either using acyl-CoA as the acyl donor 

catalyzed by sphinganine N- acyltransferase or employing free FAs catalyzed by ceramide 

synthase [39,41]. The CERs can then be modified by addition of simple or multiple sugars 

at the C1 position to form complex SPLs such GlcCERs catalyzed by glucosylceramide 

synthase [47]. They can also be used as substrates for the synthesis of ceramide phosphates 

[49]. The salvage pathway include degradation of SPLs such as GlcCERs and CERs 

leading to the formation of CERs, free LCBs, FAs, sugar etc [36,37,48]. 

1.2.2 Extraction techniques  

Extraction of plant SPLs is a complex process due to the presence of other lipid molecules 

such as sterols and triglycerides. Thus, it requires implementing suitable techniques 

depending on the sample type and complexity. In general, the protocol for this step should 

be efficient, simple, and reproducible [44,50,51]. 

Solvent extraction methods using organic solvent or their combination at different 

compositions are employed to extract SPLs. Chloroform–methanol (2:1, 1:2 or 1:1, v/v), 

sometimes in the presence of H2O, NaCl or KCl, and hexane-isopropanol are the most 

common methods for SPLs extraction [45,52,53]. Propan-2-ol/hexane/water (55:20:25 

v/v/v) is also reported to be preferable SPLs extraction method due to the lipase inhibiting 

nature of propan-2-ol, neutral pH of the solvent and better yield [45]. The use of methanol, 

ethanol and acetone, aqueous phenol or a mixture of butanol–ethyl acetate–hexane has also 

been reported [54,55]. 

Successful SPLs extraction technique requires consideration of factors affecting the yield 

and quality of the extract. Incomplete extraction and chemical instability due to enzymatic 

hydrolysis or oxidation are the main challenges during extraction. Thus, standardization 

for exhaustive extraction; short heat treatment to deactivate the released enzymes during 

homogenization; use of peroxide free solvents and suitable antioxidants, and avoiding 
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exposure to strong light should be considered to enhance the quality and yield of the SPLs 

extract [56].  

After solvent extraction, the extracted lipids constitute a mixture of compounds which 

makes further purification of SPLs mandatory [51]. The purity of the extract can be 

enhanced by using either physical or chemical purification approaches. Liquid-liquid or 

solid phase extractions, thin layer chromatography (TLC), and preparative and semi-

preparative liquid chromatography are the most common physical approaches to separate 

polar and non-polar portions of the extract. Alkaline hydrolysis to remove phospholipids 

and/or glycerolipids from SPLs is among the chemical methods employed [48,51,57].  

1.3 Identification, separation and quantification of sphingolipids 

1.3.1 Thin layer chromatography  

TLC is a technique where compounds from a mixture are separated on a thin layer of 

stationary phase. Silica gel and alumina are the commonly used stationary phases. The 

particle sizes of TLC stationary phase range from 10 to 50 µm, while lower size (5 µm) 

stationary phases are employed in high performance TLC (HPTLC) to enhance separation 

efficiency [58].  

TLC and HPTLC have long been indispensable tools for sphingolipidomics, as they 

constitute a simple, convenient, rapid, robust and economical technique that provides 

satisfactory purification of the sample, good resolution and a visual overview of the 

different classes of lipids. HPTLC has higher resolution than the typical TLC due to the 

smaller particle size and thickness of the layer. Additionally, HPTLC requires smaller 

sample amounts and can achieve better detection limits [59]. 

TLC is used for detection of SPLs when known standard compounds and suitable reagents 

are available. Reagents, such as orcinol or resorcinol solutions, iodine vapor, primuline, 

bromothymol blue or molybdenum blue and cupric sulfate in phosphoric acid are used to 

detect SPL fractions [51,59,60]. Nevertheless, it is difficult to confirm the homogeneity of 

the SPL species within a single TLC band which necessitates the use of other techniques 

for further structural elucidation [60,61].  
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Quantification by TLC is also possible through adding SPL standards to the TLC. 

However, due to lack of standard for all SPL classes semi-quantitative analysis is used to 

quantify SPLs using known standard possessing comparable migration distance with the 

analyte [62,63]. Densitometric scanning with incident light at a wavelength of 546, 550 

and 580-620 nm using cupric sulfate, orcinol and resorcinol, respectively is carried out to 

quantify SPLs [59,60,64–66].  

The development solvents used depend on the nature of the SPLs (acidic or neutral) of 

interest. A fresh mixture of different solvents such as chloroform, methanol, ethanol, n-

hexane, isopropanol, ethyl acetate, acetone, acetic acid, or water with or without salt are 

used. Neutral SPLs are separated with chloroform, methanol and water (70:30:4 and 

50:40:10, v/v). Chloroform, methanol (85:15, v/v) is a very common mobile phase for 

GlcCERs [59,63,67].  

1.3.2 Liquid chromatography  

Liquid chromatography (LC) is a frequently used technique for the separation and 

identification of SPLs. Both normal phase and reversed-phase LC (RPLC) are applied 

though the latter is preferable. Normal phase LC has limited application as it does not 

separate SPLs into a single component and the resins development is slow compared with 

the RPLC [68]. In RPLC, SPLs are separated based on the length and degree of 

unsaturation of the LCB and/or N-acyl FA. Moreover, RP-HPLC enables separation of 

GlcCER, possessing LCB in cis or trans configuration. The most commonly used reversed 

phases in sphingolipidomics are C18 and C8 [7,38,51,69].  

HPLC application for SPLs analysis has been limited due to lack of UV chromophores or 

fluorescence and a tedious procedure to modify the amino group with chromophores or 

fluorescence such as ortho-phthaldehyde [70,71]. However, SPLs analysis without 

modification is currently possible with evaporative light-scattering detection (ELSD). 

GlcCERs, CERs and cerebrosides from wheat, rice and soyabean were quantified with 

HPLC-ELSD [35,72–74]. Yet, the technique fails to provide structural information of the 

analyte which requires additional instrument such as Mass spectrometry for better 

structural specificity [70,71,75,76]. 
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1.3.3 LC-MS/MS based identification and quantification of sphingolipids 

1.3.3.1 MS analysis of sphingolipids  

Mass spectrometry (MS) is a powerful scientific technique with both qualitative and 

quantitative application to analyze SPLs. There are two possibilities for SPLs analysis, 

direct injection of a sample into the MS or by performing chromatographic separation prior 

to MS analysis. Though, direct infusion of SPLs requires short running time, identification 

of less abundant and isobaric SPLs is difficult due to complex spectra and high matrix 

effect [77]. The second technique involves either Gas chromatography (GC) or LC 

separation before MS analysis. LC-MS/MS is commonly employed as GC-MS requires 

derivatization of SPLs into a volatile form. LC separation enhances sensitivity, selectivity 

and reproducibility of the method [78,79]. The usefulness of the techniques arises from the 

less probability of different molecules to possess similar LC and MS ionization 

(fragmentation pattern and fragments) characteristics [77]. The effectiveness of the 

technique demands careful sample handling (extraction and separation), use of proper 

internal standard and selection of suitable MS techniques [80]. 

For the purpose of SPLs quantification, internal standards are mandatory to enhance 

precision and reproducibility of the method. Stable isotope labeled version of SPLs are 

ideal standards, however, the high number of SPL species makes the possibility unrealistic 

[81,82]. Moreover, difficulty of synthesis and less commercial availability of SPL 

standards compelled the scientists to look for standards possessing comparable behavior in 

HPLC elution, ionization and fragmentation. LCB, CERs, and GlcCERs were quantified 

using purified forms of plant CERs [83], uncommon chain length synthetic LCB (C17, 

sphingosine and sphinganine), C12 FA analogs of CERs and CER-1-Phosphate, [81,82] 

and using ‘eco-peak’ technique employing C12 FA analogs of CERs and C8 β-D-GlcCER. 

The eco-peak technique involves delayed injection of a standard compared to the sample 

to facilitate simultaneous elution and ionization of both samples [84].  

The basic MS process include formation of ions from an injected sample, separation of 

ions based on their mass to charge ratio (m/z), detection and measuring the abundance of 

the ions [85]. In MS, only ions are detected and there are different methods of ionization 

including protonation, deprotonation and cationization [86]. The protonation or 

deprotonation methods of ionization are achieved via addition or removal of a proton to 
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and from a molecule, respectively. Protonation produces a net positive charge of 1 for every 

proton added while deprotonation provides a net negative charge of 1 after a proton is 

removed. Matrix assisted laser desorption ionization (MALDI), Electrospray ionization 

(ESI), and Atmospheric pressure chemical ionization (APCI) ion sources are suitable to 

ionize SPLs either positively or negatively [87]. Cationization helps to produce a positively 

charged complex by adding cation adduct other than proton such as alkali or ammonium. 

It is known to be useful with molecules unstable to protonation. Cationization is commonly 

achieved via MALDI, ESI, and APCI [86,87].  

1.3.3.2 Ion sources  

Though, there are a number of ionization sources, ESI, APCI and MALDI are the common 

ion sources to analyze SPLs [85] which provide excellent mass range and sensitivity 

[50,86]. These methods can be used both in positive and negative mode of ionization. 

Moreover, they are considered as “softer” methods, leading to a lower degree of 

fragmentation and analysis of larger charged molecules [51]. Other ionization techniques 

such as electron and chemical ionizations have limited application for SPLs analysis due 

to less sensitivity related with extensive fragmentation and time taking derivatization 

process [50].  

In ESI, charged solvent droplets containing SPLs are formed and the solvent is removed in 

a vacuum with continuous pumping resulting in a formation of a charged SPLs in the gas 

phase. The technique is helpful to ionize high molecular weight samples, non-volatile 

molecules and liquids. ESI is helpful to obtain a major parent ions, with little or no 

fragmentation and product ions [45,51,86]. LCBs, CERs, GlcCERs, and GIPCs have been 

identified and quantified from a number of plants such Brassicaceae species [88], potato 

and sweet potato [84], coffee grounds and apple pomace [67], maize and rice [89] with LC-

ESI-MS/MS. The drawback of this ionization method is poor sensitivity, low 

fragmentation and the source is unstable.  

The process of APCI technique involves nebulization of the mobile phase with nitrogen 

gas and vaporization by heating it to relatively high temperature (above 400 °C). The 

resulting vapor is then subjected to a corona discharge electrode to create ions. APCI is a 

suitable ionization source for nonpolar lipids, which cannot form charged droplets in a 
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solution. Moreover, APCI is less susceptible to the effect of ionization suppression and salt 

buffer effects than ESI [85,90]. The ionization method has been applied to ionize neutral 

SPLs such as CERs and GlcCERs [66,67,91,92]. The process also causes some 

fragmentation of the precursor ion, especially at high voltage which can be considered an 

advantage to obtain additional structural information [85,93]. 

MALDI is an ionization technique for large and/or labile molecules such as peptides, 

proteins. The lipid identification using MALDI-MS has been limited, due to less likely 

existence of a proper matrix. The lipid signals with a molecular weight < 500 Da are 

suppressed due to photoreaction of the matrices. The samples are prepared by mixing 

solutions of the analyte and matrix at high concentration [77,86].  The matrices contain a 

moiety that can absorb the photonic energy of the laser that leads to vibrational excitation 

and volatilization into the gas phase with the analyte molecules. The analyte, matrix 

molecules and ions undergo charge exchange reactions resulting in ionization of the analyte 

as a singly charged species even if the analyte has multiple potentially ionizable moieties. 

In lipid studies 2,5-dihydroxybenzoic acid is predominantly used as a matrix [61,85]. 

MALDI has been used to identify different classes of SLPs including LCBs, CERs, 

monohexosylceramide and GIPC [94–96].  

1.3.3.3  Mass analyzer 

Mass analyzer is used to separate ions based on their m/z ratio. The performance of mass 

analyzer is measured based on accuracy, resolution, mass range, tandem analysis 

capabilities, and scan speed. Quadrupole (Q), Time of Flight (TOF), Fourier transform-ion 

cyclotron resonance (FT-ICR), Ion trap (linear LIT and Orbitrap) are employed for SPLs 

analysis [86,97]. Tandem (MS/MS or MSn) SPLs analysis can be carried out in a spatial or 

temporal domain. Tandem MS employing two or more mass analyzer containing a collision 

cell in between is often called tandem in space MS. Triple quadrupole (QqQ) MS 

[63,91,98,99], QqTOF [58,100,101] and TOF-TOF MS are examples of tandem in space 

MS for SPLs analysis, the first being the most common. MS/MS that uses a single hardware 

for the selection of a precursor ion, collisionally activated dissociation, storage and 

scanning of a product ion at a different time interval stated as tandem in time MS [90,102]. 

FT-ICR, Quadruple ion trap (QIT) [66,103,104] and Orbitrap [105] are among the tandem 

in time MS used for SPLs analysis. 
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1.3.3.4 Fragmentation pattern and mode of scanning 

Qualitative or quantitative analysis of SPLs using tandem MS include use of a standard for 

a target compound identification or quantification following mapping of its fragmentation 

pattern [68,85,102]. Either positive or negative ion modes can be used to study the 

fragmentation patterns of SPLs. Fragmentation of sphingosine, and its derivatives (CERs 

and GlcCERs) under suitable collision induced dissociation (CID) in positive mode (i.e., 

[M+Y]+, Y=H, Li, Na, K) under acidic condition provides a product ion of [M+Y−18]+, 

[M+Y−36]+, [M+Y−head group]+ (specific for GlcCERs) and a product ion indicative of 

the LCB type. The target m/z applied to identify LCBs; 4, 8-sphingadienine (d18:2), 8-

sphingenine (d18:1), dihydrosphingosine) (d18:0) and 4-hydroxy-8-spingenine (t18:1) are 

262, 264, 266 and 262/280, respectively [7,69,82]. Following fragmentation of SPLs either 

product ion scanning [82], precursor ion scanning [101,106], neutral loss or a combination 

thereof (selective ion monitoring, multiple ion monitoring) [89,99,107] are used for 

detection of the parent molecular ion and/or their respective fragments.  

1.4 Oral and topical delivery of sphingolipids 

SC lipids mainly CERs are known to play a crucial role in skin barrier function. Various 

skin disorder such as atopic dermatitis and psoriasis [29] and aging are related with SC 

lipid matrix organizational disturbance and compositional imbalance [17,27]. The problem 

is manifested in the form of skin dryness, inflammation, itching, loss of elasticity and 

increased roughness. A number of oral [108,109] and topical [110–112] preparations 

containing SPLs such as LCB, CERs, GlcCERs and other lipids (FAs and cholesterol) 

claiming to normalize a defective skin barrier function are available in the market.  

1.4.1 Oral administration of sphingolipids 

Enhancement of skin barrier function following oral administration of a plant GlcCERs has 

been reported in human and animal studies. Rice, wheat, konjac and sugar beet derived 

GlcCER extracts were prepared in the form of capsule (powder and oily solution) and 

suspension [108,109,113,114] for oral administration. Human clinical trial studies have 

shown that oral intake of GlcCERs resulted in increasing of skin hydration, elasticity and 

smoothness while the trans-epidermal water loss, roughness and wrinkledness reduced 

[108,113,115]. Animal studies also showed that defective skin barrier function induced by 
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UV irradiation and sodium dodecyl sulfate treatment was improved following oral intake 

of GlcCERs [114,116]. Though, the exact mechanism of skin barrier enhancement is not 

yet clear, SC CERs content increment [109], inhibition of inflammatory mediator 

[114,117], and activation of GlcCER synthase [115] have been reported in the literature. 

Orally administered rice GlcCER restored skin barrier function by increasing SC CERs 

content through enhancing GlcCER synthase and beta glucocerebrosidase enzymes and 

maturation of epidermis [115].  

Plant GlcCERs are only slightly absorbed by the intestine and are metabolized in the 

intestinal lumen. Animal studies showed that the recovery of intact LCB (maize, 4, 8 

sphingadienine) was extremely low in the lymph after oral administration [106], though 

radio labelled SPLs such as sphingosine were distributed into the epidermis [118,119].  

1.4.2 Topical delivery of sphingolipids 

Topical preparations containing either synthetic [112,120] or plant derived CERs [83] have 

been formulated aiming to restore native skin CER levels in order to improve skin barrier 

function. CERs alone [121,122] or in combination with other ingredients such as FAs, 

cholesterol, amino acid or others [121,123–125] were prepared in the form of cream, lotion, 

emulsion [120,126], liposomes [127,128] and nano carriers such nanoemulsion, cerosomes 

[129], nanocapsules [130], and polymeric nanoparticles [131]. Sphingomyeline, CER (3, 

3B, 6), sphingosine, and phytosphingosine are among the commonly formulated SPLs 

[122,126,129,132,133]. Human and animal studies have been conducted to evaluate the 

effectiveness of the SPL loaded formulations through measuring skin hydration, total 

epidermal water loss (TEWL) or skin CERs level. The human studies involved both healthy 

volunteers and patients affected by AD [112,127,134], xerosis [120] or psoriasis [124]. 

Cultured human skin cell model [132,133,135], excised human skin [83,136] and animal 

(mice and rat) skin treated with detergents such as sodium laural sulfate, CHCl3: MeOH 

were also employed to investigate the skin CERs level and its penetration [129,131,137]. 

The extent of CERs penetration into the different skin layers and its interaction with the 

other skin lipids are studied with suitable imaging technique such as IR imaging [110] and 

X-ray scattering (small and wind angle), respectively. Moreover, the skin CERs content 
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can be quantified using different analytical techniques such as HPTLC [62,63], HPLC 

[72,138] and LC-MS/MS [83,139].  

Though, native skin CERs are crucial in maintaining skin barrier function, topically applied 

CERs have to penetrate the SC barrier and integrate into the lipid matrix structure in order 

to enhance the protective nature of a defective skin. However, poor solubility and 

permeability of CERs on top of normal SC barrier property make the delivery of topical 

CERs using conventional topical formulation challenging. It has been reported that 

topically applied perdeuterated CERs (NS, NP) in the form of oleic acid suspension showed 

limited penetration into the SC and most of the CERs were accumulated in the glyph region 

[110]. Thus, nano technology is being exploited to enhance topical delivery of CERs into 

the skin. It has been shown that topical application of CERs in the form of microemulsion, 

starch nanoparticle gel, liposomes and polylactic-glycolic acid (PLGA) nanoparticles 

enhanced penetration into the epidermis. Starch nanoparticles and ME gel were effective 

to concentrate CERs in the SC [83] while MEs and PLGA nanoparticles increased its 

penetration deep into the dermis layers [131,136]. Moreover, application of cerosomes 

(CER 3 and 6) [129] and liposomes (sphingomyelins, sphingosine) [132,133] on a porcine 

skin and cultured skin model enhanced skin barrier function and increased the level of 

different CER species, respectively. Nanocapsules loaded with CER 3B and tocopheryl 

linoleate also showed enhanced skin moisture content of AD patients [130].  

A number of delivery systems are being investigated to overcome topical delivery 

challenge of lipophilic substance and lipid-based formulations are getting more attention 

including liposomes, niosomes, emulsions (micro/nano) and nanoemulgels (NEGs). 

Emulsion based formulations are preferred by considering industrial feasibility [140,141]. 

Thus, NEs and NEGs are covered in the next sections.  

1.4.2.1 Nanoemulsions  

NEs are clear, kinetically stable, isotropic colloidal systems composed of oil, water and 

surfactant/co-surfactant combination [142,143]. The mean droplet diameter ranges from 

20 to 500 nm. Depending on their globule size, they may appear transparent, translucent 

(not larger than 200 nm) or sometimes milky (up to 500 nm) [144]. They can be in the form 

of oil-in-water (O/W) or water-in-oil, (W/O) or multiple emulsion types [145]. NEs are 
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thermodynamically unstable because of high free energy of formation than their phase 

separated state. Yet, they possess better long-term physical stability without apparent 

flocculation or coalescence due to better resistance toward droplet collisions induced by 

Brownian motion [146].  

NEs improve the solubility of lipophilic drugs [144] which in turn enhance their therapeutic 

efficacy and render them suitabile for oral, parenteral, ocular and transdermal drug delivery 

[147]. NEs are being actively investigated for personal care, cosmetics and drug delivery 

applications due to their physical stability, better skin penetration capacity and less 

surfactant requirement [148,149]. 

1.4.2.1.1 Nanoemulsion composition 

NE components selection usually considers solubility/miscibility of active ingredients in 

an appropriate dispersed phase, non-irritant nature and less sensitivity of excipients toward 

skin [150]. NE formulation requires four components: oil phase, water phase, surfactant 

and energy as the formation is not spontaneous [151,152].  

Oil phase 

The oil phase of NEs can be from various non-polar components, including 

triacylglycerols, diacylgycerols, monoacylglycerols, free FAs, FA esters (e.g., isopropyl 

myristate, isopropyl palmitate, ethyl oleate) [150,153,154], medium chain triglycerides, 

essential oils and mineral oils [155,156]. It has been reported that synthetic oils have higher 

solubilizing capacity than edible natural oils [157]. The physicochemical characteristics of 

the oil phase such as polarity, interfacial tension, viscosity, density and chemical stability 

affect the formation and stability of NEs. NEs of medium and long chain triacylglycerols 

are physically stable though the preparation is difficult because of their relatively low 

polarity, high interfacial tension and high viscosity [142,158]. To enhance the stability of 

NEs (O/W) weighing agents and ripening retarders are included in the oil phase of the 

formulation [159]. 

Surfactant/co-surfactant  

Surfactants or surface active agents (SAAs) are surface-active molecules that are capable 

of adsorbing to droplets surface, facilitating droplets disruption, and protecting droplets 

against aggregation. The mechanism of barrier formation includes electrostatic repulsion, 
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creation of a ‘bound’ water layer, and steric hindrance [158,160,161]. Small molecule 

SAAs, which can be ionic, nonionic or zwitterionic, are highly effective in producing NEs, 

though phospholipids, proteins, and polysaccharides can also be used as SAAs. Safety and 

solubilizing capacity are crucial determinants of SAAs and co-SAAs selection 

[151,162,163]. Though it has been mentioned in the literature that 30 to 60% (w/w) SAA 

concentration is applicable in stable NEs formulation [163], high concentration of SAAs 

was also associated with skin irritation, toxicity and reduced drug release from the 

formulation [144]. In case of topical preparations for transdermal drug delivery, SAA 

concentration which provides maximum flux without causing skin toxicity should be 

selected [151].   

An ionic SAAs are negatively charged which include citric acid ester of mono and 

diglyceride, ditartaric acid ester of mono and diglyceride [159], and sodium lauryl sulfate 

(SLS) [120,162]. Cationic SAAs are positively charged that include quaternary ammonium 

salts, such as hexadecyltrimethyl ammonium bromide and didodecyl ammonium bromide 

[141,163]. However, they have limited application due to their skin irritation potential 

[157,162]. Non-ionic SAAs are commonly employed for the preparation of NEs related 

with their less toxic, less irritant and low susceptibility to pH and ionic strength effects. 

They are also biocompatible and classified as generally regarded as safe (GRAS) by the 

FDA [157,164]. Nonionic SAAs include sugar ester (e.g., sorbitanmonooleate, sucrose 

monopalmitate), polyoxyethylene ether (POE) and ethoxylated sorbitan esters (e.g., 

Tweens and Spans), cremophor, miglyol, lauroyl macrogol- glycerides or lauroyl polyoxyl- 

glycerides [156,162,165–168].  

The formation and stability of NEs can often be improved by using combinations of SAAs. 

Co-SAAs such as short- and medium-chain alcohols are also used in combination with 

SAAs in NEs preparation [169,170]. They are surface active with low emulsion stabilizing 

potential by themselves due to the small size of the polar head group. Co-SAAs provide 

the interfacial film with sufficient flexibility and help to reduce SAA concentration in the 

preparation. Polyols (PEG, 200, 400), glycerol, Transcutol P, plurol oleique 

[144,151,152,171,172] are among the commonly used co-SAAs in NEs formulation. The 

hydrophilic-lipophilic balance (HLB) value of SAAs is also a key factor to consider for the 
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formation of stable NE. HLB values of less than and greater than 10 are required to prepare 

stable W/O and O/W NEs, respectively. The right blend of low and high HLB SAAs leads 

to the formation of a stable NE [147,150,151].  

1.4.2.1.2 Preparation techniques of nanoemulsions 

Preparation of NEs requires energy generated either from mechanical device or chemical 

potential of the components consequently conventional emulsion preparation techniques 

are not suitable [147,173]. The preparation methods of NEs are generally classified as high- 

and low-energy emulsification. High energy methods usually employ less SAA 

concentration while low energy methods are energy efficient and require less sophisticated 

instruments [143,174,175].  

High-energy preparation methods 

Mechanical devices capable of generating energy that exceed the restorative forces holding 

the droplets into spherical shapes are employed. The NEs droplet size produced using high 

energy method depends on process related factor such as energy intensity, duration, and 

temperature and nature of formulation components including SAA type, oil viscosity, 

percentage and interfacial tension [147,176]. However, the method is not suitable for 

thermolabile drugs, proteins, peptide, enzymes and nucleic acid due to high temperature 

and pressure employed during the fabrication process [177]. High pressure homogenizers 

(HPHs) [178,179] and ultrasonicator [180] are among the commonly used devices for NEs 

preparation.  

HPHs are mechanical devices that use 50 to 100 MPa (up to 350 MPa) pressure to produce 

NEs preferably from preexisting coarse emulsion. The device is capable of reducing droplet 

size into few nanometer size by applying an intense disruptive force (turbulence, shear and 

cavitation) [174,181]. Ultrasonicator utilizes high-intensity sound energy (> 20 kHz) to 

form small volume NEs either from preexisting course emulsion or from a separate NEs 

components [175,177]. Sound energy combining cavitation, turbulence and interfacial 

waves generates droplet size reduction to nano size range. To produce stable NEs with 

smaller droplet size controlling ultrasonic parameters such as sonication power, time, 

vessel geometry and viscosity and avoiding overprocessing (excess energy supply) are 

crucial [147,174,182]. 
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Low-energy preparation methods 

Low-energy approaches rely on the spontaneous formation of droplets within oil-water-

SAA mixtures when either their composition or the environmental conditions are altered. 

The methods are energy efficient which need only gentle stirring to formulate NEs. The 

approach includes spontaneous emulsification (SE) [183] and phase inversion methods 

[146,162,184,185].  

The spontaneous emulsification method is convenient to formulate NEs from aqueous 

phase, organic phase containing water miscible organic solvent such as ethanol or acetone 

and SAAs. The procedure includes adding aqueous phase into the organic phase consisting 

of SAA, oil and water miscible organic solvent at specific temperature or vice versa 

[153,175]. The mechanism of nano size droplet spontaneous formation is due to diffusion 

of water miscible component from the organic phase to the aqueous phase which creates 

large turbulent force and increases the oil-water interfacial area. Environmental conditions 

such as temperature and pH, mixing conditions such as stirring speed, rate of addition, and 

order of addition, and ratio of water miscible component with oil phase affect the droplet 

size and stability of the NE [162,183].  

Phase inversion methods include phase inversion temperature (PIT) and phase inversion 

composition (PIC) (emulsion inversion point) techniques. The methods involve controlled 

transition of an emulsion from one type to another (e.g., W/O to O/W or vice versa) through 

an intermediate bicontinuous phase. PIT method depends on changes in solubility of the 

SAAs with changing the temperature [186,187]. Even though PIT is common to formulate 

pharmaceutical NEs, it has several limitations. Selection of SAAs, high concentration of 

SAAs, high polydispersity index (PDI) and challenge of identifying inversion temperature 

are among the limitations [146,147]. On the other hand, PIC approach involves NEs 

formulation by changing the composition of the two phases at a constant temperature [155]. 

The size of the droplets formed depends on process variables, such as the stirring speed 

and the rate of aqueous phase addition. The SAAs used in PIC are usually limited to small 

molecule surfactants that are able to stabilize both W/O emulsions (at least over the short 

term) and O/W emulsions (long term) [176].  
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1.4.2.1.3 Characterization of nanoemulsions 

To ensure the quality of formulated NEs a number of physicochemical parameters are 

assessed. Measurement of particle size, PDI, zeta potential, surface morphology, viscosity, 

release and penetration studies are the commonly employed parameters. Droplet size, size 

distribution and zeta potential are among the crucial parameters to evaluate the stability of 

NEs. Photon correlation spectroscopy (PCS) [143,178,188] or dynamic light scattering 

(DLS) [170,189,190] is the most commonly used instrument to determine these 

characteristics of NEs. However, the instrument is not suitable to provide information 

about the droplet shape and surface morphology. Electron microscopes (TEM or SEM) are 

crucial to get information regarding the particle shape and surface morphology in addition 

to the size [147,164,168]. Atomic force microscope (AFP) also provides an indication 

about the shape and size of NEs droplet [191,192]. However, it has been suggested that the 

result has to be confirmed by other techniques such as DLS [187].  

Other physicochemical characteristics such as thermodynamic stability, compatibility, pH, 

viscosity and in vivo and ex vivo penetration evaluation are also investigated. 

Thermodynamic stability is performed by exposing the formulation to different stress 

conditions such as heating-cooling cycle, freeze-thaw cycle and centrifugation. The test is 

recommended with the intention of identifying stable NEs from the metastable forms which 

take a long time to exhibit instability problems such as phase separation. Those NEs that 

survive the stress testing conditions, are considered stable and do not require frequent 

testing during storage [163,193]. The compatibility of formulation components and drug 

excipient interaction are investigated with FTIR [144,194]. The pH of topical preparation 

is a key consideration to avoid skin irritation due to acidity or alkalinity of the formulation. 

Moreover, formulation pH indicates stability as chemical reaction can result pH change 

[155]. It is recommended that the formulation pH should be close to the skin pH [164]. 

Formulation pH is measured using pH meter [160,188,195]. The viscosity and refractive 

index of NEs are usually measured using different kinds of rotational viscometer and 

refractometer, respectively [151,195,196]. Franz diffusion cell is used to investigate in 

vitro and ex vivo permeation studies. The in vitro release study can also be performed using 

artificial model membrane or dialysis membrane depending on the purpose of the active 
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ingredient loaded in the NEs [83,195,197]. Ex-vivo experiments are conducted using 

abdominal skin obtained from mice [188], rat [142,172] and guinea pig [166]. 

1.4.2.2 Nanoemulgels  

Despite their attractive properties NEs have limited topical application due to low viscosity 

driven poor retention capacity on the skin. Currently, viscosity enhancement using a gel is 

being used as a strategy to widen the topical application of NEs. An amalgamated 

formulation of NEs and hydrogel is known as NEG [151,166]. NEGs exhibit the 

characteristics of both formulations and overcome the limitations of the respective 

components [198]. NEGs would have suitable viscosity to increase the formulation contact 

with the skin which enhances drug absorption and accumulation within the skin. The 

viscosity of the formulation could be adjusted by controlling the percentage of a gelling 

agent to modify the skin permeation profile [183]. NEG are non-greasy, easily spreadable, 

bio-friendly and translucent with agreeable appearance [198].  

1.4.2.2.1 Preparation of nanoemulgels 

NEG is prepared by incorporating NE into a hydrogel. Natural, semi-synthetic and 

synthetic gelling agents are used. Xanthan gum, Na-carboxymethylcellulose, Na-alginate, 

chitosan, different grade of Carbopol (934, 940, 980) are the common gelling agents 

applicable for NEG preparation. The percentage of the gelling agent varies (0.5 to 5% w/w) 

depending on the required viscosity of the formulation [185,196,199,200]. Hydrogel is 

formulated by soaking a suitable gelling agent in an aqueous or hydroalcoholic solvent 

with or without mechanical stirring. The pH is adjusted using either sodium hydroxide or 

triethanolamine. Then, the NE is slowly added into the hydrogel with moderate stirring 

until uniform NEG is formed [157,199]. NEGs loaded with active substances with anti-

inflammatory, wound healing [150,152,194], antifungal [195], antioxidant [201] activities 

and plant extract [160,185,196] have been formulated.  

1.4.2.2.2 Characterization of nanoemulgels  

The suitability of NEG formulations are assessed for their color, uniformity, phase 

separation, stability, pH, rheology, spreadability and activity. Stability of NEG is tested 

after exposing the formulation to different stress conditions (heating-cooling, freeze-thaw 

and centrifugation) and pH change and phase separation are indicators of formulation 
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stability [161,185]. Accelerated stability study can also be conducted at different relative 

humidity and temperature for three months and checking for pH, spreadability, viscosity, 

and drug content [160,194]. The rheology of NEG is also measured using rheometer with 

cone and plate geometry to evaluate its flow property so as to enhance the formulation 

effectiveness [185].  

While GlcCERs/CERs are intended to be delivered to the upper layer of the skin, the 

present study also considered formulating essential oils having mosquito repellent activity 

for topical application. The mosquito repellent potential of plant materials has been 

exploited for centuries using different means, including applying essential oils on the skin 

and clothes to combat transmission of malaria. However, due to the volatile nature of 

essential oils, the protection against mosquitoes is short-lived. 

1.5 Malaria 

Since time immemorial, malaria has been a curse on humanity, even in the modern world. 

Malaria is endemic in 87 countries and poses a risk of malarial infection for almost half of 

the world’s population mostly in tropical and subtropical areas of the world, including 

regions in Africa, Asia and America. In 2015, an estimated 212 million cases of malaria 

occurred worldwide of which 90% were in Africa. During the same year, among 429 000 

malaria deaths globally 92% were in Africa. Almost all deaths (99%) resulted from P. 

falciparum infection. In 2019, an estimated 229 million cases of malaria occurred 

worldwide of which 215 million cases were African [202,203]. There were 247 million 

malaria cases and 619,000 deaths worldwide in 2021 [204]. Children under five years of 

age accounted for 80% of the death. It continues to be a cause and consequence of poverty 

and inequality as it disproportionally affects the disadvantaged people in the world. Malaria 

is a preventable and curable disease though it is life threating without proper diagnosis and 

effective treatment. Pregnant women, children and people with compromised immunity are 

vulnerable [205,206].  

1.5.1 Malaria prevention  

There are efforts being implemented to eliminate malaria from the world. WHO developed 

a global technical strategy, ‘‘ensure access to malaria prevention, diagnosis and treatment 

as part of universal health coverage’’ being the first pillar. Vector control, 
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chemoprevention, diagnostic testing and treatment are considered as a prevention package 

in order to reduce malaria morbidity and mortality [205]. 

Implementation of more than one malaria prevention method has been found effective in 

reducing incidence and prevalence of malaria. The prevention strategies are use of 

insecticide treated net (ITN), indoor residual spray (IRS), repellents (topical and spatial), 

microbial larvicides, and house improvements [207]. The use of personal repellent with 

ITN has been reported to reduce prevalence of malaria. Topical repellents are also critical 

especially during the challenge to use other prevention methods. The use of repellent was 

associated with a significant reduction in P. falciparum infection incidence [206,208,209]. 

The effectiveness of topical repellents in Africa is indicated to be challenging due to 

unavailability of standardized formulation, lack of information/communication, less user 

compliance and short protection time of the repellent [209,210].  

1.5.1.1 Synthetic mosquito repellents 

Natural and synthetic repellents are available to prevent mosquito bites. Plant based 

repellents, commonly citronella, were widely used before the Second World War (WW II). 

A number of synthetic repellents were discovered primarily for military personnel after 

WW II [211,212]. N,N-diethyl-3-methylbenzamide (DEET), Permethrin, picaridin 

(Hydroxyethyl Isobutyl piperidine Carboxylate), IR3535 (3-[N- Butyl-N-acetyl]-

aminopropionic acid), and N,N-diethyl-2-phenyl-acetamide (DEPA) are commercially 

available synthetic repellents. Repellents are applied on the skin, fabrics or other materials. 

Except permethrin, which is a skin irritant, the others are applied on the skin in the form of 

spray, cream, lotion or other forms. The duration of protection against mosquito bites 

depends on the concentration of the repellent and the species of the mosquito. DEET is the 

most effective and widely used repellent worldwide which was patented by the US Army 

and registered for use in 1957. It is available in different concentrations (5% to 100%) and 

forms including conventional and modified release preparations. The protection time also 

varies with the concentration, types of preparation and species of mosquito [213–215]. 

However, there are reports indicating the toxicity of DEET resulted from its permeation 

through the skin [207,216]. 
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1.5.1.2 Plant based mosquito repellents  

Mosquito repellents derived from plants have been practiced for a very long time. They are 

essential oils obtained from different parts of odoriferous plants. Due to their volatile nature 

the protection time is short-lived and demands frequent application. Several essential oils 

are reported to possess mosquito repellent activity. Citronella oil (CO) [186,217,218], 

palmarosa oil (PO), lemon grass oil, melissa oil [219–221], eucalyptus oil [222], cinnamon 

oil, peppermint oil, [156,223], clove oil [224], fennel oil [215], neem oil, hairy basil oil, 

vetiver oil [181] and citrus oil [225] are reported in the literature as mosquito repellent. 

The essential oils were formulated in the form of oil blend, cream, gel, patch, NEs, MEs, 

lipid nanoparticle, and MC while their effectiveness was verified against Ae. Albopictus, 

Ae. Aegypti, Cx. Quinquefasciatus, and An. Sundaicus [165,178,181,221,226,227].  

Citronella (Cymbopogon nardus) and palmarosa (Cymbopogon martini), belong to Poaceae 

family and genus Cymbopogon, are sources of CO and PO, respectively. The essential oils 

are used in food, drink, cosmetics and pharmaceutical industry. It has been reported that 

both essential oils have mosquito repellent activity though their protection time varies. CO 

is composed of mainly monoterpenes and sesquiterpenes. Citronellal, citronellol, geraniol, 

limonene, citronellyl acetate and geranyl acetate are the main constituent of CO with 

varying percentage, citronellal being the major component [227,228]. The complete 

protection time of CO against mosquito bites varies from 9.5 min at 5% spray against A. 

albopictus [215] to 2.8 h at 20% NE against A. aegypti [178]. The protection time of 10% 

CO NE in the presence of 5% hairy basil oil and 5% vetiver oil was 4.7 h [181]. It has been 

shown that though CO protection time is shorter that DEET, it provides sufficient 

protection against mosquito bite [207].  

PO contains monoterpenes, sesquiterpenes, and alcohols majorly geraniol and 

geranylacetate. The percentage of each constituents varies depending on the harvesting 

areas and season [229,230]. The complete protection time of pure PO was found to be 6 

and 8 h against An. sundaicus [221]. Limited data is available regarding the mosquito 

repellent activity of PO.  
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1.6 The present study  

The unique molecular organization and the equi-molar ratio of SC lipid matrix constituents 

are considered crucial for skin barrier function and semipermeable nature. Compositional 

and organizational changes in SC lipids such as CERs cause defective skin barrier function 

in relation to ageing and skin disorders due to partly altered enzymatic activity. However, 

the glucocerebrosidase enzyme responsible for conversion of GlcCERs to CERs is not 

affected by ageing. Several studies showed that topical application of CERs to animals and 

human volunteers with defective skin barrier, improved the barrier nature of the skin. 

However, there are limitations to avail CERs loaded topical products to clients. The first 

challenge is associated with CERs source reliability and affordability. CERs can be 

obtained from animals, plant and synthetic sources. However, animal CERs are associated 

with unintended disease transmission, such as encephalopathy and ethical issues. Synthetic 

CERs are also very expensive on top of the lengthy and cumbersome synthesis procedure. 

Thus, plants are currently getting more attention as a reliable source of CERs. CERs are 

not only available in trace amounts in plants but exist in complex forms such as GlcCERs. 

Suitable chemical or enzymatic method of hydrolysis is required to produce CERs from 

GlcCERs. Lupin bean (Lupinus albus. L), naked barley (Hordium vulgare L) and mung 

bean (Vigna radiata L.) were investigated as a potential source of GlcCERs. The second 

challenge was unavailability of economical and effective method of hydrolysis to produce 

CERs from abundant plant SPLs. Chemical (mild acid hydrolysis) and enzymatic 

hydrolysis within skin homogenate, which could be a critical milestone for direct topical 

delivery of GlcCERs, were investigated in this study. To the best of our knowledge, both 

methods are employed to hydrolyze plant GlcCERs for the first time. Even though, the 

above difficulties are addressed successfully, skin barrier recovery requires proper delivery 

of CERs/GlcCERs into the skin which demands careful formulation development due to 

the poor solubility and high molecular weight of CERs/GlcCERs and the permeability 

barrier nature of SC. An optimized GlcCER loaded nanoemulgel was developed and in 

vitro release and permeation experiments were conducted which is the first of its kind.  

On the other hand, malaria poses a serious public health concern and requires an integrated 

prevention approach including implementation of well-studied malarial vector control 

strategies and effective treatment. Despite the availability of various vector control means, 
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personal mosquito repellents are vital in preventing mosquito bites when the other means 

are impractical to implement. Though plant-based mosquito repellents are preferred as 

compared to synthetic repellents due to environmental pollution and toxicity issues, their 

protection is short-lived since the essential oils are volatile. A number of essential oils, 

including citronella oil have been formulated in different forms, such as microcapsules to 

extend the release and protection against mosquito. CO and PO were formulated in the 

form of NEGs to further prolong the release for more than 12 h.  

1.7 Research questions  

 How efficient are the chemical methods of hydrolysis towards different species of 

plant glucosylceramide? 

 How efficient are the skin epidermal enzymes to hydrolyze glucosylceramide? 

 How effective are nanoemulgels to deliver plant-derived 

glucosylceramide/ceramides to the skin model membrane?  

 How effective are nanoemulgels to prolong the in vitro release of essential oils 

with mosquito repellant activities?  

1.8 Objectives  

1.8.1 General objective 

 To isolate, characterize and hydrolyse plant GlcCER and formulate nanoemulsion 

/nanoemulgel loaded with GlcCERs as well as essential oils with mosquito 

repellent activities.  

1.8.2 Specific objectives  

 To investigate the available GlcCER species in selected plants and develop a 

suitable chemical method of hydrolysis into ceramides,  

 To investigate the possibility of GlcCER topical delivery to substitute depleted 

skin CER,  

 To formulate, optimize and characterize nanoemulsion/nanoemulgel for topical 

delivery of plant derived GlcCERs, and 

 To formulate, optimize and characterize nanoemulsion/nanoemulgel loaded with 

essential oils possessing mosquito repellent activities. 
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2 Structural characterization of plant glucosylceramides and the corresponding 

ceramides by UHPLC-LTQ-Orbitrap mass spectrometry 

2.1. Introduction  

The main function of skin is to form a barrier between the external hostile environment and 

the internal milieu of the host [231]. A major element of its defensive function is to 

maintain homeostasis by preventing the uncontrolled loss of water, ions and serum proteins 

from the organism into the environment [134]. This protective function mainly relies on 

stratum corneum (SC) which contains layers of corneocytes embedded in a lipid matrix. 

The composition and organization of the lipid matrix, which consists of mainly ceramides 

(CERs), free fatty acids (FFAs) and cholesterol, are essential for maintaining skin barrier 

function. CERs act as a water modulator and a permeability barrier by forming multi-

layered lamellar structures with other lipids between cells in the SC layers [232]. Variation 

in composition and organization of SC lipids such as CERs leads to impaired skin barrier 

function and dryness. The problem is observed in the elderly and in association with several 

cutaneous disorders such as psoriasis and atopic dermatitis [231].  

It has been shown that direct topical replacement of depleted native skin CERs has 

beneficial effects in improving skin barrier function and skin hydration [134,233]. The 

depleted CERs can potentially be replaced with similar CERs obtained from various 

sources such as animal, plant and synthesis [234]. Plants as source of CERs represent safe 

and low cost alternative compared to animal-based CERs due to their ethical and safety 

issues [233] and laborious and expensive synthetic procedure [89,235].  

Plant CERs are a member of sphingolipids (SPLs), which are biologically active structural 

membrane constituent of plants like other eukaryotes [236]. They are composed of 

sphingoid bases (predominantly C18) esterified to long chain FAs or very long chain FAs 

(> 20 carbon chain). The sphingoid bases are characterized by the presence of a hydroxyl 

group at C1 and C3, an amine group at C2 and double bonds at the C4 and/or C8 positions. 

The C4 double bond is found only in the trans configuration, while the C8 double bond, 

which is widely available only in plants, exists in either trans or cis configuration [9]. 

Sphingoid bases in plants consist of 4,8-sphingadienine (d18:24,8), (8E/Z)-4-hydroxy-8-
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sphingenine (t18:18), (E/Z) 8-sphingenine (d18:18), 4-hydroxysphinganine 

(phytosphingosine) (t18:0), sphinganine (dihydrosphingosine) (d18:0), and 4-sphingenine 

(sphingosine) (d18:14) among which the first three bases are dominant [39,45]. FAs of 

plant CERs are almost exclusively α-hydroxylated ranging from C14 to C26 chain length 

with C16, C20, C22 and C24 FAs as major components with small amounts of odd FAs 

having 21, 23, and 25 carbon atoms [48]. 

The basic CER structure is also modified through changes in chain length, hydroxylation 

and/or degree of desaturation of both the sphingoid base and FA moieties. Covalent linkage 

of the 1-hydroxyl group of CERs to polar head group results in a complex SPLs such as 

glycosphingolipids when mono or pluri-hexose is attached. The simplest and predominant 

SPL form in plants are the glucosylceramides (GlcCERs) with a single glucose head group 

[48,233,236].  

GlcCERs are commercially available from legumes such as soya and cereals such as rice 

and wheat [84,236] which are consumed by majority of the world population. Plants which 

are cheap and less commonly consumed as food such as lupin and naked barley may 

provide alternative economic advantage as sources of GlcCERs. Lupin bean (Lupinus 

albus. L) or white lupine (locally known as Gibto) belongs to the genus Lupinus family 

Fabaceae which is rich in lipid like the other legumes. It is often grown as ornamental plant 

and animal feed. The amount of lupin bean used for food is estimated to be 5 to 10% of the 

total production worldwide [237]. In Ethiopia, it is very cheap and used as snack, animal 

feed and as a raw material in the preparation of local alcoholic drink ‘Areki’ in northwestern 

Ethiopia [238]. Naked barley, hull-less variety of barley, (locally known as Temej gebs) 

belongs to the genus Hordium and grass family Poaceae. In Ethiopia, hull-less variety of 

barley is only used as snack in the form of ‘kolo’ (the roasted form), and it is not preferred 

for other dishes [239]. Mung bean (Vigna radiata L.) (locally known as Mashoo) belongs to 

the genus Vigna, family Fabaceae. Cultivation and geographical distribution of mung bean 

is limited due to its sensitivity to cold [240]. Cold sensitive plants are known to have high 

level of GlcCERs with saturated FAs chain than cold resistant plants [39]. In this study, 

lupin bean, mung bean and naked barely have been investigated as alternative sources of 

GlcCERs. Characterization and quantification of GlcCER species in these plant species 



 

30 | P a g e  
 

have not been carried out so far. 

As free CERs are less abundant in plants, a suitable method to transform GlcCERs into 

CERs is required. Though enzymes are available to hydrolyze GlcCERs into CERs, 

enzymatic hydrolysis is very expensive [45,48,67]. On the other hand, the classical 

acid/alkaline hydrolysis methods are associated with drawbacks such as converting CERs 

into different chemical entities, breaking the CERs amine linkage, and not effective 

towards all GlcCER species [63,241,242]. Thus, cheap and effective method of producing 

CERs from the most abundant plant SPL, GlcCERs [48] has economic benefit.  

Therefore, in the current study, structural analysis (UHPLC-MS/MS and UHPLC-

HRMS/MS) and quantification (AMD-HPTLC) of GlcCERs from the three plants were 

carried out. CERs were produced from GlcCERs with mild acid hydrolysis which would 

pave the way to employ plant CERs commercially for cosmetic and therapeutic 

applications. Periodate mediated hydrolysis of GlcCERs from these plants and 

characterization of the resulting CERs are performed for the first time. 

2.2. Materials and methods  

2.2.1. Materials  

Soya bean GlcCER (Soy GlcCER) (Avanti Polar Lipids, AL, USA) and CER [AP] 

(Evonik-Industries, Essen, Germany) were used as a reference standard. Methanol 

(Fontenay-sous-bios, France) was purchased from VWR International. Chloroform, acetic 

acid, isopropyl alcohol, n-hexane, NaOH and HCl were supplied by Carl Roth (Karlsruhe, 

Germany). Ethylene glycol and formic acid were obtained from Sigma-Aldrich Chemie 

GmbH (Steinheim, Germany). NaBH4, acetone, silica gel 60 (0.063 - 0.200 mm), TLC 

(silica gel 60, F254, 20 cm×20 cm) and HPTLC (silica gel 60 F254, 20 cm×10 cm) plates 

were purchased from Merck KGaA (Darmstadt, Germany). NaIO4 was obtained from 

Aldrich Chemical Co. Ltd (Dorset, United Kingdom).  

2.2.2. Methods  

2.2.2.1.  Plant materials collection and authentication  

Lupin bean (Lupinus albus L) and mung bean (Vigna radiate L) seeds were purchased from 

local market in Bahir Dar and Addis Ababa, Ethiopia, respectively. The identification of 
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lupin bean (voucher number, AA002) and mung bean (voucher number, AA001) plants 

was performed at the National Herbarium (Ethiopia), Addis Ababa University [243]. The 

identified specimens were stored at the National Herbarium. The seeds of naked barley 

(Hordium vulgare L) were kindly donated by Ethiopian Agricultural Research Institute, 

Holleta Research Center. 

2.2.2.2.  Extraction and purification of GlcCERs 

The GlcCERs-enriched lipid fraction (GELF) of lupin bean, mung bean and naked barley 

were extracted and purified as per the methods described elsewhere [45,67]. Briefly, the 

total lipid extracts of powdered lupin bean (L, 300 g), mung bean (M, 300 g) and naked 

barley seeds (N, 200 g) were extracted with 0.75, 0.75 and 0.60 L of isopropyl alcohol/n-

hexane/water (55:20:25, v/v/v), respectively for 30 min with sonication and vacuum 

filtered. To exhaustively extract the lipids, the residues were treated two times with similar 

amount of solvent and composition for 3 h with frequent stirring (second extraction) and 

overnight (third extraction). The filtrates were pooled and evaporated to dryness in a rotary 

evaporator (90 rpm, 40 °C).  

The dried total lipid extract was separated into polar and non-polar fractions using a 

mixture of CHCl3/ MeOH/H2O (1:1:1, v/v/v, L, 1.2 L; N and M, 0.75 L). The resulting 

aqueous and CHCl3 extracts were washed with CHCl3/MeOH (1:1 v/v, L, 0.2 L; N and M, 

0.1 L) and MeOH/H2O (1:1 v/v, L, 0.2 L; N and M, 0.1 L), respectively. The CHCl3 extracts 

were combined and dried in a rotary evaporator (90 rpm, 40 °C).  

The dried CHCl3 extract was fractionated in a TLC-guided column chromatography packed 

with silica gel 60 (0.063 - 0.200 mm, sample to silica gel ratio, 1:25). The fractions were 

sequentially eluted with solvents with increasing polarity; the first elution, CHCl3 (L, 1.1 

L; N and M, 0.5 L), second elution CHCl3/MeOH (9:1, v/v, L, 1.1 L; N and M, 0.5 L) and 

third elution CHCl3/MeOH (8:2, v/v, L, 1.1 L; N and Mb, 0.5 L). Adequate volume of 

fractions (L, 50 mL; N and M, 30 mL) were collected and TLC was developed to identify 

GlcCERs containing fraction. TLC was run using CHCl3/MeOH (85:15, v/v). The TLC 

plate was then treated with CuSO4/H3PO4 solution (10 % CuSO4 (w/v), 8 % phosphoric 

acid (v/v) and 5 % MeOH (v/v)) for 20 sec and oven-dried for 10 min at 150 °C. The band 

from the samples were compared with that of the Soy GlcCER standard and the flasks 

containing the GELFs were added up together and dried in a rotary evaporator. The 
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experiments were conducted in triplicate. 

2.2.2.3.  Structural characterization of GlcCERs by UHPLC-APCI-LTQ/Orbitrap-

MS/MS  

The high resolution (HR) MS analysis was performed on Dionex UltiMate 3000 UHPLC 

system (Thermo Fisher Scientific, Bremen, Germany) coupled on-line to a hybrid linear 

ion trap-orbital trap mass spectrometer LTQ-Orbitrap Elite (Thermo Fisher Scientific, 

Bremen, Germany) equipped with APCI ion source and operated in positive ion mode. The 

source parameters applied were as follows: ion spray voltage at 4 kV, source (discharge) 

current at 3.8 μA, capillary temperature at 275 °C, source vaporizer temperature at 450 °C, 

sheath gas pressure at 50 psig, aux gas pressure at 25 psig and ion sweep gas pressure at 

30 psig. The separation of GlcCER species was performed on YMC-Pack ODS-AQ column 

at 45 °C and flow rate of 0.3 mL/min. After sample injection (10 µL), elution was 

accomplished in linear gradient mode. Eluents A and B were water and methanol, both 

containing 0.1 % (v/v) formic acid. The injected sample was eluted isocratically at 90 % 

eluent B for 5 min, before sequential linear gradients to 95 and 100 % eluent B in 7 and 25 

min, respectively. The post run equilibration time was 10 min. The HR-MS analysis relied 

on the Fourier transform (FT) full scan mode and Orbitrap mass analyzer. The spectra were 

acquired in the mass range of 220-1000 m/z, mass resolution of 60,000 and mass tolerance 

of 5 ppm. Data-dependent acquisition (DDA) experiments were accomplished according 

to doubly play algorithm, and comprised a survey FT-scan with mass resolution of 60,000 

followed with dependent scans for the three most abundant signals selected in each survey 

scan. The MS/MS scans were acquired in the ion trap (IT) mode with isolation width of 

m/z 2. The dynamic exclusion duration was 20 s with one repeat count per hit, whereas 

mass tolerance for dynamic exclusion was 3 ppm. The isolated singly charged ions were 

fragmented under CID conditions with the activation time of 10 ms and 30% normalized 

collision energy. Chromatograms and spectra were evaluated with the Thermo Xcalibur 

software version 2.2 (Thermo Fisher Scientific, Bremen, Germany). 

2.2.2.4.  HPTLC method validation  

To confirm the applicability of the automated multiple development (AMD)-HPTLC 

method for quantification of GlcCERs mentioned elsewhere [63]; linearity, limit of 
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detection (LOD), limit of quantification (LOQ), accuracy and precision were determined 

according to EMA guideline on validation of bioanalytical methods, 2012 [244]. The 

linearity of the response over the concentration range of 50 to 1000 ng/band was 

investigated using Soy GlcCER standard (n = 4). LOD and LOQ of the method were 

estimated using calibration curve of Soy GlcCER standard in CHCl3/MeOH (1:1, v/v) 

solution (0.5 - 1.7 μL of 100 μg/mL of Soy GlcCER in CHCl3/MeOH (1:1, v/v)) (n = 3). 

The standard deviation of the response () and slope of the curve (S) were used to calculate 

LOD (LOD=3.3/S) and LOQ (LOD=10/S).  

The within-run precision and accuracy of the method were estimated by analyzing sample 

of Soy GlcCER at four concentration levels (50, 100, 400 and 800 ng/band) five times for 

each on the same day. Similar concentration and determination levels were used to analyze 

between-run precision and accuracy in three different days. The relative standard deviation 

(RSD) and percentage recovery were used to estimate the precision and accuracy of the 

method, respectively.  

2.2.2.5.  Plant GlcCERs quantification with AMD-HPTLC method  

Quantification of plant GlcCERs was carried out using an AMD-HPTLC system with a 

software CAMAG winCATS Planar Chromatography Manager (Camag, Muttenz, 

Switzerland) after validation. The standard Soy GlcCER solution (100 µg/mL) was 

prepared in CHCl3/MeOH (1:1, v/v) mixture. Solutions containing GELFs (1 mg/mL) were 

also prepared with similar solvent composition to the standard. Chromatography was 

performed on precoated silica gel 60 F254 HPTLC plates (20 x 10cm). Prior to sample 

application, the HPTLC plate was prewashed (immersed in isopropanol for at least 2 h) 

and dried in an oven at 100 °C for 30 min. The plate was then cooled to room temperature 

and different volumes of Soy GlcCER standard solution (0.5, 1, 2, 4, 6, 8, and 10 µL) and 

2 µL of GELF solutions were applied on the plate (positioned 8 mm from the bottom and 

15 mm from the side edge) as 6 mm bands using a CAMAG Automatic TLC sampler 4 

equipped with 25 µL syringe. Chromatographic developments were conducted three times 

using CAMAG AMD 2. CHCl3/MeOH/HAc (95:4.5:0.5, v/v/v) was used as a mobile phase 

for the first two steps with 70 mm migration distance and CHCl3/MeOH/AC (76:20:4, 

v/v/v) for the last run of 30 mm migration distance. Before each step was run, the plate was 
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automatically vacuum dried for 1.5 min and then conditioned in an acetic acid (4 mol/L) 

atmosphere. The lipids were detected by immersing the HPTLC plate in aqueous 

CuSO4/H3PO4 solution for 20 s using automatic dipping device and charring in an oven at 

150 °C for 20 min. Then, the plate was scanned by a CAMAG TLC Scanner 3 in 

absorbance mode (λ = 546 nm). The retention factors and the peak areas of the standard 

were used to identify and quantify GlcCERs in the plants, respectively.  

2.2.2.6.   Alkaline hydrolysis of plant GlcCERs  

Alkaline hydrolysis of GlcCERs was carried out as follows: GELFs were prepared at two 

different concentrations (1 mg/mL and 2.5 mg/mL) in 1,4-dioxane. Then, 4 N NaOH was 

added to each solution (2:1 and 1:1, sample to NaOH ratio) and continuously stirred with 

magnetic stirrer for different duration of time at room temperature, 80 °C, 110 °C and 150 

°C. The reaction time and temperature are presented in Table A1 (Appendix). The reaction 

temperatures were maintained in a water bath for the second reaction condition and in an 

oil bath for those above 100 °C. Then, the pH of the reaction mixture was neutralized with 

1 N HCl after cooling the mixture below 30 °C. CHCl3 was added into the reaction mixture 

and allowed for phase separation in a separatory funnel for 2 h. After removing the CHCl3 

phase, the aqueous phase was washed with 30 mL of CHCl3. The CHCl3 phases were 

mixed, washed with saturated NaCl solution overnight and dried with N2 gas stream. The 

dried sample was solubilized in CHCl3/MeOH (1:1, v/v) and TLC was developed using 

CHCl3/MeOH (85:15, v/v) to detect GlcCERs and/or CERs. The standards, Soy GlcCER, 

CER [AP] and untreated GELFs of the respective plants were used for comparison.  

2.2.2.7.  Structural characterization of GlcCERs by UHPLC-QqQ-MS/MS  

The structural analysis of GELF was carried out using UHPLC coupled on-line to a triple 

quadrupole (QqQ) MS (QqQ-MS, TSQ Quantum Ultra, Thermo Fisher Scientific, Bremen, 

Germany) equipped with an APCI source. GlcCER species separation was achieved on a 

YMC-Pack ODS-AQ column (150 × 2.0 mm, 3 µm particle size, 200 Å pore size, YMC 

Europe GmbH, Dinslaken, Germany) at 40 °C and flow rate of 0.3 mL/min. After sample 

injection (10 µL), elution was accomplished in linear gradient mode. Eluents A and B were 

water and methanol, both containing 0.1 % (v/v) formic acid. The injected sample was 

eluted isocratically at 90 % eluent B for 5 min, before sequential linear gradients to 95 and 
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100 % eluent B in 5 and 20 min, respectively. The post run equilibration time was 10 min. 

The APCI/MS parameters were set as follows: discharge voltage +4.5 kV, source 

(discharge) current of 6 μA, capillary temperature 275 °C, source vaporizer temperature 

450 °C, sheath gas pressure of 55 psig, and ion sweep gas pressure of 30 psig. Tandem 

mass spectrometric (MS/MS) analysis was accomplished in the product ion mode using 

collision-induced dissociation (CID) at the collision potential of 15-35 eV. The GlcCER 

species were analyzed in the positive ion mode by Q1 scan (100 - 1000 m/z). 

Chromatograms and spectra were evaluated with the Thermo Xcalibur software version 

2.2 (Thermo Fisher Scientific, Bremen, Germany) [234].  

2.2.2.8.  Mild acid hydrolysis of plant GlcCERs  

A method employed elsewhere to study Gaucher spleen cerebroside was modified and used 

to produce CERs from plant GlcCERs [245]. Briefly, 0.1 - 1 % (w/v) GELFs solutions (10 

mL) in CHCl3/EtOH (1:3, v/v) were prepared and 1 mL of 0.2 M NaIO4 was added to the 

solution. The mixture was covered with aluminum foil and allowed to oxidize for 24 h at 

room temperature. Then, equal volume of water containing two drops of ethylene glycol 

was added. The aqueous phase was washed two times with 13 mL of CHCl3 each. The 

CHCl3 phases were combined, mixed with equal volume of MeOH and its pH was adjusted 

to 9 with aqueous 4 N NaOH. Then, 1 mL of 2.5 mg/mL NaBH4 in 0.1 N NaOH was added 

drop wise to the solution and left for 24 h at room temperature. The reduction was 

terminated by neutralizing the solution with addition of 6 mol/L HCl. Acidic hydrolysis 

was carried out by adding 0.75 mL of 6 mol/L HCl and allowed to stand for 24 h. The 

reaction mixture was diluted with 20 mL of CHCl3 and 25 mL of H2O. The aqueous phase 

was washed with CHCl3/MeOH (1:1, v/v) two times. The CHCl3 phases, which contain the 

ceramide enriched fraction (CEF), were mixed together, washed with H2O/MeOH (1:1, 

v/v) two times and dried with N2 gas stream.  

2.2.2.9.  Preparative TLC  

CEF was dissolved in CHCl3/MeOH (1:1, v/v) and applied with a syringe on preparative 

TLC (PTLC) glass plate (20 cm x 20 cm) along the line marked 2 cm from the bottom and 

1 cm from side edge of the plate. The standards (Soy GlcCER and CER [AP]) and the 

sample were applied on the second PTLC glass plate (20 cm x 20 cm) at similar position 
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to the first plate (1 cm band width for each). Both plates were immersed into TLC chamber 

at the same time and developed using CHCl3/MeOH (85:15, v/v) until the solvent front 

reached 4 cm mark from the top. Then, post chromatographic derivatization was performed 

on the second plate. The area of the first plate, parallel to the bands of CER [AP] and plant 

CERs on the reagent treated plate, was marked, scrapped with spatula and added to 

CHCl3/MeOH (85:15, v/v) solvent mixture. It was sonicated for 2 min, filtered with № 1 

filter paper and 0.45 µm cartridge filter and dried under N2 gas stream. 

2.2.2.10. Structural characterization of CERs by UHPLC-LTQ-Orbitrap-MS/MS 

The structure of CERs obtained from mild acid hydrolysis was confirmed with UHPLC-

APCI/LTQ-Orbitap-MS/MS using similar procedure mentioned under section 2.2.2.3.  

2.3. Results and discussion  

2.3.1. Extraction and purification  

Extraction of plant lipids from the complex biological system requires efficient, simple and 

reproducible protocol. Though, the most frequently used lipid extraction method is 

CHCl3/MeOH (2:1, 1:2 or 1:1, v/v) [51]; in the present study, isopropanol/n-hexane/water 

(55:20:25, v/v/v) was employed as it has been recommended for SPLs extraction in relation 

with lipase inhibiting property of isopropanol and neutral pH of the solvent [45].  

Plants from Fabaceae family (lupin bean and mung bean) and Poaceae family (naked 

barley) were screened for GlcCERs. GlcCERs were not detected on the TLC of total lipid 

extract of all the plants at the applied concentrations. Liquid-liquid extraction leads to 

partitioning of lipids, including neutral SLPs (such as GlcCERs) into the CHCl3 phase and 

removal of more than 70% of the total lipid extract in the form of polar fraction [67]. 

Purification with column chromatography resulted in the appearance of GlcCERs bands on 

TLC plates of the investigated plant extracts. The TLC chromatograms of the three plants 

and Soy GlcCER are shown in Fig. A1 (Appendix). The GELFs were collected from the 

last gradient (CHCl3/MeOH (8:2, v/v)). As it can be seen in Table 2-1, the total lipid extract 

(14.00 g/100 g of seed, dry weight) and CHCl3 lipid extract (4.07 g/100 g of seed, dry 

weight) of lupin bean were higher than the respective values of mung bean and naked 

barley. The amount of GELFs in the three plants were comparable albeit mung bean had 
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somehow the highest value (Table 2-1). In addition to the three plants, eucalyptus leaf and 

seed cover from Myrtaceae family were also screened for GlcCERs and negative results 

were obtained.   

2.3.2. UHPLC-LTQ-Orbitrap-MS/MS characterization of GlcCERs 

LC-MS/MS method has high selectivity and sensitivity for identification of GlcCERs, 

making it a powerful tool for analysis of complex SPLs in plants. LC coupled with MS 

using both electrospray ionization (ESI) and APCI sources has been applied for 

identification of plant SPLs. However, an APCI method has been found to be efficient for 

the analysis of polar lipids such as GlcCERs and CERs [63]. The GlcCER species of the 

three plants were screened by UHPLC-LTQ-Orbitrap-HRMS. The separation of GlcCERs 

species with UHPLC was based on the difference in structure of their FA chains. 

All the GlcCERs species were identified as [M+H]+ during HRMS analysis. In all cases 

the mass accuracy was < 2 ppm. Pairs of structurally specific product ions of sphingoid 

bases and their precursor ions were used for the identification of GlcCER species. The 

sugar moiety of the identified GlcCERs was considered as hexose group by considering 

the neutral loss (m/z 162). The target mass-to-charge ratio used for identification of 4, 8-

sphingadienine (d18:2), 8-sphingenine (d18:1) and 4-hydroxy-8-spingenine (t18:1) were 

262.2535, 264.2690 and 262.2535/280.2640, respectively [63].  

HRMS spectra of GlcCERs of the investigated plants showed the ([M+H]+) ion and 

fragment ions; [M+H-H2O]+, [M+H-2H2O]+, [M+H-Glc]+) and [M+H-Glc-H2O]+ due to 

in-source fragmentation. It also revealed that [M+H-H2O] + and [M+H-Glc]+ signals were 

abundant for GlcCERs with dihydroxy (d18:2 and d18:1) and trihydroxy (t18:1) sphingoid 

bases, respectively. Similar in-source fragmentation of plant GlcCERs containing d18:2 

(attributed to easily electron donating tendency of double bond at C 4) and t18:1 sphingoid 

bases have been reported elsewhere [63]. The three most intense signals, corresponding to 

([M+H]+, [M+H-H2O]+ and [M+H-Glc-H2O]+ for d18:2 and d18:1 based GlcCERs 

detected at specific retention time of full scan were subjected to HR-MS/MS fragmentation 

for the identification of product ions. Similarly [M+H]+, [M+H-Glc]+ and [M+H-Glc-

H2O]+ were considered as precursor ions for the identification of t18:1 based GlcCERs. 
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Previous studies on plant GlcCERs employed either molecular ions ([M+H]+) [233] or 

fragment ions ([M+H-H2O]+ and [M+H-Glc]+) [63] signals with strong intensities during 

full scan MS for further analysis in MS/MS structural elucidation.   

 

Figure 2-1: Base peak chromatograms (full scan: m/z 220 - 1000) of lupin bean (A), mung 

bean (B), naked barley (C) and extracted ion chromatograms (D) of GlcCER species 

identified from the three plants with UHPLC-LTQ-Orbitrap-MS. The letters (L: lupin bean, 

M: mung bean and N: naked barley) indicate the respective GlcCER species of each plants 

in the extracted ion chromatograms. 
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Table 2-1: Amount of total lipid extract, CHCl3 lipid extract, GELFs and GlcCERs of lupin 

bean, mung bean and naked barley (n = 3). 

Source Total lipid 

extract (g/100 g)  

CHCl3 lipid extract  

(g/ 100 g) 

GELFs  

(mg/ 100g) 

GlcCERs 

(mg/100 g) 

Lupin bean  14.00 ± 0.63 4.07 ± 0.23 77.47 ± 10.03 17.17 ± 0.77 

Mung bean   8.71 ± 3.25 1.43 ± 0.07 80.24 ± 3.89 18.99 ± 0.97 

Naked barley   7.10 ± 0.35 2.12 ± 0.01 71.66 ± 13.12 20.62 ± 2.85 

The base peak and extracted ion chromatograms of the three plants are shown in Fig. 2-1A 

to D. A total of five dominant GlcCER species were found from the plants and identified 

in the form of an abundant ion in the full scan base peak chromatogram. Among them, 

signal at m/z 696.5412 was found in all of the investigated plants (Fig. 2-1A to C). While 

signal at m/z 682.6341 appeared in both mung bean and naked barley spectra (Fig. 2-1B 

and C), the rest three GlcCER species (m/z 724.5720, 752.6032 and 680.6185) existed as 

major species in naked barley (Fig. 2-1C). The full scan HRMS base peak chromatogram 

bearing m/z 696.5412 signal revealed that signals at m/z 714.5520, m/z 696.5412 and m/z 

534.4883 were intense and therefore selected for HRMS/MS study. HRMS/MS study of 

[M+H]+ ion (m/z 714.5520) provided [M+H-H2O]+ (m/z 696.5412), [M+H-Glc]+ (m/z 

552.4989), [M+H-Glc-H2O]+ (m/z 534.4883) and [M+H-Glc-2H2O]+ (m/z 516.4777) 

fragments. Similarly, the fragmentation of the ion at m/z 696.5412 resulted in appearance 

of the fragment ions at m/z 534.4883, m/z 516.4777 and m/z 262.2533 (weak signal). The 

third abundant ion fragmentation also yielded product ions at m/z 516.4777, 262.2533 and 

272.2588. Among these the latter two signals represented d18:2 sphingoid base and α-

hydroxy palmitic acid, respectively. Thus, the GlcCER could be annotated as Glc-

d18:2/h16:0 (m/z 714.5520). Representative tandem mass spectrum of the main lupin bean 

GlcCER (m/z 714.5520) is depicted in Fig. 2-2.  
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Figure 2-2: Tandem mass spectrum of lupin bean GlcCER (Glc-d18:2/h 16:0, m/z 

714.5520) when [M+H]+ ion (m/z 714.5520) was subjected to UHPLC-LTQ-Orbitrap-

MS/MS under FT-IT scan mode (m/z 185 - 725). 

The fragmentation patterns of the GlcCER species at m/z 724.5720 and 752.6032 were 

alike with Glc-d18:2/h16:0. The HRMS base peak chromatogram of the former signal 

showed that the signals at m/z 742.5829, 724.5720 and 562.5193 dominated at the spectrum 

and hence, subsequently fragmented. The tandem MS of both ions (m/z 724.5720 and 

562.5193) showed appearance of signals at m/z 544.5089, 300.2899 and 262.2534. Among 

which the last two signals (m/z 262.2534 and 300.2899) represented d18:2 sphingoid base 

and α-hydroxy stearic acid, respectively which supports the annotation of the compound as 

Glc-d18:2/h 18:0. The HRMS base peak chromatogram of m/z 752.6032 signal indicated 

intense signals at m/z 770.6144, 752.6032 and 590.5510 and were fragmented. Product ions 

at m/z 262.2535 and m/z 328.3214 were detected which are the characteristic signals of 

d18:2 sphingoid base and α-hydroxy arachidic acid, respectively. The result allowed 

annotation these GlcCER species as Glc-d18:2/h 20:0. The possible fragmentation pattern 

of GlcCERs species with d18:2 sphingoid base and the product ions of d18:1 and t18:1 

sphingoid bases are depicted in Fig. A2 (Appendix).  

The species with m/z 680.6185 and 682.6341 followed a different fragmentation pattern 

unlike GlcCERs with d18:2 sphingoid base. The HRMS spectra of both species showed 

highly intense signals of the [M+H]+, [M+H-Glc]+, [M+H-Glc-H2O]+ ions and 

characteristics neutral loss due to in-source fragmentation and proceeded to undergo 



 

41 | P a g e  
 

fragmentation. M+H-Glc]+ (m/z 680.6185) and [M+H-Glc-H2O]+ (m/z 662.6087) resulted 

in similar product ions with different signal intensities (strong signal from m/z 662.6087) 

in the tandem spectra. The product ion signals were at m/z 382.3682, 298.2744, 280.2639 

and 262.2533. By the same token, four product ion signals at m/z 384.3844, 298.2744, 

280.2639 and 262.2533 were identified from tandem spectra of [M+H-Glc]+ (m/z 

682.6341) and [M+H-Glc-H2O]+ (m/z 664.6241) ions. The similarity of the last three 

product ions of both species evidently implies sharing of sphingoid base of the same class 

which was found to be 4-hydroxy-8-sphingenine (t18:1). While signals at m/z 382.3682 

and m/z 384.3844 represented α-hydroxy nervonic acid and α-hydroxy lignoceric acid, 

respectively. Hence, the compounds were annotated as Glc-t18:1/h 24:1 (m/z 842.6719) 

and Glc-t18:1/h 24:0 (m/z 844.6875). The other GlcCER species of the investigated plants 

were identified following similar procedure applied to the dominant GlcCER species. The 

identified GlcCER species of each plant and their structure are shown in Table 2-2 and Fig. 

2-3, respectively.  

From the current investigations, GlcCERs with d18:2, d18:1 and t18:1 sphingoid bases 

attached to C14 to C26 FAs were identified. Though, most of the α-hydroxylated FAs 

linked to the sphingoid base of GlcCERs had even number of carbon atoms, FAs having 

odd number of carbons (C15, 23, and 25) were also obtained. Similar sphingoid bases 

linked to α-hydroxy FAs were also reported in wheat, barley, rice, soya and maize 

[89,233,241]. Unsaturated FA (C24) linked with trihydroxy sphingoid base was found in 

naked barley. Unsaturated very long chain FAs in GlcCERs were found in wheat where 

the double bond was at position 9 [67]. GlcCERs with d18:2 and C16 FA (Glc-d18:2/h 

16:0, m/z 714.5520) was highly abundant in plants from Leguminosae family such as lupin 

bean and mung bean. However, it was the only dominant species in lupin bean which is 

similar with commercial Soy GlcCER and haricot bean GlcCER [63]. Glc-d18:2/h16:0 is 

also available commercially from rice bran and wheat germ in the form of skin moisturizer 

[235]. GlcCERs containing d18:2 acylated to α-hydroxy FAs were reported as predominant 

species both in maize and rice [89]. FAs with mostly even number of carbons (C14 - 24 for 

lupin and C15 - 26 for mung bean), amide linked to d18:2, d18:1 and t18:1 sphingoid bases 

were identified. GlcCERs with odd number of carbon atoms in grass pea and oat grain 
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[63,234] and unsaturated FAs linked to t18:1 sphingoid base were reported in Ethiopian 

mustard [63].  

Among the dominant GlcCERs species in naked barley three of them (Glc-d18:2/h 16:0, 

Glc-d18:2/h18:0 and Glc-d18:2/h20:0) were reported to be dominant in barley [233] and 

the commercially available rice GlcCERs mainly contain Glc-d18:2/h20:0 species [115]. 

Like that of the beans, naked barley showed similar types of sphingoid bases linked to 

mostly saturated and unsaturated FAs containing both even as well as odd number of 

carbon atoms. Unsaturated FAs with odd number of carbon atoms were found in GlcCERs 

bearing t18:1 sphingoid bases.  

2.3.3. Quantification of GlcCERs 

Quantification of plant SPLs continues to be challenging due to unavailability of internal 

standard and their structural complexity. Irrespective of the difficulties, limited number of 

articles are published on quantification of plant SPLs with TLC [69], HPTLC [234], HPLC 

[241], LC-ESI-MS [84]. MS-based quantification methods for specific sphingoid base, 

CER or GlcCER employed internal standards that are similar in structure, ionization and 

fragmentation characteristics for the categories of SPLs to be quantified. However, 

determination of whole plant GlcCERs remains difficult [81].  

A three-step AMD-HPTLC method for the quantification of total GlcCERs was revalidated 

for accuracy, precision, LOD and LOQ and the results are shown in Table A2 (Appendix). 

The inter and intra-day precision and accuracy were within the acceptance range. LOD and 

LOQ values were estimated to be 17 and 50 ng per band, respectively. The calibration 

curve of Soy GlcCER (ranged from 50 to 1000 ng/band) was found to be non-linear beyond 

200 ng/band. The best fit line to the data was selected based on the F-test values obtained 

for both linear and nonlinear (polynomial) curves on top of R2 values. Calculated F-values 

were 3538.0 and 497.9 for polynomial (R2 = 0.9997) and linear (R2 = 0.9880) calibration 

curves, respectively. As high F-test value indicates best fit model, polynomial calibration 

curve was selected for the determination of accuracy and precision. The calibration curve 

of Soy GlcCER is presented in Fig. A3 (Appendix). 
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Table 2-2: GlcCER species identified from the three plants using UHPLC - LTQ-Orbitrap-MS/MS. 
Source GlcCERs species Formula  tR (min) [M+H]

+
 [M+H-H2O]

+
 [M+H-Glc]

+
  [M+H-Glc-H

2
O]

+
 Target m/z 

L, N Glc-d18:2/h 14:0 C38H72NO9 5.2 686.5193 668.5098   506.4567 262.2531 

N, M Glc-d18:2/h 15:0 C39H74NO9 6.3 700.5364 682.5278  520.4730 262.2686 

L, N, M Glc-d18:2/h 16:0 C40H76NO9 7.6 714.5520 696.5412   534.4883 262.2535 

L, N, M Glc-d18:2/h 18:0 C42H80NO9 11.2 742.5829 724.5720   562.5193 262.2534 

N, M Glc-d18:2/h 20:0 C44H84NO9 14.1 770.6144 752.6032   590.5510 262.2535 

L, N, M Glc-d18:2/h 22:0 C46H88NO9 16.6 798.6459 780.6353   618.5821 262.2534 

L, N, M Glc-d18:2/h 24:0 C48H92NO9 19.2 826.6767 808.6666   646.6138 262.2532 

N, M Glc-d18:2/h 26:0 C50H96NO9 22.0 854.7076 836.6972   674.6447 262.2530 

L, N, M Glc-d18:1/h 16:0 C40H78NO9 8.7 716.5677  554.5148 536.5040 264.2690 

N Glc-d18:1/h 18:0 C42H82NO9 12.3 744.5989  582.5460 564.5354 264.2690 

N Glc-d18:1/h 20:0 C44H86NO9 15.2 772.6303  610.5767 592.5665 264.2690 

N Glc-d18:1/h 22:0 C46H90NO9 17.4 800.6614  638.6079 620.5976 264.2688 

N, M Glc-t18:1/h 16:0 C40H78NO10 6.3 732.5621   570.5090 552.4985 262.2531/280.2636 

N Glc-t18:1/h 18:0 C42H82NO10 9.4 760.5933   598.5404 580.5296 262.2532/280.2637 

N Glc-t18:1/h 20:0 C44H86NO10 12.8 788.6252   626.5718  608.5613 262.2532/280.2637 

L, N, M Glc-t18:1/h 22:0 C46H90NO10 15.3 816.6563   654.6027 636.5924 262.2533/280.2638 

N, M Glc-t18:1/h 23:0 C47H92NO10 16.5 830.6721   668.6187 650.6083 262.2532/280.2637 

N Glc-t18:1/h 24:1 C48H92NO10 15.5 842.6719   680.6185 662.6087 262.2534/280.2639 

L, N, M Glc-t18:1/h 24:0 C48H94NO10 17.8 844.6875   682.6341 664.6241 262.2534/280.2639 

N Glc-t18:1/h 25:0 C49H96NO10 19.1 858.7034  696.6495 678.6393 262.2532/280.2637 

N, M Glc-t18:1/h 26:0 C50H98NO10 20.5 872.7189   710.6656 692.6555 262.2531/280.2637 

    L: lupin bean, M: mung bean, N: naked barley, tR: retention time 
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Figure 2-3: Structures of GlcCER species possessing 4, 8-sphingadienine (d18:2) (A), 8-

sphingenine (d18:1) (B) and 4-hydroxy-8-sphingenine (t18:1) (C) sphingoid bases 

identified from lupin bean, mung bean and naked barley. 

The three plants investigated had comparable GlcCERs content though the highest yield 

(20.6 mg/100 g of seeds, dry weight) was obtained from naked barley. Previous study on 

quantification of GlcCERs content of Ethiopian plants with HPTLC showed 19.1 mg (oat 

grain), 16.1 mg (haricot bean) and 13.0 mg (grass pea) per 100 g seeds, dry weight [63]. 

The current results are also comparable with soya cotyledon (0.2 mg/g of dry weight) [235] 

and different soya bean varieties (6 - 28 mg/100 g of dry weight) GlcCERs content [73]. 

The content of GlcCERs and other SPLs have been reported to vary with genotype, stage 

of maturity, growing location and the part of the plant [74].  

Though the three plants showed comparable GlcCERs content, lupin has predominantly (> 

98 %) of a single GlcCER species (Glc-d18:0/h16:0) which is similar to commercially 

available Soy GlcCER. On the other hand, naked barley GlcCERs mainly composed of 

d18:2 and t18:1 sphingoid bases are similar to the marketed rice GlcCERs. Further, both 

lupin bean and naked barley are affordable and have limited use as human food; making 

them the best alternative commercial source for GlcCERs. Though, GlcCERs content of 
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mung bean was comparable with the other plants, the seed is expensive in the local market.   

2.3.4. Chemical methods for GlcCERs hydrolysis  

Chemical method of hydrolysis (alkaline/acid) has been employed for long time for the 

purpose of investigating animal SPLs components such as sugar head group, sphingoid 

base and FAs [242]. HCl and trifluoroacetic acid/acetic anhydride were used to cleave the 

sugar moiety of SPLs [241,246]. However, use of concentrated HCl for hydrolysis of SPLs 

causes inversion of the secondary hydroxyl group on the sphingoid base thus, producing 

diastereoisomeric CERs and formation of O-methyl derivative of sphingoid base which 

make separation of pure CERs difficult. It was also mentioned that hydrolysis of GlcCERs 

in aqueous HCl resulted in cleavage of amine bond in d18:2 containing SPLs [241]. 

Similarly, the use of trifluoroacetic acid/acetic anhydride causes methylation of the 

resulting CERs which possess different chemical characteristics from CERs [246]. 

Tessema et al., [234] employed anhydrous non-methanolic HCl to hydrolyze oat GlcCERs 

and succeeded in obtaining only CERs with d18:1 sphingoid base [234]. All the 

aforementioned methods are not suitable for the current samples as the dominant GlcCER 

species identified constituted d18:2 sphingoid base.  

On the other hand, alkaline (NaOH, KOH and Ba(OH)2) treatment of animal SPLs at high 

temperature were used to study sphingoid bases by cleaving both amide and glycosidic 

linkages [241,242]. In this study, it was tested whether alkaline treatment at lower 

concentration and different temperature range would result in the cleavage of glycosidic 

bond and loss of sugar moiety so as to produce CERs.  

Study on carbohydrate showed opening of sugar ring with appropriate oxidizing agent 

transforms the glycosidic bond into acetal bond which is susceptible for mild acid breakage 

[247]. Oxidation-reduction followed by acid hydrolysis were employed to open the 

hemiacetal structure and remove GlcCERs sugar head group. The method has been applied 

on animal SPLs study and it was modified and tested whether it would work for plant 

GlcCERs. To completely hydrolyze the susceptible GlcCER species different experimental 

conditions were tested by changing reaction time, temperature and stirring condition. The 

oxidation step was performed at 3, 6, 18 and 24 h duration. Reduction was carried out with 

stirring (250 rpm) and without stirring for 3, 6, 12 and 24 h at room temperature and 50 ˚C. 
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The final hydrolysis step was tested at 12, 18, 22 and 24 h, the first 4 h of which was with 

stirring at a speed of 250 rpm. Since stirring and high temperature resulted in appearance 

of new TLC bands, the reaction was carried out at room temperature without stirring.     

2.3.4.1. Alkaline method of GlcCERs hydrolysis 

The dominant GlcCERs species of all the three plants were detected during the UHPLC-

QqQ-MS analysis of GELF samples treated with 4N NaOH but not CERs. Consequently, 

alkaline treated GlcCER species were not analyzed by HR-MS. The base peak 

chromatogram of lupin bean, mung bean and naked barley GlcCERs, obtained after 

alkaline treatment, are presented in Fig. A4 (Appendix). GlcCERs with d18:2 and t18:1 

sphingoid bases, which mostly belong to mung bean and naked barley were identified and 

presented in Table A3 (Appendix). The minor GlcCER species were not detected in all the 

plants after alkaline treatment. Instead, new peaks with lower tR were detected in the 

chromatograms. The MS spectra of these peaks showed signals at m/z 280.9, 281.2 and 

283.1 which might probably be the sphingoid bases generated due to amid bond cleavage. 

It has been reported in the literature that alkaline treatment of SPLs at high temperature 

resulted in cleavage of both glycosidic and amine bonds [241].  

2.3.4.2. Mild acid hydrolysis of pretreated GlcCERs 

Plant CER species were annotated as [M+H] + ions with UHPLC-LTQ/Orbitrap-MS. A 

total of eight CER species from both d18:2 and d18:1 sphingoid bases were obtained. The 

base peak chromatogram of lupin bean and extracted ion chromatograms of the three plants 

CER species are depicted in Fig. 2-4A and B, respectively.  
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Figure 2-4: Base peak chromatogram (full scan: m/z 220 -1000) (A) of lupin CEFs and 

extracted ion chromatograms (B) of CER species obtained from the three plants after mild 

acid hydrolysis of pretreated GlcCERs by UHPLC-LTQ-Orbitrap-MS. The letters (L: lupin 

bean, M: mung bean and N: naked barley) indicate the respective CER species of each 

plants in the extracted ion chromatograms.  

The full scan of lupin and mung beans CEFs showed base peak chromatograms possessing 

similar ion (m/z 534.4874 and 534.4886) with different tR (7.6 and 8.8 min). The UHPLC-

LTQ/Orbitrap-MS/MS analysis of m/z 714.5520 ([M+H]+), m/z 696.5412 [M+H-H2O]+) 

and m/z 534.4883 [M+H-Glc-H2O]+) identified from the shoulder (with shorter tR) granted 

the presence of GlcCER (Glc-d18:2/h16:0). The UHPLC-LTQ/Orbitrap-MS spectrum of 

the second base chromatographic peak (tR 8.8 min) showed ion signals at m/z 552.4992, 

534.4886 and 516.4781 which were successively fragmented and resulted in a similar 

product ion signal (m/z 262.2533). The species was identified as CER (d18:2/h16:0) as the 

spectra of the peaks showed signals at m/z 262.2533 and 272.2588. The tandem mass 

spectra of [M+H]+ and [M+H-H2O]+ ions of lupin bean and dominant naked barley CERs 

are depicted in Fig. 2-5 A to F. From the result, it is evident that CER (m/z 552.4992) was 

obtained from two different sources. While the source of the former ion peak was in-source 

fragmentation of GlcCER (m/z 714.5520) and the latter ion peak was due to mild HCl 

hydrolysis of pretreated GELFs. As the removal of sugar moiety made it less polar, the 

acid-induced CER elutes after its GlcCER counterpart in reversed-phase liquid 

chromatography. Moreover, traces of other CER species possessing d18:2 and d18:1 

sphingoid bases were identified (Table 2-3). On the contrary, neither CERs nor GlcCERs 
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were detected from t18:1 sphingoid base bearing and other trace GlcCER species. Instead 

a number of peaks appeared early in the chromatogram which might be the degradation 

products due to redox reaction and acid treatment. The structure of CERs from the three 

plants and possible mechanism of GlcCERs oxidation-reduction-hydrolysis process are 

depicted in Fig. 2-6 and 2-7, respectively.  
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Table 2-3: CER species identified, after NaIO4/NaBH4/HCl treatment of GELFs of the three plants, using UHPLC-LTQ-Orbitrap-

MS/MS. 

Source  CER species Formula  tR (min) [M+H]+ [M+H-H2O]+ [M+H-2H2O]+ Target m/z 

L d18:2/h 14:0 C32H62NO4 5.9 524.4675 506.4573 488.4461 262.2531 

L, N, M d18:2/h 16:0 C34H66NO4 8.8 552.4987 534.4883 516.4778 262.2533 

N d18:2/h 18:0 C36H70NO4 12.4 580.5302 562.5195 544.5093 262.2534 

N d18:2/h 20:0 C38H74NO4 15.0 608.5613 590.5510 572.5405 262.2535 

L,M d18:2/h 22:0 C40H78NO4 17.6 636.5927 618.5825 600.5720 262.2532 

L,M d18:2/h 24:0 C42H82NO4 20.4 664.6240 646.6138 628.6033 262.2532 

L, M d18:1/h 16:0 C34H68NO4 10.9 554.5145 536.5036  518.4937 264.2690 

N d18:1/h 20:0 C38H76NO4 15.9 610.5774 592.5668 574.5563 264.2687 

L: lupin bean, M: mung bean, N: naked barley, tR: retention time. 
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Figure 2-5: Tandem mass spectra of dominant ion signals of lupin CER (m/z 552.4992) (A 

and B) and naked barley CER species (m/z 608.5613 and 610.5774) (C-F) when [M+H]+) 

and [M+H-H2O]+ ions were subjected to UHPLC-LTQ-Orbitrap-MS/MS under FT-IT 

scan mode. 
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Figure 2-6: Structure of lupin bean, mung bean and naked barley CERs bearing 4, 8-

sphingadienine (d18:2) (A) and 8-sphingenine (d18:1) (B) sphingoid bases. 
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Figure 2-7: Proposed mechanism of GlcCERs oxidation-reduction-hydrolysis process to 

produce CER. 
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Likewise the UHPLC-LTQ-Orbitrap-MS analysis of naked barley CEFs showed a base 

peak chromatogram dominated with signals at m/z 534.4886, 562.5199, 590.5510 and 

610.5774. The first signal at m/z 534.4886 was confirmed to be CER (d18:2/h16:0, m/z 

552.4992) with similar annotation for lupin and mung beans CERs. The [M+H]+, [M+H-

H2O]+ and [M+H-2H2O]+ ions of the last three species detected by UHPLC-LTQ-Orbitrap-

MS were selected for fragmentation. The tandem mass spectra acquired for the m/z 

580.5302, 562.5195 and 544.5093 revealed the presence of product ion signals at the m/z 

262.2534 and m/z 300.2899 with intensity difference (strongest signal intensity obtained 

from m/z 544.5093). The product ions were indicative for d18:2 sphingoid base and α-

hydroxy stearic acid, respectively. Therefore, it was annotated as CER (d18:2/h 18:0, m/z 

580.5302). As evidently seen from the tandem mass spectrum (Fig. 2-5C) of m/z 608.5613, 

ion signals at m/z 590.5504 and 572.5405 were obtained whereby their consecutive 

fragmentation (Fig. 2-5D) resulted in m/z 262.2533 and m/z 328.3214 representing d18:2 

sphingoid base and α-hydroxy arachidic acid, respectively. Based on this, the CER species 

was identified as d18:2/h 20:0 (m/z 608.5613).  

The HRMS/MS spectrum of the m/z 610.5774 showed appearance of m/z 592.5668 and 

574.5563 signals (Fig. 2-5E). The product ion signals observed in the tandem mass spectra 

of both m/z 592.5668 and m/z 574.5563 were m/z 264.2687 and 328.3212 (Fig. 2-5F) which 

corresponds to d18:1 sphingoid base and α-hydroxy arachidic acid, respectively resulting 

in CER (d18:1/h 20:0, m/z 610.5774).  

In mammalian cells, the most common sphingoid base is sphingosine (trans-4-sphingenine, 

d18:1) with lesser amounts of sphinganine (d18:0) and 4-hydroxysphinganine (t18:0) [92]. 

The number of hydroxyl groups in the head group of CERs is important for integrity of the 

SC barrier function by forming inter and intra hydrogen bond [231]. The CERs found in 

the current study constitute sphingoid bases (d18:2 and d18:1) having similar number of 

hydroxyl group with dominant skin CERs which might be considered as possible 

substituents to reinforce the barrier nature of SC. 

Preparing CERs with mild acid hydrolysis of plant GlcCERs is economical in comparison 

with enzymatic method and effective method for dihydroxy sphingoid bases (both d18:2 
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and d18:1) bearing GlcCERs in contrast to the method employed by Tessema et al., which 

was effective only for d18:1 based GlcCERs [5]. It will also play a major role in exploring 

plants enriched with dihyroxy sphingoid bases containing GlcCERs, such as legumes, as 

reliable sources of CERs and foster commercialization of plant CERs loaded topical 

products.   

2.4. Conclusions  

The UHPLC-LTQ-Orbitrap-MS/MS analysis of GlcCERs species from lupin bean, mung 

bean and naked barley have shown three types of sphingoid bases (d18:2, d18:1 and t18:1) 

linked to C14 to C26 FAs. The UHPLC- LTQ-Orbitrap-MS and HPTLC experiments 

revealed that lupin bean contains Glc-d18:2/h 16:0 (> 98%) and showed comparable yield 

with commercial GlcCERs plant sources, respectively. Hence, it would be an alternative 

commercial source of GlcCERs and selected for further study.  

Alkaline treatment of GELFs of the plants produced no CERs under the condition 

employed in the current study. Unlike the alkaline method, plant GlcCERs were effectively 

hydrolyzed into CERs after mild acid treatment of pretreated GELFs. CERs species with 

d18:2 and d18:1 sphingoid bases attached to C14 to 24 FAs were obtained from HRMS/MS 

study. However, CERs from the GlcCER species with t18:1 sphingoid base were not 

detected in the study. The method worked well for GlcCERs having dihydroxy sphingoid 

bases (d18:2 and d18:1) and hence, would play vital role in producing CERs from plants 

rich in these kind of GlcCERs such as legumes and their commercialization.  

  

 

 

 

 

 



 

55 | P a g e  
 

3 Investigation of plant glucosylceramides hydrolysis within the skin epidermis using 

a validated quantitative LC-HRMS/MS method   

3.1. Introduction  

Human skin forms a barrier between the external environment and the internal body. This 

barrier function serves multiple purposes including prevention of uncontrolled water loss, 

ions and serum proteins and protection from foreign insult. It is considered that most of the 

skin barrier function resides in the epidermis, particularly in its outermost layer, stratum 

corneum (SC) [4,232]. The unique composition and organization of SC contributes for its 

barrier nature. It is composed of dead keratinized corneocytes surrounded by lipid matrix. 

The lipid matrix is constituted mainly from ceramides (CERs), cholesterol and fatty acids. 

CERs in SC play a prominent role in the barrier and permeability properties or water barrier 

functions of the skin [248,249]. SC CERs and other lipids are produced by the living 

keratinocytes from the granular layer and processed at the junction of SC and stratum 

granulosum (SG) [250,251].  

Variation in composition and organization of SC lipids especially CERs which is observed 

in the elderly and in association with several cutaneous disorders, such as psoriasis and 

atopic dermatitis, leads to impaired skin barrier function and dryness [252,253]. It has been 

reported that the activity of glucocerebrosidase/glucosidase enzymes responsible for 

conversion of glycosylceramides to CERs was not affected by ageing unlike 

sphingomyelinase and ceramidase which showed reduced and enhanced activity with age, 

respectively[254]. The activities of the latter two enzymes are considered to be among the 

reasons for skin CERs reduction with ageing [254]. On the other hand, beta glucosidase 

enzymatic action was shown to be enhanced in atopic dermatitis[255]. 

It has been shown that direct topical replacement of depleted native skin CERs has 

beneficial effects in improving skin barrier function and skin hydration [123,256]. The 

depleted CERs can potentially be replaced with similar CERs obtained from various 

sources such as animal, plant and synthesis [234]. Though, plants are preferred [233] free 

CERs are less abundant in plants, rather exist in the form of GlcCERs [45]. Enzymatic and 

chemical methods of hydrolysis are available to produce CERs. However, these approaches 

are not without limitations, the former one is highly expensive [67] and the second has 
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limited range of effectiveness towards specific types of GlcCER species in addition to its 

low recovery yield [257]. A suitable, effective and economical method to transform 

GlcCERs into CERs is still lacking.  

Considering the unchanged activity of glucosidase epidermal enzyme, topical 

administration of plant GlcCERs into the skin might be a potential alternative to replenish 

the depleted native skin CERs. To this end, hydrolysis of plant GlcCERs in excised human 

skin epidermis homogenate and validation of the quantitative analytical method for the 

hydrolysis process using LC-HRMS/MS were investigated.  

3.2. Materials and methods 

3.2.1. Materials 

Fresh human skin was obtained from surgery in the University Hospital, Halle (Saale), 

Germany. Methanol and disodium hydrogen phosphate dihydrate (Fontenay-sous-bios, 

France) were purchased from VWR International. CHCl3, sodium taurocholate, citric acid, 

NaCl, NaOH and HCl were supplied by Carl Roth (Karlsruhe, Germany). Formic acid was 

obtained from Sigma-Aldrich (Steinheim, Germany). Soya bean GlcCER (Soy GlcCER) 

(Avanti Polar Lipids, AL, USA) was used as a reference standard. Lupin GlcCER was 

extracted and purified based on the procedure stated elsewhere [257].  

3.2.2. Methods  

3.2.2.1.  Skin sample processing  

Human ex vivo skin from surgery was obtained from University Hospital. The skin sample 

was sliced into appropriate sizes with scalpel blade and immersed into 1N NaCl solution 

at 4 ˚C for 48 h. Then, the epidermal layer was pulled off from the dermis with tweezers 

[258].  

3.2.2.2.  Skin epidermis homogenization and incubation with GlcCERs 

The skin epidermal layer was sliced into small pieces with blade and scissors. The 

homogenized epidermal layer (10-20 mg) was added to 100 µL citrate-phosphate buffer 

(pH= 5.6) containing 0.2% w/v sodium taurocholate in 5 mL glass tube with teflon lined 

cap and sonicated for 10 min [259]. Lupin GlcCERs (250 µg) and sodium taurocholate 

(200 µg) were dissolved in chloroform: methanol (2:1, v/v) and the solvent was evaporated 
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to dryness under nitrogen gas stream. Citrate-phosphate buffer (100 µL) was then added to 

the dried mixture to form a dispersion which was added to the homogenized epidermis and 

incubated for different duration of time (0, 30, 60, 90, 120 and 180 min) at 37 ˚C [260]. 

Homogenized epidermis with pure buffer (without GlcCERs) was treated in the same way 

at 120 min [250]. The experiment was carried out using Soy GlcCER with similar 

procedure. The experiments were performed in triplicate.  

3.2.2.3.  Glucosylceramide recovery  

The percentage recovery of lupin and Soy GlcCERs was determined following similar 

procedure mentioned under section 3.2.2.2 except the skin epidermal layer was immersed 

in a boiled water for 10 min to inactivate the enzymes [261] and the lipid extraction was 

performed immediately after GlcCER was added into the homogenate.  

3.2.2.4.  Total lipid extraction  

The total lipid extraction was carried out following Bligh & Dyer method [53]. Methanol 

(500 µL) and CHCl3 (250 µL) was added to the incubated epidermis-GlcCERs mixture and 

sonicated for 5 min. Then, CHCl3 (250 µL) was added, sonicated for 1 min. Afterwards, 

phase separation was induced by adding 250 µL of distilled water and sonicated for 1 min. 

The mixture was filtered with 0.45 µm syringe filter and allowed to form clear phase 

separation. The lower organic phase was pipetted out and the aqueous phase was rinsed 

two times with 500 µL CHCl3. The syringe and the filter were rinsed with CHCl3: MeOH 

(2:1, v/v). The organic phases were combined, dried with N2 gas stream and kept in freezer 

until use. The samples without GlcCER were extracted following similar procedure and 

employed as a matrix for method validation. 

3.2.2.5.  Method development  

Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific, Bremen, Germany) 

coupled on-line to a hybrid linear ion trap-orbital trap mass spectrometer LTQ-Orbitrap 

Elite (Thermo Fisher Scientific, Bremen, Germany) equipped with APCI (atmospheric 

pressure chemical ionization) ion source was used for development and validation of the 

analytical method. The source parameters applied were as follows: ion spray voltage at 4 

kV, source (discharge) current at 3.8 μA, capillary temperature at 275 °C, source vaporizer 

temperature at 450 °C, sheath gas pressure at 50 psig, aux gas pressure at 25 psig and ion 
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sweep gas pressure at 30 psig. The separation of GlcCER from other skin lipids was carried 

out in YMC-Pack ODS-AQ column (150 × 2.0 mm, 3 µm particle size, 200 Å pore size, 

YMC Europe GmbH, Dinslaken, Germany) at 45 °C and flow rate of 0.3 mL/min. After 

sample injection (5 µL), elution was accomplished in linear gradient mode. Eluents A and 

B were water and methanol, respectively, both containing 0.1 % (v/v) formic acid, 

respectively. The injected sample was eluted isocratically at 90 % eluent B for 5 min, 

before sequential linear gradients to 95 and 100 % eluent B in 5 and 10 min, respectively. 

The post run equilibration time was 10 min. The HR-MS analysis relied on the Fourier 

transform (FT) full scan mode and Orbitrap mass analyzer. The spectra were acquired in 

the mass range of 220-1000 m/z, mass resolution of 60,000 and mass tolerance of 5 ppm. 

The MS was run in the positive ion mode using multiple ion reaction monitoring (MRM, 

m/z = 714.5 to 696.4 then 262.2). The MS/MS scans were acquired in the ion trap (IT) 

mode with isolation width of m/z 2. The dynamic exclusion duration was 20 s with one 

repeat count per hit, whereas mass tolerance for dynamic exclusion was 3 ppm. The 

isolated singly charged ion was fragmented under CID (collision induced dissociation) 

conditions with the activation time of 10 ms and 35% normalized collision energy. 

Chromatograms and spectra were evaluated with the Thermo Xcalibur software version 

2.2 (Thermo Fisher Scientific, Bremen, Germany). 

3.2.2.6.  Method validation 

The UHPLC-QqQ-MS/MS method was validated with respect to linearity, limit of 

detection (LOD), limit of quantification (LOQ), accuracy, precision, selectivity, matrix 

effects and carry-over effect as per EMA guideline on validation of bioanalytical methods 

[244].  

3.2.2.6.1. Linearity  

Soy GlcCER was solubilized in CHCl3: MeOH (1:1, v/v) and 10 µg/mL of stock was 

prepared. Then, different concentrations of Soy GlcCER (100, 200, 400, 600, 800, 1000, 

2000 and 4000 ng/mL) in the matrix were prepared. The linearity of the response over the 

concentration range of 100-4000 ng/ml was investigated using Soy GlcCER (n = 4). The 

standard in the matrix was analyzed using LTQ-Orbitrap MS/MS, in MRM mode (m/z, 
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714→696→262). The corresponding chromatogram peak area of the daughter ion (m/z 

262) was integrated and a calibration curve was drawn.  

3.2.2.6.2. Limit of detection and limit of quantification 

Limit of detection (LOD) and limit of quantification (LOQ) were calculated from a separate 

calibration curve drawn using five levels of Soy GlcCER concentration (100, 150, 200, 250 

and 300 ng/mL) (n=3) including blank. The concentrations were equally spaced, LOQ 

being the lowest level. The standard deviation of the response () and slope of the curve 

(S) were used to calculate LOD (LOD = 3.3 /S) and LOQ (LOQ = 10/S). 

3.2.2.6.3. Matrix effect  

Post-column infusion experiment was carried out to evaluate matrix effects using a syringe 

pump attached with a T-connector and LC-pumps. The mobile phase was delivered by the 

LC pumps using a regular gradient program to define the base line. A standard Soy GlcCER 

solution was continuously infused into the ionization source using the syringe pump while 

the matrix was injected into the column. Soy GlcCER standard was also infused while pure 

blank was injected in to the column. The resulting extracted ion chromatograms of the 

target product ion (m/z 262) was evaluated for suppression or enhancement region of 

signals within the retention time of the analyte [262].  

3.2.2.6.4. Accuracy and precision  

The within-run accuracy and precision of the method were estimated by analyzing sample 

of Soy GlcCER at four concentration levels (100 (lower limit of quantification (LLOQ)), 

300 (3 x LLOQ), 2000 (50 % of upper limit of quantification (ULOQ)) and 3000 (75 % of 

ULOQ) ng/mL) in CHCl3: MeOH (1:1, v/v) five times for each on the same day. Similar 

concentration and determination levels were used to analyze between-run accuracy and 

precision in two different days. The percentage recovery and relative standard deviation 

(RSD) were used to estimate the accuracy and precision of the method, respectively.  

3.2.2.6.5. Carryover effect 

The carryover effect was tested by injecting blank (methanol and pure matrix), after high 

concentration of Soy GlcCER at 4000 ng/ml was run. The experiment was conducted in 

triplicate. 
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3.2.2.6.6. Selectivity  

The selectivity of the method was determined using skin epidermal homogenate extract 

passed through similar procedure of skin processing and lipid extraction under section 

3.2.2.1-3.2.2.4. The interference of the extract constituents in the analysis of GlcCERs was 

evaluated by spiking the standard Soy GlcCER at low (300 ng/mL) and high (4000 ng/mL) 

concentrations. 

3.2.2.7.  GlcCER quantification by UHPLC-QqQ-MS/MS  

The dried total lipid extracts were reconstituted in 2.5 mL CHCl3: MeOH (1:1, v/v) and 

dilution was carried out to make the concentration within the calibration curve range. The 

extracts were then analyzed as per the method mentioned under section 3.2.2.5 using 

UHPLC-QqQ-MS/MS in MRM mode.  

3.3. Results and discussion 

3.3.1. Skin epidermal layer processing  

Histologically, the skin consists of the epidermis, dermis and hypodermis. The epidermis, 

which is the outermost layer of the skin, protects the human body from the external 

environment [232,249]. Skin layer separation into dermal and epidermal component is an 

important technique in epidermis related investigation. Epidermis and dermis are attached 

by epidermal-dermal junction which is mainly composed of collagen and heparan sulfate 

proteoglycan [263]. A number of epidermal separation techniques such as mechanical 

removing, heating, chemical treatment, ultrasonication and enzyme treatment are reported 

in the literature [264–268]. Even though, selection of a specific method depends on the 

purpose of the experiment, preserving the structure and function of epidermis are crucial 

during separation. In this study, the epidermis of the skin was separated from underlying 

layers after NaCl treatment. Incubation in 1N NaCl is among the reproducible, convenient 

and reliable methods in providing complete epidermis-dermis separation [258,269].  

3.3.2. Total lipid extraction  

Lipids have multiple structural and functional roles such as signaling and maintenance of 

membrane structure in different human tissues and organs including the skin. Analyzing 

lipids in biological samples requires efficient extraction technique. Solvent or solvent 

mixture is used to extract biological lipids which must be adequately polar to remove lipids 
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from their association with cell membranes and tissue constituents. The extraction solvent 

system has to be selected in a way to minimize lipid degradation/oxidation or 

contamination from non-lipid components, such as sugars, peptides and amino acids [270]. 

The traditional Folch, and Blyer and Dyer lipid separation methods are common. The lipids 

are partitioned into the lower organic phase in a biphasic mixture of chloroform, methanol 

and water [52,53]. MTBE-methanol extraction method was also developed employing 

similar principle with the two original methods which showed equivalent lipid extraction 

efficiency with Blyer and Dyer method [271]. In this study, Blyer and Dyer method was 

employed to extract unhydrolyzed GlcCERs from skin homogenate mixture. 

3.3.3. Method validation  

The method for GlcCERs isolation reported in our pervious article [257] was slightly 

modified and employed. Base line separation of GlcCERs from other total skin lipid extract 

was obtained using H2O/MeOH (0:100 to 10:90 ratio) with 0.1% (v/v) formic acid in both 

solvents. The separation was accomplished with isocratic elution of MeOH (0.1% formic 

acid) at 90% for 5 min before sequential linear gradients to 95 and 100 % MeOH in 5 and 

10 min, respectively.  

3.3.3.1. Linearity 

The response was found to be linear over a concentration range of 100 to 4000 ng/ml. The 

slope and intercept of the equation were 93279.95 and -22061.07, respectively with R2 

value of 0.9996. The calibration curve of Soy GlcCER (ng) against peak area is presented 

in Fig. 3-1. Demonstrating linearity of calibration curve using optimum number of 

replicates at each concentration level decreases the uncertainty and produces a uniform 

prediction region for quantification [272]. Published articles and guidelines propose 

different concentration levels (5 to 7 levels) and replicates (3 to 6 replicates) at each level 

to develop calibration curve [262,273–275]. A minimum of five concentration levels in 

triplicates has also been mentioned as a reasonable test of linearity [276]. The reliability of 

LC-MS based calibration data depends on calibration strategy, standard selection, solution 

preparation and reduction of calibration data. Use of certified reference standard, 

preparation of calibration solution in a matrix and employing appropriate statistical data 

analysis are among the preferred techniques to enhance method reliability [262].  
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Figure 3-1: Calibration curve of Soy GlcCER in skin epidermis extract (matrix) quantified 

using UHPLC-QqQ-MS/MS. 

3.3.3.2. Limit of detection and limit of quantification 

The LOD and LOQ values were 34 and 100 ng, respectively which were determined based 

on calibration curve approach. The slope (S) of the graph and standard deviation of the 

response () were used to calculate LOD (LOD = 3.3 /S) and LOQ (LOQ = 10/S). There 

are two common approaches for the determination of both LOD and LOQ. The first 

approach is comparing measured signals of blank and a samples with known low 

concentration. The second approach employs standard deviation of the response and slope 

of specific calibration curve drawn other than the main calibration curve [275,277].  

3.3.3.3. Accuracy and precision  

Analytical method accuracy determination is crucial in method validation and follows 

different techniques depending on the existing conditions. Use of known concentration of 

a reference standard is a common practice. Working standards can also be used when pure 

reference standards are not available [244,273,277]. The accuracy and precision of the 

method are presented in Table 3-1. 
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Table 3-1: Inter and intraday precision and accuracy of UHPLC-LTQ-Orbitrap-MS/MS 

based GlcCER quantification method (n = 5). 

  Inter day     Intra day     

  

Nominal 

amount (ng) 

Accuracy   Precision Accuracy   Precision 

calculated 

amount 

% 

recovered 

RSD calculated 

amount 

% 

recovered 

RSD 

100 98.02 98.02 10.44 98.18 98.18 11.38 

300 270.31 90.11 3.92 270.98 90.32 5.52 

2000 1801.94 90.17 3.42 1805.23 90.26 4.26 

3000 2869.65 95.65 5.11 2975.73 99.19 4.25 

RSD: relative standard deviation. 

As per the recommendation of different guidelines [244,273] calculated mean within 15% 

(within 20% for LLOQ) of the nominal value for accuracy and RSD not exceeding 15% 

(not exceeding 20% for LLOQ) for precision are considered as acceptance criteria for both 

inter and intraday measurements. From the foregoing it is apparent that the method is 

accurate and precise. 

3.3.3.4. Matrix effect  

The chromatogram showing the matrix effect on Soy GlcCER detection is presented in Fig. 

3-2. As it can be seen in the figure there was no signal enhancement or suppression due to 

the matrix which indicates that the method was free from matrix effect. Matrix effect causes 

ion suppression or enhancement which could compromises sensitivity and selectivity of a 

method [139,278]. LC-MS techniques are susceptible to matrix effect due to presence of 

endogenous compounds such as amino acids, phospholipids, ions and exogenous materials 

in the mobile phase. The matrix effect is analyte and ionization technique dependent. 

Though electrospray ionization (ESI) is more susceptible, atmospheric pressure chemical 

ionization (APCI) technique is not free from matrix effect, presumably due to electron 

affinity difference between compounds in the gas phase [278,279]. There are two 

approaches to identify matrix effect in the analyte, post-extraction addition and post-

extraction infusion. The second method, used in this study, is commonly employed during 
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method development as it clearly identifies the chromatographic region where the sample 

would be susceptible to ion suppression or enhancement [279,280].  

 

Figure 3-2: Extracted ion chromatograms of blank base line (red), blank pumped through 

LC-column while Soy GlcCER is injected by syringe (blue) and matrix pumped through 

LC column-while Soy GlcCER was injected by syringe (green) using UHPLC-LTQ-

Orbitrap-MS/MS. 

3.3.3.5. Carryover effect 

The base peak and extracted ion chromatograms of the mobile phase injected after high 

concentration of Soy GlcCERs are presented in Fig. 3-3A and B, respectively. EMA 

guideline specifies the limit of acceptance for carryover effect as not greater than 20% of 

the LLOQ. In this study, nothing was detected in the blank injected after 4000 ng/ml Soy 

GlcCER which makes the method free from carryover effect.  
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Figure 3-3: Base peak chromatogram (full scan: m/z 220-1000) (A) and extracted ion 

chromatogram (B) of mobile phase injected after high concentration of analyte (4000 ng/ml 

Soy GlcCER) obtained after MS-Ql and MS/MS scans, respectively using UHPLC-LTQ-

Orbitrap-MS/MS. 

3.3.3.6. Selectivity 

Appearance of isobaric or isomeric compounds was not detected in both Q1 (full) and MS3 

scans of standard spiked matrix at the retention time of the analyte (tR=7.89 min) indicates 

that the method was selective to GlcCERs. The base peak and extracted ion chromatograms 

of standard spiked matrix and base peak chromatogram of pure matrix are shown in Fig. 

3-4 A, B and C, respectively. Analytical method of quantification should be able to 

differentiate the analyte (s) of interest from endogenous components in a matrix or other 

components in a sample. A minimum of six independent sources of the same matrix is 

recommended for selectivity study. However, LC-MS/MS is among the best alternative 

analytical method to enhance selectivity and use of a single matrix is sufficient for 

hyphenated MS (LC-MS and LC-MS/MS) based methods so long as, matrix effects is 

investigated to ensure precision, selectivity and sensitivity [275].  
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Figure 3-4: Base peak (full scan: m/z 220-1000) (A) and extracted ion chromatograms (B) 

of GlcCER extracted from skin homogenate and base peak chromatogram (full scan: m/z 

220-1000) (C) of the matrix using UHPLC-LTQ-Orbitrap-MS/MS. 

3.3.4. UHPLC-LTQ-Orbitrap-MS/MS based GlcCERs quantification  

The percentage recovery of Soy and lupin GlcCERs were found to be 94.68 ± 0.19 and 

88.92 ± 0.54, respectively. The recovery from lupin GlcCER was lower as compared with 

Soy GlcCER which might be due to less purity of lupin GlcCER extract. GlcCERs from 

Soy and lupin were incubated with epidermal homogenate targeting its hydrolysis by 

glucosidase enzyme into CER and the unhydrolysed form was quantified. The base peak 

chromatogram of the total lipid extract containing Soy GlcCER (m/z 714.55) and extracted 

ion chromatogram of its product ion (m/z 262.25) are shown in Fig. 3-5 A and B, 

respectively. The characteristic signals of GlcCER fragments (m/z 696.54, 552.49 and 
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534.48) due to in-source fragmentation were detected in the MS (Q1 scan) spectrum (Fig. 

3-5 C). The MS2 fragmentations of the dominant fragment (m/z 696.54) ion provided the 

target product ion (m/z 262.25) which was integrated to quantify GlcCER. Following 

similar fashion the dominant GlcCER species of lupin was also identified.  

 

Figure 3-5: Base peak chromatogram (full scan: m/z range 220-1000) of epidermal total 

lipid extract (A), extracted ion chromatogram of product ion (m/z 262.25) (B) and mass 

spectrum (Q1 scan) of GlcCER (m/z 714.55) in the lipid extract using UHPLC-LTQ-

Orbitrap-MS/MS. 

The graph showing unhydrolyzed Soy and lupin GlcCERs versus time is depicted in Fig. 

3-6. The unhydrolyzed GlcCERs of both Soy and lupin decreased with time which might 

suggest degradation of the respective GlcCERs by epidermal beta glucosidase or 

glucocerebrocidase enzymes. However, we were unable to detect the hydrolysis product 

i.e. CER from the total lipid extract. The probable reasons might be further CER 

degradation by skin enzymes into other products which makes CER detection and 

quantification difficult. The difficulty of direct enzymatic hydrolysis product quantification 

in a tissue has been mentioned in the literature and most of the authors measure the 

fluorescence of synthetic substrates such as 4 methylumbelliferul-β-D-glucopyranoside to 

determine enzymatic activity [252,254,260,281]. Considering the objective of this study 

synthetic substrates were not considered.  
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Topical formulations containing specific CERs are available in the market claiming skin 

barrier function enhancement by maintaining moisturized skin and reducing total 

epidermal water loss [110,120,122]. It has also been indicated that topically applied 

synthetic CER interacted with SC lipids in a way that increased the fraction of lipids 

forming denser lateral packing (orthorhombic) and increased stability [122,123]. However, 

reliable sources of CERs are still lacking in relation with ethical/safety issues of animal 

sources and expensive synthetic procedure [89,233,235]. Plants represent reliable, safe and 

low cost alternative sphingolipids source compared to the other sources. However, CERs 

are present in trace quantities in plants rather they exist in the form of GlcCERs which 

require hydrolysis. So far, there is no effective and efficient methods of GlcCERs 

hydrolysis as enzymatic and chemical hydrolysis are very expensive and specific towards 

certain GlcCER species, respectively. Plant GlcCERs enzyme hydrolysis in a skin 

homogenate has never been done before. All the foregoing findings indicate that GlcCERs 

are hydrolyzed in the skin homogenate paving the way for new mode of skin barrier 

function enhancement.  

 

Figure 3-6: Amount of unhydrolyzed Soy and lupin GlcCERs (µg) against time quantified 

with UHPLC-LTQ-Orbitrap-MS/MS after incubating their respective GlcCERs with 

homogenized skin epidermis. 
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3.4. Conclusion  

Enzymatic hydrolysis of plant GlcCERs within epidermis homogenate has been 

investigated for the first time. To quantify the unhydrolyzed Soy and lupin GlcCERs in the 

total skin lipid extract an effective extraction method was used. The UHPLC/APCI-LTQ-

Orbitrap-MS/MS method for quantification of recovered GlcCERs in total lipid extract was 

free from matrix and carryover effects. The method was precise, accurate and selective. 

The amount of unhydrolyzed GlcCER was depleted with time due to enzymatic hydrolysis. 

Considering the drawbacks of animal and synthetic CERs on top of enzymatic and 

chemical methods of plant GlcCER hydrolysis limitations, topical administration of plant 

GlcCERs to enhance skin barrier nature would be the best alternative. Yet, reaction kinetics 

and plant CERs interaction with native skin CERs and other lipid components require 

further investigation.  
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4 Nanoemulgel formulation for topical Delivery of plant glucosylceramide: 

characterization and optimization 

4.1 Introduction  

Sphingolipids (SPLs) are an important structural membrane constituents of plants [34]. 

Glycosylceramides are a glycosphingolipid when a glycosyl group is attached with CERs. 

It is a major SPL in plants such as rice, soya bean, corn and wheat [45,114]. The CER 

backbones are composed of six different C18 sphingoid bases (SBs) and more than ten 

different α-hydroxy fatty acids. The SBs are derivatives of D-erythro-sphinganine while 

the sugar moiety is usually D-glucopyranose in β linkage to the C-1 hydroxy group of the 

SB [47,48].  

Proper composition and organization of SC lipids especially CERs are crucial to maintain 

normal skin barrier function. Plant SPLs are available as oral or topical skin care products 

in order to restore skin protective nature due to their chemical similarity with human skin 

CERs [108,114,117]. Edible plants have emerged as safe and preferred alternative to 

animal CERs for cosmetic applications [113].  

Oral intake of purified or crude plant GlcCERs from wheat, konjac, maize and beets has 

been shown to enhance skin barrier function affected by ageing or some skin disorders in 

mice [109] and human [108,114,117]. However, the mechanism is not entirely clear. A 

report indicated that SBs, as in-vivo metabolites of GlcCERs, activated CER synthesis; and 

also, orally administered radiolabeled SPLs were identified in the skin lipids [117]. 

Conversely, it has been shown that intestinal absorption of dietary GlcCER from maize 

was very poor and unique SB of plants were not identified in the SC lipids [108] which 

might limit the use of plant SPLs as oral skin care products. 

Topical application of plant GlcCERs has been reported to enhance epidermal CER content 

[132] and prevent photo aging of the skin [282]. Yet, successful delivery of GlcCERs to 

the viable epidermis has been challenging [116] due to the protective nature of the skin 

[283,284]. To overcome skin permeability challenges, different methods have been 

proposed such as the use of penetration enhancers [144]. Recently, nanotechnology has 

been explored to make novel drug carriers with high drug loading capacity and skin 

permeation profiles for both transdermal and topical drug delivery systems. The nano 
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carriers include liposomes, ethosomes, polymeric nanoparticles, nanoemulsions (NEs) and 

nanoemulgels (NEGs) [166]. Among them, the emulsion based formulations are preferred 

due to their industrial feasibility [140].  

NEs are clear, kinetically stable, isotropic colloidal systems composed of oil, water and 

surfactant/co-surfactant combination [142]. The appearance and stability of NEs depend 

on their globule size [143,145]. NEs generally appear to be clear or transparent with a mean 

droplet diameter of less than 200 nm while some appear milky with the droplet size up to 

500 nm [144]. Currently, NEs are the area of focus for cosmetics and drug delivery 

applications attributable to their small size and large surface area [148]. Nevertheless, their 

application for topical drug delivery is limited due to their low viscosity that leads to poor 

retention on the skin [146]. Incorporation of NEs to a gelling system has been evolved as 

a strategy to overcome these problems thereby enhancing their viscosity and related clinical 

applications [151,166].  

NEG is a combined preparation of stable NEs and a hydrogel matrix for therapeutic and 

application related improvements [140]. NEGs possess gel characteristic with improved 

NE properties for drug delivery [144,151,285]. The hydrogel in the formulation will enable 

close proximity of the formulation with the skin facilitating cutaneous absorption of the 

active moiety. This will lead to accumulation of the active moiety in the skin and prevent 

leaching into systemic circulation [183].  

A Formulation with the required quality attributes can be prepared following careful 

designing. Experimental designs help to investigate the influence of formulation and 

process variables on the response variables and the effects of factor interactions [169]. 

Mixture design, a specialized form of response surface methodology, is a tool employed 

when the factors are proportions of a mixture and helps to identify the best proportion of 

more than two components so as to minimize/maximize the response [286]. In such 

scenario, other experimental designs cannot be applied, since the sum of the components 

proportion must be 1 and the factors are dependent on each other. Among the different 

classes of mixture deign, extreme vertices design is employed when the independent 

variables have both lower and upper values. In order to cover the largest possible area in 
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the region with a smaller number of experimental runs, D-optimal design is employed 

[287,288].  

Our investigation conducted on hydrolysis of lupin GlcCER in epidermal skin layer 

provided promising results. Thus, the current study was aimed to develop and characterize 

an optimized NE and NEG formulations for topical delivery of lupin GlcCER.  

4.2 Materials and methods  

4.2.1. Materials 

Soy GlcCER (Avanti Polar Lipids, AL, USA) was used as a reference standard. Lupin 

GlcCER was extracted and purified following the procedure described in our previous 

article [257]. Methanol (Fontenay-sous-bios, France) was purchased from VWR 

International. Glycerol, chloroform, acetic acid (HAc), acetone (AC), isopropyl alcohol, n-

hexane, triethanolamine (TRIS), NaOH, HCl and NaCl were supplied by Carl Roth 

(Karlsruhe, Germany). HPTLC (silica gel 60 F254, 20 cm × 10 cm) plates were purchased 

from Merck KGaA (Darmstadt, Germany). Tween 80 and Span 80 were obtained from 

Sigma Aldrich GmbH (Taufkirchen, Germany). Transcutol P was purchased from 

Gattefossé (Lyon, France). Basic cream (BC), Miglyol® PPG 810, isopropyl myristate 

(IPM), propylene glycol (PG) and collodion 4% were purchased from Caesar & Loretz 

GmbH (Hilden, Germany). Dimethyl sulfoxide (DMSO) was obtained from Fluka Chemie 

GmbH (Buchs, Switzerland). Euxyl®PE 9010 was supplied by Schülke & Mayr GmbH 

(Norderstedt, Germany). Carbopol®980 Polymer was obtained from Lubrizol Advanced 

Materials Europe BVBA (Brussels, Belgium). Dodecanol and n-octanol and were obtained 

from Sasol Germany GmbH (Brunsbüttel, Germany).  

4.2.2. Methods 

4.2.2.1. Miscibility test 

IPM and Miglyol as the oil phase; Tween 80 and Span 80 as surfactants (SAA-surface 

active agents); and Transcutol and propylene glycol (PG) as co-surfactant (co-SAA) were 

screened for physical compatibility in terms of miscibility with each other. Briefly, 500 mg 

of SAA or co-SAA was added to equal amount of oil in a screw capped glass vial and 

mixed vigorously by vortex mixer (Vortex Genie, Scientific Industries, New York, USA) 

for 1 min. Clear, transparent and homogenous mixtures were considered miscible and 
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physically compatible. Whereas, the appearance of turbidity was considered as a physical 

incompatibility and the phase separation was regarded as an immiscible system [196].  

4.2.2.2.  Lupin glucosylceramide solubility  

The solubility of lupin GlcCER was determined in the oils, SAAs and co-SAAs selected 

from the miscibility test using the shake flask method as suggested by Date and 

Nagarsenker [289]. An excess amount of lupin GlcCER was introduced into 0.5 ml of each 

components in a 1 ml size Eppendorf tube. Then, it was vortexed and shook on a 

mechanical shaker for 48 h at room temperature. Each vial was centrifuged at 5,000 rpm 

for 10 min followed by filtration with a 0.45 μm membrane filter to remove the undissolved 

GlcCER. Samples were suitably diluted with CHCl3: MeOH (1:1, v/v) and the 

concentration of lupin GlcCER was measured using Automatic Multiple Development 

High Performance Thin Layer Chromatography (AMD-HPTLC) (see section 4.2.2.10). 

The experiment was performed in triplicate.  

4.2.2.3.  Pseudo-ternary phase diagram  

Pseudo-ternary phase diagrams were developed at room temperature using aqueous 

titration method. SAA and co-SAA (Smix) were mixed in different volume ratios to select 

a suitable hydrophilic lipophilic balance (HLB) value for each oil phase and their mixture. 

A range of HLB values were investigated for each oil (11, 11.5 and 12 for IPM, and 13, 

13.5 and 14 for Miglyol) and their mixture (13.5, IPM: Miglyol, 1:1, v/v). To construct the 

phase diagrams, oil and Smix were mixed ranging from 1:9 to 9:1 (v/v) ratios. Sixteen 

different combinations of oil and Smix (1:9, 1:8, 1:7, 1:6, 1:5, 1:4, 1:3.5, 1:3, 1:2.5, 1:2, 

1:1.5, 1:1, 1:0.6, 1:0.5, 1:0.4 and 1: 0.1) were prepared. Then, distilled water with 20% 

(v/v) glycerol was slowly added in 5-10% increment up to 90% with stirring using magnetic 

stirrer (IKA, C-MAG-HS 7, Staufen, Germany). Clear transparent liquid mixture was 

considered as NE and marked on the phase diagram [193,290]. Only NE region was plotted 

and no attempt was made to detect W/O to O/W emulsion transition.  

4.2.2.4.  Experimental design 

Extreme vertices mixture design was developed to investigate the impact of percentage 

compositions of the independent variables on the globule size of the NEs. Three factors; 

oil mixture, Smix and aqueous component were studied. Globule size was selected as 
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dependent variable due to its importance in determining the overall physicochemical 

characteristics of the formulation and also to determine whether an emulsion is a NE or 

not. D-optimal design was employed to reduce the number of formulations. The design 

matrix was developed using Minitab software version 7.1.0 (Pennsylvania, USA). The 

upper and lower constraint of the factors which were selected from the NE region of the 

phase diagram, are mentioned in Table 4-1. Based on the design, the input variables were 

non-negative percentage values of the mixture where the sum had to be equal to 100%. 

Furthermore, the response had to depend only on the relative proportions of the 

composition in the mixture and not the volume of the mixture. A total of 10 experiment 

were run and the results were statistically evaluated. Randomized order of composition of 

each run was implemented to minimize the unexplained variability in the actual response.  

Table 4-1: Independent formulation variables with their upper and lower constraints. 

Independent variables  Lower constraint (%, v/v) Upper constraint (%, v/v) 

IPM: Miglyol  2 3 

Tween 80:Transcutol P 15 18 

Aqueous phase  79 83 

 

4.2.2.5.  Statistical analysis 

Optimum composition of the NE was selected upon the condition resulting in a minimum 

droplet size. The best final model was achieved based on statistical significance (P < 0.05) 

and lack of fit value of the model. Analysis of variance (ANOVA) and coefficient of 

determination (R²) were determined to evaluate the goodness of fit of the model and 

significant differences among the independent variables. Cox response trace, 3D surfaces 

and contour plots of the fitted polynomial-regression equations were generated to visualize 

the interaction effect of the independent variables on the response variable. The statistical 

analysis was performed with Minitab software version 7.1.0 (Pennsylvania, USA).   
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4.2.2.6. Preparation of lupin glucosylceramide loaded formulations  

4.2.2.6.1. Preparation of nanoemulsion 

IPM: Miglyol (1:1, v/v) mixture, Tween 80, Transcutol P and distilled water with 20% 

glycerol (v/v) were used as oil, SAA, co-SAA and aqueous phase, respectively. Lupin 

GlcCER (0.25%, w/w) was added to the oils mixture, sonicated for 20 min and mixed with 

the Smix followed by 1 min vortexing. The required amount of aqueous phase was added (1 

ml/min) while stirring at 750 rpm using magnetic stirrer. The NE was stirred for 90 min 

with the same speed after complete addition of the aqueous phase. The globule size and 

size distribution were measured in triplicate after 24 h of formulation. 

4.2.2.6.2. Preparation of nanoemulgel  

Hydrogel was prepared using Carbopol 980 (3%, w/w) as a thickening agent by dispersing 

the polymer in a purified water and left overnight for complete swelling. The pH of the gel 

was adjusted to 6.4 with TRIS (7.5%, w/v). Then, it was mixed with lupin GlcCER loaded 

NE at 2:1 (NE: gel, w/w) ratio and Euxyl®PE 9010 (1%, w/w) was added as a preservative 

to the mixture followed by magnetic stirring at 100 rpm until uniform NEG was obtained.  

4.2.2.6.3. Preparation of basic cream  

Lupin GlcCER loaded basic cream (BC) was prepared after solubilizing the GlcCER in 

propylene glycol. Then, it was levigated with sufficient amount of BC to make the final 

concentration of lupin GlcCER 0.25% (w/w).  

4.2.2.7. Formulation characterization  

4.2.2.7.1. Thermodynamic stability  

The thermodynamic stability of both lupin GlcCER loaded NEs or NEGs was tested by 

subjecting them to various stress conditions. Centrifugation, heating and cooling cycle, and 

freeze–thaw cycle were carried out [199,291].  

Centrifugation study: The formulations were centrifuged at 5000 rpm for 30 min and 

observed for phase separation, creaming or cracking. The formulations that didn’t show 

instability were selected and subjected to heating-cooling cycle. 

Heating-cooling test: The preparations were stored at 4 and 40 ˚C at each temperature for 

24 h for six cycles. The formulations that were found to be stable at these temperatures 

were subjected to freeze–thaw stress test. 
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Freeze-thaw cycle: Formulations were subjected to three freeze-thaw cycles at 

temperatures between -21 and +25 ˚C (room temperature) with storage at each temperature 

for 24 h [193].  

4.2.2.7.2. Particle size and size distribution 

NE particle sizes were measured using Dynamic Light Scattering (DLS) (Nano ZS, 

Malvern, Worcestershire, United Kingdom), at a scattering angle of 173°, each 

measurement being the average of 15 runs, each run for a duration of 20 s. To measure the 

droplets size and size distribution, 100 µl of the formulation was mixed with 900 µl of the 

aqueous phase in a 1 ml cuvette. Samples were measured after 2 min equilibration at 25 °C 

and Z-average was taken as an average globule size. The measurements were performed in 

triplicates. All experiments were carried out at room temperature and the data were 

analyzed using Zetasizer software version 7.13 (Malvern, United Kingdom).  

4.2.2.7.3. Zeta potential and conductivity 

The zeta potential and conductivity of the NEs were analyzed using DLS at room 

temperature. For this purpose, 400 µl of the sample was diluted with 600 µl of aqueous 

phase in 1 ml cuvette. For a single measurement 30 runs were carried out. The measurement 

was done in triplicate. 

4.2.2.7.4. Refractive index 

Refractive index of the NEs was measured using Refractrometer (Mettler Toledo, RM40, 

Zurich, Switzerland). The average and standard deviation of the readings in triplicate at 25 

ºC were calculated.  

4.2.2.7.5. pH 

The pH of the NEs and NEGs was measured using pH meter (Mettler Toledo, Zurich, 

Switzerland). The average and standard deviation of the readings in triplicate at 25 ºC were 

calculated.  

4.2.2.7.6. Viscosity  

The viscosity of the NEs was measured at 25 °C by using a Rotational Viscometer (Anton 

Paar GmbH, Graz, Austria). The viscosity of each of the formulation was measured at 16 
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different shear rates (0.1-100 s-1). The formulation exhibited Newtonian flow and thus the 

average of the viscosity readings and relative standard deviations (RSD) were calculated. 

The viscoelastic characteristics of the NEGs and pure gel were studied using rotational 

viscometer with cone and plate geometry at 25 °C. Frequency sweep tests were carried out 

in order to determine the storage (G′) and loss (G″) modulus for a linear viscoelastic region 

(LVR). The frequency sweep test was done at fixed strain amplitude and varying angular 

frequency (100-0.1 rad/s). 

4.2.2.7.7. Transmission electron microscope imaging  

The morphology of the NEs was visualized using a Transmission Electron Microscope 

(TEM). The sample was homogenized with deionized water and dropped into a 300-mesh 

formvar coated copper grid (left at 25 °C for 3 min) and negatively stained using 2% uranyl 

acetate (left at 25 °C for 5 min). Meanwhile, the excess liquid was removed with a piece 

of Whatman filter paper and dried at room temperature. The dried samples were examined 

with an EM 900 Transmission Electron Microscope (Carl Zeiss Microscopy, Jena, 

Germany) at an acceleration voltage of 80 kV. Electron micrographs were taken with a 

various speed SSCCD camera SM-1k-120 (TRS, Moorenweis, Germany).  

4.2.2.7.8. Physical appearance  

NEG formulations were inspected visually for their color, homogeneity and consistency 

[185].  

4.2.2.7.9. FTIR-ATR spectroscopic study 

The compatibility of lupin GlcCER with NE and NEG formulations was studied with 

Fourier Transform Infrared (FTIR) spectrometry (Hartmann, 2004). The IR spectra of lupin 

GlcCER, formulations and their respective ingredients were acquired using a Bruker 

spectrometer IFS 28 (Bruker Optics, Ettlingen, Germany) equipped with a Thermo Spectra-

Tech HATR attachment (Shelton, CT, USA). The sampling compartment is a Fresnel 

attenuated total reflection (ATR) accessory that uses a zinc selenide (ZnSe) crystal with an 

angle of incidence of 45° in a horizontal orientation. The diameter of the top of the crystal 

is 20 mm. Each IR spectrum was collected at about 22 °C with 32 scans and a resolution 

of 2 cm-1 using the Norton-Beer medium apodization. 
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4.2.2.8. Model membrane preparation  

A model membrane was prepared from 100 g membrane solution containing 50 g 8% (w/w) 

dodecanol mixture (dodecanol-octanol-dimethyl sulfoxide (DMSO), 80:10:10, v/v/v) in 

ethanol-diethyl ether (15: 85, v/v) and 50 g 4% (w/w) collodion solution. The membrane 

solution was evenly spread over 500 mm x 300 mm size glass surface mounted on a film 

applicator with adjustable clearance (Workshop, Institute of Pharmacy, Martin-Luther 

University, Halle-Wittenberg). Then, it was kept under fume hood for about 12 h. The film 

was removed from the glass surface and cut into 40 mm diameter membrane disc 

[197,292]. 

4.2.2.9. In-vitro release study 

The release and penetration of lupin GlcCER from different formulations was investigated 

using an in-vitro multi-layer membrane model described by Neubert et al [197]. The model 

contains penetration cells arranged one over the other in a penetration cell stand. Each cell 

contains four layers of circular 40 mm membrane films arranged one over the other in 

between the lower circular base plate and upper cover plate. A stencil, with a square 

opening (4 cm2) at the center, was put above the membranes. The lower base plate was 

covered with aluminum foil. The schematic diagram of in vitro multi-layer membrane 

assembly is depicted in Fig. A5 (Appendix). An equivalent mass of the formulation 

containing 50 µg lupin GlcCER was evenly spread through the stencil over the upper 

membrane and the cells were kept at 32 ºC in a thermostatic chamber for predetermined 

time intervals (15, 30, 60,120 and 180 min) allowing release and penetration of lupin 

GlcCER. Then, the cells were taken out, the formulation remained unabsorbed over the 

surface of the first layer was removed using a cotton swab and the membranes were 

separated. The GlcCER was extracted with n-hexane-ethanol (2:1, v/v) after sonication for 

30 min at 50 ºC and dried with N2-gas stream. AMD-HPTLC was used to quantify lupin 

GlcCER in five replicates.  

4.2.2.10. Plant GlcCER quantification with AMD-HPTLC method 

Quantification of lupin GlcCER was carried out using an AMD-HPTLC system with a 

software CAMAG winCATS Planar Chromatography Manager (Camag, Muttenz, 

Switzerland). The standard Soy GlcCER solution (100 µg/ml) was prepared in 



 

79 | P a g e  
 

CHCl3/MeOH (1:1, v/v) mixture. The dried lupin GlcCER extracts were diluted with 

appropriate volume of CHCl3/MeOH (1:1, v/v) mixture. Chromatography was performed 

on precoated silica gel 60 F254 HPTLC plates (20 × 10 cm). Prior to sample application, 

the HPTLC plate was prewashed (immersed in isopropanol for at least 2 h) and dried in an 

oven at 100 °C for 30 min. The plate was then cooled to room temperature and different 

volumes of Soy GlcCER standard solution (0.5, 1, 2, 4, 6, 8, and 10 µL) and appropriate 

volume of lupin GlcCER solutions were applied on the plate (positioned 8 mm from the 

bottom and 15 mm from the side edge) as 6 mm bands using a CAMAG Automatic TLC 

sampler 4 equipped with 25 µL syringe. Chromatographic developments were conducted 

three times using CAMAG AMD 2. CHCl3/MeOH/HAc (95:4.5:0.5, v/v/v) was used as a 

mobile phase for the first two steps with 70 mm migration distance and CHCl3/MeOH/AC 

(76:20:4, v/v/v) for the last run of 30 mm migration distance. Before each step was run, the 

plate was automatically vacuum dried for 1.5 min and then conditioned in 4M acetic acid 

atmosphere. Lupin GlcCER was detected by immersing the HPTLC plate in aqueous 

CuSO4/H3PO4 solution for 20 s using automatic dipping device and charring in an oven at 

150 ºC for 20 min. Then the plate was scanned by a CAMAG TLC Scanner 3 in absorbance 

mode (λ =546 nm) [257].  

4.3. Results and discussion  

4.3.1. Screening of ingredients  

Important criteria for screening of stable drug loaded O/W NE components are the 

solubility of an active ingredient in the SAA, co-SAA and oil phase and miscibility of the 

ingredients with each other. Pharmaceutical acceptability related with irritant nature and 

skin sensitivity, and falling under the generally-regarded-as-safe category are also 

considered in selecting excipients for topical formulation [293,294].  

The miscibility study showed that, IPM, Miglyol, Tween 80 and Transcutol were miscible 

with each other and considered in the preparation of NEs. PG was immiscible with IPM, 

Miglyol and Span 80. IPM and Span 80 were immiscible. The solubility of lupin GlcCER 

was studied in the selected ingredients and found to be 0.48 ± 0.015, 0.54 ± 0.0013 and 

0.37 ± 0.0058 mg/ml in IPM, Transcutol and Tween 80, respectively. Its solubility in 

Miglyol was below the detection limit of the instrument and the aqueous phase was not 
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included in the solubility study as the GlcCERs was intended to be incorporated in the oil 

phase and practically insoluble in water. In addition to miscibility and solubility studies, 

other quality attributes of each formulation ingredient towards stability and pharmaceutical 

acceptability of the formulations were taken into consideration. IPM is a liquid wax 

common in topical formulations as skin permeation enhancer [295] and Miglyol (medium 

chain triglyceride) enhances stability of NEs by increasing the lipophilicity of the oil phase 

and reducing Ostwald ripening (OR). Tween 80 (non-ionic SAA) is safe for all biological 

tissues including skin which is compatible with various ingredients used in the preparation 

of emulsions and not affected by pH [171]. Transcutol (diethylene glycol monoethyl ether) 

falling in the category of hydroalcoholic co-SAA which enhances NEs stability by reducing 

the interfacial tension and increasing the fluidity of the interface [158]. Transcutol has a 

well-established safety profile and penetration enhancer property without compromising 

the integrity of skin structure. The skin permeation of Transcutol leads to increased drug 

solubility in the SC, decreasing the skin barrier for actives that readily partition into the 

viable epidermis [296]. Glycerol can be regarded as a skin barrier stabilizing and 

moisturizing compound. It moisturizes skin by absorbing water that enhances a water flux 

which is considered to be a stimulus for barrier repair [297].  

4.3.2. Phase diagram development  

Phase diagram serves as an important tool for screening of formulation components. It is 

used to describe a specific system with respect to concentration of different components 

that exists in a single or multiple phases [290]. The phase diagrams of Miglyol, IPM and 

their mixture are represented in Figure 4-1A-F and 4-2, respectively. Among the Smix ratios 

investigated, HLB values of 13.5 and 12 provided broader NEs regions for Miglyol (Fig. 

4-1B) and IPM (Fig. 4-1F), respectively. It is important to find the chemical type of SAA 

which best matches that of the oil, as the chain length compatibility of a SAA and an oil 

phase is critical in the formation of NE systems. The HLB of the SAA that matches the 

required HLB of the selected oil provides the lowest interfacial tension between the oil and 

water phases [171] which shows greater nano emulsification efficiency and provides larger 

NE region [184].  
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In both Miglyol and IPM phase diagrams, the NEs region at low Smix concentration (< 20%, 

v/v) using distilled water as an aqueous phase were narrow. With the intention of increasing 

the NEs region at low Smix concentration and enhancing formulation stability, a phase 

diagram was constructed with IPM: Miglyol (1:1, v/v) mixture, Smix and an aqueous phase 

containing glycerol as a co-solvent. As it can be seen in the figure (Fig. 4-2), the area was 

increased and it was possible to formulate NEs at 1:1, oil to Smix ratio unlike the pure oils. 

The possible reason might be the incorporation of glycerol into the surfactant film and the 

decreased polarity of water which in turn sufficiently reduce the interfacial tension ([184]. 

Additionally, the continuous phase viscosity enhancement due to glycerol and the presence 

of Miglyol in the formulation might contribute to the stability by limiting the internal phase 

mobility and Ostwald ripening [142], respectively.  
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Figure 4-1: Pseudo ternary phase diagrams showing the NE region of Miglyol at HLB value 

of 13 (A), 13.5 (B) and 14 (C) and IPM at HLB value of 11 (D), 11.5 (E) and 12 (F) using 

distilled water as an aqueous phase. 

 

Figure 4-2: Pseudo ternary phase diagram showing the NE region of IPM: Miglyol (1:1, 

v/v) mixture at HLB value of 13.5 using distilled water containing 20% glycerol (v/v) as an 

aqueous phase. 

4.3.3. Lupin GlcCER nanoemulsion formulation  

Lupin GlcCER loaded NEs were formulated using emulsion inversion point technique 

which is one of the low energy emulsion preparation technique. Most of commercial topical 

CER formulations contain 0.2% CERs [298] and in our study we decided to incorporate 
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0.25% lupin GlcCER into the optimized NEs. Low energy techniques are preferred because 

of more energy efficiency and the requirement of less sophisticated instruments [174]. 

Formulation of NEs possessing a uniform droplet size with properly selected preparation 

method is crucial in the pharmaceutical industry. This is because pharmacokinetic and 

physicochemical properties of NE such as stability, color, appearance, rheology and 

penetration are greatly affected by its droplet size and size distribution [147,299]. The size 

of the droplets formed depends on both formulation and process variables, such as stirring 

speed, time and rate of water addition [176]. Therefore, these process variables were 

studied during Miglyol phase diagram development. Miglyol NEs prepared at 1:5 to 1:9, 

oil to Smix ratios using distilled water with 5, 30 and 60 min stirring time at 500 rpm were 

transparent immediately after preparation. However, except 1:9 oil to Smix ratio all the rest 

turned to white color after overnight standing (1:5 and 1:6, oil to Smix ratio) and 3 days of 

storage (1:7 and 1:8 oil to Smix ratio) which was indicative of instability due to droplet size 

increment. Similar stability problem was observed after increasing the stirring speed to 750 

rpm. Then, the formulations physical appearance was investigated by increasing the stirring 

time (90 and 120 min) at 750 rpm. The formulations were transparent for a week and NEs 

globule size did not appear different at stirring time of 90 and 120 min. Thus, 750 rpm and 

90 min were selected as stirring speed and time. The aqueous phase addition rate was 

maintained constant (1 ml/min) during the whole process. The aforementioned process 

variables were employed in the optimization process. 

Thermodynamic stability of NEs from the lower part of NE region of IPM: Miglyol mixture 

phase diagram (Fig. 4-2) was investigated for the purpose of differentiating metastable and 

stable NEs. Lower NEs region was preferred to minimize Smix concentration in the 

formulation. The result showed that 1:1 to 1:4 oil to Smix ratios were unstable with white 

color or creaming and hence not considered for further optimization. NEs with 1:5 oil to 

Smix ratio and above were included in a mixture design for optimization. In order to remove 

metastable NEs, which are not stable and take long time to separate, thermodynamic 

stability tests are recommended [163,194].  
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4.3.4. Model fitting  

D-optimal extreme vertices mixture design was developed to investigate the effect of 

percentage composition of oil phase, Smix and aqueous phase on globule size of O/W NEs. 

The actual and predicted globule size of the NEs obtained from D-optimal design fitted 

into a quadratic model are shown in Table 4-2. The globule sizes obtained from actual 

measurement were in excellent agreement with the predicted value of the model. The 

globule sizes were between 24 and 44 nm. The design is represented by a quadratic 

regression model and the equation to predict the globule size is given below (Eq.1): 

Y= 191482A +7321B + 249 C -237142AB-194040AC-9449BC   (1) 

Where, Y, A, B and C stand for globule size, oil phase, Smix and aqueous phase proportions, 

respectively.  

Table 4-2: Measured and predicted globule size of NEs obtained from D-optimal extreme 

vertices mixture design using Minitab software (version 7.1.0). 

Oil phase (% v/v) Smix (% v/v) Aqueous phase (% v/v) Globule size (nm) 

Measured  Predicted  

2 15 83 25.34 25.53 

3 15 82 44.29 44.00 

2 18 80 27.32 27.57 

2 16.5 81.5 24.88 24.43 

2.5 16.5 81 26.52 26.29 

2.5 15 82.5 29.74 29.92 

2.5 18 79.5 26.86 26.91 

3 16.5 80.5 37.17 37.85 

3 15 82 44.09 44.00 

3 18 79 36.26 35.95 

The suitability and significance of the final model were assessed with ANOVA analysis. 

The ANOVA table is presented in Table A4 (Appendix). The model was significant (F 

value =397 and P < 0.0001) and acceptable to show the actual relationship between the 

response and the independent variables. The coefficient of determination (R2) and adjusted 

R2 values were 99.80% and 99.55%, respectively. The lack of fit was not significant (F 
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value = 17.06 and P = 0.176) indicating its appropriateness to predict the response based 

on the independent variables. Insignificant lack of fit, together with the high R2 and adj-R2 

values, indicate that the quadratic model was capable of representing the system under the 

given experimental domain [184]. 

The mixture surface response and contour plots of NEs globule size vs the independent 

variables are displayed in Fig. 4-3 A and B, respectively. From the plots it is evident that 

the NEs with the smallest globule size can be obtained at low proportion of the oil phase. 

However, in mixture design the impact of each formulation component on the response 

variable cannot be directly interpreted by the coefficient of the model unlike the other 

experimental designs. Because the effect of a component corresponds to the variation of 

the response generated by the introduction or removal of a certain amount of the component 

itself while the fractions of all the remaining components correspondingly decrease or 

increase, respectively with their ratios unchanged. Thus, trace plot helps to show how each 

component affects the response relative to a reference blend. A reference blend is the 

centroid of the design vertices. Components with the greatest effect on the response will 

have the steepest response traces. The response trace plot showing the influence of each 

formulation component on NEs globule size is depicted in Fig. A6 (Appendix). The oil 

phase showed the highest impact on the globule size of the formulation. As the proportion 

of the oil increased while the other components decreased, the globule size increased. This 

might be attributed to the difficulty of oil droplet disruption process due to increased 

resistance of flow and increased rates of emulsion droplets collision frequency [169]. On 

the other hand, globule size was slightly reduced when the proportions of Smix and aqueous 

phase increased. However, further increase of these components resulted in globule size 

growth. The Smix impact might be due to an enhanced aqueous phase penetration into the 

oil droplets mediated by excess SAA concentration causing disruption of interfacial surface 

and led to the ejection of oil droplets into the aqueous phase, which in turn forms a coarse 

emulsion having larger droplet size [300]. The aqueous phase influence on globule size 

might be due to the elimination of the film around the globules which leads to the 

coalescence of the droplets and increase in particle size [301]. 
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Figure 4-3: Mixture surface (A) and contour (B) plots of IPM: Miglyol (1:1, v/v) NEs 

showing the influence of the formulation components on globule size. 

4.3.5. Optimization  

NEs are usually characterized by globule size of 20 -200 nm. The smallest size is known 

to enhance skin penetration of the internal phase thereby the loaded active ingredient into 

the skin [180]. The formulation of NE would be considered optimum if the applied 

optimization criteria resulted in smallest average droplet size and narrow PDI-value range 

within the extreme vertices design region. Thus, numerical and graphical optimization 

procedures were carried out for predicting the optimum level of oil phase, Smix and aqueous 

phase to obtain minimum globule size. The optimization plot is depicted in Fig. A7 

(Appendix). The minimum point of the graphic optimization could be determined by 

numerical optimization of the obtained valid quadratic model. By setting the independent 

variable goals “within the range” and the response to “minimize”, the numerical 

optimization can provide the minimum level of a response (globule size). The numerical 

optimization suggested 2.15% oil phase, 16.39% Smix and 81.46% aqueous phase would 

provide a globule size of 23.96 nm with the formulation desirability of 1. Accordingly, the 

NE prepared from the suggested percentage of each formulation component provided 23.92 

± 0.24 nm which is in excellent agreement with the predicted globule size. A desirability 

value less than 0.63 is considered as insufficient [180] which shows the best quality of the 

formulation. The particle size and PDI of optimized lupin GlcCER nanoemulsion is 

presented in Fig. A8 (Appendix).  
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4.3.6. Model verification  

Model verification is performed by preparing several random formulations or optimized 

formulations and then comparing the experimental and predicted values. The relative 

standard error (RSE) of the two values helped to verify the validity of the model. The 

selected model was verified by preparing the optimized NE in triplicate (F1-F3). The 

formulation components and verification parameters are presented in Table 4-3. The 

experimental and predicted values of NE globule size were very close and all the RSE were 

less than 5% which indicate the appropriateness of the model to predict the response based 

on the percentage composition of the independent variables. RSE was calculated as; RSE= 

(experimental value- predicted value)/predicted value*100 [167,302]. 

Table 4-3: Formulation components of optimized NEs with their respective globule size, 

RSE and PDI. 

S.no Oil (%, 

v/v) 

Smix (% 

v/v) 

Aqueous phase 

(%, v/v) 

Globule size (nm) RSE 

(%) 

PDI 

    Experimental  Predicted    

F-1 2.15 16.39 81.46 23.93 ± 0.25 23.96 0.12 0.01 ± 0.01 

F-2 2.15 16.39 81.46 24.78 ± 0.11 23.96 3.42 0.05 ± 0.02 

F-3 2.15 16.39 81.46 23.72 ± 0.06 23.96 1.00 0.07 ± 0.01 

PDI: poly dispersity index, RSE: relative standard error 

4.3.7. Characterization of optimized nanoemulsion  

4.3.7.1. Droplet size, PDI and zeta potential 

The physicochemical characteristics of lupin GlcCER loaded and unloaded optimized NEs 

are summarized in Table 4-4. The average globule sizes of lupin GlcCER loaded and 

unloaded optimized NEs were 24.75 ± 0.28 and 23.93 ± 0.25 nm, respectively. The globule 

size didn’t show significant difference (P < 0.005) with and without lupin GlcCER. NEs 

with smaller droplet size (< 100 nm) are highly desirable in pharmaceutical and cosmetic 

industries as it provides extremely low surface tension for the whole system and interfacial 

tension of O/W droplets. Moreover, NEs possess a large interfacial area, which helps to 

overcome the epidermal barrier that might favor skin permeation of active substances 

[184]. The PDI of both loaded and unloaded NEs were 0.07 ± 0.02 and 0.02 ± 0.01, 
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respectively. PDI is the ratio of standard deviation to mean globule size which indicate the 

uniformity of globule sizes [158]. A value less than 0.25 indicates a narrow size distribution 

which in turn shows enhanced physical stability against Ostwald ripening [179,303].  

As seen in Table 4-4, both formulations possessed almost similar zeta potential (P < 0.05). 

Emulsifiers stabilize NEs through repulsive electrostatic interaction (zeta potential) and 

steric hindrance. The values of zeta potential to provide a significant repulsive force 

between particles are either > +30 mV or < -30 mV [201]. However, stable NEs were 

reported irrespective of their zeta potential values due to steric stabilizing effect of non-

ionic emulsifier [166,169,200]. Steric hindrance is known to be dominant in stabilizing 

smaller NEs (<50 nm) as the ratio of the SAAs thickness surrounding the internal phase to 

their size would be higher [149,304]. The stability of NEs obtained in this study might 

majorly be contributed from steric hindrance effect of Tween 80 and Transcutol.  

Table 4-4: Physicochemical characteristics of lupin GlcCER loaded and unloaded 

optimized NEs. 

 Reflectance  pH  Viscosity 

(mPa.s) 

Globule size 

(nm) 

Zeta potential 

(mV) 

PDI Conductivi

ty (mS/cm) 

NEL 1.38 ± 0.00 4.27 ± 0.01 6.75 ± 0.33 24.75 ± 0.28 -23.30 ± 1.98 0.07 ± 0.02 0.03 ± 0.00 

NE 1.38 ± 0.00 4.32 ± 0.01 6.21 ± 0.42 23.93 ± 0.25 -23.95 ± 1.20 0.02 ± 0.01 0.02 ± 0.00 

NEL: NE loaded with 0.25% lupin GlcCER  

4.3.7.2. Reflectance, pH and conductivity  

As shown in Table 4-4 the reflectance, pH and conductivity of both loaded and unloaded 

optimized NEs did not show significant difference (P< 0.05). Refractive index of a 

formulation indicates isotropic nature of a formulation. Similarity of reflectance in both 

GlcCER loaded and pure NEs signifies the formulation remain isotropic after GlcCER 

loading without chemical interaction with NE components [151,158]. The pH of the 

formulations were within the range (4-7) for topical application [180,305]. Conductivity 

helps to investigate the ability of the NEs to conduct electricity which indicate the free 

amount of water and ions in the system. It also helps to identify the type of NEs as high 

values signify O/W NEs [180] like values obtained in this study. 
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4.3.7.3. TEM imaging 

The TEM images of unloaded and lupin GlcCER loaded NEs are presented in Fig. 4-4A 

and B, respectively. The droplets were spherical and distributed uniformly without 

aggregation. Interestingly, the particle size obtained from DLS measurement were in 

agreement with TEM globule size imaging analysis for both loaded and unloaded NEs.  

4.3.7.4. Lupin GlcCER loaded NEG physical appearance and pH 

Clear NEG with a smooth and homogeneous appearance was obtained. The pH of the 

formulation was 6.2 ± 0.01 which is considered acceptable to avoid the risk of irritation 

upon application to the skin. 

 

Figure 4-4: Transmission electron micrographs of unloaded (A) and lupin GlcCER 

optimized NEs (B), negatively stained with Uranyl acetate, respectively, at 50000 

magnification.  

4.3.7.5.  Stability and compatibility  

Both lupin GlcCER optimized NE and NEG formulations were stable after thermodynamic 

stability testing. Neither creaming nor phase separation were observed after all the three 

tests showing the stability of the formulations under the testing conditions. 

Thermodynamic stability testing is recommended with the intention of identifying stable 

NEs from the metastable forms which takes long time to exhibit instability problems such 
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as phase separation. Those NE formulations that survive the stress testing conditions, are 

considered stable and do not require frequent testing during storage [163].  

Real time stability of both lupin GlcCER NE and NEG formulations at room temperature 

for 12 months was studied. The droplet size, PDI, refractive index and pH of lupin GlcCER 

NEs were 24.87 ± 0.11 nm, 0.033 ± 0.00, 1.38 ± 0.00 and 4.1, respectively. However, the 

unloaded NEs globule size was increased to 67 nm. The globule size increment over 12 

months was significant as compared to its size immediately after preparation. Ultra-

sonication of loaded NEs to enhance GlcCER solubility might contribute to the stability of 

the formulation. The pH of the NEG was 5.9 which is still within the acceptable range for 

topical preparations. The stability of lupin GlcCER NEs would contribute further for the 

stability of lupin GlcCER NEGs on top of Carbopol 980 gel stability enhancement effect 

which is in line with other study finding [185].   

The FTIR spectra of lupin GlcCER NEG, pure NEG and lupin GlcCER are summarized in 

Fig. A9 (Appendix). Lupin GlcCER spectrum showed strong absorption bands at 3271.73, 

2917.18, 2848.88, 1647.38 and 1535.45 cm-1 which correspond to hydroxyl, methylene 

symmetric, methylene asymmetric, amide I and amide II groups stretching vibrations, 

respectively. Weak absorption bands were also detected from 1000-1100 cm-1 due to head 

group sugar C-O bond, at 963.16 cm-1 due to trans double bond and at 900 cm-1 due to β-

glycosidic bond. These absorption peaks were in line with other FTIR spectra detected 

from different plant cerebrosides [242,306–308]. Both lupin GlcCER loaded and unloaded 

NEGs possessed similar FTIR spectra which were different from lupin GlcCER spectrum. 

The absorption bands of lupin GlcCER were not detected in the formulation probably due 

to its restriction inside the formulation matrix and less concentration. Conversely, new 

absorptions peaks were not also detected in the spectra of lupin GlcCER NEGs which 

indicate the chemical stability of lupin GlcCER in the formulation [158,309].  

4.3.7.6.  Rheology  

The NEs were less viscous liquid preparations which exhibited Newtonian flow while the 

NEG exhibited non-Newtonian flow with shear thinning behavior. The viscosity curve of 

NEG is shown in Fig. A10 (Appendix). The viscosity values with RSD were 6.21 (0.42) 

and 6.75 (0.33) mPa.s for pure and lupin GlcCER NEs, respectively. The viscosity of the 
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two formulations were significantly different (P< 0.05) which is supported by Tukey Post 

hoc test. Liquids are not suitable for topical application due to their less viscous nature. 

Maximizing the contact duration of a topical formulation with the skin is crucial to enhance 

drug permeation into the skin. Consequently, the NEs were formulated in the form of NEG 

to enable the GlcCER remain on the skin for an adequate time. Elastic modules (G’), loss 

modules (G’’) and tan δ of the gel formulations were also investigated in order to determine 

their viscoelastic characters. The frequency sweep of lupin GlcCER NEG and Carbopol 

980 gel are illustrated in Fig. 4-5A and B, respectively. As it can be seen from the graph 

G’ and G” were parallel and tan δ was constant with a value less than 45º. A gel like 

material exhibit parallel G’ and G” which are hardly affected by the frequency and constant 

phase angle (δ) with a value between 0 and 45º [310] which is in line with our study 

findings. Besides, G’ override G’’ in both gel preparations showing the elasticity of the 

formulation was higher than their viscous behavior producing a well viscoelastic and stable 

gel [311]. Similarly, tan δ was found to be < 1 indicating the predominant nature of the gel 

elastic behavior [312]. The NEG and Carbopol 980 gel did not show significant difference 

in their G’, G’’ and tan δ values (P > 0.05) which is an indicative of NEs compatibility with 

the gel.   

 

Figure 4-5: Frequency sweep of lupin GlcCER NEG (A) and Carbopol 980 gel (B) 

measured at 25 ºC 
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4.3.7.7.  In-vitro release and penetration of lupin GlcCER 

Topical administration of GlcCER is intended to be delivered into the Stratum corneum -

Stratum granulosum junction in order to be hydrolyzed by epidermal enzyme into CER 

and strengthen the lipoidal structure of SC in aged and/or diseased skin [313]. The release 

of active substance from the formulation and its penetration deep into different skin layers 

have to be investigated using best suiting in-vitro model such as multilayer membrane. The 

membrane is composed of collodion as a matrix former and dodecanol mixture (dodecanol-

octanol-DMSO (8:1:1, v/v/v)) as lipid [197]. Octanol and DMSO were included for the 

purpose of enhancing membrane stability and increasing GlcCER solubility in the 

membrane to reduce the number of membrane required to maintain sink condition 

[292,314]. The in-vitro lupin GlcCER release and penetration profiles from NEs, NEGs 

and BC are summarized in Fig. 4-6A, B and C, respectively. During the experiment four 

membrane layers were employed which were sufficient to attain sink condition based on 

the solubility of lupin GlcCER in dodecanol mixture. Sink condition was assumed when 

the maximum amount of GlcCER dissolved in the membrane was <15% of its saturation 

solubility in the lipid mixture. BC loaded with 0.25% lupin GlcCER was employed as a 

reference formulation.  

The amount of lupin GlcCER released and penetrated into each membrane layer at different 

time point was in the order of NEs > BC> NEGs. NEs showed enhanced release and 

penetration as compared to BC and NEG. On the other hand, the release was highly 

retarded and showed sustained release character from the NEG which might be attributed 

to the viscous nature of the formulation. The overall release and penetration profile of lupin 

GlcCER from the three formulations is shown in Figure 4-7. After 180 min, 51%, 84% and 

96% of lupin GlcCER was released and penetrated into the membrane layers from NEG, 

BC and NEs, respectively. As shown in the figure, the release and penetration of GlcCER 

from NEs declined after it was incorporated into Carbopol 980 gel (NEG). The GlcCER 

release and penetration were higher from the NEs than the other two formulations which 

is in line with other studies. It has been reported in literature that drug release can be 

improved with nano-sized formulations which provided large surface area for the release 

of drug and thus permitting faster rate of drug release [162]. The slow release of GlcCER 

from NEGs is crucial to limit its penetration into the SC of epidermal skin layer and thereby 
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reduces absorption by the systemic circulation in-vivo [166]. It has been reported that NEG 

slowed the release of active ingredients by 9.12 fold than the conventional formulation 

[284].  

 

  

Figure 4-6: Lupin GlcCER release and penetration into multilayer model membranes from 

NE (A), NEG (B) and BC (C). 
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Figure 4-7: Cumulative release and penetration profile of lupin GlcCER from various 

formulations into multilayer model membranes. 

4.4. Conclusions 

With the aim of formulating lupin GlcCER for topical delivery optimized NEs and NEGs 

were prepared and characterized for the first time. Proper selection of Smix HLB value using 

pseudo ternary phase diagram and use of glycerol as a co-solvent enhanced the nano 

emulsification process and stability of the formulations. The D-optimal extreme vertices 

mixture design fitted into quadratic model was accurate in predicting the impact of the 

independent variables on NEs globule size. Among the independent variables the oil phase 

showed pronounced negative influence on the globule size of NEs. Both NE and NEG 

formulations were stable at room temperature for more than 12 months. The release and 

penetration of lupin GlcCER into the multilayer membrane model were slow and retarded 

from the NEGs in comparison to BC and NEs. Thus, the nano sized oil phase from the 

optimized NE and enhanced viscosity from the gel enabled the NEG to be retained topically 

for longer time and slowly release the GlcCER into the membrane layers. From the 

foregoing, it can be concluded that NEG could be an alternative for topical delivery of 

GlcCER into the skin after further ex-vivo release and penetration study.   
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5 Formulation and evaluation of nanoemulgel loaded with essential oils with 

potential mosquito repellent activities 

5.1. Introduction  

Over the centuries, vector-borne diseases have imposed a serious public health threat to 

mankind in terms of illness and deaths globally. Malaria is one of vector-borne diseases 

caused by Plasmodium species and transmitted by female anopheles mosquitoes [212,315]. 

Anopheles arabiensis species is the major vector of both Plasmodium falciparum and 

Plasmodium vivax, which is responsible for most malaria transmission [316,317]. Malaria 

is endemic in 87 countries and poses a risk of malarial infection for almost half of the 

world’s population. In 2019, an estimated 229 million cases of malaria occurred worldwide 

of which 215 million cases were African [202,203]. 

Malaria control requires integrated approaches including, prevention and treatment. A 

global technical strategy for malaria was developed in 2015 to reduce malaria incidence 

and mortality rates by 90% and eliminate malaria from at least 35 countries by 2030. Huge 

capital is being invested to achieve the aforementioned goals however, the focus on 

malarial vector control is relatively lower [202,318]. Larva source management, genetic 

control, biological control, housing improvement, indoor residual spray (IRS), insecticide 

treated net (ITN) and long-lasting insecticide treated net (LLIN) are the commonly used 

malaria vector control strategies. Mosquito repellents are also practiced to prevent 

mosquito bites outdoors where the individual is not benefiting from the above mentioned 

strategies. It is also relatively cheap and easy to distribute mosquito repellents during acute 

emergency situations [210,318]. The mode of action of repellents is very complex and 

poorly understood. However, the repellents are presumed to work by blocking the odor 

receptor neurons of the mosquito from detecting the odor of the host [316,317,319].  

Despite the efforts being made, many people are still suffering from malaria due to the 

development of multi-drug resistant Plasmodium species and the resistance of malaria 

vectors [210]. Malaria vectors are also shifting their biting time to day light and preferring 

to rest outdoors after feeding which limit LLINs and IRS effectiveness and necessitated the 

use of mosquito repellent [316,320]. Natural and synthetic mosquito repellents are 

available. N, N-diethyl-3-methylbenzamide (DEET) is the oldest and most widely used 
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synthetic repellent. However, severe adverse reactions have been reported arising from its 

cutaneous absorption [213,215,321].  

The repellency of plant materials has been exploited for centuries by applying essential oils 

on the skin and clothes [189,322]. A number of essential oils are known to have repellent 

activity, including citronella, palmarosa, lemon grass, garlic, eucalyptus, turmeric and basil 

[224,323]. The essential oils are mainly composed of monoterpenes, monoterpenoids, 

sesquiterpenes, sesquiterpenoids and alcohols [324–326]. 

Nevertheless, plant essential oils effectiveness is short-lived derived from their volatile 

nature. Ideal repellents are expected to be effective against multiple mosquito species for 

at least 8 h with no skin irritation and systemic toxicity [214]. Despite the difficulty of 

getting a single repellent possessing all the required qualities, the repellency of volatile oils 

could be significantly improved if they are formulated as modified release dosage forms 

[156,327,328]. Citronella oil (CO) has been tested as a mosquito repellent in the form of 

an oil blend [226], patch [215], cream [186], microcapsules [227] and nanoemulsion [178]. 

However, except for the microcapsulated CO, which did not report protection time against 

mosquitoes, the other reports showed very short protection time, albeit the concentration 

of CO varied from 5 to 20%. On the other hand, 6 to 8 h protection time has been reported 

for palmarosa oil (PO) [221]. It has been indicated in the literature that the more the 

essential oil release is sustained, the longer will be the protection time [181,329,330]. 

Therefore, the aim of the current study was to formulate essential oils (Cymbopogon nardus 

and C. martini, family Poaceae) with mosquito repellent activities in the form of 

nanoemulgels (NEGs) in order to prolong the in vitro release at least for 12 h.   

5.2. Materials and methods  

5.2.1. Materials 

Glycerol, n-hexane, NaOH, HCl and NaCl (Carl Roth, Karlsruhe, Germany), ethanol 

(Brüggemann GmbH & Co. KG, Heilbronn, Germany), Tween 80 and Span 20 (Sigma 

Aldrich GmbH, Taufkirchen, Germany). Transcutol P (Diethylene Glycol Monoethyl 

Ether) (Gattefoss´e, Lyon, France), Carbopol®934 polymer (Lubrizol Advanced Materials 

Europe BVBA, Brussels, Belgium), Tween 80, Span 20, citronellal and geranium reference 

standards (Sigma-Aldrich GmbH, Steinheim, Germany) were used as received. Citronella 
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oil (CO) and palmarosa oil (PO) were obtained from Agri-saft MIDROC Group (Addis 

Ababa, Ethiopia).  

5.2.2. Methods 

5.2.2.1.  GC-MS analysis 

The constituents of CO and PO were analyzed after dilution (100 fold) with n-hexane with 

GC-MS (GC/MS/MS Agilent 7890A/5975C/Chromtech Evolution 3, Agilent, Santa Clara, 

USA). One μl of the sample was injected at 250 °C in a split mode (25:1) with a helium 

gas flow set to 1 ml/ min. Chromatography was performed with a 30-m Zebron capillary 

GC-Column (ZB-5MS plus-Phenomenex, 30 m, 0.25 mm, 0.25 μm). The helium gas flow 

was constant at 1 ml/min. The temperature program was set to 40 °C with a holding time 

of 3 min followed by a linear ramp of 7 °C/min up to 200 °C. This was followed by another 

linear ramp of 100 °C/min up to 300 °C and withholding time of 3 min. Throughout the 

run, the transfer line, source and quadrupole were set to 280 °C, 230 °C and 150 °C 

respectively. The raw data was processed by Mass Hunter Qualitative Analysis software 

(Agilent, B.07.00) and the identification of the chromatographic peaks was confirmed 

using the essential oil GC/MS library (Adams Library-Version 4).  

5.2.2.2.  Miscibility test 

Surface active agent (SAA), co-SAA and essential oils (CO and PO) were screened for 

physical compatibility in terms of miscibility with each other. Briefly, 500 mg of SAA/co-

SAA was added to 500 mg of either CO or PO in a screw capped glass tube and mixed 

vigorously by a vortex mixer (Vortex Genie, Scientific Industries, New York, USA) for 1 

min. The mixture was observed visually for its clarity and miscibility. Clear, transparent 

and homogenous mixtures were considered miscible and physically compatible. Whereas 

the appearance of turbidity was considered a physical incompatibility and the phase 

separation into layers was regarded as an immiscible system [196].  

5.2.2.3.  Phase diagram development  

Pseudo-ternary phase diagrams were developed at room temperature using the aqueous 

titration method at selected hydrophilic-lipophilic balance (HLB) values. Suitable HLB 

values of surfactant mixture (Smix) for both CO and PO were selected after preparing a 

formulation at different HLB values ranging from 11 to 14. The oil: Smix ratio (1:1, v/v), oil 
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concentration (5% v/v) and sonication time (10 min) remained the same. Smix HLB value, 

which resulted in NE with the smallest droplet size was selected. The phase diagrams were 

then constructed by mixing oil and Smix at different ratios ranging from 1:9 to 9:1 (v/v). 

Sixteen different combinations of oil and Smix (1:9, 1:8, 1:7, 1:6, 1:5, 1:4, 1:3.5, 1:3, 1:2.5, 

1:2, 1:1.5, 1:1, 1:0.6, 1:0.5, 1:0.4 and 1: 0.1) were prepared. Then, distilled water with 40% 

(v/v) glycerol was slowly added in 5-10% increments up to 90% with stirring followed by 

ultrasonication. A clear transparent liquid mixture was considered as a NE and marked on 

the phase diagram [193,290]. Only the NE region was plotted and no attempt was made to 

detect the W/O to O/W emulsion transition.  

5.2.2.4.  Formulation preparation  

5.2.2.4.1. Nanoemulsion formulation  

Either CO or PO constitute the oil phase. Tween 80, Transcutol P and distilled water with 

40% (v/v) glycerol were used as SAA, co-SAA and aqueous phase, respectively. The oil 

and Smix were thoroughly mixed with a vortex mixer (IKA, VG-3, Scientific Industries, 

USA) for 1 min. The required amount of the aqueous phase was added slowly while 

stirring. The primary emulsion was then sonicated for different durations (10 to 60 min) 

with a probe ultrasonicator (VCX 750, Sonics & Materials INC, USA) using an ice cold 

water jacketed beaker. The sonication conditions were as follows: 20 kHz energy with 40% 

amplitude, 5 sec pulse on and 4 sec pulse off.  

5.2.2.4.2. Preparation of nanoemulgel  

Hydrogel was prepared using Carbopol® 934 (3%, w/w) as a thickening agent by dispersing 

in a distilled water and leaving it overnight for complete swelling. The pH of the gel was 

adjusted to 6.4 with a 1N NaOH solution. Then, it was mixed with either CO or PO loaded 

NE at a 2:1 (NE: gel, w/w) ratio and methylparaben (1%, w/w) was added as a preservative 

to the mixture, followed by magnetic stirring at 100 rpm until a uniform NEG was obtained.  

5.2.2.5.  Formulation characterization  

5.2.2.5.1. Thermodynamic stability studies 

The thermodynamic stability studies of both NEs and NEGs prepared from CO and PO 

were tested in order to differentiate the stable NEs from the metastable by subjecting them 
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to various stress conditions. Centrifugation, heating-cooling cycles, and freeze-thaw cycles 

were carried out [163].  

Centrifugation: the prepared formulations were centrifuged at 5000 rpm for 30 min and 

observed for phase separation, creaming or cracking. The formulations that didn’t show 

any instability (creaming, cracking, phase separation) were selected and subjected to a 

heating-cooling cycle. 

Heating-cooling test: the preparations were stored at 4 and 40 °C for 24 h at each 

temperature for six cycles alternately. The formulations that were found to be stable at 

these temperatures were subjected to a freeze-thaw stress test. 

Freeze-thaw cycle: formulations were subjected to three freeze-thaw cycles at temperatures 

between -21 and +25 °C (room temperature), with storage at each temperature for 24 h 

[160,331].  

5.2.2.5.2. Droplet size and size distribution 

NE droplet sizes were measured using Photon Correlation Spectroscopy (PCS) (90Plus, 

Brookhaven Instruments Corporation, New York, USA) at a scattering angle of 90°, with 

each measurement being the average of 3 runs, each of 90 s duration. To measure the 

droplets size and size distribution, dilution was performed to make the average count rate 

between 50 and 300 cps. Samples were measured at 25 °C and the Z-average was taken as 

an average globule size. The measurements were performed in triplicate. The data were 

analyzed using 90Plus Particle Sizing software version 3.93 (New York, USA) [299].  

5.2.2.5.3. Dilution test 

A dilution test was performed in order to observe the phase separation of the NE. For this, 

1 ml of optimized NE was diluted with 10 ml of water in a test tube and observed for phase 

inversion [289]. The experiment was performed in triplicate.  

5.2.2.5.4. Viscosity 

The viscosity of the NEs was measured at 25 °C by a ViscoStar+ L rotational viscometer 

(Kinematica AG, Luzern, Switzerland) using spindle #L1 at different rotational speeds (20-

100 rpm) in triplicate. The formulation exhibited Newtonian flow and thus the average of 

the viscosity readings and relative standard deviations (RSD) were calculated. 
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The rheology of the NEGs and pure gel was studied using a rotational viscometer (CAP 

2000+L, Brookfield Engineering Laboratories, Inc., Middleboro, USA) with cone and plate 

geometry at 25 °C in triplicate. For each sample, a continuous variation of shear rate (66-

800 s-1) was applied and the resulting shear stress was measured.  

5.2.2.5.5. Refractive index 

The refractive index of the NEs was measured using a refractrometer (Mettler Toledo, 

RM40, Zurich, Switzerland). The average and standard deviation of the readings in 

triplicate at 25 ºC were calculated.  

5.2.2.5.6. pH 

The pH of the NEs and NEGs was measured using a pH meter (Mettler Toledo, Zurich, 

Switzerland). The average and standard deviation of the readings in triplicate at 25 ºC were 

calculated. 

5.2.2.5.7. Transmission electron microscope imaging  

The morphology of the NEs was visualized using a Transmission Electron Microscope 

(TEM). The sample was diluted with an equal volume of distilled water and dropped into 

a 300-mesh formvar coated copper grid (left at 25 °C for 3 min) and negatively stained 

using 2% uranyl acetate (left at 25 °C for 5 min). Meanwhile, the excess liquid was 

removed with a piece of Whatman filter paper and dried at room temperature. The dried 

samples were examined with an EM 900 Transmission Electron Microscope (Carl Zeiss 

Microscopy, Jena, Germany) at an acceleration voltage of 80 kV. Electron micrographs 

were taken with a various speed SSCCD camera SM-1k-120 (TRS, Moorenweis, 

Germany). 

5.2.2.5.8. Physical appearance  

NEG formulations were inspected visually for their color, homogeneity and consistency 

[185].  

5.2.2.5.9. FTIR-ATR spectroscopic study 

The compatibility of CO and PO NEs and NEGs was studied with Fourier Transform 

Infrared (FTIR) spectroscopy (Hartmann, 2004). The IR spectra of CO and PO 

formulations and their respective ingredients were acquired using a Bruker spectrometer 
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IFS 28 (Bruker Optics, Ettlingen, Germany) equipped with a Thermo Spectra-Tech HATR 

attachment (Shelton, CT, USA). The sampling compartment is a Fresnel attenuated total 

reflectance (ATR) accessory that uses a zinc selenide (ZnSe) crystal with an angle of 

incidence of 45° in a horizontal orientation. The diameter of the top of the crystal is 20 

mm. Each IR spectrum was collected at about 22 °C with 32 scans and a resolution of 2 

cm-1 using the Norton-Beer medium apodization. 

5.2.2.6.  Analytical method validation  

The GC-MS method for quantification of both CO and PO was validated with respect to 

linearity, limit of detection (LOD), limit of quantification (LOQ), accuracy, precision and 

carry-over effect as per the EMA guideline on validation of bioanalytical methods [244]. 

Citronellal and geraniol were used as markers for the quantification of CO and PO, 

respectively. Thus, citronellal and geraniol reference standards were used to validate the 

method.  

5.2.2.6.1. Linearity  

Citronellal and geraniol reference standards were diluted using n-hexane to prepare 2 

µg/mL of stock solution. Then, different concentrations of citronellal (50, 100, 150, 200, 

250 and 300 µg/mL) and geraniol (30, 40, 60, 80, 100, 140 and 200 µg/mL) in n-hexane 

were prepared. The linearity of the response over those concentration ranges was 

investigated using GC-MS. The corresponding extracted ion chromatogram peak area of 

the ion (m/z 154.0) was integrated and calibration curves were drawn.  

5.2.2.6.2. Limit of detection and limit of quantification 

Limit of detection (LOD) and limit of quantification (LOQ) were calculated from separate 

calibration curves drawn using five levels of citronellal (50, 100, 150, 200 and 250 µg/mL) 

and geraniol (30, 40, 60, 80 and 100 µg/mL) (n=3). The concentrations were equally 

spaced, LOQ being the lowest level. The standard deviation of the response () and slope 

of the curve (S) were taken to calculate LOD (LOD = 3.3 /S) and LOQ (LOQ = 10/S). 

5.2.2.6.3. Accuracy and precision  

The within-run accuracy and precision of the method were assessed by analyzing three 

concentration levels of citronellal (50, 150 and 300 µg/mL) and geraniol (30, 100 and 200 
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µg/mL) in triplicate on the same day. Similar concentration and determination levels were 

used to analyze between-run accuracy and precision on two different days. The percentage 

recovery and relative standard deviation (RSD) were used to estimate the accuracy and 

precision of the method, respectively.  

5.2.2.6.4. Carryover effect 

The carryover effect was tested by injecting blank (n-hexane), after high concentrations of 

citronellal (300 µg/mL) and geraniol (200 µg/mL) and checking the chromatograms for the 

appearance of the respective component peaks. The experiment was conducted in triplicate. 

5.2.2.7.  In vitro membrane permeation 

Permeation studies of the formulations were conducted using vertical diffusion cells 

(Orchid Scientific, Ambad, India). The samples were placed on a cellulose acetate 

membrane (0.2 µm pore size, 25 mm diameter, Sartorius, Göttingen, Germany). Prior to 

vertical cell assembly, the membrane was soaked in isopropyl myristate in order to mimic 

the lipophilic nature of stratum corneum. Then, the membrane was mounted on the vertical 

cell containing 20 ml of water-ethanol solution (50:50, v/v) in a receptor compartment. A 

formulation containing equivalent to 20 µl of essential oil (CO or PO) was placed in the 

donor compartment and covered with aluminum foil to create an occlusive environment. 

The receptor compartment was constantly stirred (700 rpm) and thermostated at 32 °C with 

a water jacket. The first sample was taken after 30 min of equilibration. Then, an aliquot 

of a sample (500 µl) from the receptor medium was collected at a predetermined time 

intervals (0 min, 30 min, 1, 2, 3, 4, 5, 6, 8, 10 and 24 h) and replaced with a similar volume 

of preheated receptor medium. The collected samples were extracted with n-hexane and 

analyzed by GC-MS in triplicate [227]. 

5.2.2.8.  In vitro release study  

The in vitro release profiles of CO and PO loaded NEGs were investigated using a vertical 

diffusion cell. The procedure is similar to the in vitro membrane permeation study (section 

5.2.2.7) except the membrane used for release was dialysis membrane (MWCO 12000 Da, 

Sigma-Aldrich, USA) [332–334].  
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5.2.2.9.  GC-MS based quantification 

The samples obtained from permeation and release studies were analyzed with GC-MS 

(Agilent 7890B / 5977B Inert Plus, Agilent, Santa Clara, USA). One μl of the sample was 

injected at 250°C with a helium gas flow set to 1 ml/ min. Chromatography was performed 

with a 30-m Zebron Capillary GC-Column (ZB-5MS plus-Phenomenex, 30 m, 0.25 mm, 

0.25 μm). The helium gas flow was constant at 1 ml/min. The temperature program was 

set to 40 °C with a holding time of 3 min followed by a linear ramp of 7 °C/min up to 200 

°C. This was followed by another linear ramp of 100 °C/min up to 300 °C and a 

withholding time of 3 min. Throughout the run, the transfer line, source and the quadrupole 

were set to 280 °C, 230 °C and 150 °C respectively. The raw data was processed by Mass 

Hunter Qualitative Analysis software (Agilent, B.07.00) and the identification of the 

chromatographic peaks was confirmed using the essential oils GC-MS library (Adams 

Library-Version 4). The extracted ion chromatograms (EIC) of citronellal and geraniol 

were integrated for quantification.  
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5.3. Results and discussion  

5.3.1. GC-MS profiling of the essential oil  

The base peak chromatogram of CO and MS spectrum of citronellal are presented in Fig. 

A11 (Appendix). The GC-MS results showed that citronellal (retention time (tR) 12.75 

min), citronellyl propanoate (tR 14.34 min) and geraniol (tR 14.90 min) with relative 

percentage compositions of 37%, 21% and 14%, respectively were the main components 

of CO. Isopulegol, terpinen-4-ol and elemol were also identified. Similar components of 

CO have also been reported in the literature, citronellal being the primary constituent [335–

337]. However, the reported percentage of citronellal varied from 22.15% [228] to 37.87% 

[337].  

The base peak chromatogram of PO and MS spectrum of geraniol are depicted in Fig. A12 

(Appendix). Geraniol (44%) and geraniol acetate (23%) were the main constituents of PO, 

the former being the major constituent. Linalool and geranyl formate were also detected in 

lesser quantities. Similar results indicating geraniol as a major component of PO have been 

reported [326,338] though its percentage ranges from 65% [339] up to 85% [229,230,325]. 

Component identification for both CO and PO was performed by comparing the MS spectra 

of the identified peaks with the reference compound at NIST/NIH library and the total GC-

chromatogram peak areas of the identified essential oil components were used to calculate 

the relative percentage compositions of each constituent.  

5.3.2. Ingredient selection for NEs formulation  

Miscibility is an important parameter for the stability of a NE. An oil phase, as a main 

component of the formulation, is required to be miscible with the selected SAA, co-SAA 

or combination thereof while, immiscibility instigates formulation instability due to phase 

separation [293,333]. Both essential oils included in the study were miscible with the SAAs 

(Tween 80, Span 20) and co-SAA (Transcutol P). The SAAs and co-SAA were also 

miscible in each other. Consequently, Tween 80, Span 20 and Transcutol P were 

compatible with both CO and PO. In order to identify suitable Smix and HLB values for the 

essential oils to form O/W NE, a mixture of Tween 80/Span 20 and Tween 80/Transcutol 

P were employed to prepare NEs. The globule size and PDI of CO and PO NEs prepared 

at different HLB values of Tween 80/Transcutol P and Tween 80/Span 20 mixture are 
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given in Table A5 (Appendix). HLB values of 11 and 12 provided the smallest globule size 

CO and PO NEs, respectively using both Tween 80/Span 20 and Tween 80/Transcutol P 

mixtures. However, NEs formulated using Tween 80/Transcutol P mixture exhibited 

significantly lower (p < 0.05) globule size than NEs obtained from the Tween 80/Span 20 

mixture for both essential oils. Thus, Tween 80 and Transcutol P were selected as a SAA 

and co-SAA, respectively. Non-irritant nature and good skin tolerance are among the major 

priorities for topical formulation excipients selection. Non-ionic surfactants, such as Tween 

80, are less toxic, biocompatible, less irritant, less affected by pH and ionic strength, and 

classified as generally regarded as safe (GRAS) by FDA [150,157,171].  

Then, phase diagrams were developed for both CO and PO NEs at the selected HLB values 

in order to optimize the formulations. The phase diagrams of CO and PO NEs are depicted 

in Fig 5-1.  

 

Figure 5-1: PO and CO phase diagrams developed at 12 and 11 HLB values of Tween 

80/Transcutol P mixture, respectively using 40% glycerol aqueous phase and sonicated (20 

kHz) for 10 min. 

Distilled water, with or without a co-solvent is among the commonly employed aqueous 

phases of NEs. Co-solvents are helpful to enhance the stability of NEs by altering the 

physicochemical properties of the emulsifier molecules, such as surface-activity, partition 

coefficient, the ability to form colloidal structure and optimizing dispersed-to-continuous 

phase viscosity ratio [178,179]. Glycerol was employed as a co-solvent for both CO and 

PO NEs. The impact of glycerol concentration in the aqueous phase on the stability of NEs 
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was studied. NEs prepared with aqueous phase containing 10%, 20% and 30% glycerol 

failed to pass thermodynamic stability tests. However, CO and PO NEs containing 40% 

(v/v) glycerol in distilled water were stable and selected for the final formulation.  

Appropriate Smix concentrations to provide stable NEs of CO and PO were selected after 

thermodynamic stability testing of the formulations within the NE region of the respective 

phase diagrams. The oil to Smix ratio of 1:1, 1:2, 1:3, 1:3.5 and 1:4 (v/v) were included in 

the stability study. NEs of 1:3 and 1:3.5 oil to Smix ratios were found to be stable for CO 

and PO, respectively. Accordingly, kinetically stable 10% CO NE was obtained using 30% 

Smix while 35% Smix was found to be suitable to prepare 10% PO NE. Regarding the 

selection of essential oil concentration, apart from the phase diagram, toxicity profiles of 

the essential oils were also considered. It has been indicated that high concentration of CO 

(20%) in the formulation created difficulty for the clients to use due to its pungent odor 

[340] and a concentration of 0.05-15% (w/v) CO was registered as a safe and effective 

mosquito repellent [186]. A high concentration of PO was also reported to have 

cytotoxicity [341].  

5.3.3. Effect of sonication time  

Ultrasonication is among the high energy methods of NE formulation techniques which 

employs high frequency (20-100 KHz) sound energy. The energy results in mechanical 

vibrations that lead to acoustic cavitation phenomena. These cavities collapse with 

generation of high temperature and pressure whereby such a pressure surge produces a 

powerful shock waves which break the coarse droplets of micron size into nano-sized 

globules [342–344].  

The impact of sonication time on the globule size of NEs is shown in Fig. 5-2. The globule 

size of both CO and PO NEs decreased with time. However, the globule size reduction was 

not significant (P > 0.05) after 40 min. It has been reported that increasing sonication time 

leads to more droplet disruption and size reduction until certain limit is reached [342,345]. 

Thus, 40 min was selected as the optimum time of sonication for both CO and PO NEs. 

The temperature rise during ultrasonication was controlled using ice cold water jacketing 

and manipulating sonication pulse on and off duration. High temperature might be helpful 

to facilitate emulsification by reducing the viscosity of the medium and enhancing 
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diffusion, yet cavitation is better attained at lower temperature on top of its impact on heat 

labile component of the formulation [346,347].  

 

Figure 5-2: Impact of sonication time on the globule size of PO and CO NEs prepared using 

ultrasonication technique (20 kHz). 

5.3.4. Formulation characterization  

5.3.4.1.  Globule size and PDI  

The physicochemical characteristics of CO and PO NEs are presented in Table 5-1. The 

average globule sizes of optimized CO and PO NEs were 131.34 nm and 120.77 nm, 

respectively. Moreover, the formulations were less polydisperse with PDI values of 0.240 

and 0.220 for CO and PO NEs, respectively. On top of other factors, globule size and size 

distribution of NE dictate kinetic stability of the formulation against Ostwald ripening. NEs 

with a low range (< 0.25) of PDI possess homogenously distributed droplets which enhance 

the stability of the formulation. Ultrasonication is known to produce less polydispersed and 

more stable NE [342,348,349].  

5.3.4.2.  Reflectance, pH and conductivity  

Clear light yellow NEs were obtained from both CO and PO which might be due to the 

color of the essential oils and Tween 80. The refractive index of both NEs was found to be 

similar (Table 5-1). Refractive index shows the isotropic nature of a formulation which is 

the average value of its constituents. The value also indicates the interaction of a 

formulation components with each other [151,158]. The pH values of both CO and PO NEs 

were within the recommended range for topical application [180]. 
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The conductivity of a formulation indicates whether the emulsion is O/W or W/O. O/W 

emulsions possess high conductivity due to the electric conducting potential of water and 

ions while W/O emulsions exhibit very low or no conductivity [1,154]. Thus, both CO and 

PO NEs were considered to be O/W emulsion type.  

Table 5-1: The physicochemical characteristics of optimized CO and PO NE 

formulations (n = 3). 

 pH Globule size 

(nm) 

PDI Viscosity  

(cP) 

Conductivity 

(mS/cm) 

Refractive 

index 

CO-NE 4.3 ± 0.00 131.34 ± 5.58 0.24 ± 0.02 185.52 ± 11.43 0.035 ± 0.00 1.42 ± 0.00 

PO-NE 4.6 ± 0.00 120.77 ± 2.77 0.22 ± 0.03 251.63 ± 5.82 0.042 ± 0.00 1.42 ± 0.00 

Mean ± SD 

5.3.4.3.  TEM images  

The Transmission electron micrographs of CO and PO NEs are presented in Figure 5-3 A 

and B, respectively. The shapes of both NE’s oil phase droplets were spherical. The sizes 

of the droplets were also in the nanometer size range which are in agreement with the 

results obtained from PCS. Due to the viscous nature of the formulations, diluted NEs with 

distilled water (1:1, v/v) were used for TEM imaging. TEM is a commonly employed 

instrument for the purpose of investigating the NE’s size, shape and morphology [1,300].  

 

Figure 5-3: Transmission electron micrograph of CO-NE (A) and PO-NE (B) negatively 

stained with Uranyl acetate at 20,000X magnification. 



 

109 | P a g e  
 

5.3.4.4.  Physical appearance, stability and pH of nanoemulgel 

Translucent CO and PO NEGs were obtained. The yellowish color of NEs might be the 

reason for the translucent appearance of the NEG formulations. Thermodynamic stability 

study of both NEs and NEGs prepared from either CO or PO showed that all the 

formulations did not exhibit phase separation, cracking or creaming. Thermodynamic 

stability study is crucial to differentiate stable from metastable formulations that require 

some time to manifest instability [151,333]. Formulation pH measurement is crucial to 

ensure compatibility of the formulation with the skin, as very high and very low 

formulation pHs result in irritation [151,194]. The pH of CO and PO NEGs was 6 and 6.2, 

respectively, which is within the recommended range for topical preparations.  

5.3.4.5.  FTIR analysis 

The FTIR spectra of pure essential oils (CO and PO) and their NE and NEG preparations 

are shown in Fig. A13 (Appendix). Several absorption peaks appeared at different wave 

numbers corresponding to various functional groups of CO components such as citronellal, 

geraniol and citronellyl propionate. The absorption peaks at 3413, 2724, 1726, 1645, 1376 

and 1021 cm-1 represent O-H stretch, aldehydic C-H stretch, C=O stretch, O-H bend, 

deformation of C-O-H group and C-O stretch, respectively. The IR spectra of CO NE and 

NEG were overlapping. The major peaks representing CO were detected in the 

formulations IR spectra though the peak intensities were low which might be due to their 

low concentration and entrapment in the gel matrix. However, new absorption bands were 

not detected which is an indication of the absence of interaction between the formulation 

components [309].  

Similarly, major absorption peaks at 3389, 2917, 1721, 1669, 1443, 1376, 1231, and 998 

cm-1 were identified in the FTIR spectra of PO. The absorption bands detected at 3389, 

1669, 1231 and 998 cm-1 denote O-H stretch, C=C stretch, C-C stretch and C-O stretch of 

geraniol, respectively. The peak that appeared at 1721 cm-1 was due to the carbonylic 

stretch of geranyl acetate [350]. All of these absorption peaks were also detected in the 

FTIR spectra of PO NE and NEG formulations albeit with lower intensity. Moreover, new 

absorption bands did not appear in the spectra of the formulation, suggesting chemical 

compatibility of the formulation components.  
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5.3.4.6.  Rheology of NEs and NEGs 

Rheological properties of topical formulations are critical evaluation parameters, as 

rheology influences the flow behavior during manufacturing, pumping, filling and 

application of the products [172,311]. The NEs prepared from both CO and PO exhibited 

Newtonian flow and the average of the viscosity measurements was taken. The viscosities 

of CO and PO NEs were 185.52 cP and 251.63 cP, respectively (Table 5-1). PO NE was 

more viscous than CO NE which might be due to its higher Smix concentration [344]. The 

rheograms of CO and PO NEGs are shown in Fig. 5-4. Both NEG formulations showed 

non-Newtonian, shear thinning property (Fig. 5-4A), with a hysteresis loop (Fig. 5-4B). 

The area of the loop represents the energy loss required to obtain the sol-gel transition and 

also indicates the extent of thixotropy in the formulation. Shear thinning characteristics of 

a topical formulation is advantageous as it facilitates even topical application of the product 

[164,312]. 

 

Figure 5-4: Shear thinning characteristics of CO and PO NEGs (A) and hysteresis loop (B). 

5.3.4.7.  Analytic method validation parameters 

A method previously used for monoterpene analysis was validated to ensure its suitability 

for the quantification of citronellal and geraniol contents of CO and PO in the formulations, 

respectively. The calibration curves and accuracy and precision data are presented in Fig. 

A14 and Table A6 (Appendix). The linear ranges of the responses were 50-300 µg/mL and 

30- 200 µg/mL for citronellal and geraniol, respectively. The upper limit of the linear range 

was selected based on the saturation level of the GC-MS signal detector. The R2 values of 

the calibration curves for CO and PO were 0.9982 and 0.9997, respectively. The accuracy 

and precision results were within the standard. The LOD and LOQ values of citronellal 
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were 16 and 50 µg/mL, respectively. While geraniol possessed 9 µg/mL and 30 µg/mL 

LOD and LOQ values, respectively. The method was also found to be free from carryover 

effect.  

5.3.4.8.  In vitro release and membrane permeation of the NEs and NEGs 

The in vitro release profiles of CO and PO NEGs are shown in Fig. 5-5. A Minimum burst 

effect was observed from both CO and PO NEGs as only 21% and 23% of their contents 

were released during the first 2 h, respectively. Moreover, 89% and 90% of the CO and PO 

contents of the NEGs were released within 24 h of the experiment, respectively. Thus, the 

mosquito repellent effect of the formulations might be sustained up to 24 h since the slow 

release of the oil prolongs the protection time against mosquitoes [178]. It has been 

reported that NEG formulations have the capacity to prolong release of active ingredients 

due to thier high viscosity and effective retention capacity on the skin [153,192,333]. 

 

Figure 5-5: In vitro release profiles of CO and PO NEGs using dialysis membrane in 

vertical Franz diffusion cell. 

Active substance releases from the formulation and penetration via a cellulose acetate 

membrane indicate the amount of a substance available for absorption through the skin 

[172]. The permeation profiles of NEs and NEGs prepared from CO and PO are depicted 

in Fig.5-6. The amount of essential oils penetrating the membrane from all the formulations 

increased with time, though the percentage varies with the types of formulation. After 24 

h of the experiment, 18% and 30% of CO and PO permeated via the synthetic membrane 

from the NEG formulations, while 40% and 68% of CO and PO penetrated the membrane 
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from the NEs, respectively. As can be observed from the figure, both CO and PO NEs 

showed enhanced permeation as compared to their respective NEG formulations. The NEG 

formulations reduced the permeation of CO and PO via the synthetic membrane by 2.5 and 

2.4 folds at the 24th h, respectively, as compared to their respective NE formulations. The 

reduced permeation of essential oils from the NEG formulations might be due to the 

entangled oils within the gelling agent and its higher viscosity, which limit the release of 

the oils [142]. Moreover, gelling agents are also known to reduce the volatility of essential 

oils that could possibly reduce the pungent odor of the oil and enhance user compliance 

[340,351]. Non-irritating nature to the skin and low permeation rate are among the 

desirable properties of mosquito repellent formulations [327]. On the other hand, PO NE 

had a higher percentage of permeation than CO NE, which might be related to its higher 

Smix content and smaller droplet size. SAAs and NE are known to enhance permeation of 

active ingredients via the skin/synthetic membrane due to their lipid solubilizing capacity 

and small droplet size, respectively [142,172,178]. Most of the permeation studies are 

conducted using animal skin [185,321] though synthetic membranes [178,227] are also 

employed. It has been reported that permeation of insect repellent from advanced 

formulation such as polymeric micelle and microcapsule were very low compared to their 

respective conventional topical formulations [227,321].  

 

Figure 5-6: Permeation profiles of NE and NEG formulated from CO and PO investigated 

using cellulose acetate membrane in 50% ethanol. 
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5.4. Conclusion  

Kinetically stable CO and PO NEs were prepared using ultrasonication, a high energy 

emulsification technique. The droplet size of the NEs decreased with ultrasonication time 

until 40 min. The incorporation of glycerol in the aqueous phase contributed to the stability 

of NEs. CO and PO NEGs possessing suitable physicochemical characteristics for topical 

application were obtained. The GC-MS method employed for quantification of citronellal 

and geraniol was accurate, precise and free from carryover effects. The NEG formulations 

effectively reduced the percentage of essential oils permeated via the synthetic membrane 

by more than 2 folds and prolonged the release up to 24 h. From the foregoing, NEG 

formulation could be used as an alternative formulation to prolong the protection time of 

CO and PO against mosquito bites though further confirmatory laboratory and field human 

bait studies are required.  

Suggestions for further work  

Based on the findings of the investigation carried out in this study, the following points are 

forwarded for further research.  

 Investigating the kinetics of enzymatic GlcCER hydrolysis and the interaction of 

the hydrolysis products (CERs) with native skin CERs.  

 Performing cytotoxicity studies for the GlcCERs loaded formulations.  

 Conducting in-vivo skin penetration study of GlcCERs on animal and human 

volunteers. 

 Determining the complete protection time of CO and PO NEGs using WHO 

approved human bait procedure.  
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Appendix  

 

Figure A1: TLC chromatograms of soya GlcCERs (standard), lupin bean, naked barley and mung 

bean. The development solvent was CHCl3/MeOH (85:15, v/v). 

 

Figure A2: Fragmentation patterns of GlcCERs with d18:2 sphingoid base (A) and the 

product ions of GlcCER species containing d18:1 and t18:1 sphingoid bases (B). The dash 

line depicts the site of fragmentation. 



 

154 | P a g e  
 

 
Figure A3: Calibration curve for linearity of Soy GlcCER for quantification of plant 

GlcCERs with AMD-HPTLC. Equation Y=170.12 + 29.94X - 0.0097X2, (R2 0.9997). 

 

Figure A4: Base peak chromatograms (full scan: m/z 100 -1000) of 4N NaOH treated 

GlcCERs of lupin bean (A), mung bean (B) and naked barley (C) (2 h, 80 °C) using 

UHPLC-Triple Quadrupole MS. 
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Figure A5: Schematic diagram of in-vitro multi-layer membrane release assembly. 

 

Figure A 6: Cox response trace plot showing the influence of each formulation 

components on NEs globule size in reference to the reference blend (RefBlend).  

 

Figure A7: Optimization plot of IPM: Miglyol (1:1, v/v) NEs showing the optimized level 

of oil phase, Smix and aqueous phase with predicted globule size and formulation 

desirability generated using Minitab software (version 7.1.0). 
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Figure A8: Particle size distribution of optimized lupin GlcCER nanoemulsion. 
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Figure A 9: FTIR spectra of pure NEG and lupin GlcCER NEG (A), pure NE, lupin 

GlcCER NE, and other formulation components (B) and lupin GlcCER (C). 

 

Figure A 10: the complex viscosity vs angular frequency of lupin GlcCER NEG. 

A B 
Figure A11: the base peak chromatogram of C.nardus (A) and GC-MS spectrum of 

citronellal which is the major component of CO (B). 

A B 
Figure A 12: the base peak chromatogram of C.martini (A) and GC-MS spectrum of 

geraniol which is the major component of PO (B). 
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Figure A 13: FTIR spectra of CO (A), PO (B), CO NE and NEG (C) and PO NE and 

NEG (D). 

A  

B 

Figure A 14: calibration curves of geraniol (A) and citronellal (B). 
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Table A 1: Alkaline treatment conditions (temperature and time duration) of GELFs of 

the three plants. 

Temperature (°C) Reaction duration (h) 

Room temperature  2, 3, 8, 18 

80 2, 8 

110 3, 6, 

150 8  

 

Table A 2: Accuracy and precision of AMD-HPTLC method for plant GlcCERs 

quantification (n=5). 

Intra-day Inter day 

 Accuracy Precis

ion 

Accuracy Precisio

n 

Acceptance 

range 

Nominal 

amount 

(ng/band) 

Calculated 

amount 

(ng/band) 

% 

Recove

red 

% 

RSD 

Calculated 

amount 

(ng/band) 

% 

Recove

ry 

% RSD 

50 51.94 103.89 11.87 49.54 99.09 10.44 <20%  

100 105.39 105.39 10.10 106.58 106.58 13.17 <15% 

400 411.28 102.82 7.69 412.72 103.18 6.98 <15% 

800 802.40 100.30 4.89 780.72 97.59 6.76 <15% 

RSD: relative standard deviation.  
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Table A 3: GlcCER species of Ethiopian plants identified after 4N NaOH treatment of GELFs at 80 °C for 2 h, using UHPLC-Triple 

Quadrupole MS/MS. 

Source  GlcCERs species tR (min) Precursor and product ion m/z   Target m/z 

[M+H]
+
 [M+H-H2O]

+
 [M+H-Glc]

+
  [M+H-Glc-H

2
O]

+
 

L, M Glc-d18:2/h 16:0 9.5 714.5 696.5   534.4 262.9 

N Glc-d18:2/h 18:0 12.2 742.5 724.5   562.4 262.9 

N  Glc-d18:2/h 20:0 14.6 770.4 752.6   590.6 262.9 

L, N Glc-d18:2/h 22:0 17.2 798.5  780.4  618.7 262.9 

M, N  Glc-d18:2/h 24:0 18.6 826.7  808.6  646.6 262.9 

L, M Glc-d18:1/h 16:0 10.6 716.5  554.6 536.9 264.9 

M, N  Glc-t18:1/h 22:0 15.9 816.5   654.5 636.7 262.9/280.7 

M, N  Glc-t18:1/h 23:0 17.2 830.5   668.5 650.7 262.9/280.9 

N Glc-t18:1/h 24:1 16.1 842.5   680.5 662.8 262.9/280.8 

M, N  Glc-t18:1/h 24:0 18.7 844.5   682.5 664.7 262.9/280.8 

M, N  Glc-t18:1/h 26:0 21.7 872.5   710.5 692.6 262.9/280.8 

L: lupin bean, M: mung bean, N: naked barley, tR: retention time.  
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Table A 4: Analysis of variance for NEs globule size (component proportions). 

Source  DF Seq SS Adj Adj MS F P 

Regression  5 518.945  

 

518.9452  103.7890  397.90  0.000 

Linear 2 421.076   

 

66.0613   33.0307  126.63  0.000 

Quadratic  3 97.869   97.8690   32.6230  125.07  0.000 

Oil*Smix   1 38.573   

 

71.1469   71.1469  272.76  0.000 

Oil*aqueous phase   1 49.969   48.5585   48.5585  186.16  0.000 

Smix*aqueous 

phase 

1 9.327   9.3267   9.3267   35.76  0.004 

Residual Error     4 1.043   1.0434   0.2608   

Lack-of-Fit     3 1.023   

 

1.0234   0.3411   17.06  0.176 

Pure error 1 0.020   0.0200   0.0200   

Total  9 519.989     

 

Table A 5: globule size and PDI of NEs prepared at different HLB values of Smix from 

CO and PO (5% oil, oil: Smix, (1:1, v/v), 10 min ultrasonication) (n=3). 

Oil type HLB Tween 80/Span 20 mixture 

 

Tween 80/Transcutol P mixture 

 Globule size  PDI Globule size  PDI 

Palmarosa 11 275.85 ± 1.06 0.20 ± 0.00 175.06 ± 2.19 0.21 ± 0.01 

12 198.13 ± 3.11 0.12 ± 0.01 154.93 ± 3.08 0.17 ± 0.03 

13 208.37 ± 3.30 0.07 ± 0.02 185.10 ± 5.21 0.20 ± 0.00  

14 288.07 ± 0.99 0.08 ± 0.01 187.43 ± 5.67 0.51 ± 0.01 

Citronella 11 154.51 ± 4.02 0.20 ± 0.09 134.87 ± 3.18 0.20 ± 0.02 

12 172.62 ± 2.70 0.15 ± 0.01 142.67 ± 1.86 0.17 ± 0.01 

13 185.07 ± 1.30 0.29 ± 0.01 155.97 ± 0.50 0.18 ± 0.01 

14 205.10 ± 2.31 0.24 ± 0.01 140.10 ± 1.57 0.16 ± 0.01 

          Mean ± SD 
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Table A 6: Accuracy and precision of GC-MS method for citronellal and geraniol 

quantification (n=3). 

Standard  Nominal 

amount 

(ng) 

Inter day Intra day  

Accuracy Precision  Accuracy  Precision  Acceptance 

range Calculated 

amount 

(ng) 

% 

recovery 

RSD Calculated 

amount 

(ng) 

% 

recovery 

RSD 

Citronellal 50 43.00 86.00 1.15 40.66 81.32 1.19 < 20% 

150 157.39 104.92 2.45 159.01 106.00 2.43 < 15% 

300 291.29 97.09 1.32 294.87 98.29 1.30 < 15% 

Geraniol 30 24.28 80.93 16.89 25.53 85.10 4.29 < 20% 

100 102.40 102.40 7.32 99.17 99.17 5.27 < 15% 

200 202.30 101.15 5.89 197.00 98.50 3.83 < 15% 

RSD: relative standard deviation  

 

 

 

 

 

 

 

 

 

 


