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ABSTRACT 

 

The feasibility of incorporating efavirenz (EFV) into innovative solid lipid nanoparticles (SLN) 

and nanostructured lipid carriers (NLC) using the hot high-pressure homogenization (HHPH) 

technique was investigated in an attempt to address the shortcomings in therapy associated with 

the use of conventional dosage forms. The shortcomings include the unpalatable taste of API in 

solution, instability in the presence of light when in solution and psychiatric side effects of the 

API. In particular, sustained release approaches may reduce or limit the incidence of adverse 

psychiatric effects of EFV and alleviate Acquired Immune Deficiency Syndrome (AIDS)-related 

complications such as AIDS Dementia Complex (ADC) in patients, ultimately improving their 

quality of life. Prior to initiating pre-formulation, formulation development and optimization 

studies of EFV-loaded SLN and/or NLC, Response Surface Methodology (RSM) in conjunction 

with central composite design (CCD), was used to develop and validate suitable methods for the 

quantitative determination of EFV in pharmaceutical formulations and for monitoring EFV 

release from SLN and/or NLC in vitro. Simple, accurate, precise, sensitive and stability-

indicating reversed phase-high performance liquid chromatography (RP-HPLC) methods with 

UV and electrochemical (EC) detection were developed, validated and optimized for in vitro 

analysis of EFV in formulations. On the basis of risk-to-benefit ratio the RP-HPLC method with 

UV detection was selected as the most suitable for the quantitative determination of EFV in 

pharmaceutical formulations, and was applied to in vitro release studies of EFV from SLN 

and/or NLC. 

 

Pre-formulation studies were undertaken to investigate the thermal stability of EFV so as to 

facilitate the selection of lipid excipients for the manufacture of nanocarriers, and to establish 

their compatibility with EFV. It was found that EFV was thermostable up to a temperature of 

approximately 200°C, indicating that HHPH could be used for the manufacture of EFV-loaded 

SLN and/or NLC. Lipid screening revealed that EFV is highly soluble in solid and liquid lipids, 

with glyceryl monostearate and Transcutol® HP showing the best solubilizing potential for EFV. 

Glyceryl monostearate exists in a stable β-modification prior to exposure to heat, but exists in the 

α-polymorphic modification following exposure to heat. It was established that the addition of 

Transcutol® HP to glyceryl monostearate revealed the co-existence of the α- and β’-polymorphic 
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modifications, thereby revealing the existence of the modifications in NLC produced from the 

optimum lipid combination. Furthermore, an investigation of binary mixtures of EFV/glyceryl 

monostearate and glyceryl monostearate/Transcutol® HP, in addition to eutectic mixtures of 

EFV, glyceryl monostearate and Transcutol® HP, revealed no interaction between EFV and the 

lipids selected for the production of the nanocarriers. 

 

Due to the significantly higher solubility of EFV in Transcutol® HP than in to glyceryl 

monostearate, NLC are most likely to have a higher LC and EE than SLN. In addition, the 

existence of both the α- and β’-polymorphic modifications in the binary mixture of the lipid 

implies that EFV expulsion on prolonged storage is unlikely to occur from NLC when compared 

to SLN. Consequently formulation development and optimization studies of SLN and NLC were 

performed to investigate the potential to deliver EFV from a novel technology with an 

appropriate LC and EE for EFV. 

 

Tween®80 was selected for use in these formulations as the use of this surfactant facilitates the 

targeting of nanocarriers to the CNS. RSM in conjunction with a Box-Behnken Design (BBD) 

was used to establish the effects of process variables, such as number of homogenization cycles 

and pressure, in addition to formulation variables such as amount of EFV and Tween®80 on the 

particle size (PS), polydispersity index (PDI), zeta potential (ZP), visual assessment (VA) and 

release rate (RR) of EFV after 24 hours. In addition the LC and EE, degree of crystallinity and 

lipid modification, shape and surface morphology of the optimized batches were investigated to 

ensure that EFV-loaded SLN and NLC of desirable quality were produced. 

 

On the day of manufacture the mean PS and PDI of EFV-loaded SLN was 59.00 ± 23.16 nm and 

0.382 ± 0.054 respectively. The mean PS and PDI of EFV-loaded NLC was 34.73 ± 0.7709 nm 

and 0.394 ± 0.027 respectively. The formulations were in the nanometer range and exhibited a 

narrow particle size distribution, as indicated by the PDI values. The ZP values for optimized 

SLN and NLC generated on the day of manufacture using HPLC grade water as the dispersion 
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medium were -32.5 ± 4.99 mV and -22.4 ± 3.72 mV respectively. In addition the optimized 

batches of SLN and NLC revealed a decrease in crystallinity in comparison to bulk lipid 

material. DSC, WAXS and FT-IR revealed that EFV was molecularly dispersed in the 

nanocarriers. In addition EFV-loaded SLN existed in a single α-polymorphic form, whereas 

EFV-loaded NLC exhibited the co-existence of α- and β’-polymorphic forms. Generally SLN 

and NLC were spherically shaped when viewed under transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM). On the day of manufacture the EE and LC of EFV-

loaded SLN was found to be 96.77 ± 0.453 % and 9.68 ± 1.772 % respectively. The EE and LC 

of EFV-loaded NLC was 99.93 ± 0.413 and 9.995 ± 0.672 respectively. The release profiles for 

the optimized formulations of SLN and NLC exhibited an initial burst release over the first 0-3 

hours of testing, after which the release was sustained for up to 24 hours. The cumulative % EFV 

released over 24 hours was higher from SLN (91.5±3.423 %) than that observed for NLC 

(73.6±4.34 %). 

 

Stability studies performed for 8 weeks on the optimized batches of the SLN and the NLC were 

also conducted so as to ensure product quality. The formulations were assessed in terms of 

parameters considered benchmarks of stability, and included ZP, PS, PDI, LC and EE. Generally 

these parameters remained unchanged following storage for 8 weeks at 25°C/60% RH but 

showed considerable changes following storage for 8 weeks at 40°C/75% RH. These studies 

reveal that SLN and NLC when stored at 25°C/60% RH have the potential to be used as colloidal 

delivery systems for EFV that have the potential to protect EFV from photodegradation and 

sustain release into brain tissue. The latter will ultimately reduce or limit the incidence of adverse 

psychiatric effects and potentially alleviate AIDS-related complications such as ADC in patients 

with HIV/AIDS, ultimately improving their quality of life. 
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STUDY OBJECTIVES 

 

Human Immunodeficiency Virus (HIV) is the causative agent of Acquired Immune Deficiency 
Syndrome (AIDS), and affects the immune system. However the virus also invades the central 
nervous system (CNS), causing AIDS Dementia Complex (ADC) leading to neurological 
disorders that may include psychosis and behavioral changes which further affects the quality of 
life of patients. Efavirenz (EFV) is a WHO-listed drug used in highly active antiretroviral 
therapy (HAART) against HIV-1 infections in adults, adolescents and children older than 3 
years. EFV is effective and requires once-a-day dosing. EFV reaches therapeutic levels in the 
CNS and may potentially be used to manage HIV in the CNS. However EFV levels in the CNS 
are generally high due to “dose-dumping” that is associated with the use of conventional dosage 
forms and can lead to severe psychiatric effects which further exacerbate ADC. In addition 
solutions of EFV are susceptible to photodegradation and an aqueous solution of EFV for the 
oral management of HIV in adult and/or paediatric patients is not readily available as EFV 
causes a strong burning sensation in liquid formulations. Innovative lipid carriers such as solid 
lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) have the potential to mask 
unpalatable tastes, protect API from photodegradation, sustain release of API into brain tissue 
and may reduce or limit the incidence of adverse psychiatric effects. This may potentially 
alleviate AIDS-related complications such as ADC in patients with HIV/AIDS, ultimately 
improving their quality of life. 

The objectives of this research were: 

1. To obtain data from the literature and experimentation relating to the physicochemical 
properties of EFV that would aid in the development of innovative formulations. 
2. To develop, optimize and validate RP-HPLC methods for the quantitative analysis of EFV 
using RSM and select the simplest, sensitive, precise, accurate and linear method for use during 
formulation development and optimization studies of EFV-loaded SLN and/or NLC. 
3. To establish the thermal stability of EFV and select and characterize lipidic excipients for the 
manufacture of EFV-loaded SLN and NLC. 
4. To design, develop and optimize EFV-loaded SLN and NLC using a minimum number of 
experimental runs using RSM and to evaluate the critical quality attributes (CQA) of the 
formulations. 
5. To study the release kinetics of EFV during the formulation, development and optimization 
process. 
6. To investigate and identify an optimum and stable nanoparticulate delivery system for EFV 
with the appropriate loading capacity (LC) and encapsulating efficiency (EE), and that sustains 
EFV release over 24 hours. 
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CHAPTER 1 

 

EFAVIRENZ 

1.1 INTRODUCTION 

 

The Human immunodeficiency virus (HIV) is the causative agent of acquired immune 

deficiency syndrome (AIDS) [1]. By the year 2003 the World Health Organization (WHO) 

declared AIDS a global pandemic and the disease continues to cause numerous deaths 

worldwide. In 2011 WHO reported that 34 million people are living with HIV worldwide, of 

whom 3.3 million are children under 15 years of age. During the same year a reported 1.7 

million deaths worldwide were caused by the virus [2]. HIV primarily affects the immune 

system [3] and can also invade the central nervous system (CNS) causing AIDS dementia 

complex (ADC) [3]. 

 

ADC is caused by the migration, replication and ultimate accumulation of HIV in the CNS. The 

HIV invades the CNS and significantly resides in the microglial cells of the brain [4]. The 

characteristic attribute of ADC is the progressive degeneration of specific cognitive and 

psychomotor functions of the patient [5,6]. Initially ADC is characterized by deterioration in 

memory, concentration and attention of the patient, followed by the late onset of paraparesis, 

spasticity, mutism and psychosis [7]. Late stages of ADC are characterized by mental slowness, 

reduced rate of speech and alterations in speaking volume [8,9]. ADC impairs the quality of life 

of patients living with HIV/AIDS and it has been estimated that these patients have a one in 

four chance of developing ADC [10]. 

 

To date there is no known cure for AIDS and effective therapy involves the administration of 

highly active antiretroviral therapy (HAART). HAART requires the use of three or more drugs 

such as tenofovir, lamivudine or emtricitabine and efavirenz or nevirapine, used in combination 

so as to suppress the rapid progression of the HIV [1,11]. 
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Efavirenz (EFV) is a non-nucleoside reverse transcriptase inhibitor (NNRTI) listed by WHO as 

a component of HAART for treating HIV-1 infections in adults, adolescents and children. EFV 

was first approved by the United States Food and Drug Administration (FDA) in September 

1998 [1,12,13]. Although EFV was approved in 1998, to date no dosing regimens for children 

under 3 years of age or weighing less than13 kg have been established [13,14]. EFV has thus 

been included in the Medécins Sans Frontières list as one of the ARV agents that is not 

available in an appropriate paediatric formulation [13,15]. Due to the absence of such data, 

treatment options for HIV/ tuberculosis (TB) co-infected children under 3 years of age or 

weighing less than 13 kg becomes difficult due to interactions between nevirapine and TB 

therapy [13,14]. 

 

EFV is available commercially as a 30 mg/ml solution, in addition to 50 mg, 100 mg, 200 mg 

and 600 mg capsules and tablets [13]. The primary dosage forms available in South Africa are 

capsules and tablets [14]. 

 

Commercially available products containing EFV in South Africa include Stocrin®, Aspen 

Efavirenz®, Cipla Efavirenz®, Adco-Efavirenz®, Auro-Efavirenz® and Sonke® Efavirenz [14]. 

 

1.2 PHYSICO-CHEMICAL PROPERTIES 

1.2.1  Description 
 

EFV is (S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-benzoxazin-

2-one [16,17]. It is a white to slightly pink crystalline powder, has an empirical formula of 

C14H9ClF3NO2 and a molecular weight of 315.7. The structural formula is shown in Figure 1.1 

[16,17]. 
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Figure 1.1: Chemical structure of EFV 

 

1.2.2  Solubility 
 

EFV is a highly lipophilic compound, practically insoluble in water and soluble in methanol 

[15,17]. EFV has an intrinsic aqueous solubility of 9.2 µg/mL at a pH of 8.7 at 25°C. Alcohols 

have been shown to increase the solubility of EFV to 725 mg/mL, 663 mg/mL and 598 mg/mL in 

methanol, ethanol and isopropanol, respectively [18]. The solubility of EFV is pH dependent and 

increases in solutions of pH > 9.0, which is consistent with the loss of a proton on the carbamate 

amine functional group [19]. 

 

1.2.3  Biopharmaceutical Classification System (BCS) 
 

EFV has low aqueous solubility and high intestinal permeability and is classified as a Class II 

compound in the Biopharmaceutical Classification System (BCS) of drugs [20]. 

 

1.2.4  pKa and Partition Coefficient (Log P) 
 

EFV is weakly acidic, with a pKa of 10.1 ± 0.1 [21,22] and is therefore mostly unionized at 

physiological pH. Log P values determine the relative distribution of a specific active 

pharmaceutical ingredient (API) into n-octanol-saturated water (lipid bilayer-like) or n-octanol 

(lipid-like) [22]. EFV has been shown to be highly lipophilic and has a Log P of 2.07 ± 0.12, 

N
H

O

Cl

O

F3C
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established using the n-octanol-water shake-flask method [22], and 5.4 using an unknown 

method [18]. 

1.2.5  Ultraviolet (UV) Absorption Spectrum 
 

The wavelength of maximum absorption (λmax) of EFV is 247 nm [16,23]. Some studies have 

reported a λmax of 248 nm [24]. The absorption spectrum of EFV was determined using a solution 

of phosphate buffer (pH = 5) and acetonitrile (50:50) over a wavelength range of 200-300 nm at 

a scan speed of 600 nm/min. The spectrum was generated using a double beam Model GBC 916 

UV-VIS spectrophotometer (GBC Scientific Equipment Pty Ltd, Melbourne, Australia). The UV 

absorption spectrum of EFV shown in Figure 1.2 reveals a λmax of EFV of 246.24 nm, and this 

wavelength was used for the quantitation of EFV in these studies. 

 

 

Figure 1.2: Absorption spectrum of EFV 

1.2.6  Melting Point Range 
 

The melting point of EFV is reported to fall between 138 and 142°C [23]. To determine the 

purity of anhydrous EFV powder, a melting point determination was performed using a Stuart® 

SMP 30 melting point instrument (Bibby Scientific Limited, Stone, Staffordshire, STI50SA, 
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United Kingdom). The melting range was found to be 138.6-141.0°C, which falls into the range 

138-142°C reported in the literature. 

 

1.2.7  Hygroscopicity 
 

EFV remains unchanged at a relative humidity as high as 90% [18] and is therefore not 

considered to be hygroscopic. 

 

1.2.8  Stereochemistry and Polymorphism 
 

It has been reported that EFV exists in as many as 19 solid forms, viz. Forms I-V, H1, α, β, γ, γ1, 

γ2, ω, δ, N, O and P, in addition to 3 amorphous forms [25]. Form I of EFV is used for the 

manufacture of pharmaceutical products [25]. EFV also exhibits isomerism. The S (Figure 1.1) 

isomer is used in EFV formulations as the R isomer has no effect on reverse transcriptase 

enzyme inhibition activity [22,26]. 

 

1.2.9  Optical Rotation 
 

The specific optical rotation of a 3 mg/mL solution of EFV in methanol is -89 and -100° at 20°C 

[23]. 

 

1.2.10  Infrared Spectrum (IR) 
 

The IR spectrum of solids can be established by preparing a sample as a compressed disc 

composed of Potassium Bromide (KBr) by mixing the compound with Nujol® mull, or by 

dissolving the solid compound in a solvent such as carbon tetrachloride [27,28]. The KBr method 

was used to generate an IR spectrum for EFV using a Perkin-Elmer® Precisely FT-IR 

spectrometer Spectrum 100 (Perkin-Elmer® Pty Ltd, Beaconsfield, England). The scan was 

performed in the range of 4000-650 cm-1. The IR absorption spectrum of EFV is shown in Figure 
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1.3 and the band assignments are listed in Table 1.1. The principal bands were observed at wave 

numbers of 3311 (stretching of the –NH bond), 2250 (C-C triple bond stretching), 1749 

(carbonyl stretching), 1602 (C=C stretching), 1350-1120 (CF3 stretching), 1096-1089 (C-Cl 

stretching) and 900-650 cm-1 (aromatic ring detection) and are similar to those reported in 

literature [23,24,29]. 

 

 
Figure 1.3: IR absorption spectrum of anhydrous EFV 

 

Table 1.1: IR frequency bands of EFV 
Frequency (cm-1) Vibrational Assignments 

3311 -NH stretching of benzoxazi-2-one ring 
2250 C-C triple bond stretching 
1749 C=O stretching 
1602 C=C stretching 
1350-1120 CF3 stretching 
1096-1089 C-Cl stretching 
900-650 Aromatic ring 
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1.3  STABILITY 

 

Stability studies are useful for detecting whether storage or other conditions may result in 

changes to an API or product, and may provide useful information about potential degradation 

pathways and/or products that could form during manufacture and/or storage [30,31]. 

Furthermore such studies provide a useful indication of what may be appropriate storage 

conditions for EFV. 

 

1.3.1  pH 
 

The stability of EFV is pH dependent, and EFV degradation follows first-order kinetic reactions 

[19]. EFV solutions were found to exhibit maximum stability in solutions of pH between 4 and 5 

[18] and EFV solutions within this pH range have been shown to be stable for up to 72 hours 

[32-34]. The degradation of EFV at 80°C after 4 hours in 0.1 M NaOH has been reported by 

Kumar et al [32]. Other studies reported the degradation of EFV at 80°C after 6 hours in 0.1 M 

NaOH, and the degradation products were isolated [33,34]. The proposed alkali-catalyzed 

degradation pathway of EFV is shown in Figure 1.4. Base-catalyzed hydrolysis may proceed 

through two interchangeable mechanisms, viz. via direct attack on the carbonyl forming carbamic 

acid intermediate (1), or via an elimination-addition reaction forming the isocyanate intermediate 

(2), with the latter being consistent with conventional carbamate hydrolysis [35,36]. Base-

catalyzed hydrolysis would predominate via elimination-addition forming the isocyanate 

intermediate based on the inductive effect of CF3 stabilization on the leaving group [19]. EFV 

does not undergo significant degradation following exposure to 0.1 M HCI and neutral solutions 

[32]. 
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Figure 1.4: Proposed base hydrolysis pathway of EFV (adapted from [19]) 
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As the pH of solution increases towards an alkaline pH of 7-9, EFV undergoes base-catalyzed 

hydrolysis at the carbamate functional group, as proposed in the degradation pathway shown in 

Figure 1.4. At pH values ≥ 10 EFV ionizes at the carbamate functional group, resulting in 

stabilization of the negative charge present on the ionized species. This in turn inhibits base-

catalyzed hydrolysis of EFV under highly alkaline conditions [19] as shown in Figure 1.5. The 

mobile phase used to prepare EFV solutions, and used for all HPLC analyses, was buffered to a 

pH between 4-5 using a phosphate buffer. 

 

 

Figure 1.5: Ionization of the carbamate proton and stabilization of negative charge on the ionized species (adapted 
from [19]) 
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1.3.2  Oxidation 
 

EFV has been found to undergo oxidative degradation following exposure to 3% v/v H2O2 

solution at 80°C for 6 hours [33,34]. 

 

1.3.3  Photodegradation 
 

EFV undergoes photolytic degradation following exposure of EFV in solution to ultraviolet (UV) 

light at a wavelength of 254 nm [34]. EFV solutions were therefore protected from light using 

aluminum foil and amber colored vials at all times during these studies. 

 

1.3.4  Exposure to dry heat  
 

Anhydrous EFV powder was found to be stable following exposure to dry heat in an oven 

maintained at 97°C for 8 hours. 

 

1.3.5  Temperature 
 

EFV is susceptible to thermal degradation in mobile phase following exposure at 80°C for 8 

hours under reflux conditions. All degradation studies performed on EFV in solution were 

performed at 70°C so as to minimize the potential for thermal instability. 

 

1.4  SYNTHETIC PATHWAY 

 

The manufacture of EFV follows a series of chemical reactions as outlined by the synthetic 

pathway shown in Figure 1.6 [37-39]. 
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Figure 1.6: Synthesis of EFV 
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4-chloroanaline (I ) is acylated with pivaloyl chloride using sodium carbonate in toluene. This 

produces an anilide that is acylated by means of ethyl trifluoroacetate using n-butyl-lithium in 

tetrahydrofuran (THF), which is then hydrolyzed with 3 M HCl to yield 2-amino-5 chloro-2, 2, 

2-trifluoroacetophenone (II ). The aniline nitrogen of (II ) is benzylated with 4-methoxybenzyl 

chloride using basic alumina in toluene as the reaction catalyst to form trifluoromethyl ketone 

(III) . Lithium cyclopropylacetylide is added to (III)  in the presence of ephedrine alkoxide to 

form an alcohol (IV),  which has a significant active asymmetric bond (C, Figure 1.6). Compound 

(IV) is reacted with phosgene in the presence of potassium carbonate and THF to yield a 

benzoxazinone (V). The p-methoxybenzyl group is removed by reacting (V) with ceric 

ammonium nitrate in acetonitrile and water to yield (EFV), which is then purified by 

recrystallization from hexane and toluene [38,39]. 

 

1.5  STRUCTURE ACTIVITY RELATIONSHIPS (SAR) 

 

The emergence of resistant forms of HIV is one of the major challenges encountered in ARV 

therapy. Some of the resistant viral strains are the consequence of a single mutation K 103 N and 

the double mutation K 103 N/ L 100 I. A novel series of 4, 4-disubstituted quinolinones were 

discovered in a continuing attempt to develop second generation NNRTI with improved viral 

resistance profiles [40]. The parent quinolinone shown in Figure 1.7 exhibits good antiviral 

activity but poor enzyme inhibitory activity and therefore has poor activity against single 

mutation strains. The most potent 4, 4-disubstituted quinolinone discovered (R = O-4- 

pyridylmethyl) has been shown to have an improved resistance profile compared to EFV against 

single mutation strains. However the disubstituted quinolinone did not show significant potency 

against the K 103 N/ L 100 I double mutation strain [40]. 
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Figure 1.7: Structure of parent quinolinone derivative 

 

1.6  CLINICAL PHARMACOLOGY 

1.6.1  Mechanism of Action 
 

EFV is a non-competitive potent NNRTI of the wild type HIV-1 reverse transcriptase (RT) with 

a small component of competitive inhibition. RT is a heterodimer with 66 kDa (p66) and 51 kDa 

(p51) subunits [37,41,42]. A p66/p51-EFV crystal complex structure showed that EFV attaches 

adjacent to the hydrophobic p66 subunit pocket of RT enzyme, producing a conformational 

change in the enzyme, thus inhibiting its function [12,42-44]. This conformational change 

prevents the enzyme from converting RNA to DNA during DNA polymerization. In contrast to 

nucleoside reverse transcriptase inhibitors (NRTI), EFV is active in the administered form and 

does not require phosphorylation to prevent cell infection by HIV [12,42]. Apart from EFV being 

a selective potent enhancer of HIV-1 RT p66/p51, hetero-dimerization studies have shown that 

EFV was found to promote RT p66/p66 and p51/p51 homo-dimer interactions significantly and 

enhanced proteolytic cleavage of the model HIV-1 Pol polyprotein precursor that is expressed in 

bacteria. The data suggest that potent mediators of RT dimerization such as EFV might interfere 

with the late stages of viral replication [45]. HIV-2 RT and other retrovirus strains and human 

cellular DNA polymerase γ, β and γ are not inhibited by EFV [42]. 
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1.6.2  Clinical Indications 
 

EFV is used in combination with other antiretroviral drugs for the treatment of HIV-1 infected 

adults, adolescents and children weighing more than 13 kg and/or older than 3 years [14,42]. In a 

clinical study, the superiority of the combination of EFV/zidovudine/lamivudine to that of 

indinavir/zidovudine/lamivudine in suppressing plasma HIV-1 RNA to undetectable levels was 

shown [46]. Since nevirapine (NNRTI)-based HAART has been reported to be more hepatotoxic 

than EFV-based HAART, EFV in combination with two NRTI is the recommended option to 

initiate therapy and is the most widely used NNRTI [14,43,47]. EFV is also indicated for post-

HIV exposure prophylaxis [14]. 

1.6.3  Dosage and Administration 

1.6.3.1  Adult Patients 
 

In adult patients on a regimen containing EFV, 600 mg is administered orally once daily at night 

so as to minimize the impact of CNS side-effects. EFV should not be used for single-agent 

therapy [14,48]. 

 

1.6.3.2  Paediatric Patients 
 

EFV dosage in children on combination therapy is based on body weight calculations. The 

following once-at-night daily dosing for children weighing > 13 kg and/or > 3 years of age has 

been established as follows for patients of 13 kg - 15 kg: 200 mg; 15 kg - 20 kg: 250 mg; 20 kg - 

25 kg: 300 mg; 25 kg - 32.5 kg: 350 mg; 32.5 kg - 40 kg: 400 mg, and for a 40 kg or heavier 

patient: 600 mg [14]. 

 

1.6.3.3  Dosage Adjustment 
 

If EFV is taken concomitantly with voriconazole the maintenance dose of voriconazole must be 

increased to 400 mg 12 hourly and the EFV dose must be reduced by 50% to 300 mg once daily 
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in order to achieve appropriate systemic exposure similar to standard mono-therapy doses (§ 

1.6.6.1). The initial dosage of EFV should be restored once treatment with voriconazole has 

ceased [49-51]. Co-administration of EFV and rifampicin in patients weighing > 50 kg may 

require an increase in the dose of EFV to 800 mg daily (§ 1.6.6.1) so as to achieve systemic 

exposure similar to a 600 mg EFV dose in these patients [49,52]. 

 

1.6.3.4  Overdose 
 

Overdose with EFV has been observed in patients accidentally taking 600 mg twice daily, 

resulting in an increased prevalence of CNS symptoms [49,53,54]. Treatment of overdose should 

include general supportive measures such as monitoring vital signs and administration of 

activated charcoal so as to adsorb EFV from the GIT. EFV is highly protein bound and it is 

highly unlikely that dialysis would remove significant amounts of EFV from the blood [49]. 

 

1.6.4  Contraindications 
 

EFV should be avoided in patients with known clinically significant hypersensitivity to EFV, e.g 

Stevens-Johnson syndrome or toxic skin eruptions or any of the excipients used in the 

formulations [14,49]. EFV is also contradicted in patients with severe hepatic disease and is not 

recommended in patients with moderate liver function due to the lack of sufficient data to 

determine whether dose adjustments are required. EFV should be used with caution in such 

patients and liver tests should be performed on a regular basis in patients with mild liver disease 

[14,17,42]. 

 

1.6.5  Precautions or Use in Special Patient Populations 

1.6.5.1  Geriatric Patients 
 

The pharmacokinetic aspects of EFV have not been studied in patients over the age of 65. 

Geriatric patients are more likely to present with hepatic conditions and EFV should therefore be 
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used with caution in elderly patients and regular monitoring of liver function is appropriate if 

EFV is the drug of choice in such patients [42,55]. 

 

1.6.5.2  Paediatric Patients 
 

The safety of EFV in children under the age of 3 has not yet been established. The most common 

side effect in children is development of a rash. EFV should therefore not be given to children < 

3 years of age or weighing < 13kg. In a study conducted in children, 46% of children treated with 

EFV developed a rash. Antihistamine prophylaxis has been suggested as prophylactic therapy 

when initiating EFV therapy on children [14,42,49]. However it should be noted that co-

administration of the antihistamines terfenadine and astemizole with EFV is contraindicated (§ 

1.6.6.3) and should therefore be avoided. 

 

1.6.5.3  Breastfeeding Mothers 
 

Excretion of EFV in human breast milk has not yet been investigated and is therefore unknown. 

Concentrations much higher than those in maternal plasma have been excreted in studies 

conducted in rat models, thereby indicating a possible risk to infants. HIV-positive lactating 

mothers should be advised not to breastfeed during EFV therapy so as to prevent any harm to the 

infant or transmission of HIV [49]. 

 

1.6.5.4  Pregnancy 
 

Administration of EFV during the first trimester in pregnant patients leads to neural tube defects 

and should be avoided in these patients if alternative therapies are available. Pregnancy should 

therefore be discounted before commencing treatment with EFV. In women of child bearing age 

adequate contraception measures should be prescribed and used during EFV therapy and 

continued for 12 weeks following discontinuation of therapy as EFV has a long half-life 

[14,42,49,56]. 
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1.6.5.5  Renal Impairment 
 

Less than 1% EFV is excreted unchanged in urine and therefore there should be minimal impact 

on the pharmacokinetics in patients presenting with renal insufficiency [49]. 

 

1.6.5.6  Hepatic Impairment 
 

EFV use is contraindicated in patients with severe hepatic impairment and not recommended in 

patients with moderate hepatic impairment (§ 1.5.3). EFV undergoes extensive cytochrome P450 

(CYP P450)-mediated metabolism leading to elevated liver enzyme values during the first 6 

weeks of treatment. Caution should be taken when administering EFV to patients with hepatic 

impairment and dose-related measurement of EFV levels and liver enzymes as well as 

monitoring of dose-related side effects are advised in this group of patients [49,57]. 

 

Patients with HIV co-infected with the hepatitis B (HBV) or hepatitis C (HCV) virus have an 

increased progression rate of cirrhosis and liver cancer by four-to five-fold compared to patients 

with hepatitis only. Clinical evidence has shown that antiretroviral therapy significantly reduces 

the rate of progression to cirrhosis and death in co-infected patients, suggesting that early 

initiation of treatment in these patients is beneficial. NNRTI have been shown to have a 

significant role in managing HBV or HCV co-infected patients with constant and vigilant 

monitoring of liver function. The data were insufficient to indicate whether EFV or NVP is the 

preferred treatment of choice in these patients [58-61]. 
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1.6.6  Drug Interactions 

1.6.6.1  EFV: A CYP 3A4 substrate 
 

EFV is mainly metabolized in the liver by the CYP P450 isoenzymes CYP 3A4 and CYP 2B6 to 

form hydoxylated metabolites (§ 1.7.3) [62]. The concomitant use of EFV with substances that 

inhibit or induce CYP 3A4 or CYP 2B6 may lead to either increased or decreased plasma 

concentrations of EFV. The drugs, herbs and/or traditional medicines listed in Table 1.2 are 

known to interact with EFV. 
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Table 1.2: Drug interactions resulting from EFV as a CYP 3A4 substrate 
Drug, herb and/or 

traditional medicine 

Interaction effects during co-administration Recommendations Reference 

Rifampicin Induces CYP 3A4 and CYP 2B6 decreasing EFV 

plasma concentrations 

Dose adjustments for patients weighing > 50 kg. 

Daily dose of 800 mg of EFV is suggested to 

provide similar exposure to 600 mg of EFV taken 

without rifampicin 

[52,63] 

St John’s Wort 

(Hypericum perforatum) 

EFV plasma levels are reduced due to enzyme 

induction or induction of drug-transporting 

proteins by the St John’s Wort. The inducing 

effect of St John’s Wort may last up to 2 weeks 

after stopping treatment 

 [49] 

Voriconazole Co-administration with EFV shows competitive 

inhibition of an oxidative metabolism process 

The maintenance dose of the voriconazole must be 

increased to 400 mg twice daily and the dose of 

EFV reduced to 300 mg daily 

[49,64] 

Carbamazepine Induces both CYP 3A4 and CYP 2B6 leading to 

decreased EFV levels. A two-way 

pharmacokinetic interaction is actually observed 

with concomitant administration of carbamazepine 

and EFV as the plasma levels of carbamazepine 

are also reduced due to self-induction and 

induction of CYP 3A4 by EFV 

 [49,65] 
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1.6.6.2  Induction of CYP 3A4 
 

EFV is a potent inducer of CYP 3A4 in vivo and may induce CYP 2C9 in addition to CYP 2C19, 

leading to a clinically significant decrease in plasma concentrations of CYP 3A4-metabolized 

API that are co-administered with EFV [66,67]. A study on dose-dependent CYP 3A4 enzyme 

induction of EFV using the erythromycin breath test (ERMBT) showed that EFV significantly 

increased the mean ERMBT result in a dose-and time-dependent manner. Induction dissipation 

occurred 21 days after the last 400 mg dose of EFV due to its long half-life [68]. The metabolism 

of the compounds listed in Table 1.3 is altered differently by the inductive effects on CYP 3A4 

by EFV. 
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Table 1.3: Drug interactions of EFV resulting from induction of CYP 3A4 

Drug(s) Interaction Effects during co-administration Recommendations Reference 

Protease inhibitors 

(PI) 

Plasma concentrations of PI such as amprenavir/fosamprenavir, 

atazanavir, darunavir, indinavir, lopinavir, and saquinavir are 

decreased 

There is an increased risk of adverse effects 

from the concomitant use of EFV and 

ritonavir and liver enzyme levels should be 

monitored in patients on this therapy 

[17,69] 

Antimycobacterials 

e.g rifabutin 

The plasma concentrations of antimycobacterials are reduced An increase in rifabutin dose from 300 mg to 

600 mg was found necessary to compensate 

for the reduced rifabutin plasma concentration 

[70] 

Hydroxymethylglutar

yl coenzyme A 

(HMG-CoA) 

reductase inhibitors 

such as simvastastin, 

atorvastatin and 

pravastatin 

EFV reduces the plasma concentrations of simvastastin, 

artorvastatin and pravastatin by 58%, 48% and 40%, 

respectively 

EFV is associated with hyperlipidemia when 

co-administered with other ARV and therefore 

a reduction in inhibition of HMG-CoA 

reductase activity should be monitored and 

considered in patients on combination therapy 

[71] 

Antifungals such as 

ketoconazole and 

voriconazole 

Co-administration of EFV and voriconazole leads to a 

significant decrease in the plasma concentration of voriconazole 

and a concurrent increase in EFV levels (§ 1.6.5.1). EFV was 

shown to significantly increase the metabolism of ketoconazole, 

leading to a reduction in the plasma concentration as well as the 

half-life of this antifungal agent. This could be attributed to the 

induction of CYP 3A4 by EFV since ketoconazole is 

metabolized by the CYP 3A4 isoenzyme system 

 [50,72] 
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Methadone Is metabolized by CYP 3A4 and when co-administered with 

EFV leads to decreased methadone plasma concentrations 

In patients on this regimen, signs of opiate 

withdrawal are seen to re-emerge and 

therefore the dose of methadone should be 

adjusted and increased by 22% so as to 

alleviate withdrawal symptoms 

[73] 

Carbamazepine (§ 

1.6.6.1) 
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1.6.6.3  Inhibition of CYP3A4 
 

EFV is an inhibitor of some CYP 450 iso-enzymes including CYP 3A4. EFV must not be co-

administered with terfenadine, astemizole, cisapride, midazolam, triazolam, pimozide, bepridil or 

the ergot alkaloids ergotamine and ergonovine [58,74]. These molecules compete with EFV for 

CYP 3A4, resulting in inhibition of metabolism and creating the potential for life-threatening 

adverse effects such as cardiac arrhythmias, prolonged sedation or respiratory depression 

[49,58]. 

1.6.7  Adverse Effects 
 

The most common adverse effects of EFV are dermatological and neurological, and more than 

50% of patients commencing EFV therapy experience neuropsychiatric adverse effects [49]. 

Mild to moderate rash that is typically maculopapular in nature usually appears within the first 

14 days following the commencement of treatment and may resolve after one month if treatment 

is discontinued. Severe skin rashes such as those observed with Stevens-Johnson syndrome have 

been reported in less than 1% of patients treated with EFV [17,48]. The central nervous system 

(CNS) effects of EFV include dizziness, depression, insomnia, anxiety, headache, impaired 

concentration, abnormal dreams and agitation [17,48,75]. Severe CNS effects include suicidal 

ideation, severe depression, abnormal dreams, convulsions, depersonalization and hallucination. 

Some patients treated with EFV have committed suicide, but these patients generally have a 

history of mental illness. The effects evolve on initiation of therapy and resolve after 2-4 weeks 

of therapy. It is recommended that EFV be administered on an empty stomach so as to reduce 

plasma concentrations, thereby reducing the frequency of incidence of severe CNS effects 

[17,48,49,76]. Other adverse effects of EFV include diarrhea, nausea and an increase in serum 

cholesterol and triglyceride levels. A comparative study of the metabolic reactions of EFV and 

NVP revealed that switching a patient from EFV to NVP was associated with a significant 

reduction in low-density lipoprotein cholesterol levels, a risk factor in coronary heart disease 

after 52 weeks of therapy [17,48,77]. 
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1.6.8  Efficacy 
 

The efficacy of the therapeutic response to NRTI/NNRTI treatment regimens in HIV-1-infected 

African patients co-infected with either Mycobacterium tuberculosis or human herpes virus-8 

was highly effective in eliminating the rapidly replicating (phase I) virus [78]. Superior 

virological, immunological and clinical outcomes were observed for EFV compared to NVP in 

large observational studies [79,80]. The efficacy of EFV has also been evaluated in a study 

comparing the use of three or four ARV in an HIV regimen [81]. There was no significant 

difference in this study, thereby supporting the current HIV guidelines recommending therapy 

with two NRTI and EFV when initiating treatment for HIV-1 infection [81,82]. 

1.6.9  Resistance 
 

Despite high levels of treatment success mutations have been shown to develop in CYP 3A4 due 

to EFV although high levels of resistance to EFV are uncommon. The K 103 N substitution is an 

HIV-1 RT mutation frequently observed in patients not responding to HIV combination therapy. 

EFV is characterized by an improved resistance profile to most HIV-1 single mutations, 

including K 103 N [58,83]. However EFV has a long half-life as well as a low genetic barrier to 

resistance and stopping EFV treatment during combination therapy may lead to functional EFV 

monotherapy ultimately leading to the development of drug resistant HIV-1. The plasma half-life 

of EFV is prolonged in patients of the CYP 2B6 516 TT genotype, thereby increasing 

susceptibility to mutations conferring drug resistance [26,58,84]. Poor adherence to therapy also 

leads to fluctuation of plasma concentration of EFV that can ultimately result in resistance to 

EFV mutations [85]. 

 

1.7  CLINICAL PHARMACOKINETICS 

1.7.1  Absorption 
 

EFV is highly lipophilic and has poor aqueous solubility, thus EFV exhibits relatively low oral 

absorption and bioavailability (40–45%) and high inter-subject variability [86]. Peak EFV 

plasma concentrations are observed 5 hours after administration of a single dose in healthy 
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volunteers. Steady state plasma concentrations of EFV are usually achieved in 6-7 days. The 

bioavailability of EFV is increased by 17-22% if administered with food, and more specifically 

by 50% if taken with a high fat meal relative to fasted conditions. The pharmacokinetics of EFV 

are linear, with plasma concentrations increasing with increasing dose [14,58,87,88]. 

 

1.7.2  Distribution 
 

EFV is lipophilic and is highly protein bound to albumin (~99.5-99.75%). It has a high affinity 

for human adipose tissue due to its lipophilic nature [87,89]. EFV has been found in 

cerebrospinal fluid in concentrations approximately three times higher than that of the non-

protein bound fraction in plasma [86]. The concentrations of EFV in brain tissue have been 

reported to reach therapeutic concentrations from cerebral spine fluid (CSF)-EFV concentration 

studies [58,90]. The apparent volume of distribution (Vd) of EFV in a cohort study involving 

235 HIV-infected patients was found to be approximately 252 L, implying that EFV is widely 

distributed in the body [86,88]. 

 

1.7.3  Metabolism  
 

The metabolism of EFV is primarily catalyzed by the CYP 450 enzyme system to form 

hydoxylated metabolites which ultimately undergo glucuronidation, making them ineffective 

against HIV-1 [88,91,92]. EFV metabolites in humans are mainly excreted in urine with plasma 

mostly showing levels of unchanged EFV. The proposed metabolic pathway of EFV in humans 

showing eight metabolites (M1-M8) is shown in Figure 1.8 [93]. Patients homozygous for the G 

516 T genotype of the CYP 2B6 isoenzyme tend to have increased plasma exposure of EFV 

leading to higher rates of CNS side effects. Gender and race are significant when considering 

EFV metabolism, with the G 516 T genotype being more significant in African Americans than 

in European Americans and EFV exposure was reported to be higher in women than in men 

[94,95]. 
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Figure 1.8: Metabolic pathway of EFV in humans (adapted from [93]) 

1.7.4  Elimination 
 

The terminal elimination half-life of EFV is at least 52 hours following a single dose, and is 40-

55 hours following multiple dosing as EFV induces its own metabolism. The half-life of EFV is 

reduced when EFV is taken in combination with didanosine and emtricitabine, however this 

combination has been shown to be well tolerated on long-term therapy [96,97]. The long half-life 

of EFV makes it suitable for once-daily dosing. EFV is excreted in the urine as metabolic 

products (§ 1.7.3) (14-34%) and as unchanged drug in the feces (16-41%) [48,58,68,93]. 
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1.8 CONCLUSIONS 

 

EFV is a NNRTI that has been an important addition for the treatment of HIV for 14 years and 

has significantly contributed to the emergence and evolution of HAART due to its efficacy and 

essentially once-a-day low dose requirement [58,98]. As EFV has a long half-life it can be 

administered as the once-daily dose, which may improve patient adherence to therapy. 

 

Solutions of EFV are susceptible to photodegradation, thus requiring special packaging when 

formulating liquid dosage forms. An aqueous solution of EFV for the oral management of HIV 

in adult and/or paediatric patients is not readily available as EFV causes a strong burning 

sensation when dissolved in water [32,33,98]. 

 

EFV has a relatively high partition coefficient of 5.4 and is widely distributed in fat cells due to 

its lipophilic nature. The concentration of EFV in brain tissue has been reported to reach 

therapeutic concentrations from cerebral spine fluid (CSF)-EFV concentration studies [58,90]. 

However severe psychiatric effects such as severe depression and suicidal ideation have been 

reported in patients treated with EFV, leading to discontinuation of this potent, durable and 

relatively simple addition to HAART [99]. 

 

Clearly there is a need for a potential drug carrier for EFV that can mask the unpalatable taste, 

protect the API from photodegradation in solution, sustain release into brain tissue so as to 

reduce or limit the incidences of adverse psychiatric effects, and potentially alleviate AIDS-

related complications such as ADC in patients with HIV/AIDS, ultimately improving their 

quality of life. Overcoming these challenges by formulating EFV into solid lipid nanoparticles 

and/or nanostructured lipid carriers was undertaken in an attempt to address these clinical needs. 

The data are reported in this thesis. 
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CHAPTER 2 

 

SOLID LIPID NANOPARTICLES AND NANOSTRUCTURED LIPID CARRIERS 

 

2.1  INTRODUCTION 

2.1.1  Colloidal drug delivery systems 
 

Over the last decade, the use of nanometric devices in medicine has emerged as an enlivening 

area of research that can be used to solve a number of challenges linked to inadequate therapeutic 

outcomes from so-called ‘old drugs’. The discontent stems from inadequate biodistribution 

following administration, leading to inadequate therapeutic responses and side effects that affect 

healthy organs [100]. In an attempt to eliminate these problems, numerous approaches have been 

used to protect the API, by slowing degradation, optimization of targeting, reducing potential 

side effects and accumulation in healthy organs whilst also controlling release. The 

biodistribution of API molecules encapsulated in a nano-carrier that can act as vector can be used 

therapeutically by modification of the nanovector so as to alter therapeutic efficacy [100,101]. 

 

Pharmaceutically-relevant colloidal systems consisting of small molecules, with their sizes 

typically ranging between 10 nm and 1 µm, are being used to achieve different therapeutic 

outcomes. The carriers include technologies such as liposomes [102-106], nanoemulsions [107-

111], nanocapsules [112-118], polymeric nanoparticles [119-123], solid lipid nanoparticles [124-

130] and nanostructured lipid carriers [131-135]. The small size of these systems ensures an 

entirely different biodistribution from that of other relatively small molecules or carrier systems 

[136]. Schematic representations of the different families of colloidal systems used for drug 

delivery are shown in Figure 2.1. 
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Figure 2.1: Colloidal systems used for drug delivery (adapted from [100]) 

The successful design of nanocarriers intended for particular applications requires careful 

consideration of various factors, including size and morphology that may have the potential to 

affect functionality. The mode of administration and intended therapeutic outcome may require 

the carrier system to have the ability to cross different biological barriers with different 

characteristics that must also be taken into account [137,138]. Furthermore, the materials used to 

manufacture carrier systems must be biocompatible and preferably biodegradable or easily 

eliminated following delivery of the API to the target organ [100]. Consequently, nanovectors 

have generally been manufactured using lipid-based compounds such as dipalmitoyl-

phosphatidylcholine (DPPC) and polymeric materials such as natural polymers, e.g. proteins and 

biocompatible synthetic polymers such as poly (ε-caprolactone), poly (ethylene oxide) and poly 

(alkyl cyanoacrylate) [100]. The particle size of the carrier is a major factor determining the 

biological fate and the internalization process of the API-loaded particles [100]. The choice of 

upper limit of the size of nanoparticles is usually based on the intended target for the API carrier. 

For example, particles with a size < 400 nm are considered suitable when the intended 

therapeutic purpose is accumulation in cellular structures that are tumorous [100,139]. Particles 
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with sizes ranging between 10 and 100 nm have been shown to evade mechanical filtration 

through the spleen and liver, and therefore usually accumulate at intended targets within the 

human body [100,139]. 

 

The surface charge and chemistry of the particles have been shown to be vital in designing 

nanovectors. Positively charged polymeric nanoparticles may interact with negatively charged 

components of the cell membrane in an electrostatic manner, the consequence of which is 

internalization of the particles by the cell through a clathrin-mediated endocytosis mechanism 

[140]. In addition, caveolae-mediated endocytotic pathways could be essential when targeting 

monocytes or macrophages after successful internalization of negatively charged polymeric 

nanoparticles and liposomes has taken place [141-143]. Neutral poly (ethylene glycol) or (PEG)-

ylated particles are able to avoid uptake by the macrophage system and play a major role in 

facilitating opening of tight junctions of the blood brain barrier (BBB), which permits adequate 

delivery of API to the brain [144,145]. 

Currently used nanovectors can be categorized into three main generations, as shown in Figure 

2.2. 

 

Figure 2.2: Schematic representation of first generation (a), second generation (b) and third generation (c) 
nanovectors (adapted from [152]) 
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The first generation of nanovectors such as liposomes were produced using self-assembling 

lipids or polymers to achieve aggregated systems [100]. Liposomes have been used to 

encapsulate hydrophobic and hydrophilic molecules [100,146]. However, the major drawbacks 

to the use of liposomes are their limited stability when stored over an extended period of time, 

poor batch-to-batch reproducibility and low drug loading capacity [100]. In addition, these 

systems are prone to acid-catalyzed or enzymatic degradation in the gastrointestinal tract (GIT) 

and are difficult to sterilize [100]. Consequently, there has been limited success in attempting to 

develop liposomal-based pharmaceutical products for oral drug administration [100,147]. 

However, the incorporation of API such as tamoxifen into lipid bilayers has been shown to 

impart stability to the liposomes due to the cholesterol-like structure of tamoxifen [148,149]. 

Freeze drying has also been shown to retain the chemical integrity of lipids and the key 

physicochemical properties, viz. particle size, zeta potential and dynamic viscosity of liposomes 

[150]. In addition, liposomes of varying antigen loading have been prepared by design [151]. 

 

The second generation of nanovectors has specific functionalities which assist in molecular 

recognition for target tissue and/or the activation of release of API incorporated into systems at 

the target site, such as antibody-functionalized liposomes and nanoparticles [152,153]. The 

nanovectors in this generation include responsive systems such as pH-sensitive polymers and 

enzyme-activated polymers [152]. However, it should be acknowledged that molecular 

recognition between a vector and target organ plays only a minor role compared to that played by 

biological membrane barriers that the vector must overcome to achieve efficient delivery of API 

to the target site and elicit a therapeutic effect [152]. Third generation nanovectors were 

therefore developed with the primary aim of circumventing the biological barriers to drug 

delivery. 

 

This family of nanovectors includes nanoparticles that are manufactured using polymers, e.g. 

nanospheres [126], and those prepared using solid lipids, e.g. solid lipid nanoparticles (SLN) 

[126] or a combination of solid and liquid lipids, viz. nanostructured lipid carriers (NLC) 

[126,152]. These systems have the ability to perform more complex functions, such as controlled 
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delivery of API across different biological membrane barriers and consequently to intended 

target organs [152]. 

 

A number of different API have been incorporated into SLN and NLC for oral [154,155], 

parenteral [156,157], and cosmetic or dermatological use [158,159]. Muller et al., [158] and 

Garud et al., [160] have reported a broad list of API molecules that have been incorporated into 

SLN and NLC using different manufacturing approaches [127,160]. EFV has been incorporated 

into SLN using the solvent emulsification and evaporation technique [98]. However, use of the 

toxic organic solvent chloroform [161] makes these SLN unsuitable for human use. Therefore a 

major objective of this research was to develop and characterize EFV-loaded SLN and NLC 

using hot high-pressure homogenization with the primary aim of controlling the rate of EFV 

release to the CNS in order to minimize psychiatric side effects associated with the use of this 

molecule. 

 

2.2  DESCRIPTIONS OF SLN AND NLC 

2.2.1  SLN 
 

SLN were developed and introduced at the beginning of the 1990s as a substitute colloidal 

carrier system for controlled drug delivery [162]. SLN are usually manufactured using lipids that 

are solid at room and body temperatures, and are stabilized using one or more surfactant(s) 

[163]. The lipids used can be highly purified triglycerides, mixtures of complex glyceride or 

waxes [163]. The small nature of these particles (10 nm-1 µm), and the fact that they consist of 

biodegradable materials makes these carriers superior to previous colloidal systems [164,165]. 

Due to the lipid based nature of SLN, their popularity has developed rapidly due to 

biocompatibility and biodegradability, formulation flexibility and the ability to use well-

characterized generally regarded as safe (GRAS) excipients. In addition, the possibility of 

controlled drug release and targeting, increased stability, increased loading capacity, avoidance 

of organic solvent use and limited issues with scale-up production and sterilization has also 
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facilitated their use [126,166]. SLN have been manipulated to combine the advantages of using 

other colloidal systems whilst avoiding associated disadvantages of those technologies. 

 

2.2.1.1  Morphology of SLN 
 

The morphology of SLN is dependent on the method used for incorporation of API into the 

nanoparticles [158,166]. The incorporation of an API into SLN is reliant on a number of factors, 

including the solubility of the API in the lipid, miscibility of the API and lipid melt, 

physicochemical properties of solid lipid matrix and the API, and the method of manufacture 

[127]. Consequently, three different models of drug incorporation into SLN have been described 

[158,166] and are schematically summarized in Figure 2.3. 

 

Figure 2.3: Structure of SLN (adapted from [166]) 

 

SLN type I, or the homogenous matrix type, consists of API that has been molecularly dispersed 

within the lipid core or amorphous clusters of API that become homogenously dispersed in the 

lipid core [166]. This model can exhibit controlled drug release properties [166]. The 

manufacture of a homogenous matrix SLN can be achieved using either hot (HPH) or cold 

(HPH) high-pressure homogenization [127,158,166]. 

 

Type II SLN or the drug-enriched shell model is produced when the lipid is allowed to 

recrystallize prior to the addition of API during the cooling stages of the manufacturing process, 

leading to phase separation [127,166,167]. This occurs when the API concentration in the lipid 
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melt is low, and the production process used is hot HPH (HHPH). Briefly, following high- 

pressure homogenization, the nano-emulsion is allowed to cool and the lipid begins to 

precipitate, leading to a gradual increase in the concentration of API in the remaining molten 

lipid as the solidified lipid fraction increases [166]. Ultimately this leads to the formation of an 

API-free or reduced lipid core as the API achieves saturation solubility in the remaining molten 

melt, which then forms an outer core containing both the API and the lipid [127,166]. Since the 

drug is mainly located at the surface of the lipid carrier, the model cannot be used to control the 

release of API incorporated into the lipid, although burst release can be achieved due to the 

occlusive nature of the lipid core [166]. 

 

In contrast to the drug-enriched shell model, SLN type III, or the drug-enriched core model, 

occurs when the API precipitates prior to lipid recrystallization, leading to the formation of a 

lipid shell containing less drug [127,166-168]. This state occurs when the concentration of API 

in the formulation is close to or at saturation solubility in the molten lipid [127,166]. As the 

nano-emulsion is cooled, the solubility of the API decreases and it precipitates when saturation 

solubility is exceeded. The precipitated API is therefore enclosed in a lipid shell and as a result 

the model can be used to prolong the release of incorporated API [166]. 

 

2.2.2  NLC 
 

The major drawbacks of SLN such as API leakage during storage, insufficient drug loading and 

the high water content of SLN dispersions led to the development of NLC [158,162,168,169]. 

API expulsion in SLN has been attributed to polymorphic transitions of solid lipids [170]. 

Polymorphism is the ability of a compound to crystallize into more than one discrete crystalline 

type, and these exhibit diverse interior lattice structures [166,171]. Lipid molecules exhibit 

polymorphism and can therefore transition into consecutive crystalline forms without any 

alterations in their internal structure [171]. Pure lipids exist as low energy and highly ordered 

crystalline compounds which present as the β-polymorphic form [172]. When the lipids are 

melted during production of SLN, they may recrystallize into high energy and less ordered α- 
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and/or β’ polymorphic forms [163]. Due to the amorphous nature of these transitional 

compounds, they allow for incorporation of API which is retained in the lipid matrix. During 

prolonged storage, the lipid matrix of SLN undergo reversal of polymorphic modifications 

leading to a reduction in the amorphous regions of the matrix owing to α- and/or β’ transition to 

the stable β form [127,158,166,170], ultimately leading to API expulsion from the SLN. 

 

NLC have similar physicochemical properties to SLN, however, they have been developed by 

nano-structuring of the architecture of the lipid matrix in order to increase API loading in 

addition to preventing drug leakage during storage, thereby resulting in greater flexibility for 

targeting specific API release profiles [162,166]. The structural matrix of NLC is derived from a 

mixture of solid and liquid lipids that are mixed in specific combinations, resulting in a less 

ordered lipid matrix with numerous imperfections that can accommodate a greater amount of 

API. NLC particles therefore solidify on cooling but do not recrystallize and remain in the 

amorphous state [158,166,168,170]. API expulsion on prolonged storage is less likely to occur 

from NLC as compared to SLN due to the differences in architecture of the lipid matrices, as 

shown in Figure 2.4. 

 

Figure 2.4: Formation of the perfect lipid crystal in SLN and a crystal lattice with many imperfections in NLC 
(adapted from [168]) 
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2.2.2.1  Morphology of NLC 
 

Similar to SLN, three main morphological types of NLC have been described and are shown in 

Figure 2.5. 

 

Figure 2.5: Structure of different types of NLC (adapted from [166]) 

Type I NLC, or the imperfect type of NLC, consists of a lipid matrix with numerous 

imperfections that are able to accommodate API molecules. This model is obtained by mixing 

solid lipids with sufficient liquid lipid(s) to avoid the formation of a highly ordered structure on 

cooling. The voids created in the structure that accommodate the API molecules are formed as a 

result of different chain length fatty acids and mixtures of mono-, di-, and tri-acylglycerols 

[158,166,173]. 

 

Type II NLC, or the amorphous type, are obtained by mixing lipids such as hydroxyoctacosanyl 

hydroxystearate, isopropyl myristate, or dibutyl adipate that fail to recrystallize following 

homogenization and cooling of nano-emulsions. These lipids are therefore able to form 

amorphous NLC that prevent recrystallization of the lipid matrix following cooling, thereby 

allowing the retention of API within the lipid structure whilst minimizing API expulsion on 

storage [158,166]. 

 

Type III NLC are multiple model systems comparable to multiple emulsions such as w/o/w 

emulsions. These systems are comprised of minute nano-compartments within the solid-lipid 

matrix that are formed as a result of phase separation [158,166]. These systems are obtained by 

mixing solid and liquid lipids such as, for example, medium-chain or long-chain triacyl glycerols 
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and oleic acid in a ratio such that the amount of liquid lipid is greater than that of the solid lipid 

[158,162,166,174]. At high temperatures, the molten solid lipid and the liquid lipid are miscible. 

However, on cooling (40°C) of the nano-emulsion, the solubility of the liquid lipid in the solid 

lipid is exceeded, i.e. a miscibility gap is achieved and phase separation occurs. This leads to 

precipitation of the liquid lipid and the formation of tiny droplets in the molten solid lipid. 

Subsequent solidification of the solid lipid leads to concentration of oily nano-compartments 

[158,166]. This model has been shown to permit an increased loading capacity for API that have 

a higher solubility in liquid lipids than in solid lipids [175]. 

 

2.3  FORMULATION OF SLN AND NLC 

 

SLN are usually used as aqueous dispersions and are produced using a solid lipid, an API and 

surfactant(s), which impart stability to the system [126]. NLC differ from SLN only from an 

excipients point of view, in that binary mixtures of solid and liquid lipids are used during the 

formulation process [176]. The preparation of SLN or NLC formulations involves melting of a 

solid lipid or a binary mixture of solid and liquid lipid, followed by redispersion of molten lipids 

as submicron-size droplets in an aqueous medium containing surfactant(s) [176]. Different 

mechanical and thermal approaches exist for the production of aqueous dispersions of SLN and 

NLC [126,163,177]. Acute and or chronic toxicity during in vivo use has been associated with 

carriers of traditional colloidal systems, including polymeric-based systems [170]. Thus, a 

prerequisite for manufacture is that only pharmaceutical grade excipients with GRAS status are 

used for the production of SLN and NLC [163,170,177]. Mehnert and Mäder [126], in addition 

to Souto and Müller [178], have reported broad lists of lipids and surfactants that have been used 

for the manufacture of SLN and NLC. 
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2.4  PRODUCTION APPROACHES FOR THE MANUFACTURE OF SLN 
AND NLC  

 

Different production methods have been used for the production of SLN and NLC [166]. The 

choice of a suitable production method depends on factors such as particle size requirements, 

thermal and chemical stability of the API, reproducibility of the release profiles, 

physicochemical stability of the colloidal system, and residual toxicity that may be imparted to 

the final product [166]. In certain instances, the possibility of scaling up may also be considered 

essential as this is usually a pre-requisite for the introduction of a drug product to the market 

[163]. 

 

The different methods that have been developed and used in production of SLN and NLC 

include high-pressure homogenization (HPH) [179-182], microemulsion [183-185], high shear 

homogenization and ultrasound [179,186,187], solvent emulsification [188-190], and phase 

inversion [191,192], among several others or modifications of these techniques [166]. In 

comparison to all other production techniques, HPH has been broadly applied in a variety of 

research fields, and is also a well-established technology used for the production of 

pharmaceutical formulations on a large scale [193,194]. HPH can therefore be also adapted for 

scale-up production of SLN and NLC [178]. HPH is a powerful and reliable production tool that 

avoids the use of toxic organic solvents during the manufacturing process, and has been used 

since the 1950s to produce nanoemulsions such as Intalipid® and Lipofundin® for use in 

parenteral nutrition [195]. The HPH production technique was selected for use in the production 

of SLN and NLC in these studies. 

 

2.4.1  High-Pressure Homogenization (HPH) 
 

The HPH technique can be performed either at elevated temperatures, i.e. hot HPH, or below 

room temperature, i.e. cold HPH technique [163]. The basic principle of high-pressure 

homogenizers is to force a liquid dispersion through a narrow gap using an elevated pressure of 



39 

 

between 100 and 2000 bar [126]. The liquid accelerates with high velocities of over 1000 km/hr 

over a very short distance, resulting in breakdown of the particles to submicron sizes by high 

shear stress and cavitation forces [126,163]. Before entering a narrow gap, the liquid dispersion 

is contained in a cylinder with a relatively large diameter in comparison to the width of the gap it 

will subsequently pass through [196]. The overall concept is explained by the Bernoulli equation 

[197] (Equation 2.1). 

K = �� � ������      Equation 2.1 

Where 

K = constant 
P1 = static pressure 
ρ = density 
v = velocity 
�
�ρV1

2 = dynamic pressure 

 
According to the Bernoulli law, a reduction in diameter leads to a remarkable increase in 

dynamic pressure, with a simultaneous drop in static pressure when a liquid dispersion is in the 

narrow or homogenization gap. The static pressure in the gap drops below the dispersion vapor 

pressure, leading to boiling of the dispersion and the formation of gas bubbles which ultimately 

implode after leaving the gap as minute particles in a dispersion, as schematically shown in 

Figure 2.6 [196]. 

 

Figure 2.6: Change of the diameter of the streaming dispersion in a piston-gap homogenizer from a cylinder 
containing bulk dispersion to a narrow homogenization gap (adapted from [196]) 
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The particle size distribution of SLN or NLC by HPH is dependent on power density and power 

distribution in the dispersion volume [166]. Application of a uniform power density allows for 

uniform power distribution, thus ensuring that all particles experience the same dispersing forces, 

resulting in uniform particle size distribution [166]. A high power density therefore leads to a 

narrow particle size distribution due to more effective particle disruption leading to an increase 

in the physical stability of the dispersion [166]. The power density is the amount of energy 

generated by the high-pressure homogenizer per unit volume over a specific period [178]. High-

pressure homogenizers reach extremely high power densities, of up to 1012-1013 W/m3 [178]. 

 

Lipid concentrations in the range of 5-10% w/w are typically homogenized with ease using high-

pressure homogenizers [126]. Lippacher et al., [198-201] have achieved homogenization of high 

lipid concentrations of up to 50% w/w to form lipid nanodispersions using HPH. In contrast to 

hot HPH, cold HPH is a suitable technique used for encapsulation of thermolabile or hydrophilic 

drugs, which tend to partition from a molten lipid into an aqueous phase, resulting in high API 

loss, with resulting low encapsulation efficiency [163,195]. EFV is highly hydrophobic (§ 1.2.4) 

and thermostable (§ 5.3.1.1) to temperatures as high as 90°C that may be used in hot HPH [126]. 

Consequently, hot HPH was considered a suitable method for use in the production of SLN and 

NLC in these studies. 

 

2.4.1.1  Hot High-Pressure Homogenization 
 

The hot HPH can be regarded as the homogenization of a solid lipid aqueous dispersion at a 

temperature above the melting point of the solid lipid or of a binary mixture of solid and liquid 

lipids [126]. The schematic procedure for the production of SLN and/or NLC is shown in Figure 

2.7. 
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Figure 2.7: Schematic representation of the production of SLN and/or NLC (adapted from [178]) 

 

The solid lipid or binary mixture of solid and liquid lipids is melted at approximately 5-10°C 

above the melting point, and the API is dissolved or dispersed in the molten lipid [163]. The 

drug-containing molten lipid (1) is then dispersed in a hot aqueous surfactant solution (2) that 

should be maintained at the same temperature as the molten lipid phase. The dispersion of the 

lipid phase into the aqueous phase is achieved using high-speed stirring (3) [202] or ultrasound 

(4) [190,203]. The resultant hot pre-emulsion (5) is then homogenized by passing through a high 

-pressure homogenizer at a pressure ranging between 200 and 500 bar, using 3-5 homogenization 

cycles (6). The nano-emulsion obtained is cooled to room temperature, leading to 

recrystallization of the solid lipid and subsequent formation of SLN or NLC in situ (7) [178]. 

 

The use of very high homogenization pressures (> 1500 bar) and homogenization cycles (> 5 

cycles) has been shown to result in increased particle size due to particle coalescence, which 
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results from high kinetic energy imparted to the particles [126]. In addition, the use of relatively 

high temperatures may lead to the degradation of an API or an API carrier [178]. Previous 

studies on the influence of homogenizer type, applied pressure, number of homogenization 

cycles and temperature on size and size distribution have been published [204,205], and these are 

important parameters that must be taken into account during the development and optimization 

of SLN or NLC formulations. 

 

2.5  CHARACTERIZATION OF SLN AND NLC 

 

Adequate characterization of SLN or NLC dispersions is essential to ensure that a quality 

product is produced. The characterization of these systems poses a serious challenge due to their 

colloidal size and complex nature, which includes dynamic phenomena such as hysteresis or 

super cooling [126,127]. Direct measurements of various critical quality attributes (CQA) of 

aqueous SLN or NLC in their undiluted form are not feasible using the majority of analytical 

tools currently available. Consequently there exists the possibility of introducing artefacts arising 

from sample preparation, such as, for example, induction of crystallization processes, lipid 

transition modifications and removal of surfactant from the surface of the particles [126]. Several 

parameters that have a direct impact on the stability and release kinetics of nanoparticles must 

also be considered. These include particle size and zeta potential, extent of crystallinity, lipid 

modifications, and co-existence of other colloidal structures (micelles, super cooled melts, drug 

nanoparticles) and dynamic phenomena [126,127]. 

 

2.5.1  Particle size and polydispersity index 
 

Particle size (PS) has generally been used as a CQA for the characterization of colloidal systems 

when the composition, manufacturing technique, or process parameters are modified in an 

attempt to optimize formulations and/or manufacturing conditions [205-208]. Well formulated 

nanoparticles should have a narrow PS distribution [176,209]. Recent studies have shown that 
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factors affecting crystallization processes may have an influence on the mean particle diameter 

of SLN and NLC [210]. These factors include API composition [211], lipid composition 

[198,212], formulation and process factors [205,206], dispersion medium [213], lyophilization 

[207,208], and storage conditions [214]. PS measurements are therefore a useful indicator of the 

stability of aqueous dispersions of SLN or NLC, as any increase in the size of particles often 

occurs prior to visible macroscopic changes [176,210]. 

 

Bunjes et al., [215] concluded that the concentrations of surfactant and lipid significantly affect 

the particle size of lipid nanoparticles. They observed smaller particle sizes when higher 

surfactant and lipid ratios were used. Lippacher et al., [199] also found surfactant concentration 

to be inversely proportional to particle size on long-term storage. It has also been suggested that 

low processing temperatures lead to the formation of nanoparticles of large particle size [176]. In 

addition, the use of the cold HPH rather than the hot HPH technique produces larger particles, 

with the latter technique producing particles that are generally < 500 nm in size with a narrow PS 

distribution [176]. High homogenization pressures lead to an increase in the homogenization 

efficiency [216], for example, the mean PS and polydispersity index (PDI) have been reported to 

decrease when homogenization pressure is increased to 1500 bar using between 3-7 

homogenization cycles [216]. Consequently, a combination of homogenization pressure and the 

number of homogenization cycles may be manipulated to obtain particles of the desired PS and 

PDI [216]. 

 

The process of lyophilization may be required to achieve long-term stability of nanoparticles 

[213]. This process increases the kinetic energy of particles, resulting in increased collisions, and 

therefore particle growth, with wider size distribution due to the presence of nanoparticle 

aggregates [213]. A suitable cryoprotectant can be introduced to protect the nanoparticles during 

the lyophilization process, thereby preventing particle growth [207,208,217]. 

 

API composition ultimately affects the amount of entrapped API in nanoparticles. Dingler et al., 

[125] concluded that high drug entrapment leads to increased particle size, while API 
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concentrations of up to 1% do not result in a change in size when evaluated using both the 

photon correlation spectroscopy (PCS) and laser diffractometry (LD) measurements [176]. 

 

Movement of particles in the submicron size range is believed to occur in a random manner 

[126], the consequence of which is that various techniques used to determine the sizes of SLN 

and NLC are often based on random movements. Photon correlation spectroscopy (PCS) or 

dynamic light scattering (DLS) is the most frequently used technique in measuring the sizes of 

nanoparticles [126]. PCS operates on the principle of measuring scattered light intensity 

fluctuations resulting from particle movement, which in turn yields the mean diameter of the 

bulk population of the particles [210]. In addition, the PDI provides information pertaining to the 

width of the distribution of these particles. Monodisperse systems generally give a PDI value of 

0, which increases to 0.500 for systems with a relatively broad particle size distribution 

[210,218]. The major drawback of using PCS is that the technique cannot accurately measure the 

size of particles that are larger than 3 µm in diameter [210]. However, since it is vital to keep the 

size of particles in a nanodispersion system within a submicron range, it is recommended that 

PCS be used in combination with other analytical tools, such as for example laser diffraction 

(LD), to facilitate the detection of relatively large particles [210]. LD determines the size of the 

particles by detecting the light diffracted from the surfaces of particles [210]. 

 

2.5.2  Imaging Analysis 
 

Although PCS and LD are complementary analytical tools that can be used to determine PS and 

PDI of SLN and NLC, these techniques cannot provide information on the shape and surface 

morphology of nanoparticles. These parameters can be determined only by using microscopic 

tools such as transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

[126,219]. SEM operates by forming a focused beam of electrons that is scanned over the sample 

while the desired signal is unravelled to form a 3-dimensional image of the particle under 

investigation [220]. The preparation of samples for visualization with SEM under high vacuum 

requires pre-treatment of the SLN and/or NLC dispersions. The lipid dispersion is first 
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lyophilized for approximately 24 hours. The dried sample is then sputter coated with a 

conductive metal such as gold, for 15 minutes prior to imaging. The drying process of the lipid 

dispersion causes shrinkage, leading to a decreased mean particle diameter when using SEM, 

[220,221] and could therefore have an effect on the shape and surface morphology of the 

particles. 

 

In contrast, TEM displays 2-dimensional images and usually has a higher resolution. Staining, 

freeze-fracturing and cryo-electron microscopy are techniques used in sample preparation for 

TEM analysis [222,223]. The choice of the most suitable technique is dependent on the type of 

data to be generated. For the purposes of size, shape and surface morphology of SLN and/or 

NLC, a staining sample preparation technique is adequate. The lipid dispersion is placed onto a 

carbon-coated copper grid and left to dry for 24 hours at room temperature (22°C) prior to 

staining with phosphotungstic acid for 30 seconds at room temperature, following which the 

sample is visualized using TEM [222,223]. 

 

2.5.3  Particle charge, zeta potential and electrophoretic mobility 
 

It has been postulated that almost all particles in contact with a liquid will develop a surface 

charge [210]. The potential at the shear plane, which is an imaginary surface separating a thin 

layer of liquid bound to a solid surface in motion, is known as the zeta potential [210]. The 

electrophoretic mobility of a particle is defined as one of the electrokinetic phenomena of 

charged colloidal particles [224]. The prediction of stability of colloidal dispersions following 

storage is dependent on measurement of the zeta potential of the system [225]. The zeta potential 

therefore describes ion adsorption and electrostatic interactions between charged particles 

[176,225]. The Laser Doppler Anemometry (LDA) technique can be used to determine the 

electrophoretic mobility of particles in an aqueous dispersion, which in turn can be used to obtain 

the zeta potential according to Smoluchowski’s formula, as shown in Equation 2.2 below 

[210,224]. 
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γ = 
�	�

� ζ    Equation 2.2 

Where 

γ = electrophoretic mobility 
εr = relative permittivity 
εo = permittivity of a vacuum 
η = viscosity of surrounding fluid 
ζ = zeta potential 

 
Highly charged particles have high zeta potential values, and these particles tend to repel each 

other [176]. Particle aggregation is thus not an issue in these situations. Low values of the zeta 

potential have been associated with a reduction in the physical stability of colloidal dispersions 

[176]. However, this does not apply to colloidal systems containing steric stabilizers, as the 

presence of these stabilizers leads to a decrease in the zeta potential due to a shift in the shear 

plane of the particle [127]. For excellent physical stability, a minimum zeta potential of greater 

than ±60 mV is mandatory, and values greater than ±30 mV may impart good physical stability 

[210,226]. The zeta potential decreases with an increase in the energy of the system i.e. light and 

temperature due to increased particle kinetic energy, thus leading to particle aggregation and 

gelation [176]. 

 

2.5.4  Crystallization, polymorphism and compatibility 
 

The assessment of CQA such as particle size is essential in characterizing SLN/NLC, however, 

they are not sufficient to fully characterize the quality of these colloidal systems. The 

characterization of degree of crystallization and polymorphic transitions of lipids should be taken 

into consideration as this is vital in determining the quality of SLN and NLC products and these 

aforementioned parameters play a major role with respect to API entrapment and release rates 

[126,127,176]. Differential Scanning Calorimetry (DSC), wide-angle X-ray diffraction scattering 

(WAXS) and high-resolution proton nuclear magnetic resonance (1 H NMR) may be used to 

characterize the state and thermodynamic behavior of solid lipids [126,176,227,228]. In addition, 



47 

 

Fourier Transform Infrared Spectroscopy (FT-IR) has been widely used to investigate drug-lipid 

interactions of bulk material as well as SLN and/or NLC [98]. 

 

DSC is usually used to elucidate the crystallization and melting behavior of lipid nanoparticles, 

and operates on the principle that modifications of different lipids will result in different melting 

points with different enthalpies [126]. The heating and cooling processes lead to a breakdown 

and/or fusion of the lattice and provide information about internal polymorphism, crystal 

ordering, presence of eutectic mixtures and/or glass transition processes [176]. Thermal events 

can thus be used to provide information on the purity, melting and crystallization behavior of the 

solid and liquid constituents of particles [126,176,227,228]. Two types of DSC systems have 

been reported, viz. power compensation and heat-flux or heat leak systems [229]. 

 

The power compensation system independently controls and monitors the temperature of 

reference and sample cells. Both cells are supplied with constant energy, resulting in a steady 

rate of increase in temperature. A thermally induced transition will therefore result in a 

temperature lag of the sample cell in comparison to the reference. The excess heat capacity is 

then calculated using the additional heat required to maintain the same temperature between the 

two cells [229,230]. With the heat-flux or heat leak system, a low resistance heating flow-path 

thermoelectric disk is used to connect both cells. The temperature-measuring device records 

differences in voltage and this is proportional to the temperature difference which is ultimately 

used to calculate heat capacity [229,230]. The melting enthalpy values obtained using DSC can 

be used to assess the degree of crystallinity in lipid nanoparticles using the recrystallization index 

(RI). The RI for SLN and NLC can be calculated using Equation 2.3 [231]. 

�
�%� � ∆���� 
	 ��� �����	��
�
∆��� !  ����"#$%$& '()' * 100       Equation 2.3 

Where 

RI = Recrystallization Index 
∆H = Molar melting enthalpy 

 



48 

 

WAXS is used as a tool to distinguish different lipid polymorphs. WAXS assesses the length of 

the long and short spaces of a lipid lattice, and these differences in spacing are thus used to 

characterize the different polymorphic forms [126,176,232]. The major difference between 

WAXS and DSC is that WAXS is able to discriminate between crystalline and amorphous 

materials and assess the influence of the lipid constituents on the long spacings of lipid 

nanocrystals, whereas DSC can be manipulated to distinguish between amorphous solids and 

liquids [176]. The polymorphism behavior of the material as recognized by DSC can be 

confirmed by WAXS. WAXS can therefore be used in combination with DSC to elucidate the 

crystallinity and polymorphic nature of SLN and NLC [175,233]. 

 
1H NMR spectroscopy is generally used to characterize liquid lipids inside solid lipid 

nanoparticles. The principle behind 1H NMR is based on different proton relaxation times in 

liquid, semi-solid and/or solid states. Sharp signals with high amplitudes for protons are 

observed in the liquid state, whereas lipids in the semi-solid or solid state produce weak and 

broad signals [126,176]. 

 

The qualitative aspect of FT-IR works on the principle of different vibrational energies possessed 

by specific chemical bonds in a molecule. It can thus be used for fingerprint identification of a 

molecule, and is also able to reveal potential interactions at a molecular level as specific 

functional groups will show molecular vibrations at specific frequencies [234]. 

 

2.5.5  Drug loading capacity and encapsulation efficiency 
 

An essential characterization parameter in determining the appropriateness of a novel drug 

carrier system is its loading capacity (LC) in addition to the long term stability of the system in 

ensuring the API remains entrapped [127,235]. The optimization of SLN and/or NLC-

incorporated API is therefore considered in terms of the LC and the encapsulation efficiency 

(EE) [166]. The lipid core of the system should be able to shield incorporated API from 

degradation, and therefore the importance of ensuring high EE in addition to long term 

maintenance of the API in the lipid matrix is critical [163]. The LC and EE of SLN and/or NLC 
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are essential parameters in the production process as these can affect API release kinetics, 

particle size distribution, zeta potential and lipid modification [126]. The LC is defined as the 

ratio of the weight of incorporated API to the total weight of the lipid composition, and can be 

calculated using Equation 2.4 [127,166]. The EE is presented as the ratio between the weight of 

the incorporated drug and the total weight of the drug and similarly to the LC can be calculated 

using Equation 2.5 [166,168]. 

 

-. � /01/�
/01/� 2 /�

 3 100        Equation 2.4 
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 3 100         Equation 2.5 

Where 

Wa = weight of drug added to formulation 
Ws = weight of drug analyzed in supernatant (after centrifugation) 
WL = weight of lipid added to the formulation 

 

2.5.6  In vitro  release studies 
 

In-vitro dissolution studies have become vital for the characterization of dosage form 

performance in formulation and development studies [236]. It has been shown that the nature of 

API release profile from SLN and/or NLC is influenced by modification in the lipid matrix 

[163]. Three release mechanisms are possible from these colloidal systems, and include (i) 

release through diffusion from the surface of the particles, (ii) release through diffusion from the 

matrix, and (iii) release through erosion at the surface of the particle. In most instances, API 

release can be explained by more than one release mechanism. The API release mechanism is 

mostly dependent on the structure of the lipid system produced. For example, diffusion from the 

surface is observed with a burst release effect of API on contact with dissolution medium of an 

API-enriched shell model of SLN. However, diffusion-controlled release is observed from 

matrix models and API-enriched cores lead to the release of the API in a controlled manner (§ 

2.2.1.1, Figure 2.3) [163]. 
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Different dissolution apparatus and techniques have been used to study the in-vitro release of 

API from SLN and/or NLC. The most frequently used methods include the Franz diffusion cell 

[168,175,212,237,238] and the dialysis bag approach [98,239-241]. Bhardwaj et al., [242] 

categorized the in vitro release testing of colloidal systems into three groups, viz. (i) membrane 

dialysis that involves the use of dialysis sac, reverse dialysis sac, micro-dialysis or Franz-

diffusion cells, (ii) the sample and separate methods that include the use of a vial/tube/bottle with 

centrifugation or filtration following sampling, and (iii) the use of flow-through cell methods or 

USP IV apparatus [242]. 

 

There is dearth in data published in which the suitability and therefore the use of dissolution 

apparatus for testing API release for SLN and/or NLC is confirmed [236]. Heng et al., [236] 

compared the applicability of four commonly used dissolution approaches, viz. paddle, rotating 

basket, dialysis and the flow-through cell for use as dissolution test methods for API release from 

nanoparticles. The experimental data obtained revealed that the flow-through cell was the most 

robust dissolution approach to study in vitro API release from nano-particulate systems [236]. 

Consequently, the flow-through apparatus was used to investigate the release of EFV from SLN 

or NLC during formulation development and optimization studies. 

 

2.6  CONCLUSIONS 

 

Over the years, colloidal drug delivery systems such as liposomes, nano-emulsions, nano-

capsules and polymeric nanoparticles have been developed in order to eliminate the challenges 

or disadvantages associated with delivery of ‘old drugs’. However, these colloidal systems have 

advantages and disadvantages associated with their use. SLN and NLC are innovative solid lipid 

carriers developed as drug delivery systems that eliminate some of the disadvantages associated 

with colloidal drug delivery systems. SLN and NLC consist of a matrix of biocompatible lipid(s) 

that are solid at room and body temperatures and have a mean particle size ranging between 10 

and 1 µm. 
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In comparison to other colloidal drug delivery systems such as liposomes and emulsions, SLN 

and NLC may protect an API, thereby slowing potential photodegradation and/or oxidation, 

optimize targeting, reduce potential side effects, reduce API accumulation in healthy organs and 

control API release in vivo. These delivery systems may also eliminate the problem of 

inadequate biodistribution [100,101]. SLN and NLC have been used as drug delivery systems 

through a number of routes of administration including topical [169], oral [240], parenteral 

[133], dermal [158], pulmonary [243], rectal [244] and ocular [245] routes. 

 

The morphology of SLN and NLC is dependent on the method of API incorporation into the 

lipid matrix. Factors such as solubility of the API in the lipid(s), miscibility of the API with the 

molten lipid, physicochemical properties of the lipid matrix and API, polymorphic nature of the 

lipid material as well as the production method may affect incorporation of API into the lipid 

matrix. Three API incorporation models have been postulated for SLN and include a 

homogenous matrix, API-enriched shell and the API-enriched core models. NLC have similar 

physicochemical properties to SLN, however in contrast, they have an increased API loading 

capacity and prevent API leakage on prolonged storage. Similar to SLN, three main 

morphological types of NLC have been described, including the imperfect type, amorphous type 

and multiple model system. Several production methods have been used to produce SLN and 

NLC. Amongst these, HPH can be used for the scale-up manufacture and commercial production 

of SLN and/or NLC. 

 

Different parameters are monitored when characterizing SLN and/or NLC. PS and PDI can be 

measured using photon correlation spectroscopy (PCS), or dynamic light scattering (DLS). PCS 

is usually used in combination with laser diffraction (LD) as a complementary tool. However, 

PCS and DLS fail to characterize SLN and/or NLC according to shape and surface morphology, 

therefore transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are 

used to assess the shape and surface morphology of colloidal systems. The crystallization and 

polymorphic transitions of SLN and NLC can be investigated using DSC, WAXS and 1H NMR, 

while FT-IR can be used to investigate API-lipid interactions of bulk material, SLN and /or 

NLC, and laser doppler anemometry (LDA) can be used to determine electrophoretic mobility 



52 

 

and ultimately the zeta potential of SLN and/or NLC. A validated RP-HPLC can be used to 

determine the LC, EE as well as the release rate of API during in vitro studies of SLN and NLC. 

 

The encapsulation of EFV into SLN and/or NLC was achieved using hot high-pressure 

homogenization. The aforementioned techniques were used to characterize colloidal systems in 

terms of PS, PDI, ZP, shape, surface morphology, crystalline structure and polymorphic 

transitions, LC, EE and release rate of EFV-loaded SLN and/or NLC. 
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CHAPTER 3 

 

DEVELOPMENT AND VALIDATION OF A RP-HPLC METHOD WITH UV 
DETECTION FOR THE ANALYSIS OF EFAVIRENZ 

 

3.1  INTRODUCTION 

 

The quantitative determination of EFV in pharmaceutical formulations and/or in biological fluids 

has been achieved using reversed-phase high performance liquid chromatography (RP-HPLC) 

[246-252], liquid chromatography with mass spectrometry (LC–MS) [253,254], gas 

chromatography with mass spectroscopy (GC-MS) [255], capillary electrophoresis (CE) [256], 

matrix-assisted laser desorption ionization source and tandem-of-flight (MALDI-TOF/TOF) 

[257] and spectrophotometric methods [258,259]. However RP-HPLC is considered the method 

of choice for the in vitro analysis of API, mainly due to the stable and reproducible nature of 

HPLC columns [260]. In addition the significantly large ratio of aqueous components used in the 

mobile phase, in addition to the ease of reproducing the analytical method in a variety of 

laboratory settings, makes RP-HPLC an ideal analytical method [248,260]. HPLC is the 

recommended compendial method for the analysis of EFV in pharmaceutical dosage forms [16]. 

However the method does not provide adequate sensitivity for the quantitative determination of 

EFV release from colloidal drug delivery systems such as SLN and NLC in vitro. Consequently 

the objective of these studies was to develop a simple, precise, accurate, selective and sensitive 

RP-HPLC method with ultraviolet (UV) detection for the quantitative analysis of EFV in SLN 

and NLC and in vitro release studies. 
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3.2  PRINCIPLES OF HPLC 

 

Modern HPLC has been developed from older liquid chromatography (LC) theory combined 

with gas chromatography (GC) instrumentation [261]. The term LC refers to any procedure in 

which a liquid phase moves along a stationary phase [261]. This includes liquid-liquid, liquid-

solid, ion-exchange, paper, thin layer in addition to size-exclusion chromatography [261,262]. In 

classical or modern LC such as HPLC, a mixture of compounds is separated on a column by use 

of a liquid or mobile phase due to the differences in affinity of a compound for the mobile and 

stationary phases, the latter of which could be solid, liquid, ion exchange or a porous polymer 

[263,264]. HPLC is more advanced than traditional LC in terms of speed and separation power, 

and is less dependent on the skill or technique of the analyst, resulting in greater accuracy, 

precision and improved reproducibility of an analytical method [263-265]. 

 

The concept and theory of HPLC has been applied to various fields of analysis and has found 

major application for the analysis of pharmaceutical dosage forms [266-268], in biochemical and 

biomedical research [269-272], cosmetic products [273-276], the food industry [277-279] and 

clinical applications [280-283]. In addition HPLC is used in the biotechnological, energy and 

environmental fields [284]. Chromatographic modes of separation are distinguished by 

differences in column packing materials, mobile phase composition and the nature of functional 

groups in an analyte. The specificity and selectivity of an analytical method is achieved by 

interaction of the functional groups of the analyte molecule(s) with the column packing material 

and/or mobile phase [284]. 

 

RP-HPLC is mostly used in the pharmaceutical environment and it is estimated that 80-90% of 

chromatographic separations use RP-HPLC [284]. In reversed-phase chromatography the use of 

a polar mobile phase and a non-polar stationary phase facilitates the separation. Most 

pharmaceutical compounds are water soluble, are generally polar in nature and are therefore 

ionizable, resulting in rapid elution of the compound from non-polar stationary phases 

[261,284,285]. 
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Silica-based columns are normally used as non-polar stationary phases in RP-HPLC [284]. The 

phases comprise of C3, C4, C8, C18 alkyl chains bonded to silica to produce non-polar backbones 

for use with mobile phases. The latter are buffered solutions containing an organic modifier such 

as methanol or acetonitrile to reduce the polarity of the mobile phase, therefore reducing the 

retention time of the solute [286]. The solutes pass through the column, are separated and are 

viewed as an electrical signal from a detector that is subsequently captured for analysis. [284]. 

Due to different affinities and interaction of solutes and the stationary and mobile phases, 

differential rates of migration are observed, leading to separation of the compounds 

[261,284,286]. 

 

The process of separation in RP-HPLC is a function of the differences in the equilibrium 

distribution (K) of solute molecules between the stationary and mobile phases, and can be 

calculated using Equation 3.1 [287]. 

 K=
5�
56

 Equation 3.1 

Where 

Cs = the concentration of the solute is the stationary phase 
Cm = the concentration of the solute in the mobile phase 

 
The solute molecules migrate only when they are distributed in a mobile phase, causing more 

polar compounds to elute faster than hydrophobic compounds, as the latter are attracted to the 

stationary phase [285]. Ultimately, differential migration in RP-HPLC will be influenced by 

experimental factors affecting the distribution of an analyte molecule into a particular phase viz. 

mobile and stationary phase compositions [265,285,288-290]. 

 

Interactions between a solute and the mobile phase have been shown to be significant in 

controlling the retention time of the solute molecule [290]. Karger et al., [290] studied 

solvophobic interaction impact on the retention time of solutes, using a topological index called 

molecular connectivity to represent the surface area of the hydrophobic solute. It was suggested 

that molecular connectivity is proportional to the surface area of the cavity formed by the solute 



56 

 

[290]. When solvophobic interactions occur, non-polar compounds in aqueous media tend to 

cluster, form a non-polar cavity and interact with the stationary phase, resulting in longer 

retention times if they have a high molecular connectivity [290,291]. 

 

Stationary phases used in RP-HPLC differ in the nature of silica particles used, silane and the 

process used to bond the two components [291]. Mean-field statistical mechanics theory has 

been used to describe the retention time of molecules [287]. In this model, the retention factor 

(k') is used to explain the outcome of experimental procedures. The retention factor (k') can be 

calculated using Equation 3.2 [287]. 

 k'=ΦK Equation 3.2  

Where 

Φ = the phase ratio of relative volumes of stationary to mobile phases 
K = the equilibrium constant or the ratio of molar concentrations of solute in the 
stationary and mobile phases 

 
Retention of a compound on a stationary phase may occur through adsorption of the solute to the 

end of stationary phase chains and/or via partitioning of the solute into the chain phase [292]. 

Mean-field statistical mechanics theory strongly suggests that the primary mechanism of 

retention of a solute in a stationary phase is partitioning of the solute between two phases [293]. 

It has been suggested that an increase in the surface density of stationary phase chains leads to an 

increase in partitioning, with a minimal effect on the adsorption process leading to shorter 

retention times [293]. Alkane stationary phases have therefore been shown to exhibit shorter 

retention times than grafted stationary phases [294]. Linear solvation energy relationships have 

revealed that partitioning in RP-HPLC at a molecular level is a function of three microscopic 

processes. These are the creation of a solute cavity in the stationary phase, the transfer of solute 

molecule from the mobile phase to the pre-formed cavity in the stationary phase, and sealing of 

the cavity created in the mobile phase [295]. 

 

Although partitioning has been considered the key mechanism of molecular retention, Reido et 

al., [296] proposed an experimental interpretation explaining the theory of adsorption and its 

involvement in RP-HPLC molecular retention. A more realistic and generally well-accepted 
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proposal describes three different approaches that can be used to elucidate the mechanism of 

molecular separation or retention. These include the partitioning of an analyte between the 

stationary and mobile phases [292,297], the adsorption of the analyte onto the surface of the non- 

polar adsorbent [296,298], and the mobile phase organic modifier being preferentially adsorbed 

onto the surface of the adsorbent prior to partitioning of the analyte into the adsorbed layer [299]. 

 

The adsorption and partitioning processes are therefore fundamental parameters explaining how 

molecules are retained on a stationary phase. The retention of most compounds that are analyzed 

using PR-HPLC occurs as a result of a combination of several independent mechanisms [300]. In 

addition the molecular retention of different analytes, including acidic ionizable compounds such 

as EFV, is influenced by mechanisms that involve other factors such as temperature and flow 

rate [301,302], pressure, pH, ionic strength, mobile phase composition, nature of organic or ionic 

modifier and the nature of stationary phase packing materials [301-305]. 

 

Logarithmic and linear free energy model relationships have been used in an attempt to further 

clarify the theory of separation in RP-HPLC systems [306-310]. Various statistical relationships 

have been used to derive explanations for molecular retention mechanisms, and quantitative 

structure (reversed-phase)-retention relationships (QSRR) have been applied to explain structural 

factors affecting retention in addition to understanding the mechanism of separation and 

biological activity of compounds [311,312]. 

 

3.3  METHOD DEVELOPMENT 

3.3.1  Background 
 

The development of a RP-HPLC method is initiated by considering the nature of the sample to 

be analyzed i.e. the chemical composition, acidic or basic nature, impurities and any degradation 

products of the compound [313]. The chemistry of the compound is then matched to the best 

choice for initial HPLC conditions to be used. In contrast, proceeding directly to initial 

chromatographic conditions without consideration of the nature of the analyte of interest is 
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another approach [314-317]. In addition, the intended purpose of the HPLC method must be 

taken into account [313,318,319]. 

 

Traditionally HPLC methods are developed by changing individual chromatographic conditions 

while keeping others constant in order to achieve a desired response, e.g. sufficient peak 

resolution in a short analysis time. Method optimization is generally focused on mobile phase 

composition, i.e. the type and concentration of an organic modifier, mobile phase pH, column 

type and temperature [320,320,321]. However this approach of determining optimum operating 

conditions by changing a single parameter at a time while keeping the others constant does not 

provide information pertaining to potential interactive effects between the variables, the 

consequence of which is that it fails to depict the complete effect of parameters on the separation 

[322]. In addition the conventional approach is tedious and requires the performance of a vast 

number of experiments and is not cost effective [322,323]. 

 

Technological advances have now led to the development of analytical methods using 

experimental design with the aid of software such as Dry Lab®
 [324,325], Delfi-2® [326,327], 

Goldworks® [326,328], Mylog® [326], Nexpert Object®
 [326] and Response Surface 

Methodology (RSM) [323]. These systems speed up method development in respect to 

consistency, provision of critical parameters of a separation in addition to indicating potential 

challenges through identification of the robustness of the method [320,321,329]. Consequently 

these systems are used to overcome the limitations associated with the development of HPLC 

methods using a conventional approach. 

 

3.3.2   Response Surface Methodology (RSM) 
 

RSM encompasses a group of mathematical and statistical techniques applicable to the 

development of an appropriate functional relationship between a number of input variables (x1, 

x2,…, xk) and an associated response (Y) that may take the form of a polynomial model as shown 

in Equation 3.3. 
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 Y= f'(x) β + є Equation 3.3  

Where 

x = (x1, x2…,xk) are the input variables 
f'(x) = a vector function of elements consisting of powers and cross- products of powers 
of x1, x2…,xk  up to a certain degree d (≥ 1) 
β = is a vector of unknown constant coefficients known as parameters 
є = a random experimental error observed in the response Y assumed to have a zero mean 

 
The relationship described in Equation 3.3 holds provided f’(x) β represents a mean response 

(response surface) that has an expected value of Y. The response can be represented as 3-

dimensional and/or contour plots so as to aid visualization of the shape of the response surface 

[330]. Two significant models commonly used in RSM include first degree (d=1) and second 

degree models (d=2), mathematically given in Equations 3.4 and 3.5 [330]. 

 

   Equation 3.4 

 

Where 

Y = response surface 
βo and βi = constant coefficients 
xi = coded independent factor 
ε = experimental error 

 

     Equation 3.5 

Where 

βo ,βi ,βij = constant coefficients 
xi and xj = coded independent factors 
ε = experimental error 

 
To apply RSM as an optimization approach, different stages are followed in the application of 

the design [331]. Initially independent variables likely to have a major effect on the system are 
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selected on the basis of the study objectives in addition to experience. The experimental design is 

then selected and the experiments are conducted according to the appropriate experimental 

matrix. The data are treated through fitting to polynomial functions, and the fitness of the model 

is subsequently evaluated. The final stages of analysis include verification of the possibility of 

initiating steps necessary to perform displacement in the direction of an optimal region and then 

generating the optimum values for each variable investigated. 

 

The procedures adopted in these studies involved generating experimental data that could be 

explained by linear and polynomial functions, and therefore both models (Equations 3.4 and 3.5) 

were used. The polynomial model was used to describe the interaction between different 

experimental variables and was therefore able to determine the critical point according to the 

quadratic terms in Equation 3.5. To estimate the parameters in Equation 3.5 all variables in the 

design should be investigated at three factor levels. Common second-order symmetrical designs 

include three-level or 3k factorial, Box-Behnken, Central Composite and Doehlert Designs [330-

334]. 

 

In a factorial experiment the design variables are modified in combination and not individually. 

A 3k factorial design is comprised of all combinations at levels of k, the control variable, at least 

at three levels each. Equally spaced levels can be coded to correspond to -1, 0 and 1. For a large 

number of variables the number of experiments increases exponentially (3k) and this approach 

tends to become impractical. Typically a full factorial approach is used when five or fewer 

variables are to be investigated and a fractional approach of 3k design cannot be considered as a 

mechanism to reduce the cost of running a large number of experiments [330]. 

 

The Box-Behnken Design provides for three levels of each factor under investigation and 

consists of a specific subset of factorial combinations from the 3k factorial design. The three 

levels are coded -1, 0 and 1, and the number of experiments (N) required for a Box-Behnken 

Design is defined using Equation 3.6. 
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     N= 2k (k−1) +Co     Equation 3.6 

Where 

k = number of factors 
Co = number of central points 

 

The Box-Behnken Design may be rotatable but is generally not rotatable as a number of design 

arrangements for k were reported by Box and Behnken [330,332,335]. 

 

For the Doehlert Design the number of levels is not the same for all variables to be investigated, 

and the design can be built on itself and extended to other factor intervals. This approach permits 

the prediction of all main effects, all first order interactions and all quadratic effects without any 

interchangeable effects. The number of experiments (N) required for a Doehlert Design are 

defined using Equation 3.7 [336]. 

     N=k+k2 +3     Equation 3.7 

Where 

k = number of factors 

 

The Central Composite Design (CCD) is the most popular of second-order designs. CCD is a 

first-order 2k design developed by the addition of center and axial points allowing for the 

adjustment of parameters of a second-order model. CCD is therefore a second-order design 

consisting of a complete 2k factorial design, or fraction thereof, with factor levels coded as 1, -1, 

an axial component consisting of 2k points at a distance α from the design center point and no 

center points [330]. The number of experiments (N) required for a CCD design is defined using 

Equation 3.8. 
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      N=2k+2k +no    Equation 3.8 

Where 

k = number of factors 
no = number of center points 

 

The number of experiments (N) of a CCD with three or more design variables is significantly 

smaller than that of a 3k factorial design [330]. The symmetric graphs of CCD for two and three 

variables are shown in Figures 3.1 and 3.2, in which the CCD factor levels are marked in blue 

while the axial points are shown in green. The center points shown in red indicate replicate 

experiments of the CCD that enhance the precision of the model, thereby minimizing model 

error [334].  
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Figure 3.1: Schematic representation for a CCD with two design variables (adapted from [334]) 

 

 

Figure 3.2: Schematic representation for a CCD with three design variables (adapted from [334]) 
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If the CCD is rotatable all factors and axial points are the same distance from the center point, as 

shown in Figures 3.1 and 3.2. The rotatability of the design confers better statistical balance on 

the model, leading to equal precision for points equidistant from the center point [330,334]. 

 

The use of experimental design has been reported for the optimization of a number of HPLC 

methods, including the analysis of captopril [323], pramipexole [337] and variconazole in 

pharmaceutical formulations [338]. Furthermore CCD was used for the optimization of naloxene 

microemulsions for transdermal delivery [339] and in determining the purity of samples obtained 

from natural products [340]. Consequently a CCD was used to establish optimum operating 

chromatographic conditions for the analysis of EFV, in vitro. 

 

3.3.3.  Experimental 
 

Prior to developing a method for the analysis of EFV using RSM, preliminary studies were 

undertaken on the basis of published data. A summary of methods using RP-HPLC with UV 

detection that have been published and used for the quantitative determination of EFV in 

pharmaceutical formulations and biological fluids is listed in Table 3.1. 

 

The analysis of EFV in pharmaceutical dosage forms and biological samples has been achieved 

using silica-based columns, specifically C18 columns, microparticulate phenethyl (Zorbax® SB 

Phenyl) and cyanopropyl (Zorbax® SB-CN) bonded columns [341,342]. A binary mobile phase 

consisting of acetonitrile and phosphate buffer [32-34,250,343-347] is commonly used, but 

ternary mixtures consisting of methanol, ammonium acetate buffer, Tris buffer, formic acid and 

trifluoroacetic acid in combination with acetonitrile, water or both have also been used 

[34,247,248,348-351]. 

 

EFV is a weakly acidic drug (§ 1.2.4), and its analysis has been successfully performed using 

mobile phases buffered at pH ≤ 7.4 [32-34,247,343,344,346,348,349,351], although analysis 
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using unbuffered solutions has also been achieved [248,350]. The data contained in the published 

manuscripts were used to establish the preliminary RP-HPLC conditions for the development of 

an analytical method for the quantitation of EFV. 
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Table 3.1: Summary of HPLC methods of analysis for EFV 
Column Mobile Phase Flow Rate Detector Retention 

Time 
Reference 

Spherisob® C8,10µm, 250x4.6mm 60:40 % (v/v) acetonitrile :potassium dihydrogen phosphate, 
25mM, pH=2.9 

1.0mL/min UV 220-390nm 7.7mins [343] 

 
C18 Inertsil® ODS 3V, 5µm, 250x4.6mm 

 
(A): 0.02M sodium dihydrogen orthophosphate monohydrate (B): 

methanol :water (85:15) 

 
1.5mL/min 

 
UV 265nm 

 
12.02mins 

 
[344] 

 
C18, 5µm, 150x4.6mm 

 
100mM ammonium acetate: acetonitrile (40:60) v/v 

 
1.2mL/min 

 
UV 246nm 

 
3.0mins 

 
[34] 

 
Zorbax® RX C18,4.6x250mm, 5µm 

 
50:50; ACN: 0.86% w/w ammonium dihydrogen phosphate, 

pH=3 

 
1.5mL/min 

 
UV 252nm 

 
- 

 
[32] 

 
C18,250x4mm ,10µm 

 
Acetonitrile: water: 85% H3PO4 (70:30:0.1) 

 
1.0mL/min 

 
UV 252nm 

 
- 

 
[345] 

 
Thermo BDS hypersil C18, 250x4.6mm, 5µm 

 
Methanol: acetonitrile: 0.05M phosphate buffer (60:20:20) v/v/v 

,pH=4.5 

 
1.0mL/min 

 
UV 254nm 

 
4.25mins 

 
[346] 

 
Novapak® 150x 3.9µm 

 
Monobasic potassium phosphate buffer and dibasic sodium 

phosphate buffer, pH=6. Buffer solution : acetonitrile 55:45 v/v. 

 
1.0mL/min 

 
UV 247nm 

 
6.5mins 

 
[33] 

 
Hypersil® BDS C18, 250x4.6 mm, 5 µm 

 
Acetonitrile and 0.03 M KH2PO4 in water (pH =3.2 with 

orthophosphoric acid) in the 
ratio of 60:40 v/v 

 
0.8 ml/min 

 
UV 260 nm 

 
10.55 mins 

 
[347] 

 
Zorbax® SB-CN, 150 mmx4.6 mm 

 
(A): 90% water, with 0.05% trifluoroacetic acid: 10% methanol 
(B): 90% methanol:10% water, with 0.05% trifluoroacetic acid 

 
1.5 ml/min 

 
UV 250 nm 

 
40 mins 

 
[248] 

 
Phenomenex® Luna C18 , 150 mm × 2.0 mm, 5 µm 

 
0.1 M formic acid, acetonitrile and methanol (43:52:5)v/v/v, 

pH=2.2 

 
0.3 ml/min 

 
UV 247 nm 

 
- 

 
[349] 

 
Zodiac® C18, 250x4.6mm 

 
Methanol: acetonitrile (80:20) 

 
1.0ml/min 

 
UV 280 nm 

 
4.08 mins 

 
[350] 

 
 
Symmetry® C18 250×4.6, 5µm 

 
(A): Potassium phosphate buffer 50mM pH 5.65 

(B): Acetonitrile 
 

 
1.5 ml/min 

 
UV 260 nm 

 
27.2 mins 

 
[250] 

Waters C18, 150mm×3.9mm, 4µm (A): acetonitrile–10mM ammonium 
acetate buffer (0.1% acetic acid) (10/90, v/v), (B): 

acetonitrile–10mM ammonium acetate buffer (0.1% acetic 
acid) (90/10, v/v) 

1mL/min UV 280nm 8.7mins [348] 

 
Hypersil® C18 BDS 150x4.6 mm 

 
Acetonitrile:20 mM Tris buffer (pH 7.4) (60:40 v/v) 

 
1.2 mL/min 

 
UV 248 nm 

 
- 

 
[247] 

 
Agilent Zorbax® SB Phenyl, 
150 mm x 4.6 mm , 5µm 

 
Ammonium acetate (pH 4.75, 20 mM), acetonitrile and methanol 

(40:45:15, v/v/v) 

 
0.8mL/min 

 
UV 246nm 

 
6.7mins 

 
[351] 
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3.3.3.1  Chemicals and Reagents 
 

All reagents were at least of analytical reagent grade. EFV was donated by Adcock Ingram® 

Limited (Johannesburg, Gauteng, South Africa) and the internal standard, loratidine (LRT) was 

donated by Aspen Pharmacare® (Port Elizabeth, Eastern Cape, South Africa). Stocrin® 600 mg 

tablets were purchased from a local pharmacy. HPLC-grade water was prepared by reverse 

osmosis using a Milli-RO® 15 water purification system (Millipore®, Bedford, MA, USA), 

consisting of a Super-C carbon cartridge, two Ion-X® ion-exchange cartridges and an Organex-

Q® cartridge. The water was filtered through a 0.22 µm Millipak® stack filter (Millipore®, 

Bedford, MA, USA) and used to prepare all buffer solutions. HPLC far UV-grade acetonitrile 

(ACN) was purchased from Microsep® (Port Elizabeth, Eastern Cape, South Africa). Potassium 

dihydrogen orthophosphate, o-phosphoric acid (85% v/v) and sodium hydroxide pellets were 

purchased from Merck® Laboratories (Merck®, Wadeville, South Africa). 

 

3.3.3.2   Instrumentation 
 

The HPLC system consisted of a Waters® Alliance Model 2695 separation module equipped 

with a solvent delivery module, an autosampler, an online degasser and a Model 2996 

Photodiode Array Detector (Waters®, Milford, MA, USA) set at a λmax of 246.24 nm (§ 1.2.5). 

Data acquisition, processing and reporting were achieved using Waters® Empower 2 software 

(Waters®, Milford, MA, USA). The separation between the internal standard and EFV was 

achieved under isocratic conditions using a Nova-Pak® C18, 4 µm (150 mm x 3.9 mm i.d) 

(Waters® Corporation, Milford, MA, USA) cartridge column with a mobile phase consisting of 

31.5 mM phosphate buffer (pH 4.5) and acetonitrile in a 50:50 v/v ratio. The flow rate of the 

mobile phase and the injection volume were 1.0 mL/min and 20 µL respectively. The analytical 

column was maintained at 30°C using a temperature controller (Waters®, Milford, MA, USA). 
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3.3.3.3  Preparation of stock solutions and calibration standards 
 

Standard stock solutions of EFV (100 µg/mL) and LRT (150 µg/mL) were prepared by 

accurately weighing approximately 10 mg and 15 mg of each API using a Model AE 163 

Mettler® analytical balance (Mettler® Inc., Zurich, Switzerland), transferring into 100 ml A-grade 

volumetric flasks and diluting with a small volume of mobile phase. The stock solutions were 

sonicated using a Model B12 Branson® ultrasonic bath (Branson® Inc., Shelton, Conn, USA) 

until a clear solution was observed, after which the solutions were made to volume with mobile 

phase. Calibration standards of EFV over the concentration range 0.1-50 µg/mL were prepared 

by serial dilution of the standard stock solution on the day of analysis using mobile phase as the 

diluent. A concentration of 150 µg/mL LRT was added to all calibration standards and test 

samples prior to analysis. The stock solutions were protected from light using aluminum foil, 

stored in a refrigerator at 4°C and used within three days of preparation. 

 

3.3.3.4  Preparation of buffer and mobile phase 
 

Phosphate buffer solutions (31.5 mM) were prepared by accurately weighing 4.2868 g of 

potassium dihydrogen orthophosphate into a 1 L A-grade volumetric flask and making to volume 

with HPLC grade water. The pH of the buffers was monitored at 25°C using a Model GLP 21 

Grison pH-meter (Crison Instruments, Barcelona, Spain) and was adjusted to 4.5 using o-

phosphoric acid. The mobile phase was prepared by mixing specific volumes of the buffer and 

HPLC-grade acetonitrile using A-grade measuring cylinders and transferring into a 1 L Schott® 

Duran bottle (Schott Duran GmbH, Wertheim, Germany), mixing and degassing under vacuum 

with the aid of a Model A-2S Eyela Aspirator degasser (Rikakikai Co., Ltd, Tokyo, Japan) and 

filtering through a 0.45 µm HVLP Durapore® membrane filter (Millipore® Corporation, Bedford, 

MA, USA) prior to use. 
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3.3.3.5  Column Selection 
 

The column packing for most RP-HPLC separations is produced using silica microspheres that 

are completely porous, with sizes ranging between 3 and 5 µm, and a single pore size 

distribution. API molecules are generally separated on columns with packing materials in the 

size range 80-100 Å [265,352]. 

 

Silica is the most popular packing material in HPLC columns as it has a combination of highly 

desirable characteristics [265,352], such as a silica surface that can be easily manipulated using 

covalent reactions and made into a variety of shapes and sizes with the desired pore size to 

produce columns suitable for different types of analytical procedures [316]. Further, silica is 

compatible with water and most organic solvents [352], and does not swell when the solvent is 

changed, the consequence of which is that variations in the dimensions of the column packing 

are minimal [316,352]. 

 

Silica is also a physically strong material and is superior to other packing materials for use as a 

RP-HPLC column backbone [316,352], permitting the formation of efficiently packed silica 

beads that are stable under high operating pressures and last for long periods of time 

[316,352].The strong particles also produce columns that operate with low back pressure 

[316,352], which assists in extending the lifespan of a column. Silica forms narrow pore size 

distributions without any “ink-bottle-like” pore structures, leading to reduced band broadening 

and faster separations for analysis. Extremely pure particles can be produced with almost a 

neutral pH surface [316,352]. 

 

Silica does however have a number of undesirable properties as a column support material. The 

most significant of these is the instability of silica and chemically modified silica at extreme pH 

[353]. Therefore the typical operating range of pH for silica-based columns is 2 to 8. The bonded 

organo-silane material undergoes decomposition and dissolution at low and high pH [353,354], 

increasing the ratio of free to bound silanol groups that results in shorter retention times for 

neutral and hydrophobic solutes [353-355]. Furthermore, the increase in the number of exposed 

silanols results in a reduction in peak asymmetry and peak width of organic cations [353-356]. 
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Similarly the dissolution of silica is associated with column clogging, the consequence of which 

is a reduction in the longevity of the column [356]. 

 

The retention times and selectivity of ionizable compounds change significantly when pH 

modification or changes occur during analysis [357]. For instance the retention time of an 

unionized fraction is relatively longer than that of its ionized counterpart [357]. EFV is a weakly 

acidic molecule, and a medium with low pH was therefore selected for use in the mobile phase 

during the initial stages of the development process to ensure EFV was unionized and stability 

was maintained during analysis. 

 

3.3.3.6  Column suitability testing 
 

The performance of an analytical column is central to the efficiency of a separation of 

compounds of interest. Prior to method development and validation the suitability of the column 

[263,358] should be evaluated to ensure that the performance is adequate for the intended 

purpose. 

 

3.3.3.6.1 Theoretical plate number 
 

The column efficiency (N) is the relative ability of a column to provide narrow bands, and 

therefore improved separations, and is usually assessed by determination of the number of 

theoretical plates of the column, calculated using Equations 3.9 or 3.10 [264]. 
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     N=16 8 9	
:�

;�
     Equation 3.9  

     N=5.54 ? 9	
:@/B

C
�
    Equation 3.10 

Where 

N = number of theoretical plates of a column 
tr = the retention time of the probe molecule 
wb = the width of the peak at the baseline 
w½ = the width of the peak at one half the maximum height 

 

The suitability of the column was evaluated using a test solution mixture of uracil, naphthalene, 

acetophenone, benzene and toluene in ACN. Separation was achieved using a mobile phase of 

ACN/H2O (65/35) and was performed at ambient temperature (22°C) with an injection volume 

of 20 µL. The flow rate and detection wavelength were 1.0 mL/min and 254 nm respectively. A 

column may be considered suitable for routine HPLC analysis if a theoretical plate number is > 

2000 [359]. The average theoretical plate number of the column was 7256 ± 0.176. Consequently 

on the basis of the value for N the column was considered suitable for use in the development 

and validation of a RP-HPLC method for the analysis EFV. 

 

3.3.3.6.2 Resolution factor 
 

The resolution (Rs) indicates the extent and quality of a separation between peaks of interest in a 

sample matrix. The resolution is a function of the column and operating conditions, instrumental 

effects or variable separation conditions, and can be used to assess the quality of separation 

between adjacent peaks [316]. The resolution factor (Rs) is calculated using Equation 3.11. 
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     �D = 9BEF@
G.HI:@JKBL    Equation 3.11 

Where 

Rs = peak resolution 
t2 = Retention time for second eluting peak 
t1 = Retention time for first eluting peak 
W1 = Width of first eluting peak at the base 
W2 = Width of second eluting peak at the base 

 

On one hand, a baseline separation with Rs > 1.5 allows for the accurate integration and 

quantitation of individual peaks, whereas on the other hand values < 1.5 are indicative of poor 

peak resolution and are unacceptable for quantitative analyses [316,360]. The Rs between EFV 

and LRT was 1.81 (0.21% RSD), indicating that the peaks were well-resolved and the column 

was suitable for these studies. 

 

3.3.3.6.3 Asymmetry factor 
 

Peak asymmetry is a measure of peak tailing [316]. While the use of columns and experimental 

conditions that provide symmetrical peaks may be preferred, most chromatographic peaks are 

not perfectly symmetrical. Poor peak symmetry can result in inaccurate plate number and 

resolution measurement, imprecise quantitation, poor resolution and poor reproducibility of 

retention [316].The peak tailing factor (PTF) or the peak asymmetry factor (As) is used to 

estimate the degree of peak asymmetry, and is found using Equations 3.12 and 3.13 respectively 

[316,360]. 
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     PTF = 
M2N
�M      Equation 3.12  

 

     As = 
N
M      Equation 3.13  

Where 

PTF = peak tailing factor 
As = peak asymmetry factor 
A = Distance between the middle point and the left side of the peak 
B = Distance between the middle point and the right side of the peak 

 
The PTF and As value are measured at 5% and 10 % of the full peak height as depicted in Figure 

3.3. 

 

Figure 3.3: Peak asymmetry and peak tailing factor determination (adapted from [316]) 

Efficient columns produce As values ranging between 0.95 and 1.1. When the value of As is > 1.2 

the apparent N value calculated using Equations 3.9 and 3.10 (§ 3.4.4.1) will be high, therefore 

As values > 1.2 are generally not appropriate [316]. The As values for EFV and LRT at 10% of 

the peak height were estimated to be between 1.0 and 1.1. The conversion of As to PTF resulted 

in values ranging between 1.0 and 1.1. Ideally the As value should be ≤ 2 according to FDA 

guidelines [316,359]. Therefore these data reveal that peak symmetry was acceptable and the 

column was deemed suitable for chromatography. 
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3.3.3.6.4 Capacity factor 
 

The capacity factor or mass distribution (Dm) ratio is a measure of the retention of a solute in a 

column [361] and can be calculated from a chromatogram using Equation 3.14. 

     Dm = 89	196
96 ;     Equation 3.14 

Where 

Dm = Capacity factor (mass distribution ratio) 
tR = solute retention time 
tR = retention time of an unretained component 

 
Low values for Dm are indicative of a peak that elutes close to the solvent front and may affect 

the selectivity of a method [361]. The minimum recommended Dm for a peak of interest is 

usually 1 [361]. The Dm value for EFV was 1.27 (0.14% RSD) using LRT as an un-retained 

compound and on this basis the column was appropriate for use. 

 

3.3.3.7  Selection of Internal Standard  
 

The addition of an internal standard (IS) to calibration standards and samples of unknown 

concentration is used as an approach to improve the performance of an analytical method by 

compensating for analytical error [316,316]. The internal standard is usually a compound of 

known purity that has physicochemical characteristics similar to those of the analyte of interest 

and can be separated without interference [359,362]. The IS permits compensation for changes in 

sample volume or concentrations that may be a consequence of instrumental variability 

[316,359,362,363]. 

 

The selection of an IS was based on evaluating compounds with a structure similar to EFV. 

Nevirapine, citalopram, amlodipine, imipramine, nitrazepam and loratidine were evaluated as 

potential IS candidates using a preliminary mobile phase consisting of 50 mM phosphate buffer 
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and acetonitrile (55:45) maintained at pH = 5. The data obtained are summarized in Table 3.2, 

and reveal that LRT was an ideal IS for this separation. 

 

Table 3.2: Selection of Internal Standard 
Internal Standard Retention Time(minutes) Comments 

Nevirapine 1.6 Too close to solvent front 
Citalopram 2.0 Too close to solvent front 
Amlodipine 1.6 Too close to solvent front 

Presence of unknown second peak 
Imipramine 4.8 Ideal to be considered as IS but peak tailing 

observed 
Nitrazepam 2.0 Too close to solvent front 
Loratidine 14.4 Ideal to be considered as IS 

 

3.3.3.8  Method of detection 
 

Ultra-violet (UV) has been used as a primary detection technique for the analysis of EFV and 

other antiretroviral agents [247,250,364]. Most organic compounds absorb light in the UV region 

(190-400 nm) and only a few in the visible region (400-750 nm) [284]. Furthermore most HPLC-

grade solvents are generally transparent in the UV-vis region, which enhances the specificity of 

the method. However non-polar solutes lacking UV-absorbing chromophores would not be able 

to absorb light within this range and this is a major drawback to the use of UV-vis detectors. 

[284,365]. Nevertheless UV-vis detectors have the best combination of sensitivity, linearity, 

versatility and reliability of all the HPLC detectors developed to date [284,365]. UV-vis 

detectors are simple to use, are relatively inexpensive and easy to maintain [284,365]. The 

intensity of light transmitted through the detector cell is proportional to the solute concentration 

and can be predicted by Beer’s law, as illustrated in Equation 3.15 [366]. 
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     IT = Io e
-kLc      Equation 3.15 

Where 

IT = intensity of the transmitted light 
Io = intensity of light entering the cell 
L = optical path length 
c = solute concentration 
k = constant 

 
The λmax of EFV was 246.24 nm (Figure 1.2, § 1.2.5). This wavelength was used for the 

quantitation of EFV in subsequent studies. 

 

3.4  METHOD OPTIMIZATION 

 

A computer-generated rotatable CCD design consisting of 20 experiments, 6 center points and 14 

axial points was generated using Version 8.0.2 Design Expert® statistical software (Stat-Ease 

Inc., Minneapolis, MN, USA) and is summarized in Table 3.3. The experimental levels 

investigated are listed in Table 3.4. The minimum and maximum values for buffer molarity (X1) 

were maintained at 30 mM and 50 mM, with the lower and upper axial points at 23 mM and 57 

mM. Similarly pH 4 and pH 6 were the minimum and maximum values for buffer pH (X2), with 

the lower and upper axial values maintained at pH 3.3 and pH 6.7. The ACN concentration (X3) 

was kept at minimum and maximum values of 40% v/v and 50% v/v with respect to buffer 

concentration, with the lower and upper axial levels of 36.6% v/v and 53.4% v/v. The 

independent input variables and ranges were selected on the basis of preliminary studies, and the 

retention time (Y1) of the last peak eluted, peak symmetry (Y2) and peak resolution (Y3) were the 

dependent output responses monitored. The data generated from the responses monitored were 

analyzed using Design Expert® version 8.0.2 statistical software (Stat-Ease Inc., Minneapolis, 

MN, USA). Fisher’s test for Analysis of Variance (ANOVA) was used to establish whether 

significant differences existed between the mean of the factors investigated. 
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Table 3.3: Randomized coded experimental runs for method optimization using CCD 

  

Factor 1 Factor 2 Factor 3 

Std Run 
A:Buffer Molarity 

mM 
B:Buffer 

pH 
C:ACN con 

% 

4 1 1 1 -1 

13 2 0 0 -1.682 

14 3 0 0 1.682 

8 4 1 1 1 

17 5 0 0 0 

11 6 0 -1.682 0 

3 7 -1 1 -1 

15 8 0 0 0 

10 9 1.682 0 0 

1 10 -1 -1 -1 

6 11 1 -1 1 

12 12 0 1.682 0 

20 13 0 0 0 

9 14 -1.682 0 0 

16 15 0 0 0 

18 16 0 0 0 

5 17 -1 -1 1 

7 18 -1 1 1 

2 19 1 -1 -1 

19 20 0 0 0 

 

Table 3.4: Actual design values used in CCD experiments 
Variable Level    

  
-α 

 
-1 

 
1 

 
+α 

X1(Buffer mM) 23.18 30 50 56.82 

X2(Buffer pH) 3.32 4 6 6.68 

X3(Organic solvent %) 36.59 40 50 53.41 
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The overall design summary consisted of one linear and two 2FI models. The experiments were 

randomly performed to eliminate any possible experimental bias. The mathematical models used 

for the analysis of the four independent factors were developed, and optimization of the 

significant model variables was undertaken with the primary aim of obtaining the best response. 

The influence of three factors viz. buffer molarity, buffer pH and ACN concentration, in addition 

to their interactions on three critical quality attributes (CQA) of retention time, peak symmetry 

and peak resolution, were described using one-factor graphs and two-dimensional contour plots. 

 

3.4.1 Retention time  
 

The retention time (Y1) is considered the most critical HPLC response to monitor as it is used to 

determine the run time of an analytical method. It should lie between 5-10 minutes in order for 

the method to be regarded as rapid [316].The concentration of ACN in the mobile phase was 

found to be the only significant factor affecting the retention time of EFV in these studies, and 

the impact of this variable is shown in Figure 3.4. A summary of ANOVA analysis of the linear 

model on retention time is listed in Table 3.5. 

 

 
Figure 3.4: The effect of ACN concentration on retention time 
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The data shown in Figure 3.4 reveal that increasing the concentration of ACN from 40-50% v/v 

led to a decrease in the retention time of EFV, which is due to rapid elution of the analyte due to 

a change in polarity of the mobile phase. ACN has an intermediate dielectric constant, and an 

increase in the ACN concentration leads to a decrease in the polarity of the mobile phase [367] 

that leads to preferential partitioning of EFV into the mobile phase, and hence rapid elution as 

the drug is hydrophobic. Retention times of ≤ 10 minutes were observed with 45-50% v/v ACN 

content in the mobile phase. The final equation of Y1 (retention time) is shown in Equation 3.16. 

 

      
�

PQ@= +0.33 +0.052X3    Equation 3.16 

 

The data summarized in Table 3.5 reveal that the Model F-value is 3.20, implying that the model 

is insignificant, with only a 5.17% probability that the Model F-Value could be a consequence of 

noise. In this case C (ACN concentration) is a significant model term as it has a p-value of 

0.0071 which is < 0.05. 

 

Table 3.5: ANOVA table for response surface linear model for retention time 
Source Sum of 

Squares 
df Mean 

Square 
F Value p-value  

Prob > F 
 

Model 0.038 3 0.013 3.20 0.0517 Not 
Significant 

A-Buffer 
Molarity 
B-Buffer     
pH 
 
 
C-ACN conc 

2.067E-004 
 
 

5.764E-005 
 
 

0.037 

1 
 
 
1 
 
 
1 

2.067E-004 
 
 

5.764E-005 
 
 

0.037 

0.053 
 
 

0.015 
 
 

9.54 

0.8215 
 
 

0.9051 
 
 

0.0071 

 
 
 
 
 
 
Significant 

Residual 0.063 16 3.927E-003    
Lack of fit 0.063 11 5.712E-003 19133.98 < 0.0001 Significant 
Pure error 1.493E-006 5 2.985E-007    
Cor Total 0.10 19     
       
Std.Dev. 0.063 R2 0.3751    
Mean 0.33 Adj R2 0.2579    
C.V. % 19.21 Pred R2 -0.1022    
PRESS 0.11 Adeq. 

Precision 
6.285    
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A Box-Cox plot is used when data transformation is required to increase the applicability and 

usefulness of an applied statistical test [368]. Box-Cox plots prior to and following 

transformation of the data are shown in Figure 3.5 and 3.6, respectively. The blue line reflects 

the current transformation. Inspection of the data shown in the Box-Cox plot reveals the need for 

data transformation using the inverse square root, since λ was not located within the confidence 

interval. Following data transformation, λ was located in the optimum region of the parabola, 

thereby confirming aqeduate data fit to the model. The red lines demarcate the 95% confidence 

interval and include -0.5 (blue line), indicating that the data are approximately in the optimum 

region of the parabola [369-371]. 

 
Figure 3.5: Box–Cox plot for power transformation of retention time data for EFV 
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Figure 3.6: Box–Cox plot for power transformation of 1/square root retention time data for EFV 

 

Due to a number of insignificant model terms, model reduction of the transformed data was 

performed using backward elimination to improve the model, as shown in Table 3.6. The 

backward method is considered the most robust for algorithmic model reduction since all model 

terms are considered for inclusion in the model [372]. Forward elimination and stepwise 

selection procedures commence with a minimal core model and therefore some terms are never 

included [372]. An "Adeq Precision" ratio of 9.408 (Table 3.6) was observed and is > 4, 

indicating that there is adequate signal for the model to be used in navigating the design space. 

 

Table 3.6: ANOVA for response surface reduced linear model 
Source Sum of 

Squares 
df Mean 

Square 
F Value p-value Prob 

> F 
 

Model 0.037 1 0.037 10.68 0.0043 Significant 
C-ACN conc 0.037 1 0.037 10.68 0.0043 Significant 

Residual 0.063 18 3.506E-003    
Lack of fit 0.063 13 4.854E-003 16258.40 < 0.0001 Significant 
Pure error 1.493E-006 5 2.985E-007    
Cor Total 0.10 19     

       
Std.Dev. 0.059 R2 0.3725    

Mean 0.33 Adj R2 0.3376    
C.V. % 18.15 Pred R2 0.1980    
PRESS 0.081 Adeq 

Precision 
9.408    
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The normal probability plot of residuals for retention time is shown in Figure 3.7 and reveals that 

the data points generally fall on a straight line, suggesting that the model is adequate to navigate 

the design space. The normal distribution of errors shown in Figure 3.7 further confirms the 

suitability of the model for use in navigating the design space. 

 

 
Figure 3.7: Normal plot of residuals for retention time 

 

3.4.2 Peak asymmetry 
 

ANOVA analysis reveals that the overall model for peak asymmetry (Y2) was not significant (p 

= 0.0869). However ACN concentration had a significant effect (p = 0.0447) on the peak 

asymmetry of EFV. The combination of ACN concentration and buffer pH was also significant 

(p = 0.0124). The combined effect of ACN concentration and buffer pH on peak asymmetry is 

shown in Figure 3.8  
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Figure 3.8: Contour plot for peak asymmetry as a function of buffer pH and ACN concentration 

 
These data reveal that an optimal peak asymmetry of 1 exists when the concentration of ACN 

used is approximately 44% v/v in combination with a buffer in the pH range of 4-5, which is the 

range of maximum stability of EFV [18]. An increase in ACN concentration leads to a decrease 

in peak asymmetry, probably due to preferential partitioning of EFV into the mobile phase rather 

than the stationary phase, leading to less peak tailing and sharp peaks. The overall equation of 

peak asymmetry is given in Equation 3.17. 

 

Y2 = +1.00+7.322E-003X1+0.031X2-0.073X3-0.012X1X2-0.012X1X3+0.13X2X3  Equation 3.17 

 

3.4.3 Peak resolution  
 

The resolution (Y3) between EFV and LRT was also investigated, and the resulting model was 

found to be statistically significant (p = 0.0215). The significant factors for this response were 

the combination of buffer pH and ACN concentration. An "Adeq Precision" of 8.234 was 

generated for the model, implying that the model is suitable to navigate the design space. The 

contour plot of the synergistic effect of buffer pH and ACN concentration on the resolution of 

EFV and LRT is shown in Figure 3.9. 
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Figure 3.9: Contour plot for peak resolution as a function of buffer pH and ACN concentration 

 
The resolution (Y3) of EFV and LRT was significantly affected by an increase in buffer pH when 

the ACN concentration was constant, as shown in Figure 3.9. The ionic state of EFV is 

influenced by mobile phase pH, and a change in pH results in a change in migration due to the 

polarity of EFV. The resolution of EFV improved with a decrease in pH as the molecule is 

unionized and stable at low pH, since it has a pKa of 10.1 ± 0.1 [21,22]. The resolution was also 

improved when lower concentrations of ACN were used. The Rs of the optimized 

chromatographic conditions was found to be 1.81, with a % RSD of 0.21, and was deemed 

adequate resolution for the quantitative studies performed. The overall equation for resolution is 

expressed in Equation 3.18. 

 

Y3 = +2.58-0.83X1-2.77X2+1.37X3-1.58X1X2+1.63X1X3+6.75X2X3    Equation 3.18 

 

3.4.4 Optimized Chromatographic conditions 
 

The overall chromatographic analyses of EFV and LRT were identified through optimization of 

the models using Design Expert® statistical software. The optimized conditions for the overall 

response Y are listed in Table 3.7. 
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Table 3.7: Optimized chromatographic conditions for analysis of EFV 
Process variable Optimized condition 

X1 (buffer molarity) 31.5 mM 
 

X2 (buffer pH) 4.5 
X3 (% ACN) 50 % (v/v) 

 

Sharp, symmetrical and well resolved peaks following the separation of 50 µg/mL EFV and 75 

µg/mL LRT solutions were observed when the optimized chromatographic conditions were used. 

A typical chromatogram of the separation is shown in Figure 3.10. The % RSD for retention time 

of EFV using the optimized conditions in relation to the predicted retention time was 4.02%, 

which was less than the set value of 5% for our laboratory. The low value of the calculated 

percentage prediction error indicates the robustness of the mathematical modeling approach. In 

addition, the high predictive ability of RSM is demonstrated and suggests the efficiency of RSM 

as a fitting tool for process optimization [373]. 
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Figure 3.10: Typical chromatogram of the separation of EFV (50 µg/mL) and LRT (75 µg/mL) obtained using the 
optimized chromatographic conditions 

 

3.5.  METHOD VALIDATION 

3.5.1  Introduction 
 

The validation of an analytical method ensures the performance characteristics of an analytical 

method and its fitness for its intended purpose [359]. Method validation includes an assessment 

of the adequacy of the analytical procedure by means of statistical testing, and includes linear 

regression analysis and the determination of the relative standard deviation to demonstrate the 

validity of a method [374-376]. The method should be reliable, accurate, precise and robust 

when used by other analysts when using equivalent instrumentation or analysis on different days 

throughout the lifecycle of a product [359,374-377]. 

 

The International Conference of Harmonisation (ICH) [378], Food and Drug Administration 

(FDA) [379] and United States Pharmacopoeial Convention (USP) [16] have developed 
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guidelines for analytical method validation. The ICH Q2 (R1) guideline on validation of 

analytical procedures [378] recognizes accuracy, precision (repeatability and intermediate 

precision), specificity, detection limit, quantitation limit, linearity and range as essential 

parameters for establishing the performance characteristics of a method and that they meet the 

requirements for the intended analytical application of that method. 

 

The HPLC method developed for the analysis of EFV was validated in accordance with the ICH 

[378] guidelines, and stress studies were conducted as described in accordance with the FDA 

[377] guidelines. 

 

3.5.2  Calibration, linearity and range 
 

The linearity of an analytical method is an indication of the ability of the method to produce 

results directly proportional to the concentration of the analyte in samples over a defined range 

[380,381]. The interval between the upper and lower concentrations, inclusive of the two 

extremes, is defined as the range of the analytical method [380,381]. Linearity can be 

demonstrated by analysis of samples of increasing concentration using the proposed method. The 

regression coefficient (R2) is used to evaluate the plot of signal height or peak area as a function 

of the analyte concentration [316,382]. For assay purposes the ICH [378] recommends that 

linearity be determined using a series of three to six injections of not less than five standards, 

with concentrations ranging between 80 and120% of the expected concentration of test samples. 

 

The linearity of the method was established by repeat injections (n=6) of seven calibration 

standards containing EFV/LRT. Calibration standards (0.1, 0.2, 1.0, 2.5, 5.0, 20.0 and 50.0 

µg/mL) spiked with LRT (IS) were prepared as described in § 3.3.3.3 and were injected (n=6) 

onto the chromatographic system using the conditions described in § 3.3.3.2. The peak height 

ratios (PHR) of EFV/LRT were calculated and a calibration curve of PHR versus concentration 
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was plotted as shown in Figure 3.11. Least squares regression analysis was performed on the 

data to establish linearity. 

 

 

Figure 3.11: Typical calibration curve for EFV over the concentration range 0.1-50 µg/mL 

 

The equation for the best-fit linear regression line was y = 0.0292x+0.0174 with a correlation 

coefficient of 0.9996, indicating that the calibration curve was linear. The correlation coefficient 

is normally used to assess linearity of a method and a value of ≥ 0.99 is usually considered 

sufficient to describe linearity of the data across the concentration range [383,384]. Furthermore 

the regression plot should have a y-intercept of < 2% of the response or close to zero [380,384]. 

The intercept of 0.0174 satisfies this criterion for linearity. 

 

3.5.3  Precision 
 

The precision of an analytical method is the degree of scatter of a data set. It is assessed using 

multiple injections of a homogenous solution [380] and is represented as the percent relative 

standard deviation (% RSD) [381]. Precision may be assessed at three levels viz. repeatability 

(intra-day precision), intermediate precision (inter-day precision) and reproducibility (between 
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laboratories precision) [376,382]. In these studies, repeatability and intermediate precision were 

used to assess this parameter, with a RSD tolerance level set at ≤ 5%. 

 

3.5.3.1  Repeatability 
 

The repeatability of an analytical procedure expresses the precision of a method when used under 

the same operating conditions over a short period of time [376,382]. Repeatability is used to 

determine the sensitivity of the HPLC instrument under experimental conditions, and in turn 

eliminates any possibility of variability introduced by the chromatographic conditions [359]. The 

ICH guideline [378] recommends that repeatability be assessed using a minimum of nine 

analyses covering the specified range of the method, for example use of three replicate analyses 

of three concentrations. A minimum of six determinations at 100% of the test target 

concentration may also be used when assessing repeatability [378]. Repeatability was established 

by performing six analyses at three different concentrations (low, medium and high) over the 

calibration range. The repeatability data generated following analysis are summarized in Table 

3.8, and reveal that in all cases the % RSD values were < 5%, indicating that the intra-day 

precision of the method is adequate. 

 

Table 3.8: Repeatability data for EFV analysis (n=6) 

Concentration (µg/mL) 
Calculated concentration 

Mean ± SD % RSD 

1.50 1.48 ± 0.012 0.81 
10.00 10.18 ± 0.027 0.27 
50.00 49.89 ± 0.055 0.11 

 

3.5.3.2  Intermediate precision 
 

The intermediate precision experiments are performed to express variations that may occur 

within laboratories through application of a method on different days using a different analyst 

with different equipment amongst other potential variations [378,382]. Evaluation of 

intermediate precision indicates whether the method will produce similar results when similar 

samples are analyzed. The extent to which the intermediate precision is assessed depends on the 



90 

 

manner in which the analytical method is to be used, and thus on the expected variation 

[378,382]. The intermediate precision was assessed by analyzing six replicate injections of 

solutions of three different concentrations on three consecutive days using the same analytical 

equipment. A summary of the data generated in these studies is listed in Table 3.9. All % RSD 

values were < 5%, suggesting that the method conforms to the specifications for intermediate 

precision. 

 

 
Table 3.9: Inter-day precision data for EFV analysis (n=6) 

Quality control EFV 
Day 1 Day 2 Day 3 

Theoretical 
concentration 
(µg/mL) 

1.00 20.00 50.00 1.00 20.00 50.00 1.00 20.00 50.00 

Calculated 
concentration 
(µg/mL) 

0.94 21.15 52.04 1.14 20.69 49.08 1.09 19.96 52.03 

% RSD 1.12 0.07 0.28 0.76 0.12 0.18 0.83 0.09 0.08 

 

3.5.3.3  Reproducibility 
 

According to the ICH guideline [378] the reproducibility of an analytical method expresses the 

precision of analysis between laboratories in shared studies. Reproducibility is therefore assessed 

by means of an inter-laboratory trial [374]. Reproducibility was not assessed in these studies as 

all analyses were to be performed by a single analyst in the same laboratory for the duration of 

the project. 

 

3.5.4  Accuracy and bias 
 

The accuracy of an analytical procedure is defined as the closeness of measured experimental 

values to the true values for a sample or an accepted reference value [359]. It is recommended 

that accuracy studies for an API and/or a drug product be performed at the 80, 100 and 120% 

levels of their label claim [359,382,385]. Accuracy is usually established after precision, linearity 

and the specificity of a method have been established [359]. 
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The measurement of accuracy can be achieved in a number of ways and the experimental data 

may be compared with results from an established reference method if available [382]. The 

accuracy can also be determined by analyzing samples of known concentration and comparing 

the data generated to the true value for the specific samples. A blank sample can be spiked with a 

known concentration by weight or volume of a material if certified reference material is 

unavailable [382]. 

 

The ICH guideline [378] recommends that accuracy be assessed using a minimum of nine 

determinations at three concentration levels within the specified calibration range. The accuracy 

data are reported as % recovery of the added amount of analyte in a sample or as the difference 

between the mean and the accepted true value of a sample with confidence intervals [378,382]. 

The analytical method is considered accurate if the % recovery is close to 100% with a % Bias < 

2% [381]. However a % Bias of ≤ 5% was set in our laboratory as the test limit since the % Bias 

is the extent of deviation of a sample result from the sample true value. The extent of deviation 

of the experimental data from the true value can be expressed as % Bias, which is calculated 

using Equation 3.20. 

 

% Bias = RSTU VWXTU1YUWDTSU& VWXTU
Z[\] ^_`\] 3100      Equation 3.20 

 

The accuracy was assessed at three concentrations with each sample injected in replicates (n=6), 

and the data generated are summarized in Table 3.10. These data show that the method is 

accurate for the analysis of EFV. 
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Table 3.10: Accuracy results for EFV 

Theoretical concentration 
(µg/mL) 

Mean concentration 
determined (µg/mL) % RSD % Bias 

0.36 0.35 ± 0.0066 1.89 -2.86 
9.00 9.20 ± 0.011 0.12 +2.17 
46.50 46.80 ± 0.056 0.12 +0.64 

 

3.5.5  Specificity 
 

The specificity of a chromatographic method is the ability of the method to accurately measure 

the response of an analyte in the presence of all potential contaminants and sample components 

[381]. The chromatographic conditions should resolve peak(s) of interest from any possible 

excipients or contaminants that may be present in a dosage form. The specificity of the method 

was established by analysis of commercially available EFV tablets. The peaks observed were 

well resolved from the solvent front and did not interfere with the analysis of EFV. EFV 

solutions exposed to stress conditions (§ 3.5.7) also revealed well-resolved peaks, thus 

confirming the specificity of the analytical method. 

 

3.5.6  Limits of quantitation and detection 
 

Von Richter et al., [386], Marin et al., [387] in addition to Washington et al., [388], have 

extensively addressed the concept of the limits of quantitation (LOQ) and limits of detection 

(LOD) as an indication of the sensitivity of an analytical method. The LOQ is defined as the 

lowest concentration of an analyte that can be quantitated with adequate accuracy and precision 

[387]. Conversely the LOD of an analytical method is the lowest amount of an analyte that can 

be detected but not quantitated to an exact numeric value [387]. The LOD is detectable above the 

noise level of a system and is characteristically reported three times above the noise level 

[382,387,389]. 
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The ICH guideline [378] describes three approaches for establishing the LOQ and LOD of 

analytical methods [378,382]. The detection and quantitation limits are determined by analyzing 

samples of known concentration of the analyte of interest and establishing the minimum level at 

which the analyte can be reliably detected. 

 

The signal-to-noise ratio can be used to determine the detection limits of an analytical method 

[374,378,390,391]. However this approach can only be applied to analytical methods that exhibit 

sufficient baseline noise. The signal-to-noise ratio approach is performed by measuring the 

signals of an analyte at low concentration and comparing the resultant signal to those of a blank 

sample. A signal-to-noise ratio of between 3 or 2:1 and 10:1 is generally considered acceptable 

for identifying the limits of detection and quantitation respectively [374,382]. Variability in 

detector noise indicates that the method is not practical to use as different signals to those 

obtained during method development may arise when the detector is changed [374]. 

 

Another approach for the determination of detection limits depends on the standard deviation of 

a response that is based on the standard deviation of a blank sample or the slope of the 

calibration curve [382,389]. The calculation of these limits can be established using Equations 

3.21 and 3.22, respectively. 

 

LOD = a.ab
c      Equation 3.21 

LOQ = �Gb
c      Equation 3.22 

Where 

σ = standard deviation of the response 
S = slope of the calibration curve 

 
The slope (S) is estimated from the calibration curve for an analyte. An estimation of σ can be 

obtained from the standard deviation of a number of blank sample responses. In addition σ can 
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be obtained using a specific calibration curve with samples containing an analyte in the LOD and 

LOQ range. The standard deviation of the y-intercept of regression lines can be used as the 

standard deviation [378]. 

 

The detection limits can also be evaluated from the minimum concentration for which the % 

RSD is less than a predetermined value. The LOQ can be evaluated as the minimum 

concentration of an analyte for which the % RSD for the peak area or peak height of the 

compound of interest (n=6) does not exceed 5% RSD. The LOD is then calculated as 0.3 x LOQ 

[392,393]. The LOQ and LOD were established using the % RSD approach and the data 

generated are summarized in Table 3.11. The LOQ was set at 0.10 µg/ml and by convention the 

LOD was calculated as 0.03 µg/mL. 

 

Table 3.11: LOQ data for HPLC analysis of EFV 
Conc(µg/mL) MPHR (EFV/LRT) SD % RSD 

0.50 0.0264 0.00027 1.02 
0.25 0.0175 0.00033 1.86 
0.20 0.0152 0.00056 3.68 
0.15 0.0117 0.00041 3.50 
0.10 0.0076 0.00037 4.87 

 

3.5.7  Forced degradation studies and stability of EFV 
 

A stability-indicating method is a validated quantitative analytical procedure that should detect 

relevant changes in the properties of API and/or drug product [31]. A stability-indicating method 

accurately measures API without interference from degradation products, process impurities, 

excipients or other potential impurities [30]. Forced degradation or stress studies are performed 

to demonstrate that degradants and impurities of an API or excipients do not interfere with the 

quantitation of the API [377]. In addition, forced degradation studies may provide information 

that would be useful in identifying the degradation pathway(s) and/or degradation products of a 

chemical entity and/or drug products on storage [30]. 
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Stress studies were conducted by exposing EFV to acidic, alkaline, neutral, hydrogen peroxide, 

light and heat conditions [30,31,377]. These studies were performed in solution except when the 

drug was exposed to dry heat, in which case the powder form of EFV was used. Stock solutions 

(100 µg/mL) were prepared as described in § 3.3.3.3 using mobile phase. These solutions were 

then exposed to the different stress conditions, prior to analysis using the validated analytical 

method. A tolerance level of between 5 and 20% degradation of API is considered acceptable for 

the purpose of validating an analytical method intended for assay [30]. Consequently a tolerance 

of 5% was used in determining if EFV had degraded as a result of exposure to stress conditions. 

The untreated chromatogram of EFV was used as a reference and is shown in Figure 3.12. 

Typical chromatograms for EFV following exposure to stress conditions are shown in Figure 

3.13. 

 

 
Figure 3.12: Typical chromatogram of an untreated EFV solution 
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Figure 3.13:Typical chromatograms for  EFV following exposure to 500 W h/m2 (A), 70 °C (B), 0.1M HCL at 70 °C 
(C), 0.1 M NaOH at 70°C (D) HPLC grade water at 70 °C(E), 3% v/v H2O2 (F) and dry heat at 97 °C (G) 
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3.5.7.1  Photostability studies 
 

The ICH recommends exposing an API to light as an essential part of stress studies [394]. The 

photostability characteristics of a new API are necessary in order to demonstrate that light 

exposure does not result in unacceptable changes to the compound [394]. Photostability testing 

may be conducted by exposure of an API to light designed to produce a similar output to D65 or 

ID65 emission standards [31,394]. The exposure energy should be a minimum of 200 W h/m2, or 

at least 1.2 million lux hours for UV photolytic analysis [31,394]. Photolytic degradation was 

performed by exposing a 100 µg/mL solution of EFV to 500 W h/m2 for 8 hours in a 

photostability test chamber (Suntest® CPS+, Atlas, Linsengericht, Germany) prior to analysis. 

The resultant chromatogram generated following injection of a sample exposed to photolytic 

conditions for 8 hours is shown in Figure 3.13 (A). The extent of degradation under these 

conditions was determined and it was observed that 46.64 ± 0.0297% EFV had been recovered. 

 

3.5.7.2  Temperature stress studies 
 

The ICH guidelines [378] recommend that temperature stress testing of an API substance be 

conducted using temperatures over 10°C increments above that used for accelerated stability 

studies. For these studies it was deemed necessary to determine the temperature at which EFV 

becomes thermolabile in solution and whether or not the degradation products could be resolved 

from the parent drug. Consequently 100 µg/mL of EFV was exposed to heat and maintained at 

50, 60, 70 and 80°C for 8 hours using a Colora® Model NB-34980 Ultra-Thermostat water bath 

(Colora®, Lorch, Germany), and allowed to cool to room temperature (22°C) prior to analysis 

using the validated method. 

 

The resultant chromatogram generated from exposing the solution to a temperature of 80°C is 

shown in Figure 3.13 (B). The extent of degradation under these conditions was determined and 

it was observed that 59.28 ± 0.0681% of EFV had been recovered. 
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3.5.7.3  Acid degradation studies 
 

Bakshi and Singh [31] recommended that acid and basic hydrolytic studies of new chemical 

entities be performed by refluxing the API in 0.1 M HCL and NaOH for 8 hours. Therefore 50 

ml of a 100 µg/mL of EFV solution was mixed with 50 ml of 0.1 M HCL and the mixture 

refluxed at 70°C for 8 hours and left to cool to room temperature (22°C) prior to HPLC analysis. 

The resultant chromatogram generated from acid degradation of EFV is shown in Figure 3.13 

(C). The extent of degradation under these conditions was determined and it was observed that 

97.71 ± 0.0359% of EFV had been recovered. 

 

3.5.7.4  Alkali degradation studies 
 

Briefly, 50 mL of 100 µg/mL solution of EFV was mixed with 50 mL of 0.1 M NaOH and the 

mixture was refluxed at 70°C for 8 hours as described in § 3.5.7.3. The solution was allowed to 

cool to room temperature (22°C) prior to HPLC analysis. The resultant chromatogram generated 

from alkali degradation of EFV is shown in Figure 3.13 (D). The extent of degradation under 

these conditions was determined and it was observed that 4.28 ± 0.0134% of EFV had been 

recovered. Following exposure of EFV to a solution of NaOH, degradation peaks (A and B) were 

observed in the chromatogram, as shown in Figure 3.13 (D). This confirms the alkaline 

instability of EFV through hydrolysis of the carbamate functional group as reported in Chapter 1 

(§ 1.3.1). 

 

3.5.7.5  Neutral hydrolysis 
 

Hydrolytic studies in a neutral solution of compounds can be performed by refluxing an aqueous 

solution of the API for 12 hours [31]. Therefore 50 mL of 100 µg/mL solution of EFV was 

mixed with 50 mL of HPLC-grade water, and the resultant mixture was refluxed at 70°C for 8 

hours. Once again the solution was then allowed to cool down to room temperature (22°C) prior 

to HPLC analysis. The resultant chromatogram generated from neutral degradation of EFV is 

shown in Figure 3.13 (E). The extent of degradation under these conditions was determined and 

it was observed that 98.35 ± 0.0559% of EFV had been recovered. 
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3.5.7.6  Oxidative studies 
 

Bakshi and Singh [31] suggested the use of hydrogen peroxide in 3-30% v/v concentration for 

the evaluation of oxidation of compounds. Approximately 50 mL of 100 µg/mL of EFV solution 

was mixed with 50 mL of 3% v/v hydrogen peroxide. The mixture was refluxed at 70°C for 8 

hours prior to cooling to room temperature (22°C) and analysis using HPLC. The resultant 

chromatogram generated from oxidative stress studies of EFV is shown in Figure 3.13 (F). The 

extent of degradation under these conditions was determined and it was observed that 44.94 ± 

0.0286% of EFV had been recovered. Following exposure to hydrogen peroxide for eight hours 

EFV was found to degrade and an additional peak was eluted in the solvent front, which may be 

a degradation product. 

 

3.5.7.7  Dry heat 
 

EFV powder was exposed to 97°C for 8 hours in a drying cabinet (Weiss, Gallenkamp®, 

Loughborough, UK). A 100 µg/mL stock solution was prepared using EFV powder that had been 

exposed to heat, following which the true concentration was determined by HPLC. The resultant 

chromatogram generated from dry heat studies of EFV is shown in Figure 3.13 (G). The extent 

of degradation under these conditions was determined and it was observed that 98.98 ± 0.0809% 

of EFV had been recovered. 

 

3.5.7.8  Stability of the analyte 
 

An analyte is said to be chemically stable under specific conditions and time by comparison of 

the response to that observed for freshly prepared samples [395]. The stability of an analyte in 

mobile phase ensures that the integrity of the compound is maintained throughout the analytical 

process [396]. The stability of EFV in solution was established in mobile phase by analyzing a 

100 µg/mL solution of the molecule that had been maintained at 4°C for a period of 3 days. A 

tolerance level of 1% RSD was considered acceptable in order to infer stability. These studies 
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revealed that the concentration of EFV remained constant with a % RSD value of 0.23%. EFV 

was therefore considered stable in the mobile phase, and the stock solution could be stored under 

the stated conditions and used within three days of preparation. 

 

3.6 APPLICATION OF THE ANALYTICAL METHOD 

 

The validated method was applied to the analysis of EFV in commercially available Stocrin ® 

600 mg tablets [397], and for the quantitative determination of EFV in samples collected during 

in vitro release testing of EFV in SLN and NLC. Briefly, 20 tablets were crushed in a mortar and 

pestle and an aliquot of powder equivalent to the weight of one tablet was then quantitatively 

transferred to a 100 mL A-grade volumetric flask. Approximately 80 mL of the mobile phase 

was then added to the volumetric flask and the mixture was sonicated using a Branson® B12 

sonicator (Branson® Inc., Shelton, Conn, USA) with regular shaking until complete dissolution 

of the powders had been observed [33]. The solution was allowed to cool to room temperature 

(22°C) prior to making up to volume with mobile phase. An aliquot of the resultant mixture was 

centrifuged at 500 rpm for 10 minutes [33] using an IEC Model HN-SII centrifuge (Damon, 

Needham HTS, MA, USA), filtered through a 0.45 µm Millipore® Millex-HV Hydrophilic 

PVDF filter membrane (Millipore® Co., Bedford, MA, USA) and analyzed using the validated 

HPLC method. 

 

The data generated from assay studies (n=3) revealed that the tablets contained on average 

100.68 ± 2.015% of the label claim, with a precision of 2.00% RSD. These data fall within the 

limits of 92-110% as specified in the USP [397]. A typical in vitro release profile (n=3) 

generated during these studies is shown in Figure 3.14. The data obtained from assay and in vitro 

release studies reveal that the HPLC-UV method is suitable for the quantitative determination of 

EFV in pharmaceutical formulations and the assessment of the in vitro release rate of EFV from 

colloidal drug carriers such as SLN and/or NLC. 
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Figure 3.14: Typical dissolution profile of EFV from EFV-loaded SLN (n=3) 

 

3.7 CONCLUSIONS 

 

The use of Response Surface Methodology (RSM) is a popular approach for optimization 

experiments [322], including the development of HPLC methods. A Central Composite Design 

(CCD) approach was used to develop and optimize a RP-HPLC with UV detection for the 

analysis of EFV. The optimization studies investigated the effect of three variables viz. buffer 

pH, buffer molarity and ACN concentration on three critical quality attributes of a separation, 

viz. peak asymmetry, peak resolution and retention time. 

 

The results of statistical analysis for the model reveal that it can be used to navigate the design 

space. Contour plots were used to explain the interactive effects of factors on the responses. 

Statistical analysis of the models showed that of all factors studied, only ACN concentration had 

a significant effect on the retention time of EFV. Furthermore the responses observed for the 

method were closely related to the predicted values generated using the optimized method. The 
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can be used to identify the optimum chromatographic conditions for the purpose of achieving 

adequate separation, resolution and retention time in an HPLC analysis. 

 

A stability-indicating RP-HPLC method has been developed that is simple, precise, accurate, 

selective and rapid. The method can be used for the quantitative determination of EFV in 

pharmaceutical dosage forms. In addition the method is sensitive and could be used for the 

assessment of in vitro release rate of EFV from colloidal drug delivery systems such as SLN 

and/or NLC. EFV is photolabile and undergoes extensive photolytic degradation following 

exposure to ultraviolet (UV) light, confirming published data [34,343], and therefore the use of 

HPLC with UV detection for the quantitative determination of EFV may be undesirable. It was 

decided that a RP-HPLC method with electrochemical detection (ECD) be developed and 

validated for the analysis of EFV. Data generated from these studies are highlighted in Chapter 

4.
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CHAPTER 4 

 

DEVELOPMENT AND VALIDATION OF A RP-HPLC ECD METHOD FOR THE 
ANALYSIS OF EFAVIRENZ  

4.1  INTRODUCTION  

 

The use of HPLC-UV for quantitative analysis of EFV in dosage forms either alone [33,248,343] 

or in combination with ARV has been reported in Chapter 3 [250]. However the use of HPLC 

with UV detection for the quantitaive analysis of EFV may be inappropriate as the molecule is 

photolabile and has been reported to undergo extensive photolytic degradation following 

exposure to light at wavelengths of 254 nm [34] and 320-400 nm [343].These conditions may be 

unsuitable and there is a need to explore the use of an alternate detector for HPLC analysis of 

EFV. EFV has a nitrogen atom on the benzoxazine ring that is susceptible to electrochemical 

oxidation [398]. Consequently the use of electrochemical detection (ECD) may be suitable for 

the analysis of EFV in dosage forms. Dogan-Topal et al., [398] reported the use of an HPLC-

ECD method for the determination of EFV in formulations using a pencil graphite electrode. 

However this method was not stability-indicating and involved the use of an electrochemical 

biosensor with the primary aim of studying DNA–EFV interactions and therefore may not be 

suitable for the routine analysis of the EFV in dosage forms. 

 

HPLC-ECD has been successfully used for trace determination of oxidizable and reducible 

organic compounds. Electrochemical approaches such as pulse polarography, anodic stripping 

voltammetry and differential pulse voltammetry have been applied to the analysis of API and 

drug products [365,399]. HPLC-ECD has been used for the detection of tricyclic antidepressant 

compounds using boron-doped diamond electrodes [400], p-nitrophenol and acid phosphatase in 

urine [401], penicillins [402,403], phenols in environmental waters [404], cyclizine and 
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norcyclizine in biological fluids [405], and for the bioequivalence study of trimetazidine in 

human plasma [406] amongst other separations and applications. 

 

ECD is a sensitive and specific technique requiring the compound of interest to have a functional 

moiety that has the potential to undergo a redox reaction [365]. The detection limit of 

compounds with oxidizable functional groups has been reported to be as low as 0.1 picomols. 

However the limit of detection is relatively high for molecules with reducible functional groups 

due to challenges associated with dissolved oxygen and electrode stability [284,365,407]. 

Despite the advantages of ECD, i.e. adequate selectivity, low limits of detection and cost, 

significant drawbacks are associated with the use of ECD, including unreliability due to constant 

electrode fouling, especially when operated at high potentials [365], resulting in the cell having 

to be removed and cleaned on a regular basis [365]. Electrode fouling can be limited by use of 

pulsed electrochemical detection in which gold or platinum electrodes are used [284,365,408-

410]. A schematic representation of the principle behind the operation of ECD is shown in 

Figure 4.1 [411]. 

 

 

Figure 4.1: Schematic representation of an electrochemical detector (adapted from [411]) 
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The potential required for activation of the API and subsequent detection of the compound is 

applied to the working reference electrode connected to a flow cell, with the auxiliary electrode 

being used to control the potential [411]. As oxidation or reduction occurs at the working 

electrode the flow of current changes and is monitored, amplified and recorded as a 

chromatographic response [284,411]. When using coulometric detection, the reaction goes to 

completion by use of the high surface area of a working electrode and exhausting all reactants in 

the flow cell [412]. The number of coulombs of charge transferred is then measured. For 

amperometric detection, solute molecules located at the surface of an electrode in addition to 

those in close proximity to that surface, are oxidized or reduced by maintaining a constant 

working electrode potential [412]. The reaction is diffusion-controlled and is proportional to the 

concentration of analyte present. In this case the flow of current is measured, amplified and the 

signal recorded as a function of time [284,412]. 

 

The objectives of this study were to develop and validate an HPLC-ECD method for the 

quantitation of EFV in pharmaceutical dosage forms, and to compare the method to the HPLC-

UV method (Chapter 3) in terms of simplicity, precision, accuracy and selectivity prior to 

selecting the most appropriate approach for the analysis of SLN and/or NLC formulations. 

 

4.2  EXPERIMENTAL  

4.2.1  Chemicals and Reagents 
 

All chemicals and reagents, except for imipramine (IMI), were similar to those used in the 

development of the RP-HPLC with UV detection described in § 3.3.3.1. The internal standard 

(IS) IMI was donated by Aspen Pharmacare® (Port Elizabeth, Eastern Cape, South Africa). 

4.2.2  Preparation of stock solutions and calibration standards 
 

Standard stock solutions of EFV (140 µg/mL) and IMI (5µg/mL) were prepared and stored as 

described in § 3.3.3.3. The range of concentrations for the calibration standards was 5-70 µg/mL 

for ECD studies. 
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4.2.3  Preparation of Buffer and Mobile Phase 
 

Phosphate buffer (30 mM) was prepared by accurately weighing 4.0789 g of potassium 

dihydrogen orthophosphate into a 1 L A-grade volumetric flask and making up to volume with 

HPLC grade water. The pH was adjusted as described in § 3.3.3.4, and the mobile phase was 

prepared as described in § 3.3.3.4. 

4.2.4  Instrumentation 
 

The modular HPLC system consisted of a Model 510 Waters® solvent delivery system (Waters® 

Associates, Milford, MA, USA), a Waters® Wisp 710 B autosampler (Waters® Associates, 

Milford, MA, USA) and a Model 464 pulsed amperometric electrochemical detector (Waters® 

Associates, Milford, MA, USA) operated in the DC mode with the potential and current set at 

+1400 mV and 1 µA respectively. Separation between IMI and EFV was achieved under 

isocratic conditions using a Nova-Pak® C18, 4 µm (150 mm x 3.9 mm i.d) (Waters® Corporation, 

Milford, MA, USA) cartridge column and a mobile phase consisting of 30 mM phosphate buffer 

(pH 4.5): acetonitrile (55:45 v/v). The flow rate of the mobile phase and the injection volume 

were 1.0 mL/min and 20 µL respectively. The temperature of the analytical column was 

maintained at 30°C using a Model LC-22 temperature controller (Bioanalytical Systems, West 

Lafayette, IN, USA). Data acquisition was achieved using a SP Thermo Separation Datajet 

Integrator (Waters® Associates, Milford, MA, USA) which had been set at an attenuation of 128. 

 

4.3  METHOD DEVELOPMENT  

 

The development and optimization studies of the ECD method were performed in a similar 

manner to the approach outlined in Chapter 3, § 3.4. EFV has an oxidizable functional group that 

oxidizes at a potential of +1250 mV [398]. Consequently in these studies an electrochemical 

(EC) detector was used for the detection of EFV. Preliminary studies were designed to establish 

the oxidization potential and analytical current for EFV. A hydrodynamic voltammogram (HDV) 
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for EFV and IMI generated in the DC mode in a potential range between +1000-1800 mV and a 

scan of the background current ranging between 0.5-5.0 µA are shown in Figure 4.2 (A) and (B) 

respectively. These data reveal that the maximum oxidizing potential for the analyte of interest 

(EFV) was reached at +1400 mV, corresponding to oxidation of the secondary amine 

electroactive site [398] (Figure 1.1), and the limiting current for both EFV and IMI reached 

plateau at 1.0 µA. However the optimal detector potential is selected only when the 

chromatographic conditions have been optimized as the electrochemical behavior of an analyte 

depends on other conditions such as mobile phase composition and pH [413]. Consequently a 

potential range between +1300 mV and +1500 mV was included as a factor for the CCD to 

generate the optimum chromatographic conditions for this analysis. The plateau background 

current of +1.0 µA (Figure 4.2 B) was used in all subsequent method development experiments 

to achieve the detection and separation of EFV (70 µg/mL) and IMI (5 µg/mL). 

 

Figure 4.2: HDV for EFV and IMI generated in DC mode (A) and scan for background current (B) 
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4.3.1 Method optimization 
 

A computer-generated rotatable CCD design consisting of 30 experiments, 6 center points and 24 

non-center points was generated and is listed in Table 4.1. The experimental levels studied are 

summarized in Table 4.2. The minimum and maximum values of the buffer molarity (X1) were 

30 mM and 50 mM with the lower and upper axial points of 20 mM and 60 mM. Similarly the 

values of 4 and 6 were the minimum and maximum values of the buffer pH (X2), with the lower 

and upper axial values maintained at pH 3 and pH 7. The ACN concentration (X3) was kept at 

minimum and maximum values of 40% and 50% with respect to buffer concentration, with lower 

and upper axial levels of 35% and 55% respectively. Detector voltage (X4) was set to a minimum 

of +1350 mV and maximum of +1450 mV, with the lower and upper axial levels of (X4) set at 

+1300 mV and +1500 mV respectively. The independent input variables and ranges were 

selected on the basis of preliminary studies of the chromatographic system. The retention time 

(Y1) of the last peak eluted, peak symmetry (Y2) and peak resolution (Y3) were selected as 

dependent output responses or variables. Data analysis was performed using Design Expert® 

statistical software as described in § 3.4, and the design summary selected was best represented 

with four quadratic models. 
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Table 4.1: Randomized coded experimental runs for CCD 

Factor 1 Factor 2 Factor 3 Factor 4 
 
 

Std Run 
A:Buffer 
Molarity 

B:Buffer 
pH 

C:ACN 
conc D:Voltage 

mM % v/v mV 

6 1 1 -1 1 -1 

9 2 -1 -1 -1 1 

11 3 -1 1 -1 1 

29 4 0 0 0 0 

7 5 -1 1 1 -1 

25 6 0 0 0 0 

16 7 1 1 1 1 

19 8 0 -2 0 0 

21 9 0 0 -2 0 

22 10 0 0 2 0 

3 11 -1 1 -1 -1 

2 12 1 -1 -1 -1 

12 13 1 1 -1 1 

30 14 0 0 0 0 

24 15 0 0 0 2 

14 16 1 -1 1 1 

13 17 -1 -1 1 1 

20 18 0 2 0 0 

4 19 1 1 -1 -1 

15 20 -1 1 1 1 

1 21 -1 -1 -1 -1 

8 22 1 1 1 -1 

23 23 0 0 0 -2 

27 24 0 0 0 0 

26 25 0 0 0 0 

18 26 2 0 0 0 

28 27 0 0 0 0 

5 28 -1 -1 1 -1 

17 29 -2 0 0 0 

10 30 1 -1 -1 1 
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Table 4.2: Actual variable and experimental design values 
Variable Level    

  
-α 

 
-1 

 
1 

 
+α 

X1(Mobile phase mM) 20 30 50 60 

X2(Mobile phase pH) 3 4 6 7 

X3(Organic solvent 
%) 

35 40 50 55 

X4(Voltage mV) 1300 1350 1450 1500 

 

4.3.1.1. Effect on retention time 
 

Retention time (Y1) was considered the most critical response as it affects the analytical run time 

of a method. ACN concentration was found to be the most statistically significant factor 

affecting retention time and the influence of ACN concentration on retention time is shown in 

Figure 4.3. 

 

 
Figure 4.3: The effect of ACN concentration on retention time 
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increased from 40 to 50% v/v. ANOVA was used to analyze the quadratic model for retention 

time and Fisher’s F-ratio was calculated to identify significant terms in the model, with the error 

term of p = 0.05. Values of "Prob > F" < 0.0500 indicate model terms that are significant, 
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however values greater than 0.1000 indicate that the model terms are not significant. The overall 

contribution of the model factors to retention time was not statistically significant as summarized 

in Table 4.3, as the “Prob > F” > 0.1. The "Model F-value" of 0.89 implies that the model is not 

significant relative to noise and that there is a 58.25% chance that a "Model F-value" this large 

could occur due to noise. 

 
Table 4.3: ANOVA Data for the response surface quadratic model for retention time 

Source Sum of 
Squares 

df Mean 
Square 

F Value p-value Prob 
> F 

 

Model 98.59 14 7.04 0.89 0.5825 Not 
significant 

A-Buffer 
Molarity 

1.23 1 1.23 0.16 0.6983  

B-Buffer pH 7.59 1 7.59 0.96 0.3424  
C-ACN conc 34.75 1 34.75 4.40 0.0533  
D-Voltage 0.066 1 0.066 8.325E-003 0.9283  

AB 0.30 1 0.30 0.038 0.8488  
AC 5.50 1 5.50 0.69 0.4171  
AD 2.28 1 2.28 0.29 0.5989  
BC 12.78 1 12.78 1.61 0.2227  
BD 0.40 1 0.40 0.050 0.8256  
CD 
A2 

B2 

C2 

D2 

1.66 
12.87 
4.87 
17.77 
8.76 

1 
1 
1 
1 
1 

1.66 
12.87 
4.87 
17.77 
8.76 

0.21 
1.63 
0.62 
2.25 
1.11 

0.6528 
0.2212 
0.4446 
0.1543 
0.3090 

 

 

Residual 118.46 15 7.90    
Lack of fit 118.46 10 11.85 27764.19 < 0.0001 Significant 
Pure Error 2.133E-003 5 4.267E-004    
Cor Total 217.05 29     

       
Std. Dev. 2.81 R2 0.4542    

Mean 9.25 Adj R2 -0.0582    
C.V. % 30.44 Pred R2 -2.1437    
Press 682.34 Adeq. 

Precision 
3.859    

 

The "Lack of Fit F-value" of 27764.19 indicates that the Lack of Fit is significant and may be 

due to insignificant model terms, which is undesirable. Therefore model reduction through a 

background elimination procedure was used to improve the model fit. In this way insignificant 

model terms were reduced, resulting in identification of a significant model as summarized in 

Table 4.4. 
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Table 4.4: ANOVA table for the response surface reduced linear model 
Source Sum of 

Squares 
df Mean 

Square 
F Value p-value Prob 

> F 
 

Model 34.75 1 34.75 5.34 0.0285 Significant 
C-ACN conc 34.75 1 34.75 5.34 0.0285 Significant 

Residual 182.30 28 6.51    
Lack of fit 182.30 23 7.93 18576.27 < 0.0001 Significant 
Pure error 2.133E-003 5 4.267E-004    
Cor Total 217.05 29     

       
Std.Dev. 2.55 R2 0.1601    

Mean 9.25 Adj R2 0.1301    
C.V. % 27.60 Pred R2 -0.0048    
PRESS 218.09 Adeq. 

Precision 
7.306    

 
The Model F-value of 5.34 is indicative of a significant model, as the probability that a "Model 

F-Value" of such magnitude could occur due to noise is only 2.85%. Following model reduction 

the lack of fit was still significant, as observed in Table 4.4. However, an "Adeq Precision" of 

7.306 indicates a signal that is satisfactory. The "Adeq Precision" measures the signal to noise 

ratio, and a ratio > 4 is considered desirable. Therefore this model was used to navigate the 

design space as summarized in Table 4.4. The method was used to predict the retention time of 

EFV within the limits of the design space. The resultant model equation for Y1 (retention time) is 

shown in Equation 4.1. 

 

Y1 = 9.25-1.20X3                                                                                                           Equation 4.1 

 

The normal probability plot of residuals for retention time is shown in Figure 4.4. 
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Figure 4.4: Normal plot of residuals for retention time 

 

The normal plot of residuals shows that the points generally lie on a straight line, and is 

indicative of a relatively normal distribution of error and therefore is confirmation of adequate 

fitting of the data to the model. A Box-Cox plot for power transformations for this model is 

shown in Figure 4.5, and the observed current value of 1 indicates that a transformation of the 

model data is not necessary, confirming that the data were normally distributed, and further 

implies that the data are located at the best possible and optimal region of the parabola [369-

371]. 
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Figure 4.5: Box –Cox plot for power transformation for retention time of EFV 

 

4.3.1.2. Effect on peak asymmetry 
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the model was insignificant (p = 0.0852) with respect to As. Consequently model reduction was 

performed using background elimination. Evaluation of the significant model (p = 0.0005) 

suggests that ACN concentration (p = 0.0256) and detector voltage (p = 0.0256) alone or in 

combination (p = 0.0032) were major factors affecting peak symmetry for EFV. These factors 

can therefore be manipulated to improve the EFV peak symmetry during analysis. The 

synergistic effect of ACN concentration and voltage on the peak symmetry is shown in Figure 

4.6. 
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Figure 4.6: Contour plot for peak symmetry as a function of ACN concentration and voltage 

 

These data indicate that in order to generate a symmetrical peak for EFV the optimal ACN 

concentration and voltage should lie between 40-47% v/v and +1375 mV-+1450 mV 

respectively. An experimental run performed using the optimized chromatographic conditions 

resulted in an As value of 1.1 (0.18% RSD) and was considered adequate peak symmetry for 

analysis of EFV. The equation for the peak symmetry response is shown in Equation 4.2. 
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4.3.1.3. Effect on peak resolution 
 

The resolution between EFV and the IS was considered an essential HPLC response and was 

therefore also investigated during the optimization stage of method development. The quadratic 

model was not significant (p = 0.4265) and an F-value of 1.10 was calculated. The "Model F-

value" was 1.10, with a 42.65% probability of this value occurring as a consequence of noise, 

indicating that the model was not significant. Furthermore the ratio of maximum to minimum 

resolution was 23.67, and a ratio >10 indicates that transformation of the data is required in order 

to validate the ANOVA. Consequently an inverse transformation was used to transform the data 

and a significant (p = 0.0412) two-factor interaction (2FI) model was obtained. The buffer pH 
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was a significant model term with a p-value of 0.0233. Furthermore the interactive effects of 

buffer pH and ACN concentration, and between ACN concentration and voltage, were 

significant model terms with p-values of 0.0179 and 0.0371 respectively. Two-dimensional 

contour plots of the influence of these interactive effects on peak resolution for EFV are shown 

in Figures 4.7 and 4.8. 

 
Figure 4.7: Contour plot for peak resolution as a function of buffer pH and ACN concentration 

 

Figure 4.8: Contour plot of peak resolution as a function of ACN concentration and voltage 
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The data depicted in Figure 4.7 reveal that adequate peak resolution could be observed when the 

pH of the buffer was < pH 5 with any concentration of ACN. Furthermore the data in Figure 4.8 

suggest that acceptable peak resolution could be obtained when the ACN content and detector 

voltage were within the range of 44%-50% v/v and +1380 mV–+1450 mV respectively. An 

experimental run performed using the optimized chromatographic conditions resulted in a peak 

resolution value of 3.52 (0.59% RSD), suggesting that adequate resolution between EFV and IMI 

had been achieved. The equation for the peak resolution response is shown in Equation 4.3. 

�
Qd = +0.43+5.086E-003X1+0.18X2-0.14X3+0.059X4+0.021X1X2-0.11X1X3+0.084X2X3+0.063X2X4-

0.20 X3X4           Equation 4.3 

 

4.3.1.4. Optimized chromatographic conditions 
 

The overall solutions for chromatographic conditions were generated through optimization of the 

models using Design Expert® statistical software (Stat-Ease Inc., Minneapolis, MN, USA). The 

optimized conditions for the overall response Y are given in Table 4.5. 

 

Table 4.5: Optimized chromatographic conditions for HPLC-ECD analysis of EFV 
Process variable Optimized condition 

X1 (buffer molarity)                 30 mM 
 

X2 (buffer pH) 4.5 
X3 (% ACN) 45% (v/v) 

 
X4 (Voltage) +1400 mV 

 

The optimized chromatographic conditions were applied to the quantitative analysis of EFV, and 

a typical chromatogram of the separation of EFV and IMI generated using these conditions is 

shown in Figure 4.9. It is evident that sharp and well-resolved peaks for EFV and IMI were 

obtained with retention times (Rt) of 3.70 and 8.89 minutes respectively. The retention times 

were considered suitable for the routine analysis of EFV as the total run time for sample analysis 

was < 10 minutes. Furthermore the % RSD for the retention time of EFV in relation to the 

predicted retention time was 2.54%, and was considered adequate as it was less than the criterion 

of 5% RSD set in our laboratory. 



118 

 

 

 
Figure 4.9: Typical chromatogram showing separation of EFV (70 µg/mL) and IMI (50 µg/mL) 
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4.4.  METHOD VALIDATION  

 

To compare the versatility of the two HPLC methods using UV and EC detection, the same 

validation limits and standards as described in Chapter 3, § 3.5 were carried out during validation 

of the HPLC-ECD method. 

 

4.4.1  Calibration, linearity and range 
 

The linearity of the method was demonstrated as in § 3.5.2 by analyzing (n=6) seven calibration 

standards of EFV i.e. 5.0, 10.0, 15.0, 30.0, 40.0, 50.0 and 70.0 µg/mL. A plot of the peak ratio 

(PHR) of EFV to IMI was plotted against the concentration as shown in Figure 4.10. Least 

squares regression analysis was performed to establish linearity of the data. The R2 value and 

equation for the line were 0.9979 and y = 0.0151x+0.0163 respectively. 

  

Figure 4.10: Typical calibration curve for EFV over the concentration range 5-70 µg/mL 
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4.4.2.  Precision 

4.4.2.1  Repeatability or intra-day precision 
 

The repeatability of the method was established using three different concentrations (low, 

medium and high) across the calibration range and the data are summarized in Table 4.6. These 

results reveal that the intra-day precision of the method was acceptable in accordance with the 

criteria set in our laboratory as defined in Chapter 3,§ 3.5.3.1. 

 

Table 4.6: Intra-day data for EFV analysis (n=6) 

Concentration (µg/mL) 
Calculated concentration 

Mean ± SD 
% RSD 

10.00 9.86 ± 0.428 4.34 
30.00 29.67 ± 0.999 3.37 
50.00 48.54 ± 1.937 3.99 

 

4.4.2.2  Intermediate precision 
 

Intermediate precision was determined on three consecutive days using three concentrations 

(n=6) and the resultant data are listed in Table 4.7. The % RSD < 5% for each concentration 

tested confirming that the method was precise with respect to intermediate precision as defined 

in Chapter 3,§ 3.5.3.2. 

 

Table 4.7:Inter-day precision and accuracy data for EFV analysis 
Quality 
control 

EFV 
Day 1 Day 2 Day 3 

Theoretical 
concentration 

(µg/mL) 

10.00 30.00 50.00 10.00 30.00 50.00 10.00 30.00 50.00 

Calculated 
concentration 

(µg/mL) 
10.23 29.87 48.95 9.88 30.12 50.04 9.96 29.97 51.03 

% RSD 4.24 2.79 1.86 4.26 1.67 1.31 3.58 2.29 1.35 
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4.2.3  Accuracy and bias 
 

Accuracy and bias were assessed at three concentrations (n=6) and the resultant data are 

summarized in Table 4.8. They indicate that the method was accurate in accordance with the 

criteria set in our laboratory as defined in Chapter 3, § 3.5.4. 

Table 4.8: Accuracy results for blinded EFV samples 
Theoretical 

concentration (µg/mL) 
Mean concentration 
determined (µg/mL) 

% RSD % Bias 

7.50 7.80 ± 0.240 3.08 +3.85 
33.50 32.78 ± 0.954 2.91 -2.20 
65.50 64.94 ± 1.507 2.32 -0.86 

 

4.2.4  Specificity 
 

The peaks for EFV and IMI were well-resolved from the solvent front and no additional 

extraneous peaks were observed (Figure 4.9). A similar trend was also evident when EFV 

powder and solutions that had been exposed to stress conditions prior to analysis (§ 3.5.7) were 

analyzed, confirming that the method was specific for EFV. 

 

4.2.5  Limits of quantitation (LOQ) and detection (LOD) 
 

The LOQ and LOD were determined as described in Chapter 3 § 3.5.6. Different concentrations 

of EFV were analyzed (n=6) and LOQ data generated are listed in Table 4.9. A concentration of 

5.0 µg/mL resulted in a % RSD value < 5% and this concentration was considered the LOQ for 

the method. The LOD was calculated as 0.3 x LOQ producing an LOD of 1.5 µg/mL. 
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Table 4.9: LOQ data for HPLC analysis of EFV 
Conc(µg/mL) MPHR (EFV/IMI) SD %RSD 

1.0 0.0389 0.0044 11.39 
1.5 0.0569 0.0046 8.01 
2.0 0.0747 0.0132 17.67 
2.5 0.1013 0.0136 13.41 
5.0 0.1608 0.0069 4.29 

 

4.2.6  Forced degradation studies and stability of EFV 
 

EFV was exposed to different stress conditions including acid, base and neutral hydrolysis, dry 

heating, light, thermal and oxidation as described in Chapter 3, § 3.57. The data generated in 

these studies are summarized in Table 4.10 and typical chromatograms for EFV following 

exposure to stress conditions are shown in Figure 4.11. The acceptable degradation criteria used 

were similar to those stated in § 3.5.7. 

 

Table 4.10: Forced degradation results for EFV 
STRESS CONDITION % RECOVERY REMARKS 

Light 64.78 ± 0.0055 
94.39 ± 0.0221 
99.58 ± 0.0463 
0.000 ± 0.0000 
99.50 ± 0.0357 
0.000 ± 0.0000 
98.64 ± 0.0604 

Degradation 
Heat (80°C) Degradation 

Acid Hydrolysis No degradation 
Alkali Hydrolysis Degradation 

Neutral Hydrolysis No Degradation 
Oxidative Degradation 
Dry Heat No degradation 
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Figure 4.11:Typical chromatograms showing stability and degradation of EFV following exposure to  70 °C(A), 
0.1M HCL at 70 °C(B), HPLC grade water at 70 °C(C), 500 W h/m2 (D) and dry heat at 97 °C (E) 

 

Solutions of EFV undergo degradation to some extent when exposed to heat at 70°C for 8 hours 

(A). Base hydrolysis has been reported to be the major degradation pathway of EFV solutions 

due to the presence of a cyclic carbamate functional group [34].Consequently no peaks and 

ultimately no chromatograms were observed following exposure of EFV to alkaline conditions, 

confirming the loss of the oxidizing carbamate moiety of the molecule. Hydrogen peroxide 

facilitates oxidation of EFV, the consequence of which is the impairment of the ability of the 

drug to undergo electrochemical oxidation during HPLC-ECD analysis, resulting in no detection 
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of the analyte of interest. Exposure of EFV to UV light (D) resulted in approximately 35% 

degradation of EFV, confirming reports of the photolabile nature of EFV [343]. However UV-

induced degradation does not result in the loss of the oxidizing potential of EFV, which implies 

that the molecule may be detectable in the presence of degradation products. EFV is stable when 

exposed to acidic (B), neutral (C) and dry heat (E) conditions. 

 

The stability of EFV in the mobile phase was assessed over 3 days, resulting in a recovery of 

99.963 ± 0.170 µg/mL (0.17% RSD). These data were adequate for the studies, as limits of ≤ 1 

% RSD had been achieved for this parameter. Thus EFV was considered stable in the mobile 

phase for this period and the stock solution could be stored under the stated conditions and used 

within three days (§ 3.5.7.8). 

 

4.3  APPLICATION OF THE METHOD  

 

Commercially available Stocrin® 600 mg tablets were analyzed as described in § 3.6, Chapter 3, 

using the HPLC-ECD method that had been developed and validated. Similar to HPLC-UV, no 

interfering peaks were observed in the chromatograms, eliminating the possibility of any 

interference from excipients used by the manufacturer in the production of the tablets. A typical 

chromatogram of the analysis of EFV tablets is shown in Figure 4.12. Data generated from the 

assay studies revealed that the tablets contained on average 95.4 ± 3.244% of the label claim 

with a precision of 3.40% RSD. These data fall within the limits of 92-110% as specified in the 

USP [397]. 
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Figure 4.12: Typical chromatogram for the assay of Stocrin®-600 mg tablets 

 

4.4  CONCLUSIONS 

 

A stability-indicating RP-HPLC method using ECD has been developed and validated for the 

analysis of EFV in pharmaceutical dosage forms. The method is specific for EFV in the presence 

of degradation products. However the method is not as sensitive as the method using RP-HPLC 

with UV detection. In addition, the ability of EFV to oxidize appears to be relatively poor, as 

evidenced by the extremely high potential of +1400 mV required to achieve its oxidation. This 

high potential is attributed to the amine functional group attached to the carbamate portion of the 

molecule, which is known to have high oxidation potentials [400]. Furthermore EFV contains a 

highly electronegative substituted chlorine functionality that stabilizes the compound and makes 

oxidation difficult [400]. These high detector potentials lead to increased background noise and 

increased detector fouling and a loss of detector sensitivity, requiring the electrode to be 
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regenerated daily by cleaning and/or polishing [414,415]. This is a tedious process when large 

numbers of samples are to be analyzed on a daily basis. The relatively low sensitivity also 

suggests that the method may not be suitable to analyze in vitro release of EFV from SLN/NLC, 

which will contain relatively low doses of the drug. Therefore on the basis of risk-to-benefit ratio 

the RP-HPLC method with UV detection (Chapter 3) was selected as the most suitable method 

for the quantitative determination of EFV in pharmaceutical formulations. This method was 

applied to in vitro release studies of EFV from SLN and/or NLC. 
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CHAPTER 5 

 

PRE-FORMULATION  

5.1  INTRODUCTION  

 

Hot high-pressure homogenization is the most effective and reliable technique for the 

manufacture of nanoparticles, compared to methods using high shear mixing and ultrasound 

[126,232]. Hot high-pressure homogenization (HHPH) was therefore selected for the production 

of EFV-loaded SLN and NLC. The technique involves exposing an API/ lipid(s) mixture to 

temperatures 5-10°C above the melting point of the solid lipid used, and then mixing with a 

surfactant solution maintained at the same temperature, resulting in the formation of a pre-

emulsion [163]. The pre-emulsion is forced through a high-pressure homogenizer maintained at 

similar temperatures to ensure that the molten state of the lipid is preserved throughout the 

process [163]. However the use of high temperatures may lead to the degradation of API 

molecules and/or change the physicochemical properties of an API and/or those of the solid lipid 

used [126]. Therefore it is vital that the thermal stability of an API be investigated and 

established prior to attempting to incorporate the molecule into nanoparticles using HHPH. In 

addition, the potential effects of exposing an API to relatively high temperatures on the 

crystalline and polymorphic nature of the chemical entity are an essential part of pre-formulation 

studies. 

 

Another important aspect needing consideration prior to the development and optimization of 

EFV-loaded SLN/NLC is the solubility of the molecule in the lipids used. The usefulness of SLN 

and/or NLC as API carrier systems is usually dependent on the LC and the EE of the 

nanoparticles for a particular API [166], yet a major factor affecting the LC and EE of SLN 

and/or NLC for an API is the solubility of an API in the molten lipid [127,163,222]. Thus an 

adequate LC and EE can be achieved only when the solubility of an API in the molten lipid is 

relatively high [127,163,222]. Consequently it is important to evaluate the solubility of the API 
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in different solid and liquid lipids, with the primary aim of selecting a solid and/or liquid lipid 

combination with the best solubilizing potential for the API. 

 

Furthermore, the production of NLC involves mixing lipid molecules that are spatially different, 

viz. solid and liquid lipids, and invariably results in the melting point of the solid lipid decreasing 

[170,223,416]. Nevertheless, NLC must remain solid at room and body temperatures and 

therefore as a general rule the melting point of the solid lipid to be used should be higher than 

40°C [170,223,416] following combination with the liquid lipid. In addition the solid lipid 

should be miscible with the liquid lipid to permit the formation of imperfections in the crystal 

structure of the solid lipid [233,417]. Therefore the impact of a liquid lipid on the polymorphic 

nature of the solid lipid must also form part of pre-formulation studies. 

 

5.2  MATERIALS AND METHODS  

5.2.1  Materials 
 

The following sections provide a list of all the lipids used in solubility studies. An exhaustive 

description of the lipids selected and deemed suitable for use in formulation development and 

optimization studies of SLN and NLC is given in § 6.2.1, Chapter 6. All solid and liquid lipids 

used in these studies have GRAS (Generally Regarded as Safe) status and have been shown to be 

suitable for oral use. EFV was donated by Aspen® Pharmacare (§ 3.3.3.1). The physicochemical 

properties, stability, clinical pharmacology and pharmacokinetics of EFV were described in 

Chapter 1 and will not be repeated in this Chapter. HPLC grade water was prepared as described 

in Chapter 3 (§ 3.3.3.1). 

 

5.2.1.1  Solid lipids 
 

Gelucire® 43/01 (glyceryl esters of saturated fatty acids), Compritol® 888 (glyceryl behenate) 

and Precirol® ATO 5 (glyceryl distearate) were donated by Gattefossé SAS (Gattefossé SAS, 

Saint-Priest Cedex, France). Glyceryl monostearate was purchased from Aspen® Pharmacare 

(Port Elizabeth, Eastern Cape, South Africa). 
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5.2.1.2  Liquid lipids 
 

Lauroglycol™ 90 (propylene glycol monolaurate type II), Lauroglycol™ FCC (propylene glycol 

monolaurate type I), Capryol™ PGMC (propylene glycol monocaprylate type I), Labrafac™ 

Lipophile WL1349 (medium chain triglycerides), Geloil™ SC (soya bean oil and glyceryl 

distearate polyglyceryl-3 dioleate), Labrasol® (caprylocaproyl macrogol-8 glycerides), Labrafac™ 

PG (propylene glycol dicaprylocaprate), Labrafil® M1944CS (oleoyl macrogol-6 glycerides), 

Transcutol® HP (diethylene glycol monoethyl ether), Capryol™ 90 (propylene glycol 

monocaprylate type II), Labrafil® M2125CS (linoleoyl macrogol-6 glycerides) were donated by 

Gattefossé SAS (Gattefossé SAS, Saint-Priest Cedex, France). 

 

5.2.2  Methods 

5.2.2.1  Characterization of EFV 

5.2.2.1.1 TGA characterization 
 

The thermal stability of EFV was investigated using a Perkin-Elmer® FT-IR thermogravimetric 

analyzer (Perkin-Elmer® Ltd, Connecticut, USA). An aliquot of 1.743 mg EFV was weighed 

prior to analysis. The sample was heated between 30 and 650°C at a heating rate of 10°C/min. 

The TGA system was constantly purged with liquid nitrogen at a flow rate of 20 ml/min, and 

data generated were manipulated using Pyris™ Manger Software (Perkin-Elmer® Ltd, 

Connecticut, USA). 

5.2.2.1.2 FT-IR characterization 
 

The characteristic structural bands of EFV were investigated using a Perkin-Elmer® Precisely 

FT-IR spectrometer Spectrum 100 (Perkin-Elmer® Pty Ltd, Beaconsfield, England). The bands 

are shown in Figure 1.3 (§ 1.2.10). 
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5.2.2.1.3 DSC characterization 
 

The melting point of EFV was determined using a Model Q100 differential scanning calorimetry 

(DSC) fitted with a RCS (90) refrigerated cooling system (TA instruments, Lukens Drive New 

Castle, DE, USA). An aliquot of 3.721 g of EFV [229] was weighed directly into a standard 40 

µl aluminum open pan. The DSC scan was generated by heating the sample from 22°C to 250°C 

and then cooling for one cycle to 22°C at heating and cooling rates of 10°C/min. The system was 

purged with liquid nitrogen at a flow rate of 100 ml/min, and the resultant data were analyzed 

using the TA Universal Analysis 2000 for Windows software (TA instruments, Lukens Drive 

New Castle, DE, USA). The DSC data for EFV were generated prior to and following exposure 

to a temperature of 70°C for one hour in order to establish whether thermal exposure had an 

effect on physicochemical properties of the molecule. 

 

5.2.2.1.4 WAXS characterization 
 

Wide-angle X-ray scattering (WAXS) patterns of EFV were recorded using a Model D8 

Discover X-ray diffractometer (Bruker, Billeria, MA, USA) that was equipped with a PSD 

LynxEye detector coupled to a copper anode (Cu-Kα radiation, λ = 1.5405 Å, 30 kV) fitted with 

a nickel filter. Samples were placed on a zero background (511) silicon wafer embedded in a 

generic sample holder. The data were recorded at room temperature (22°C) using a 2θ range 

between 10˚ and 100˚, a scanning rate of 1˚ min-1, a filter time constant of 2.0 s per step and a slit 

width of 6.0 mm. The data were fitted using evaluation (Eva) curve-fitting software (Bruker, 

Billeria, MA, USA). All samples used for WAXS analysis were identical to those used for DSC 

studies in order to ensure ease of data comparison and characterization. 
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5.2.2.2  Screening of lipids 

5.2.2.2.1 Selection of solid lipids 
 

The solubility of EFV in different solid lipids was determined visually by dissolving increasing 

amounts of the API in a fixed amount of molten lipid [223]. Initially 0.1 g EFV and 1.0 g of the 

solid lipid were accurately weighed using a Model PA 2102 Ohaus® top-loading analytical 

balance (Ohaus® Corp. Pine Brook, NJ USA) and transferred into a glass test tube (Pyrex® 

Laboratory Glassware, England). The sample was then exposed to heat for one hour using a 

LABOTEC® shaking water bath (Laboratory Thermal Equipment, Greenfield NR. Oldham) set 

at the temperature and speed of 70°C and 100 rpm respectively. The disappearance of EFV 

crystals in the molten dispersion was visually observed and was used as an indication of the 

solubility of EFV in the lipid. Following dissolution an additional 0.1 g aliquot of EFV was 

added until saturation was observed and no additional EFV was able to dissolve in the molten 

lipid after shaking for 24 hours at 70°C. 

 

5.2.2.2.2 Selection of liquid lipids 
 

The saturation solubility of EFV in different liquid lipids was determined in a manner similar to 

that described in § 5.2.2.2.1. 

 

5.2.2.2.3 Selection of a binary mixture of solid and liquid lipid  
 

The solid and liquid lipids with the greatest solubilizing potential for EFV as identified from the 

studies described in § 5.2.2.2.1 and 5.2.2.2.2, were mixed in various ratios to determine a binary 

mixture of solid and liquid lipid material that would be suitable for use for the manufacture of 

NLC. The miscibility of the two components was evaluated using a total lipid mixture of 1.0 g in 

the following ratios of solid lipid : liquid lipid : 95:5, 90:10, 85:15, 80:20, 75:25, 70:30, 60:40, 

50:50 and 40:60. Samples were weighed directly into a glass test tube and placed into a 

LABOTEC® shaking water bath (Laboratory Thermal Equipment, Greenfield NR. Oldham) for 

one hour with the temperature and speed set to 70°C and 100 rpm respectively. The samples 
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were allowed to cool to room temperature (22°C) for 24 hours prior to analysis. The miscibility 

of the two lipids was evaluated by smearing a small sample of the dried mixture onto hydrophilic 

filter paper (Whatman® 110 diameter filter papers, Whatman® International Ltd, Maidstone, 

England) prior to visual inspection for the presence of oil droplets. A miscible binary mixture of 

lipids for which EFV potentially exhibited the highest solubility was selected for formulation of 

NLC, and the melting point was determined using DSC to confirm that it was > 40°C. 

 

5.2.2.3  Polymorphism and crystallinity of bulk lipids 
 

Polymorphic modifications of solid lipid matrices may affect the incorporation of an API into 

SLN and/or NLC [417,418]. It has been suggested that the degree of crystallization and 

polymorphic transitions of solid lipids following exposure to heat, such as for example during 

HHPH, may influence API incorporation and release rate from SLN and/or NLC which would 

have a subsequent impact on the ultimate quality of the product [126,127,176]. The production 

of SLN and/or NLC using HHPH requires the solid lipid to melt prior to dissolving an API in the 

lipid. The API-containing lipid melt is dispersed in a hot surfactant solution to yield a pre-

emulsion. Homogenization of the pre-emulsion gives rise to a hot o/w nano-emulsion that on 

cooling results in recrystallization of the solid lipids with subsequent in situ formation of 

nanoparticles [417] (§ 2.4.1.1). Consequently analysis of SLN and/or NLC using DSC for the 

determination of the impact of additional melting processes on the properties of solid lipid(s) is 

essential. Therefore prior to homogenization of the pre-emulsion, the lipid would have been 

melted during API dissolution, necessitating a second DSC scan of the bulk lipid(s) during 

characterization of the bulk material [417]. However the use of DSC to characterize bulk lipids 

following exposure to heat, and which mimics the API dissolution stage of manufacture, would 

require only a single DSC scan corresponding to the analysis of SLN and/or NLC [233]. DSC in 

conjunction with WAXS was therefore used to characterize the polymorphic modifications of the 

bulk lipids. 
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5.2.2.3.1 DSC characterization 
 

DSC characterization of the lipids was performed using the system described in § 5.2.2.1.3. DSC 

scans of bulk solid lipid and binary mixtures of solid and liquid lipid were generated by heating 

samples from 22°C to 250°C and subsequently cooling to 22°C at heating and cooling rates of 

10°C/min. The mass analyzed was 3-5 mg, and all samples were analyzed prior to and after 

exposure to a temperature of 70°C for one hour. 

 

5.2.2.3.2 WAXS characterization 
 

WAXS patterns of bulk solid lipid and binary mixtures of solid and liquid lipids were generated 

using the system described in § 5.2.2.1.4. All samples were analyzed prior to and following 

exposure to a temperature of 70°C for one hour. The samples were similar to those used to 

generate DSC data so as to simplify assessment and analysis of data. The scattering angles 

observed from WAXS diffraction patterns were transformed into short spacing using Bragg’s 

equation (Equation 5.1) [419] so as to generate information about lipid modifications. 

     e � f
D$) �g     Equation 5.1 

Where 

d = inter-atomic distance 
λ = wavelength of an X-ray beam 
θ = the angle of incidence of the beam 

 

5.2.2.4  Interaction of bulk lipids with EFV 
 

Potential physical interactions between lipid excipients and EFV were investigated using FT-IR, 

DSC and WAXS using the equipment described in § 5.2.2.1.2, 5.2.2.1.3 and 5.2.2.1.4. Binary 

mixtures of solid lipid and EFV in addition to a ternary mixture of the solid lipid, liquid lipid and 

EFV were analyzed prior to and following exposure to a temperature of 70°C for one hour. 
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5.3  RESULTS AND DISCUSSION 

5.3.1  Characterization of EFV 

5.3.1.1  TGA characterization 
 

TGA is used to measure changes in the physicochemical properties of materials as a function of 

increasing temperature at a constant rate [420,421]. The loss in weight of EFV and the artificial 

derivative of the TGA profile for the molecule was recorded as a function of increasing 

temperature and correlated to the thermal stability of the compound. These data are shown in 

Figures 5.1 and 5.2. 

 

Figure 5.1: TGA curve for EFV generated at a heating rate of 10°C/min 
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Figure 5.2: TGA curve for EFV (red) and the artificial derivative generated following heating at a rate of 10°C/min 

 

These data clearly indicate that the weight of EFV remains constant when it is exposed to heat up 

to a temperature of approximately 200°C after which thermal degradation of the molecule, that is 

in the molten state, occurs leading to 100% weight loss. These results are in agreement with 

previously reported data [422]. It is evident that EFV is thermostable at temperatures ranging 

between 70 and 80°C, and therefore the molecule is likely to be stable during solubility studies 

and manufacture of SLN and/or NLC using HHPH. 

 

5.3.1.2  DSC characterization 
 

The melting behavior, crystalline and polymorphic nature of anhydrous EFV prior to and 

following exposure to a temperature of 70°C for one hour was evaluated using DSC. The 

molecule was exposed to heat for one hour to mimic the length of time over which the molecule 

was expected to be exposed to heat during the manufacture of the nanoparticles. The DSC data 

generated in these studies are shown in Figure 5.3 and are summarized in Table 5.1. Data 

showing the difference between the onset and melting temperature, or the width of the peak 
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(WP) can be used to determine lattice defects in crystalline materials [223,233] are also 

summarized in Table 5.1. 

 

Figure 5.3: DSC thermograms for EFV prior to and following exposure to a temperature of 70°C for one hour 

 

Table 5.1: DSC parameters for EFV prior to and following exposure to a temperature of 70°C for one hour 
Efavirenz Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C) 

Prior to heating Endothermic 137.97 138.65 46.58 0.68 
After heating Endothermic 137.91 138.85 49.41 0.94 
 

The DSC data for EFV reveal the presence of a sharp single melting endotherm at 138.65°C 

(enthalpy = 46.58 J/g) and 138.85°C (enthalpy = 49.41 J/g) respectively. These data clearly 

indicate that EFV exists as a single polymorph and that the polymorphic nature of the molecule 

does not change following exposure to a temperature of 70°C for one hour. The sharp nature of 

the peak and its narrow WP of 0.68 observed prior to exposure to heat reveal that EFV is a 

highly crystalline material. Following exposure to heat the WP increases to 0.94, indicating that 
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heating EFV may disrupt the crystal structure of the molecule to some extent. Nevertheless the 

peak observed in the thermogram is sharp, thus revealing a lack of a significant change in the 

crystalline nature of the molecule following exposure to a temperature of 70°C. WAXS data 

were used to further interpret the DSC data that had been generated. 

 

5.3.1.3  WAXS characterization 
 

Confirmation of the DSC data reported in § 5.3.1.2 was undertaken using data derived from 

WAXS studies and the resultant diffractograms are shown in Figure 5.4. 

 

Figure 5.4: WAXS patterns for EFV prior to (red) and following (blue) exposure to a temperature of 70°C for one 
hour 

 

The WAXS profiles for EFV prior to and following exposure to heat show the presence of 

similar diffraction bands characteristic of the crystalline form of the molecule. The data confirm 

that EFV retains a crystalline state following exposure to 70°C for one hour. However there is a 

decrease in peak intensity of the WAXS diffraction patterns for EFV following exposure to heat 
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various solid lipids was determined with the primary aim of selecting a 
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the solid lipid for use in formulation development and optimization studies of EFV-loaded SLN 

and NLC. 

 

5.3.2.2  Selection of a liquid lipid 
 

In contrast to SLN, the primary difference in structure of NLC is the formation of a nano-

structured lipid matrix system capable of incorporating and maintaining a relatively large 

payload of API [162,166]. Therefore the structural matrix of NLC requires the addition of a 

liquid lipid that results in the formation of a less ordered lipid matrix with imperfections that can 

ultimately accommodate greater quantities of API [162,166]. It was therefore necessary to select 

a suitable liquid lipid for use in the formulation and manufacture of EFV-loaded NLC. The 

solubility of EFV in various liquid lipids was investigated in order to select a liquid lipid with the 

best solubilizing potential for the molecule. These data are shown in Figure 5.5. 
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Figure 5.6: Solubility of EFV in 1.0 g of various liquid lipids at a temperature of 70°C (n=3) 

 

These data reveal that EFV is highly soluble in Transcutol® HP (THP), which is a combination 

of diethylene glycol monoethyl ethers [423]. Consequently THP was selected as the liquid lipid 

for use in formulation development and optimization studies of EFV-loaded NLC. 

 

5.3.2.3  Determination of a solid and liquid lipid binary mixture ratio 
 

The primary aim of these studies was to establish the best composition of a binary mixture of 

GM and THP for the formulation and manufacture of EFV-loaded NLC. The lipids were mixed 

in various ratios and exposed to a temperature of 70°C for one hour and then allowed to cool to 

room temperature (22°C). An aliquot of each sample was smeared onto hydrophilic filter paper 
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(Whatman® 110 diameter filter papers, Whatman® International Ltd, Maidstone, England) to 

assess the miscibility of the lipids by visual observation. The presence of liquid lipid droplets on 

the filter paper was a clear indication of poor miscibility of the lipids, and any binary mixture in 

which droplets were observed was deemed unsuitable for use. The data generated in these studies 

are summarized in Table 5.2. 

 

Table 5.2: Visual observation data for assessment of miscibility of binary mixtures of GM and THP 
GM : THP Visual observation 

95:5 No oil droplets observed on filter paper 
90:10 No oil droplets observed on filter paper 
85:15 No oil droplets observed on filter paper 
80:20 No oil droplets observed on filter paper 
75:25 No oil droplets observed on filter paper 
70:30 No oil droplets observed on filter paper 
60:40 Oil droplets observed on filter paper 
50:50 Oil droplets observed on filter paper 
40:60 Oil droplets observed on filter paper 

 

When formulating NLC it is considered ideal to incorporate a relatively large amount of oil into 

a solid lipid to improve the solubility of the API and subsequently increase the loading capacity 

of the NLC for that API [170,223,416]. However the lipids must be miscible at the 

concentrations used [170,223,416], and the binary mixture must exhibit a melting point > 40°C 

[170,223,416]. The results generated in these studies reveal the absence of THP droplets on the 

filter paper following addition to GM up to a concentration of 30% w/w. However, the presence 

of THP droplets on the filter paper was observed when ≥ 40% w/w of the liquid lipid was added, 

providing evidence that THP and GM are immiscible when relatively high amounts of the liquid 

lipid are added to solid material. Consequently, a binary mixture of GM and THP (70:30) was 

considered the most suitable combination for the formulation and manufacture of EFV-loaded 

NLC. This binary mixture commenced melting at 49.32°C, which is relatively high compared to 

40°C. 
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5.3.3  Characterization of raw material  

5.3.3.1  Glyceryl monostearate (GM) 

5.3.3.1.1 FT-IR characterization 
 

The FT-IR profiles generated for GM prior to and following exposure to heat are shown in 

Figure 5.7 and the relevant band assignments of the principal peaks are summarized in Table 5.3. 

 

Table 5.3: IR frequency bands for GM 
Frequency (cm-1) Vibrational Assignments 

3384 -OH group 
2950-2910 C-H stretching 

1733 ester carbonyl group 

 

The FTIR spectrum of GM showed characteristic peaks for the –OH group at 3384 cm-1, C-H 

stretch at 2950-2910 cm-1 and an ester carbonyl group at 1733 cm-1. These band assignments are 

characteristic of GM [98]. Following exposure to heat, the major peaks (circled) of GM did not 

change, indicating that no vibrational energy changes of chemical bonds were observed as shown 

in Figure 5.7. 
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Figure 5.7: FT-IR spectrum of GM prior to and following exposure to a temperature of 70°C for one hour. 

 

5.3.3.1.2 DSC characterization 
 

The DSC thermograms of GM prior to and following exposure to a temperature of 70°C for one 

hour are shown in Figure 5.8, and the melting events observed are summarized in Table 5.3. The 

thermogram generated prior to heating (run 1) reveals the presence of a single peak at an onset 

temperature and melting point of 55.03°C and 61.12°C respectively. This is consistent with the 

β’-modification of GM [424] and is confirmation that the solid lipid exists as a single 

polymorphic form prior to exposure to heat. In addition the data reveal that the melting enthalpy 

for the initial study was 224.3 J/g. This value is relatively high compared to those obtained 

following exposure to DSC analysis for a second time (73.91 J/g) and first run following 

exposure to heat (87.20 J/g). This indicates that GM is in a highly crystalline state prior to 

exposure to heat. 
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Figure 5.8: DSC thermograms of glyceryl monostearate generated prior to and following exposure to a temperature 
of 70°C for one hour 
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Table 5.4: DSC parameters for glyceryl monostearate prior to and following exposure to a temperature of 70°C for 
one hour 

Glyceryl 
monostearate 

Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C) 

Prior to heating 
run 1 

Endothermic 55.03 61.21 224.3 6.18 

Prior to heating 
run 2 
After heating 

Endothermic 
 

Endothermic 

45.75 
 

56.72 

48.80 
 

58.09 

73.91 
 

87.20 

3.05 
 

1.37 
 
The thermogram generated following a second DSC scan of the same sample of GM (run 2) 

reveals the presence of two peaks, with the onset temperature of the major peak reduced from 

55.03 to 45.75°C. The presence of two peaks may be attributed to the presence of β’ and α-

modifications of GM [417]. Therefore it is clear that GM recrystallizes to form two polymorphic 

forms following exposure to heat. It is also evident that the melting enthalpy of the thermogram 

following a second DSC run (73.91 J/g) was lower than that observed when the sample was 

subjected to a single DSC run (224.3 J/g), which may be due to the fact that following an 

isothermal phase at 22°C for approximately 10 minutes, the molten lipid had not yet been fully 

recrystallized. 

 

Exposure of GM to a temperature of 70°C for one hour prior to DSC analysis revealed a single 

endotherm peak with an onset temperature and melting point of 56.72°C and 58.09°C 

respectively, revealing the presence of a single polymorphic form for GM. This can be attributed 

to complete α-modification of the compound. In addition the low enthalpy of 87.20 J/g suggests 

a less crystalline lattice structure of GM in comparison to that observed for GM prior to exposure 

to heat (224.3 J/g), implying the presence of an α-modification of the material. Although DSC is 

a useful analytical tool for investigating the polymorphic nature of solid lipids, WAXS should 

also be used to ensure that the data obtained using DSC are corroborated and are reliable. 

 

5.3.3.1.3 WAXS characterization 
 

The WAXS diffraction patterns of glyceryl monostearate prior to and following exposure to a 
temperature of 70°C for one hour are shown in Figure 5.9. 
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Figure 5.9: WAXS patterns of glyceryl monostearate generated prior to (blue) and following (red) exposure to a 
temperature of 70°C for one hour 

 

WAXS was used to investigate the lamellar arrangement of the lipid molecule and the 

crystallinity of fatty acid chains in the acylglycerols of GM. GM is a mixture of mono-, di- and 

triacylglycerols (§ 6.2.1.1.). Due to differences in chain length of the fatty acids in the 

acylglycerols (palmitic and stearic acids) and three hydroxyl groups of glycerol, a β’-

modification occurs [417]. 

 

The difference observed in the WAXS of GM prior to and following exposure to a temperature 

of 70°C is clearly shown in Figure 5.8. Exposure of GM to heat leads to an increase in the 

intensity of peak A, that is a consequence of a drastic decrease in the crystallinity of side chains. 

The increase in peak intensity and decrease in side chain crystallinity suggests that heating of the 

lipid creates defects in the lamellar structure of the lipid that may possibly lead to polymorphic 

transitions. The diffraction patterns reveal scattering peaks around peak A that permits the 

identification of lipid modifications [417]. Generally lipid modifications can be identified using 

four criteria from WAXS diffraction patterns when plotting intensity versus scattering vectors 

[417,425]. These include (i) modification with a single scattering reflex of the lipid side chain of 
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the glycerol at a Bragg distance of 0.415 nm confirming an α-modification [417,425], (ii) 

modification with two reflexes at Bragg distances of 0.389 nm and 0.420 nm confirming a β’-

modification [417,425], (iii) a βi-modification identified by the presence of three reflexes at 

Bragg distances of 0.389, 0.420 and 0.460 nm, and (iv) a modification which does not meet these 

criteria confirms the presents of a β-modification [417,425]. The Bragg spacing distances were 

calculated using Equation 5.1 and used to identify the polymorphic modifications of glyceryl 

monostearate prior to and following exposure to a temperature of 70°C for one hour. 

 

GM shows two scattering reflections identified as A and B prior to heating, corresponding to 

Bragg distances of 0.420 and 0.385 nm respectively. This is indicative of a highly crystalline β’-

modification form and is consistent with the DSC data observed. WAXS patterns of GM 

generated following heating reveal the presence of three scattering reflections identified as C, D 

and E, corresponding to Bragg distances of 0.420, 0.461 and 0.398 nm respectively, and which 

are indicative of the presence of a βi-modification. However DSC data reveal the presence of a 

single polymorph following exposure of GM to heat. Although WAXS was able to detect the 

presence of two additional scattering reflections it should be noted that the scattering reflection 

D, located at a Bragg spacing of 0.420 nm, was significantly greater in intensity than those 

observed for B and C. This is consistent with the presence of the less crystalline α-modification 

form in the lipid lattice following exposure to heat. DSC and WAXS reveal that exposing GM to 

heat results in a change in the crystalline nature of the lipid and ultimately the polymorphic form 

in which it exists. WAXS was used to confirm the lipid modifications determined on the basis of 

melting temperature and melting enthalpy following DSC analysis. 

 

5.3.3.2  Glyceryl monostearate (GM) and Transcutol® HP (THP) 
 

FT-IR, DSC and WAXS were used to investigate potential interactions, if any, between GM and 

THP, and to establish whether incorporation of a liquid lipid in GM had an influence on the 

polymorphic and crystalline nature of the solid lipid. A binary mixture of GM and THP at a ratio 

of 70:30 was exposed to a temperature of 70°C for one hour prior to cooling to room temperature 

(22°C) for analysis. The FT-IR, DSC and WAXS data for GM following exposure to a 

temperature of 70°C for one hour were used as reference data. DSC and WAXS data for the 
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binary mixture prior to exposure to heat was used to establish the melting behavior and 

diffraction patterns of GM and therefore these could not be used as reference data for this study. 

 

5.3.3.2.1 FT-IR characterization 
 

The FT-IR spectrum of GM and that of a binary mixture of GM and THP following exposure to 

a temperature of 70°C for one hour are shown in Figure 5.10. It is clearly evident that both 

spectra show bands characteristic for GM (circled), and that the incorporation of THP into GM 

did not result in the generation of additional peaks, confirming the lack of an interaction between 

the liquid and solid lipid. However a marked reduction in the intensity of the peaks was observed 

following the addition of THP, indicating the impact on molecular vibrations of GM by THP. 

DSC was consequently used to further investigate the effect of THP addition on the crystallinity 

and polymorphic nature of GM. 

 

 

Figure 5.10: FT-IR spectra for GM and a binary mixture of GM and THP generated following exposure to a 
temperature of 70°C for one hour 
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5.3.3.2.2 DSC characterization 
 

The DSC thermogram generated for GM and for a binary mixture of GM and THP following 

exposure of both samples to a temperature of 70°C for one hour is shown in Figure 5.11. The 

corresponding DSC parameters generated from the respective thermograms are summarized in 

Table 5.4. 

 

Figure 5.11: DSC thermograms of GM and of a binary mixture of GM and THP generated following exposure to a 
temperature of 70°C for one hour 

 

Table 5.5: DSC parameters for GM and of a binary mixture of GM and THP (70:30) generated following exposure 
to a temperature of 70°C for one hour 

Material  Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C) 
GM after heating Endothermic 56.72 58.09 87.20 1.37 
GM/THP 
(70:30) after 
heating 

Endothermic 49.32 50.32 71.86 1.00 
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The data reported in § 5.3.3.1.2 revealed that GM existed in a highly crystalline β-modification 

form prior to heating, and following exposure to heat the polymorphic nature of GM changed to 

the less crystalline α-modification. The DSC thermogram of a binary mixture of GM and THP 

following exposure to a temperature of 70°C for one hour revealed the presence of two discrete 

peaks that are indicative of the co-existence of two polymorphic forms of GM. The melting onset 

of 49.32°C observed for the major peak corresponds to the presence of the less crystalline α-

modification and the minor peak is representative of the more crystalline β’-modification. The 

inclusion of THP into GM appears to create imperfections within the solid lipid matrix that 

consequently results in the melting point depression from 58.09 to 50.32°C. The resultant binary 

mixture is also less crystalline in nature than GM alone, as confirmed by the decrease in enthalpy 

from 87.20 J/g to 71.86 J/g. The addition of THP to GM also favors the transformation of GM 

from the β- to α- polymorphic modification, and the presence of a minor peak suggests that both 

the α- and β’-polymorphic modifications co-exist in the resultant solid lipid matrix, with the β’-

form present in a relatively smaller amount, as can be seen from the intensities of the two peaks. 

 

5.3.3.2.3 WAXS characterization 
 

The WAXS patterns for the binary mixture of GM and THP (70:30) generated following 

exposure of the lipid mixture to a temperature of 70°C for one hour is shown in Figure 5.12. The 

WAXS profile for GM generated prior to heating was used as a reference diffractogram. 
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Figure 5.12: WAXS patterns for a binary mixture of GM and THP (70:30) (blue) generated following exposure of 
the lipid mixture to a temperature of 70°C for one hour 

 

Two scattering reflections were observed for GM prior to heating, which corresponded to Bragg 

distances of 0.420 and 0.385 respectively (§ 5.3.3.1.3). This is indicative of the presence of a 

highly crystalline β’-modification of the material. However the lipid binary mixture of GM and 

THP (70:30) following exposure to heat produced similar Bragg distances, in addition to two 

reflections F and G in the region 2θ = 60-85, suggesting that the lipid mixture produced occurs in 

the β polymorphic form. However DSC data revealed the co-existence of the α- and β’-

polymorphic modifications. This is likely to be the case, although WAXS did not detect the α- 

polymorphic form, which may be attributed to low intensity of the polymorphic form. 
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5.3.4   Interactions of lipids with EFV 
 

FT-IR, DSC and WAXS were also used to evaluate potential interactions between EFV and the 
lipids to be used in the NLC formulation 

 

5.3.4.1  GM and EFV  

5.3.4.1.1 FT-IR characterization 
 

The FT-IR spectrum of EFV and that of a binary mixture of EFV and GM prior to heating is 

shown in Figure 5.13. 

 

  

Figure 5.13: FT-IR spectra of EFV, GM and a binary mixture (1:1) generated prior to heating 

 

These data show that there are additional peaks for GM in the binary mixture that occur at a 

frequency between 2950 and 2910 cm-1(circled in green), corresponding to a C-H stretch. 

However the spectrum of the binary mixture also reveals frequency bands characteristic of EFV 
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(circled in red), confirming the absence of any interaction between EFV and GM in this binary 

mixture. 

 

5.3.4.1.2 DSC characterization 
 

The DSC thermogram generated for the binary mixture of EFV and GM prior to and following 

exposure to a temperature of 70°C for one hour is shown in Figure 5.14 and the corresponding 

DSC parameters are summarized in Table 5.6. 

 

Figure 5.14: DSC thermogram for a binary mixture of EFV and GM (1:1) prior to and following exposure to a 
temperature of 70°C for one hour 
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Table 5.6: DSC parameters of a binary mixture of EFV and GM (1:1) prior to and following exposure to a 
temperature of 70°C for one hour 
EFV and GM Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C) 

Prior to heating Endothermic 57.70 61.12 162.3 3.42 
After heating Endothermic 51.22 52.81 60.74 1.59 
 

The DSC thermograms for the binary mixture of EFV and GM (1:1) prior to and following 

exposure to heat reveal the presence of a single peak, which is a result of melting of GM. There 

is clearly no evidence of an interaction between EFV and the solid lipid. The absence of a peak 

due to the presence of EFV in each thermogram indicates that EFV was probably completely 

dissolved in GM as the molecule is highly lipophilic and therefore exhibits a high degree of 

solubility in GM. The DSC thermogram for the binary mixture of EFV and GM following 

exposure to heat revealed a peak with an onset temperature of 51.22°C and an enthalpy of 60.74 

J/g, which is a characteristic of the less crystalline α-modification of GM compared to the more 

crystalline β-modification observed prior to exposure to heat, with an enthalpy of 162.3 J/g. The 

absence of a peak consistent with the melting of EFV in the thermogram indicates that the EFV 

was completely dissolved and occurs as a molecular dispersion in the GM and therefore could 

not be detected with DSC analysis. 

 

5.3.4.1.3 WAXS characterization 
 

The WAXS patterns of a binary mixture of GM and EFV obtained prior to and following 

exposure to a temperature of 70°C for one hour are shown in Figure 5.15. The WAXS pattern for 

EFV following heating was used as a reference diffractogram to distinguish diffraction bands for 

EFV from those of the solid lipid matrix. These are shown in Figure 5.15. The diffraction 

patterns of the binary mixture before and after heating show a number of reflections consistent 

with the reflections observed for EFV, which is an indication of a lack of complete dissolution of 

EFV in GM at the ratios used in these studies. EFV remained in a crystalline state following 

exposure to a temperature of 70°C for one hour. However the intensities of the peaks for EFV in 

the binary mixture following exposure to heat are significantly lower than those observed prior to 
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exposure of the mixture to heat, which is consistent with the DSC data generated, and supports 

the notion that EFV dissolves in the molten lipid matrix. 

 
Figure 5.15: WAXS patterns of a binary mixture of GM and EFV (1:1) generated  prior to(blue) and following 
exposure (red) to a temperature of 70°C for one hour 

 

5.3.4.2  GM, THP and EFV 

5.3.4.2.1 FT-IR characterization 
 

The FT-IR spectrum generated for EFV and GM prior to exposure to heat and that of a ternary 

mixture of EFV, GM and THP following exposure to a temperature of 70°C for one hour is 

shown in Figure 5.16. Evaluation of the FT-IR spectrum for the ternary mixture reveals the 

presence of peaks (circled) that are the same as those observed for GM, confirming that neither 

THP nor EFV interacts with the crystalline structure of the solid lipid. However, the absence of 

peaks representing molecular vibrations for EFV is most probably the result of EFV occurring as 

a molecular dispersion in the binary mixture. 
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Figure 5.16: FT-IR profiles of EFV and GM prior to exposure to heat and for a ternary mixture of EFV, GM and 
THP following exposure to a temperature of 70°C for one hour 

 

5.3.4.2.2 DSC characterization 
 

The DSC thermogram generated for the ternary mixture of EFV, GM and THP prior to and 

following exposure to a temperature of 70°C for one hour is shown in Figure 5.17. The 

corresponding DSC parameters are summarized in Table 5.7. 
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Figure 5.17: DSC thermogram for a ternary mixture of EFV, GM and THP prior to and following exposure to a 
temperature of 70°C for one hour 

 

Table 5.7: DSC parameters for a ternary mixture of EFV, GM and THP prior to and following exposure to a 
temperature of 70°C for one hour 
EFV/GM/THP  Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C) 
Prior to heating Endothermic 41.33 50.76 46.28 9.43 
After heating Endothermic 38.12 52.64 22.35 14.52 

 

The DSC thermogram generated for the ternary mixture prior to and following exposure to heat 

clearly shows the presence of separate endothermic events consistent with those observed for 

GM and EFV. However, the melting event for EFV (identified with an arrow) in the ternary 

mixture that was exposed to heat was relatively small compared to that observed for the ternary 

mixture prior to exposure to heat, which is indicative of the relatively high solubility of EFV in 

the molten lipid mixture. However the presence of the peak for EFV in both thermograms is also 

indicative of the existence of EFV in a crystalline state, which is most probably a result of 
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exceeding the saturation solubility of the molecule in the lipids, since 20% w/w of EFV was used 

in these studies. The sample analyzed following exposure to heat exhibited an enthalpy of 22.35 

J/g, which is much lower than that of 46.28 J/g observed for the sample analyzed prior to 

exposure to heat, indicating that heat exposure of the sample results in the formation of a less 

crystalline lattice allowing for further dissolution of EFV in the binary mixture. 

 

5.3.4.2.3 WAXS characterization 
 

The WAXS pattern generated for the ternary mixture of EFV, GM and THP following exposure 

of the mixture to a temperature of 70°C for one hour, in addition to the WAXS pattern for EFV 

generated prior to exposure to heat, are shown in Figure 5.18. 

 

Figure 5.18: WAXS pattern of the ternary mixture of EFV, GM and THP following exposure of the mixture to a 
temperature of 70°C for one hour (blue) 

 
The WAXS diffraction patterns observed for the ternary mixture revealed diffraction patterns 

matching those of EFV alone, as shown by the arrows. These data are consistent with those 

observed for DSC analysis results, and it can therefore be concluded that EFV is not completely 

dissolved in the mixture and also exists in the crystalline form as the saturation solubility of EFV 

was exceeded through use of a 20% w/w component for EFV in these studies. 
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5.4 CONCLUSIONS 

 

The pre-formulation studies undertaken reveal that EFV is thermostable when exposed to 

temperatures of up to approximately 200°C. Therefore a hot high-pressure homogenization 

(HHPH) manufacturing procedure can be used to manufacture EFV-loaded SLN and/or NLC. In 

addition, exposure of EFV to temperatures of approximately 70°C for one hour revealed only 

very slight disruptions in the crystallinity of EFV, without any changes to the polymorphic 

nature of the molecule, confirming that the HHPH would be suitable for the manufacture of the 

nanoparticles. 

 

EFV was relatively soluble in most of the solid and liquid lipids evaluated, however glyceryl 

monostearate (GM) and Transcutol® HP (THP) exhibited the best-solubilizing potential for EFV. 

The lipids were therefore suitable for use for the formulation and manufacture of EFV-loaded 

SLN and/or NLC. GM exists in the stable β-modification prior to exposure to heat, however the 

polymorphic form is altered to the α-modification following exposure to a temperature of 70°C 

for one hour. The best ratio for GM and THP for the manufacture of EFV-NLC was 70:30. At 

this ratio the two lipids are miscible and were assumed to have the greatest solubilizing potential 

for EFV. DSC analysis revealed that the lipid samples had an onset of melting that is higher than 

the recommended temperature of 40°C. 

 

The addition of THP to GM resulted in a change to the polymorphic nature of the solid lipid 

from the β-polymorphic form to one in which the α- and β’-polymorphic modifications coexist. 

Furthermore the addition of a relatively large amount of EFV of 20% w/w to the binary mixture 

of GM and THP revealed that some of the API existed in the crystalline state within the mixture 

and it was evident that potential interactions between EFV and the lipids did not occur. 

 

Theoretically the relatively high solubility of EFV in THP in comparison to GM suggests that 

NLC are likely to have a higher LC and EE for EFV than SLN. In addition, the co-existence of 

the α- and β’-polymorphic modifications of the solid lipid matrix suggests that that expulsion of 
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EFV on prolonged storage is less likely to occur if EFV is incorporated into NLC rather than 

SLN. It was deemed appropriate to develop and optimize SLN and NLC carrier systems for EFV 

in order to establish which approach would provide the best potential to control the release of 

EFV. 
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CHAPTER 6 

 

FORMULATION DEVELOPMENT AND CHARACTERIZATION OF EFV-LOADED 
SLN AND NLC 

6.1  INTRODUCTION 

 

The formulation of SLN and NLC dispersions requires the use of one or more emulsifying 

agents, lipids and water to impart stability to the system (Chapter 2). The selection of a suitable 

surfactant is usually dependent on the intended purpose of the SLN or NLC. The primary 

objective of these studies was to develop SLN and/or NLC which may have the potential to 

deliver and control the release of EFV to the CNS. Therefore it was vital to select a surfactant or 

combination of surfactants with the potential to aid the delivery of SLN and/or NLC to the brain. 

Tween®80 or polysorbate-80 has been shown to aid the delivery of drug-loaded nanoparticles to 

the brain [164]. 

 

The mechanism by which the surfactant assists in the delivery of nanocarriers to the brain is 

largely unknown. Kreuter [426] postulated that the nanoparticles coated with either polysorbate 

20, 40, 60 or 80 have the ability to adsorb apolipoprotein E (Apo E) from the systemic 

circulation, thereby facilitating interaction with low-density lipoprotein (LDL) receptors on the 

cerebral endothelium and subsequent internalization by the endothelial cells and delivery across 

the blood brain barrier (BBB) through endocytosis or transcytosis. Once inside the CNS the 

nanoparticles release API into brain structures via diffusion [427]. Therefore on the basis of 

published data polysorbate-80 was selected as the surfactant for use in the formulation of EFV-

loaded SLN and NLC. GM and THP were selected and used as the solid and liquid lipid 

respectively as described in Chapter 5. 
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6.2  MATERIALS AND METHODS 

6.2.1  Materials 

6.2.1.1  Glyceryl monostearate 
 

Glyceryl monostearate (GM) (C12H42O2, MW = 358.6) (Aspen® Pharmacare Port Elizabeth, 

South Africa) is a solid lipid consisting of 40-55% monoacylglycerols, 30-45% of 

diacylglycerols and 5-15% triacylglycerols [428]. It is usually prepared by reacting glycerin with 

triglycerides from animal and vegetable sources or by reacting glycerol with stearoyl chloride. 

GM is generally regarded as safe (GRAS) as it is non-toxic and non-irritant. The lipid is widely 

used as an emulsifier in food, cosmetics and oral and topical pharmaceutical formulations [428]. 

 

GM is characteristically waxy and has a melting range of 54 to 64°C. The hydroxyl and 

saponification value of GM is 194-237 mg KOH/g and 158-177 mg KOH/g respectively [428]. It 

has a hydrophilic-lipophilic balance (HLB) value of 3.8 and is soluble in hot ethanol, hot 

acetone, ether, chloroform, mineral oil and fixed oils. It is practically insoluble in water [428]. 

GM can be used as an emollient, emulsifying agent, stabilizing agent, solubilizing agent, 

lubricant, and for sustaining the release of an API [428]. GM should be stored in a tightly closed 

container in a cool, dry place, and should be protected from light [428]. 

 

6.2.1.2  Transcutol® HP 
 
Transcutol® HP (THP) (Gattefossé SAS, Saint-Priest Cedex, France) consists of highly purified 

diethylene glycol monoethyl ether. THP is an excellent solvent for hydrophilic API [423] and 

therefore can be used as a hydrophilic co-solvent in self-emulsifying lipid formulations [423]. 

Toxicological studies have shown that THP is safe [423] and the compound is suitable for 

incorporation into oral dosage forms. 
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6.2.1.3  Tween®80 
 

Tween®80 (C64H124O26, MW = 1310) (Aspen® Pharmacare Port Elizabeth, South Africa) is a 

proprietary name for polysorbate 80. It consists of a series of partial fatty acid esters of sorbitol 

and its anhydrides copolymerized with approximately 20, 5 or 4 moles of ethylene oxide for each 

mole of sorbitol and anhydride [428]. The preparation of Tween® 80 is a three-step process 

[428]. Initially sorbital is dehydrated to form sorbitan which is then partially esterified using a 

fatty acid, e.g. oleic acid or stearic acid, to yield a hexitan ester. Ethylene oxide is chemically 

added in the presence of a catalyst to produce polysorbate 80 [428]. The surfactant is a yellow 

liquid at 25°C, with a characteristic odor and a somewhat bitter taste. It feels warm to the touch 

[428]. 

 

Tween®80 is soluble in ethanol and water, but insoluble in mineral and vegetable oils [428]. The 

acid and hydroxyl value of Tween®80 is 2% and 65-80 mg KOH/g respectively. It has an HLB 

value of 15 and a saponification value ranging between 45 and 55 mg KOH/g. The molecule is 

stable in the presence of electrolytes and weak acids/bases [428]. Saponification occurs with the 

addition of strong acids and bases. Tween®80 should be stored in a well-closed container in a 

cool and dry place, protected from light. It forms peroxides when stored for protracted periods of 

time [428]. 

 

Tween®80 has GRAS status and is generally regarded as non-toxic and non-irritating. 

Consequently it can be used as a dispersing, emulsifying, solubilizing, suspending and/or wetting 

agent in a variety of food, cosmetic and pharmaceutical preparations [428]. Occasional reports of 

hypersensitivity to polysorbates in general, and their association with serious side effects, 

including death in some cases, has resulted in a limit for the acceptable daily intake of 

Tween®80, calculated as a function of total polysorbate esters is 2.5 g/kg of body weight 

[428,429]. 

 

6.2.1.4  Water 
 
HPLC grade water was prepared as described in Chapter 3 (§ 3.3.3.1). 
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6.2.2  Methods 

6.2.2.1.  Formulation development 

6.2.2.1.1. Box-Behnken Design (BBD) 
 
A non-rotatable BBD was used to investigate the impact of four variables, formulation and 

process variables on the Critical Quality Attributes (CQA) of SLN and NLC. The input variables 

were EFV content (X1), homogenization pressure (X2), Tween®80 content (X3) and number of 

homogenization cycles (X4). The total lipid concentration in the formulation was kept constant at 

5% w/w. Twenty nine (29) experimental runs were generated using Design Expert® 8.0.2 

statistical software (Stat-Ease Inc., Minneapolis, MN, USA). The number of experiments 

performed for the formulation process using BBD may be established using Equation 6.1. The 

assignment of the actual and coded factors and their respective ranges are listed in Table 6.1. 

 

h � 2j�j k 1� � .(          Equation 6.1 

Where 

N =number of experiments 
k = number of factors  
Co = number of central points 

 
Table 6.1: Levels of input variables and responses monitored for BBD 

 Levels: Actual [Coded] 
Input Factor Low Medium High 

X1= EFV (%) 5 
[-1] 

10 
[0] 

15 
[+1] 

X2=Homogenization pressure (rpm, x 1000) 0.5 
[-1] 

1 
[0] 

1.5 
[+1] 

X3= Tween® 80 (%) 1 
[-1] 

3 
[0] 

5 
[+1] 

X4= Homogenization cycles 1 
[-1] 

3 
[0] 

5 
[+1] 

 

The CQA that were monitored included ZP (Y1), PS (Y2), PDI (Y3), visual assessment (Y4) and 

release rate (RR) after 24 hours (Y5). Preliminary studies revealed that the variables investigated 

did not have a significant effect on the EE and LC of EFV in SLN and NLC, since it is a highly 
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lipophilic compound (§ 1.2.4). Therefore the LC and EE were not considered critical responses 

and were removed from the BBD. However the responses were monitored during stability 

studies on the optimum formulations. 

 

6.2.2.2  Production of EFV formulations 
 

A discontinuous hot high-pressure homogenization technique (Figure 2.7, § 2.4.1.1) was used for 

the production of EFV-loaded SLN and NLC. The representative formulation and corresponding 

instrumental variables used in the manufacture of the nanocarriers are summarized in Table 6.2. 

A total of 5% w/w lipids was used for all formulations and a 70:30 ratio of GM to THP was used 

for the production of NLC. The batch size was 100 mL. 
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Table 6.2: Formulae for SLN and NLC formulations developed and tested in optimization studies 
Run EFV (%) Homogenization 

pressure (bar) 
Tween 80 (%) Homogenization 

cycles 
1 15 1000 3 5 
2 10 1000 3 3 
3 5 1000 3 5 
4 15 1500 3 3 
5 15 500 3 3 
6 15 1000 5 3 
7 10 1000 5 1 
8 5 1000 5 3 
9 10 1000 1 1 
10 10 1000 3 3 
11 10 1500 3 1 
12 10 1000 3 3 
13 5 1000 3 1 
14 10 1500 5 3 
15 5 1000 1 3 
16 15 1000 3 1 
17 10 1000 1 5 
18 15 1000 1 3 
19 5 500 3 3 
20 10 500 3 5 
21 10 500 3 1 
22 10 1000 3 3 
23 10 1000 3 3 
24 10 1500 3 5 
25 5 1500 3 3 
26 10 500 1 3 
27 10 500 5 3 
28 10 1500 1 3 
29 10 1000 5 5 

 

The lipid phase containing EFV was briefly heated to approximately 70°C. An aqueous phase 

containing Tween®80 was heated to the same temperature prior to dispersion in the molten lipid 

phase using a Model T 18 Ultra-Turrax® BS2 homogenizer (Janke & Kunkel GmbH and Co KG, 

Staufen, Germany) at 1000 rpm for one minute to produce a pre-emulsion. The resultant hot pre-

emulsion was then homogenized using an APV 2000 high-pressure homogenizer (West Sussex, 

England) at a predetermined pressure and number of homogenization cycles. The nanoemulsion 

was filled into glass vials and allowed to cool to room temperature (22°C) to allow subsequent 

recrystallization and formation of EFV-loaded SLN or NLC in situ. All batches were 

characterized on the day of manufacture. 
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6.2.2.3  Characterization of SLN and NLC 

6.2.2.3.1 Particle size analysis 
 

The mean PS and PDI of the nanoparticles were measured using a Model Nano-ZS Zetasizer 

(Malvern Instruments Ltd, Worcestershire, UK) with the instrument set to PCS mode. 

Approximately 30 µL of an aqueous dispersion of SLN/NLC was diluted with 10 mL of HPLC-

grade water prior to analysis. The sample was then placed in a 10 x 10 x 45 mm polystyrene cell 

and all measurements were performed in replicate (n = 10) at a scattering angle and temperature 

of 90° and 25°C respectively. The analysis of PC data was achieved using Mie theory, with the 

real and imaginary refractive indices set at 1.456 and 0.01 respectively. 

 

6.2.2.3.2 Zeta Potential (ZP) 
 

The ZP of the nanocarriers was measured using a Model Nano-ZS Zetasizer (Malvern 

Instruments Ltd, Worcestershire, UK) with the equipment set in the Laser Doppler Anemometry 

(LDA) mode. The sample was prepared as described in § 6.2.2.3.1 and placed into folded 

capillary cells. All measurements (n = 10) were performed at an applied field strength of 20 

V/cm and the Helmholtz-Smoluchowsky equation (Equation 2.2, § 2.6.3) was used in situ to 

calculate the ZP value of each sample. 

 

6.2.2.3.3 Imaging analysis 

6.2.2.3.3.1 Transmission electron microscopy (TEM) 
 

TEM was used to investigate the shape and surface morphology of the nanoparticles in the 

original aqueous dispersions. A drop of the aqueous SLN/NLC dispersion was placed onto a 

copper grid with a carbon film. The excess liquid was removed using hydrophilic filter paper 

(Whatman® 110 diameter filter papers, Whatman® International Ltd, Maidstone, England) and 
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the sample was allowed to dry at room temperature (22°C) for 24 hours. The sample was 

visualized using a Zeiss Libra® 120 TEM (Zeiss, GmbH, Germany). 

 

6.2.2.3.3.2 Scanning electron microscopy (SEM) 
 

SEM was used to evaluate the shape and surface morphology of SLN/NLC. Prior to analysis 

aqueous dispersions of SLN/NLC were lyophilized without a cryoprotectant using a Vacutec 

freeze drier (Labconco® Corp, Kansas City, Missouri, USA). Following lyophilization the 

powdered sample was mounted onto a carbon stub and sputter-coated with gold under vacuum 

for 15 minutes using a sputter-coater (Balzers Union Ltd, Balzers, Lichtenstein). The sample was 

visualized using a Model TS 5136 LM Vega® Tescan SEM (Tescan, Vega LMU, 

Czechoslovakia Republic) at a voltage of 20 kV. 

 

6.2.2.3.4 Crystallography and polymorphism  

6.2.2.3.4.1 DSC characterization 
 

The degree of crystallinity and polymorphism of the nanocarriers was determined using a Model 

Q100 DSC fitted with a RCS (90) refrigerated cooling system (TA instruments, Lukens Drive 

New Castle, DE, USA). Prior to analysis the liquid nanoemulsion was lyophilized without 

cryoprotectant (§ 6.2.2.3.3.2). Samples of SLN and/or NLC weighing between 3 and 5 mg were 

weighed directly into a standard 40 µl aluminum open pan. DSC curves were generated by 

heating the sample from 22°C to 250°C and successive cooling to 22°C at heating and cooling 

rates of 10°C/min. A nitrogen flow rate of 100 ml/min was used, and the resultant data were 

analyzed using TA Universal Analysis 2000 for Windows software (TA instruments, Lukens 

Drive New Castle, DE, USA). 
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6.2.2.3.4.2 FT-IR characterization 
 

The crystalline and polymorphic nature of SLN/NLC was also investigated using FT-IR as a 

complementary analytical tool to DSC. Lyophilized samples of the nanoparticles were mounted 

onto a diamond crystal using an applied force of approximately 100 N. The FT-IR spectrum was 

generated using a Precisely FT-IR Spectrum 100 spectrometer (Perkin-Elmer® Pty Ltd, 

Beaconsfield, England) in a scan range of between 4000 and 650 cm-1 at a resolution of 4 cm-1. 

 

6.2.2.3.5 Loading capacity (LC) and encapsulation efficiency (EE) 
 

The LC and EE of the SLN and NLC for EFV was investigated using the RP-HPLC-UV method 

developed and validated as described in Chapter 3 following filtration of the aqueous dispersion 

using Centrisart® filter tubes (Satorius AG, Goettingen, Germany). The filter tubes consisted of a 

filter membrane with a molecular cut-off of 300 KDa at the base of the sample recovery 

chamber. Approximately 2 mL of the aqueous dispersion of the SLN/NLC was placed into the 

outer chamber of the tube after which the sample recovery chamber was fitted. The unit was 

allowed to equilibrate to room temperature (22°C) for 5 minutes and centrifuged at 1500 rpm for 

10 minutes using a Model HN-SII IEC centrifuge (Damon, Needham HTS, MA, USA). The 

amount of EFV in the aqueous filtrate was determined using RP-HPLC, and the LC and EE of 

EFV in the SLN or NLC was calculated using Equations 2.4 and 2.5 as described Chapter 2, § 

2.5.5. 

 

6.2.2.3.6 In Vitro release 
 

The in vitro release of EFV from SLN and NLC aqueous dispersions was investigated using a 

Sotax™ CE 7 USP Apparatus 4 (Sotax™ AG, Binningerstrasse, Allshwil, Switzerland) equipped 

with 22.6 mm diameter cells and operated in a closed loop mode at 37°C. A 5 mm diameter ruby 

bead was placed at the base of the 22.6 mm sample cell and approximately 2 g of 1 mm diameter 

glass beads were added to fill the base of the conical part of the sample holder to ensure that the 
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liquid sample was retained in the cell. Approximately 6 mL of the aqueous dispersion of SLN or 

NLC was placed into the chamber and a 25 mm diameter glass fiber filter with a pore size of 0.7 

µm (Macherey-Nagel, Germany) was fitted to the top of the chamber prior to sealing the unit. 

The dissolution medium was 2000 ml of a 1% sodium lauryl sulphate (SLS) solution in distilled 

water maintained at 37°C, and was pumped through each cell at a rate of 8.8 mL/min. An aliquot 

of 1.25 mL of the dissolution medium was withdrawn at specified time intervals and was 

replaced with fresh medium of similar volume to maintain sink conditions throughout the study 

period. The in vitro release studies were performed in triplicate and the amount of EFV released 

from the nanoparticles was estimated using RP-HPLC-UV, developed and validated as described 

in Chapter 3. 

 

6.2.2.3.7 Robustness of in vitro release  
 

The robustness of the in vitro release method was evaluated by changing the flow rate [242,430] 

and composition of the dissolution medium using preliminary SLN formulations. The dissolution 

medium used was 2000 mL of SLS in distilled water. The flow rate and the amount of SLS in the 

dissolution medium were varied between 8.8 and 16.6 mL/min as well as 1 and 3% w/v 

respectively, and the studies were conducted in triplicate. 

 

6.2.2.3.8 Comparison of release profiles 
 

The in vitro release profiles of EFV from nanoparticle formulations can be compared using the 

difference (f1) and similarity (f2) factors first described by Moore and Flanner in 1996 [431]. The 

f1 reflects the cumulative difference between the reference product and test release profiles at all-

time points. It is therefore a measure of the relative error between the two curves at all-time 

points. An f1 value of between 0 and 15 is indicative of statistical similarity between the profiles 

[432]. The f2 is a logarithmic transformation of the sum-squared error of differences between the 

test and reference products over all-time points. The f2 value may lie between 0 and 100, 

however the closer the value to 100 the more similar the profiles are [432,433]. The FDA 
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recommends the use of f2 only as it has been shown to be more sensitive in identifying large 

differences between two profiles at any particular time point [432]. Consequently the f2 factor 

was used to compare the release profiles of EFV in these studies. The f2 factor can be calculated 

using Equation 6.5 

f2 = 50* log {[1+ (
�
)) ∑ m9n� (�9-o9) 2] -0.5 *100}     Equation 6.5 

Where 

Rt = cumulative percentage API release for the reference product 
Tt = cumulative percentage API release for the test product 
n = number of time points 

 

6.2.2.4  Kinetics and mechanism of EFV release 
 

The use of mathematical modelling to predict the kinetics and mechanism of release of an API 

from drug delivery systems is gaining attention in academia and the industry [434]. The 

mathematical theories of modelling are based on real phenomena such as diffusion, dissolution, 

swelling, erosion, precipitation and/or degradation [434,435] and are of great benefit in 

identification of the underlying mechanisms that may control the release of an API from a 

particular dosage form, and therefore allow for improvement of therapy [436,437]. In addition 

the quantitative prediction of the effects of formulation and processing parameters on the kinetics 

of API release with the use of mathematical theories is possible and feasible [438]. Therefore 

computer-generated simulations can be applied to identify the required composition for a 

formulation, and the process parameters required to produce that formulation in order to define 

an explicit and preferred profile for API release [434,435]. 

 

Generally the release of an API from lipid-based nanoparticles is governed by one or more of 

three different mechanisms, viz. diffusion, erosion, and swelling [439]. It has been suggested that 

erosion and swelling are the predominant mechanisms of release of carbohydrates and proteins 

from lipid-based nanocarriers [439]. API release from lipid-based carriers such as SLN and/or 

NLC exhibit mathematical models that describe diffusion controlled release mechanisms 
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[166,439]. The kinetics and mechanism of release of EFV from SLN and NLC were evaluated 

using zero-order, first-order kinetics and the Higuchi models. 

 

6.2.2.4.1 Zero order release model 
 

The zero-order release model can be used to describe the release of an API from a 

pharmaceutical dosage form that does not disintegrate, or when API release is slow [433]. The 

model can be applied to modified release dosage forms such as transdermal systems, tablet 

matrices containing hydrophobic molecules, coated systems and osmotic systems [433]. The 

model holds true when a drug device releases the same amount of API per unit time, and 

therefore is able to release the API in a controlled manner [433]. The zero-order release model is 

mathematically described using Equation 6.2. 

Qt = Q0 + K0t          Equation 6.2 

Where 

Qt = amount of API dissolved in time t, 
Q0 = initial amount of API in the solution, and, 
K0 = zero order release constant 

 

6.2.2.4.2 First-order release model 
 

The release of hydrophilic molecules from porous matrices usually follows a first-order release 

mechanism [440]. The release of an API from these matrices is proportional to the amount of 

API remaining in the device and release of the molecule diminishes over time. A plot of the 

logarithm of the amount of API released versus time usually yields a straight line [433,440]. The 

first order release model is mathematically described using Equation 6.3. 
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log Qt = log Q0 + 
p@9

�.aGa        Equation 6.3 

Where 

Qt = amount of API dissolved in time t, 
Q0 = initial amount of API in the solution, and, 
K1 = first order release constant 

 

6.2.2.4.3 Higuchi release model 
 

In 1963 Higuchi [439] developed a mathematical model that can be used to describe the release 

of an API from spherical devices. The mathematical relationship for the Higuchi release model is 

shown in Equation 6.4. 

YF
M  = Pq�.G k .D�.Dr         Equation 6.4 

Where 

Mt = cumulative absolute amount of API released at time t 
A = surface area of the film exposed to the release medium 
D = API diffusivity in the carrier material 
C0 = initial API concentration 
Cs = solubility of the API in the carrier material 
 
When the Higuchi equation is applied to controlled delivery systems, a number of assumptions 

are made. These include that the initial amount of API in the system must be higher than the 

saturation solubility of the API as this provides the basis for an applied pseudo-steady state 

approach to rationalization. The second assumption is that the geometry of the device should be 

thin such that edge effects are negligible and the size of the particles must be smaller than the 

thickness of the film and the matrix does not swell or dissolve. Finally the diffusivity of the API 

should not be dependent on time or position, and should be constant whilst perfect sink 

conditions are maintained throughout the entire experimental process [434]. The release of an 

API from a dosage form is said to follow the Higuchi model when a linear relationship is 

generated by plotting the cumulative % API released versus the square root of time [434]. 
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6.2.2.5  Determination of best fit model 
 

To determine the mathematical model that best fitted EFV release data generated from EFV-

loaded SLN and NLC, best fit linear regression plots of the cumulative % EFV released versus 

time (zero order model), natural logarithm of cumulative % EFV remaining in the matrix versus 

time (first order model) and cumulative % EFV released versus square root of time (Higuchi 

model) were generated. The determination coefficient (R2) was used as an indicator of the best 

kinetic model that explained the release of EFV from the colloidal systems. 

 

6.2.2.4.7 Stability studies 
 

The stability of aqueous dispersions of nanoparticles was initially evaluated using visual 

observation following storage at room temperature (22°C) for two weeks. The objective was to 

generate preliminary information that could be used to ascertain whether the formulations remain 

stable over a relatively long period of time. The aqueous dispersions of SLN or NLC were 

assessed visually in the presence of light. The formulations that showed signs of cracking, 

creaming or flocculation were given a value of 0 to indicate a lack of stability, while those that 

were considered stable, and with the potential to remain stable for a relatively long period of 

time, were assigned a value of 1. 

 

The stability of the optimized SLN and NLC formulation was evaluated using Binder® KBF-240 

climatic chambers (Binder GmbH® Ltd, Munchen, Germany). Accelerated and short-term 

stability studies were undertaken at 40°C/75% RH and 25°C/60% RH respectively. The 

formulations were packed into 100 g glass ointment jars with closures that fitted tightly and were 

assessed at 1, 2, 4 and 8 weeks following storage. At each time the formulation was evaluated 

and not returned to the stability chamber. The formulations were assessed in terms of the 

parameters that are considered benchmarks for stability of colloidal systems. These include zeta 

potential, particle size, polydispersity index, encapsulation efficiency and loading capacity. The 
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stability protocol conducted over two months was used to perform short term and accelerated 

stability studies for optimized SLN and NLC formulations. 

 

6.2.2.5  Data Analysis 
 

The data generated from the responses monitored were analyzed using Design Expert® statistical 

software Version 8.0.2 (Stat-Ease Inc., Minneapolis, MN, USA). Fisher’s test for Analysis of 

Variance (ANOVA) was used to determine whether significant differences existed among the 

means of the factors under investigation. A backward, stepwise elimination technique was also 

used to achieve model responses that could be used to navigate the design space. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Formulation Development 
 

The development of EFV-loaded SLN and NLC formulations was initiated using RSM, 

specifically with a Box-Behnken Design (BBD). The use of BBD was intended to determine the 

effects of different process and formulation parameters on the Critical Quality Attributes (CQA) 

of the nanoparticles. The process parameters investigated were the number of homogenization 

cycles and pressure. PS, PDI, ZP, visual assessment (VA) and EFV released at 24 hours (RR), 

LC, EE, polymorphism, shape and surface morphology were the CQA of the nanoparticles. In 

addition three mathematical models were used to fit in vitro release data to determine the most 

likely mechanism of EFV release from SLN and NLC [433]. To assess the effect of storage 

temperature and humidity on the formulations and to ensure that the nanoparticles produced were 

of good quality, stability studies were performed on optimized batches of SLN and NLC over a 

period of 8 weeks. 

 

The BBD is an efficient optimization method and does not contain a combination of experiments 

for which all factors are simultaneously at their highest or lowest levels [332]. The BBD also 

avoids the need to generate data under extreme experimental conditions. Therefore it is suitable 
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for use when the elimination of unsatisfactory data is necessary [332]. A BBD was used to 

optimize EFV-loaded SLN and NLC. However, for the purpose of this discussion, only response 

surface plots of SLN are discussed in detail, while those for NLC are included in Appendix IV. 

The complete design matrix for the responses is summarized in Table 6.3. 

 

Table 6.3: Responses observed for Box Behnken design experiments for SLN formulations 
Runs Response variables 

 Y1 (ZP) 
mV 

Y2 (PS) 
nm 

 

Y3 (PDI) Y4 (VA) Y 5 (RR) 
% 

EFV-SLN 001 -41.8 74.08 0.628 0 85.5 
EFV-SLN 002 -37.9 116.4 0.615 1 83.4 
EFV-SLN 003 -43 75.57 0.488 1 84.1 
EFV-SLN 004 -39.9 95.92 0.424 0 80.1 
EFV-SLN 005 -34.8 317.9 0.631 0 54.5 
EFV-SLN 006 -38.2 390.3 0.719 0 55.2 
EFV-SLN 007 -35.5 635.5 0.855 1 37.5 
EFV-SLN 008 -33.7 118.7 0.527 1 80.3 
EFV-SLN 009 -46.3 185.7 0.439 0 76.8 
EFV-SLN 010 -39.2 116.8 0.586 1 83.6 
EFV-SLN 011 -40.5 616.3 0.937 1 41.5 
EFV-SLN 012 -38.6 114.9 0.614 1 82.5 
EFV-SLN 013 -38.8 476.4 0.785 1 52.2 
EFV-SLN 014 -40.2 67.42 0.618 1 91.5 
EFV-SLN 015 -51.6 116.7 0.674 0 78.8 
EFV-SLN 016 -42.6 653.8 0.928 0 41.9 
EFV-SLN 017 -44.8 71.43 0.565 0 83.1 
EFV-SLN 018 -51.1 125.9 0.623 0 79 
EFV-SLN 019 -44.1 254.6 0.83 1 72.2 
EFV-SLN 020 -38.9 100.9 0.594 1 82.6 
EFV-SLN 021 -38.6 684 0.824 1 33.7 
EFV-SLN 022 -41.7 120.2 0.642 1 82.6 
EFV-SLN 023 -43.3 103.5 0.567 1 81.5 
EFV-SLN 024 -31.5 42.19 0.444 1 94.1 
EFV-SLN 025 -34.6 89.29 0.496 1 83 
EFV-SLN 026 -48.9 127.1 0.727 0 79.6 
EFV-SLN 027 -37.3 101.1 0.707 1 83.7 
EFV-SLN 028 -47.3 106.4 0.533 0 85.2 
EFV-SLN 029 -37.5 51.55 0.502 1 93.4 

 

6.3.1.1  Model fitting and statistical analysis 
 

ANOVA and the Regression Coefficient (R2) were used to statistically analyze the data reported 

in Table 6.3. In addition normal plots of residuals, studentized residuals, Box-Cox plots, contour 

and 3-dimensional plots were used to describe these data graphically. The model(s) that best 
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described the data were selected for use in the optimization process. Results were analyzed and 

used to establish experimental parameters to achieve target performance levels. The data were 

fitted to linear, two factorial, quadratic and cubic models, and the results reveal that the 

correlation between process variables and formulation responses was best described by four 

quadratic polynomial models and one linear model. 

 

6.3.1.2  Model fit equations and their regression coefficients 
 

The data summarized in Table 6.3 indicate that the PS and PDI of the SLN formulations ranged 

between 42 and 684 nm, and 0.424 and 0.937 respectively. The ZP of the nanoparticles ranged 

between -51.6 mV and -31.5 mV. The EFV released ranged between 33.7 and 94.1% and the VA 

score between 0 and 1. Five center point experiments were performed to determine the level of 

experimental error and the reproducibility of the data in the overall design matrix. The sequential 

model sum of squares was used to select the best fit model based on selection of the highest 

order polynomial in which the additional terms were significant and the model was not aliased. 

The final models selected for ZP (Y1), PS (Y2), PDI (Y3), VA (Y4) and RR after 24 hours (Y5) in 

terms of coded factors are shown in Equations 6.6-6.10. 

Zeta potential �Zeta potential �Zeta potential �Zeta potential �YYYY1111���� = -40.14-0.22X1+0.72X2+5.63X3+0.40X4-3.65X1X2-1.25X1X3+1.25X1X4-
1.13X2X3+2.32X2X4-0.88X3X4-0.81X1

2+1.39X2
2-3.08X3

2+0.99X4
2      Equation 6.6 

 

1/Particle size1/Particle size1/Particle size1/Particle size ����YYYY2222� � � � = +9.581E-003-6.957E-004X1+2.915E-003X2 +2.933E-004X3 +6.673E-003X4  
+3.408E-003X2X4+2.303E-003X3X4-2.368E-003X1

2   Equation 6.7 

 
Polydispersity indexPolydispersity indexPolydispersity indexPolydispersity index (YYYY3333� � � � � � � � +0.64+0.013X1-0.072 X2+0.031X3-0.13X4   Equation 6.8 
 
Visual stability �Visual stability �Visual stability �Visual stability �YYYY4444� � � � � +1.00-0.42 X1+0.000X2+0.42X3+0.000X4+0.000X1X2- 

0.25X1X3+0.000X1X4+0.000X2X3+0.000X2X4+0.000X3X4-0.42X1
2-0.042X2

2-0.42X3
2-0.042X4

2  

       Equation 6.9 
 
Release Rate � Release Rate � Release Rate � Release Rate � YYYY5555� � � � � +82.72-4.53X1+5.76X2-3.41X3+19.93X4+3.70X1X2-6.33X1X3+2.93X1X4 
 +0.55 X2X3+0.92 X2X4+12.40 X3X4-7.57 X1

2-3.21X2
2+2.09 X3

2-12.62 X4
2  Equation 6.10 
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The polynomial equations consist of coefficients for the intercept, first-order main effects, 

interaction terms and higher-order effects. The sign and magnitude of the main effects signify the 

relative influence of each factor on the response which is the average result of changing one 

factor at a time from low to high values. However at a given set of factor levels the higher-order 

polynomials yield results representative of the net effect of all coefficient terms in the 

polynomial. A negative sign in all equations denotes an antagonistic effect and a positive sign 

indicates a synergistic effect of the input variables on the responses. The interaction terms such 

as X1X2, X1X3, and X1X4 are indicative of response changes when two formulation factors are 

changed simultaneously. Finally the second degree terms, viz. X1
2, X2

2, X3
2, and X4

2 are 

incorporated in order to investigate non-linearity in the model [441-444]. 

 

The correlation coefficient, R2 and the standard deviation values were used to evaluate the 

quality of the models. The closer the R2 value is to one and the smaller the standard deviation the 

more accurate the response predicted by the model. Good correlation between experimental and 

predicted responses is indicated by an R2 value of > 0.9 [441,443]. The model correlation 

coefficients and standard deviations are summarized in Table 6.4. 

 

Table 6.4: Correlation coefficients and standard deviations of response models 
Response 

factor 
Response surface model  

 SD R2 Adj R 2 Pred R2 Adeq Prec C.V (%) 

Y1 2.87 0.8360 0.6720 0.1790 7.940 7.04 

Y2 1.745E-
003 

0.9215 
 

0.8953 
 

0.8516 24.803 
 

20.29 

Y3 0.11 0.4912 
 

0.4064 
 

0.2107 8.881 17.04 

Y4 0.17 0.9390 0.8779 0.6485 13.433 27.79 

Y5 7.31 0.9129 
 

0.8258 
 

0.4996 12.555 
 

9.89 

 

The R2 values for Equations 6.6-6.10 were 0.8630, 0.9215, 0.4912, 0.9390 and 0.9129 

respectively, indicating that 83.6%, 92.15%, 49.12%, 93.90% and 91.29% of the total variation 

in Y1, Y2, Y3, Y4, and Y5, can be attributed to the experimental variables under investigation. In 

addition the R2 value of 0.8360 obtained for Equation 6.6 was considered moderate to validate 

the fit. The R2 values for Y2, Y4 and Y5 of 0.9215, 0.939 and 0.9192 were considered high, 
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indicating a good correlation between the predicted and experimental responses, and the R2 value 

of 0.4912 for Y3 was inappropriate and could not be used to validate the model fit for PDI. 

 

The low standard deviations of 2.87, 1.745E-003, 0.11 and 0.17 for Y1, Y2, Y3, and Y4, indicate 

that the predicted values for the observed responses would be more accurate and closer to the 

actual values than the predicted value for EFV release (Y5) as it has a significantly higher 

standard deviation of 7.31. Apart from the predicted R2 value observed for Y3 all other R2 values 

were not in reasonable agreement with their respective adjusted R2 values, indicating a possible 

large block effect or a problem with the models [445]. However adequate precision measures the 

signal to noise ratio and high values > 4 indicate adequate signal [445]. All adequate precision 

values generated for the observed responses were > 4, indicating the applicability of the models 

in navigating the design space. In addition the relatively low percentage for the coefficient of 

variation values indicates better precision and reliability of the experiments [445]. Model 

adequacy was further justified and confirmed by Analysis of Variance. 

 

6.3.1.3  Analysis of Variance (ANOVA) 
 

The significance of the response surface models was investigated and the model F-value and the 

Prob > F values were used to determine model significance at a 0.05 level of significance. 

 

6.3.1.3.1 Response surface quadratic model for zeta potential (Y1) 
 

The ANOVA data for the quadratic model for ZP (Y1) are summarized in Table 6.5. These data 

showed a model F-value of 5.10, indicating that the model was significant. In this model, 

Tween®80 content (X3), the linear combination of EFV amount and homogenization pressure 

(X1X2) and the quadratic effect of Tween®80 content (X3
2) were significant terms. These results 

revealed that the significant factors affecting response Y1 were the synergistic linear contribution 

of X3. However the same response Y1 was affected antagonistically by the interaction effect of 

X1X2 and the quadratic effect of X3
2, as summarized in Equation 6.6. 
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Table 6.5: ANOVA analysis for the quadratic model for zeta potential 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 587.46 14 41.96 5.10 0.0022 
X1 0.56 1 0.56 0.068 0.7974 
X2 6.16 1 6.16 0.75 0.4014 
X3 380.81 1 380.81 46.27 < 0.0001 
X4 1.92 1 1.92 0.23 0.6366 
X1X2 53.29 1 53.29 6.47 0.0234 
X1X3 6.25 1 6.25 0.76 0.3982 
X1X4 6.25 1 6.25 0.76 0.3982 
X2X3 5.06 1 5.06 0.62 0.4460 
X2X4 21.62 1 21.62 2.63 0.1274 
X3X4 3.06 1 3.06 0.37 0.5516 
X1

2 4.25 1 4.25 0.52 0.4844 
X2

2 12.55 1 12.55 1.52 0.2373 
X3

2 61.70 1 61.70 7.50 0.0160 
X4

2 6.37 1 6.37 0.77 0.3939 
Residual 115.23 14 8.23 - - 

 

The adequacy of the model can also be investigated by examining residuals. The studentized 

residuals are used to measure the number of standard deviations that separate the actual and 

predicted values [446,447]. A normal probability plot of residuals is used to evaluate the data 

generated, and a linear trend in the plot confirms a normal distribution and character of the 

residuals [446,448,449]. A scatter plot of the studentized residuals and predicted responses can 

be used to determine the adequacy of the model. The plot should generally show random scatter, 

which suggests that the variance of the original observations is constant for all response values 

[446,448,449]. A funnel-shaped pattern is obtained if the variance of the response depends on the 

mean level of Y [446,448,449]. Therefore investigation of the adequacy of a model usually gives 

an indication as to whether or not any transformation of the response variable of interest may be 

necessary [446,448,449]. The transformation of data may be required in order to enhance the 

applicability and usefulness of the applied statistical test method, and these data are usually 

presented using the Box-Cox plot [368] (Figure 6.1). The blue line in the plot in Figure 6.1 

points to the current transformation of the model. The red lines indicate a 95% confidence 

interval and the 95% confidence interval includes 1.0 (blue line), which indicates that the data 

are approximately in the best possible region of the parabola [369-371]. 
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Figure 6.1: Box-Cox plot for power transformation for zeta potential 

 

The normal probability and the studentized residuals plots for Y1 are shown in Figures 6.2 and 

6.3 respectively. The normal probability plot shows that the residuals were linear as they fall in a 

straight line. However the studentized residuals plot shows that the data were generally scattered, 

indicating that transformation of data was not required  

 

Figure 6.2: Normal probability plot of residuals for zeta potential 
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Figure 6.3: Plot of studentized residuals versus predicted responses for zeta potential 

 

6.3.1.3.2 Response surface quadratic model for particle size (Y2) 
 

Analysis of the quadratic model for PS generated a ratio of the maximum to minimum response 

value of 16.2124. Usually a ratio > 10 is indicative of a need to perform model transformation. 

The need to transform the model was confirmed by the Box-Cox plot (Figure 6.4). These data 

reveal the blue line was outside the 95% confidence interval, indicating that the model was not in 

the optimum region of the parabola. Consequently, the model was inversely transformed using 

model reduction by backward elimination in order to improve the fit of the model and thus 

permit navigation of the design space. 
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Figure 6.4: Box-Cox plot for power transformation for particle size (before inverse transformation) 

 

The ANOVA data generated for the quadratic model for PS following transformation are 

summarized in Table 6.6. The model F-value of 35.20 indicates that the model was significant. 

Consequently the significant model terms affecting response Y2 were homogenization pressure 

(X2), number of homogenization cycles (X4), their linear combination (X2X4), the linear 

combination of Tween®80 content and number of homogenization cycles (X3X4) and the 

quadratic effect of EFV amount (X1
2). Synergistically the model was affected by the linear 

contribution of X2 and X4 and the interaction effects of X2X4 and X3X4, however the quadratic 

effect of X1
2 was antagonistic, as shown in Equation 6.7. 

Table 6.6: ANOVA analysis for the inversely transformed quadratic model for particle size 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 7.502E-004 7 1.072E-004 35.20 < 0.0001 
X1 5.808E-006 1 5.808E-006 1.91 0.1818 
X2 1.019E-004 1 1.019E-004 33.48 < 0.0001 
X3 1.032E-006 1 1.032E-006 0.34 0.5666 
X4 5.343E-004 1 5.343E-004 175.48 < 0.0001 
X2X4 4.645E-005 1 4.645E-005 15.26 0.0008 
X3X4 2.121E-005 1 2.121E-005 6.97 0.0153 
X1

2 3.945E-005 1 3.945E-005 12.96 0.0017 
Residual 6.394E-005 21 3.045E-006 - - 
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The normal probability, studentized residuals and Box-Cox plots for Y2 are shown in Figures 6.5, 

6.6 and 6.7 respectively. The normal probability and studentized residual plots reveal a linear 

distribution and scatter of data, confirming a lack of significant problems with the normality of 

the data following transformation of the model. The Box-Cox plot generated following inverse 

transformation of the data using backward elimination includes the blue line within the 

confidence interval, confirming that the data were in the optimum region of the parabola and 

model adequacy. 

 

Figure 6.5: Normal probability plot of residuals for particle size after inverse transformation 
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Figure 6.6: Plot of studentized residuals versus predicted responses for particle size after inverse transformation 

 

Figure 6.7: Box-Cox plot for power transformation for particle size (after inverse transformation) 
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response Y3 were the antagonistic linear contribution effects of homogenization pressure (X2) and 

number of homogenization cycles (X4) as described in Equation 6.8. 

Table 6.7: ANOVA analysis for the linear model for polydispersity index 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 0.27 4 0.069 5.79 0.0021 
X1 1.951E-003 1 1.951E-003 0.16 0.6885 
X2 0.062 1 0.062 5.22 0.0315 
X3 0.011 1 0.011 0.95 0.3400 
X4 0.20 1 0.20 16.84 0.0004 
Residual 0.28 24 0.012 - - 

 

The normal probability, studentized residuals and Box-Cox plots for Y3 are shown in Figures 6.8, 

6.9 and 6.10 respectively. The normal probability and studentized residual plots reveal a linear 

distribution and scatter of the data, confirming a lack of problems with the normality of the data. 

However the minimum PDI value falls out of the linearity range. Inspection of the Box-Cox plot 

reveals that the data are in the optimum region of the parabola, confirming that the model 

generated for PDI was adequate and that no further transformation was necessary. 

 

Figure 6.8: Normal probability plot of residuals for polydispersity index 
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Figure 6.9: Plot of studentized residuals versus predicted responses for polydispersity index 

 

Figure 6.10: Box-Cox plot for power transformation for polydispersity index 
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of amount of EFV (X1), amount of EFV and Tween®80 content (X1X3) and amount of EFV (X1
2) 

respectively. However the response was also affected by the synergistic linear contribution of X3 

in addition to the quadratic contribution of X3
2 (Equation 6.9) 

 

Table 6.8: ANOVA analysis for the quadratic model for visual assessment 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 6.41 14 0.46 15.39 < 0.0001 
X1 2.08 1 2.08 70.00 < 0.0001 
X2 0.000 1 0.000 0.000 1.0000 
X3 2.08 1 2.08 70.00 < 0.0001 
X4 0.000 1 0.000 0.000 1.0000 
X1X2 0.000 1 0.000 0.000 1.0000 
X1X3 0.25 1 0.25 8.40 0.0117 
X1X4 0.000 1 0.000 0.000 1.0000 
X2X3 0.000 1 0.000 0.000 1.0000 
X2X4 0.000 1 0.000 0.000 1.0000 
X3X4 0.000 1 0.000 0.000 1.0000 
X1

2 1.13 1 1.13 37.84 < 0.0001 
X2

2 0.011 1 0.011 0.38 0.5483 
X3

2 1.13 1 1.13 37.84 < 0.0001 
X4

2 0.011 1 0.011 0.38 0.5483 
Residual 0.42 14 0.030 - - 

 

The normal probability, studentized residuals and Box-Cox plots for Y4 are shown in Figures 

6.11, 6.12 and 6.13 respectively. The normal probability and studentized residual plots reveal a 

clustered distribution and scatter of data at the minimum (zero) and maximum (one) responses as 

these were the only two response parameter values used. The Box-Cox plot reveals that the data 

were not in the optimum region of the parabola and that transformation of the data was required. 

The natural logarithm transformation could not be applied since the smallest response value is 0 

and the constant K for 0 is ≤ 0. However the Adequate Precision of 13.433 that was generated 

was indicative of a good signal indicating that the model could be used to navigate the design 

space. 
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Figure 6.11: Normal probability plot of residuals for visual assessment 

 

 

Figure 6.12: Plot of studentized residuals versus predicted responses for visual assessment 
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Figure 6.13: Box-Cox plot for power transformation for visual assessment 
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Tween®80 content and number of homogenization cycles (X3X4) as shown in Equation 6.10. 

  

Design-Expert® Software
Visual Assessment

Lambda
Current = 1
Best = 0.22
Low C.I. = -0.05
High C.I. = 0.5

Recommend transform:
Log
 (Lambda = 0)

k = 0.001
(used to make
response values
positive)

Lambda

Ln
(R

es
id

u
a

lS
S

)

Box-Cox Plot for Power Transforms

-5.00

0.00

5.00

10.00

15.00

20.00

-3 -2 -1 0 1 2 3



191 

 

Table 6.9: ANOVA analysis for the quadratic model for release rate 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 7832.72 14 559.48 10.48 < 0.0001 
X1 246.61 1 246.61 4.62 0.0496 
X2 397.90 1 397.90 7.45 0.0163 
X3 139.40 1 139.40 2.61 0.1284 
X4 4768.05 1 4768.05 89.31 < 0.0001 

X1X2 54.76 1 54.76 1.03 0.3284 
X1X3 160.02 1 160.02 3.00 0.1054 
X1X4 34.22 1 34.22 0.64 0.4367 
X2X3 1.21 1 1.21 0.023 0.8825 
X2X4 3.42 1 3.42 0.064 0.8038 
X3X4 615.04 1 615.04 11.52 0.0044 
X1

2 371.95 1 371.95 6.97 0.0194 
X2

2 66.84 1 66.84 1.25 0.2820 
X3

2 28.33 1 28.33 0.53 0.4783 
X4

2 1033.48 1 1033.48 19.36 0.0006 
Residual 747.46 14 53.39 - - 

 

The normal probability, studentized residual and Box-Cox plots for Y5 are shown in Figures 6.14, 

6.15 and 6.16, respectively. The normal probability and studentized residual plots reveal a linear 

distribution and scatter of the data, confirming that the data were normal. The Box-Cox plot 

reveals that the data did not require any model transformation, indicating that the model was 

adequate and could be used to navigate the design space. 

 

 

Figure 6.14: Normal probability plot of residuals for release rate 
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Figure 6.15: Plot of studentized residuals versus predicted responses for release rate 

 

 

Figure 6.16: Box-Cox plot for power transformation for release rate 
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6.3.1.4  Process and Formulation Variable effects on CQA 
 

A response surface is a graphical representation in one dimension (one factor of interest) or a 

surface in two or three dimensions (two factors of interest) when a response variable is plotted as 

a function of one or more factors [450]. One-factor contour and 3-dimensional surface plots are 

used to facilitate the examination of effect(s) of experimental factors on the responses monitored. 

These graphical representations can be obtained using Design Expert® software and are able to 

illustrate the responses of different experimental values and facilitate the identification of major 

interactions between variables [451]. When using 3-D and contour plots one variable must be set 

at an arbitrary value and the response surface plotted using two additional variables displayed on 

the X and Y-axes. Therefore the response surface generated will be a function of the selected 

value for the variable held constant and is likely to differ depending on the actual value used 

[452]. 

 

6.3.1.4.1  Zeta potential 
 

The ZP is a measure of the overall charge at the surface of particles that have been dispersed in a 

particular medium. Particles tend to repel one another if the colloidal systems have high positive 

or negative values for the zeta potential. Consequently systems with ZP values of ± 30 mV are 

considered stable if dispersed in a liquid as a colloidal dispersion [453]. The ZP values generated 

for all formulations under investigation ranged between -31.5 and -51.6 mV. The concentration 

of Tween®80 (X3) was the most significant variable affecting the ZP of the SLN and produced a 

synergistic effect with an F value of 46.27, as summarized in Table 6.5. The F-values for the 

antagonistic effects of X1X2 and X3
2 were 6.47 and 7.50 respectively. 

 

A contour and a 3-D surface plot revealing the effect of Tween®80 (X3) on the ZP of the 

nanoparticles are shown in Figures 6.17 and 6.18 respectively. The surface plots show that stable 

formulations exhibiting relatively high negative ZP values were obtained at relatively low 

surfactant concentrations. The use of high concentrations of Tween®80 resulted in a decrease in 

the ZP and hence the stability of the SLN dispersions. The negative impact of increasing 
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Tween®80 concentration on the zeta potential could be explained by the solubilizing and 

partitioning phenomena. High concentrations of surfactant in the aqueous phase may lead to 

preferential partitioning of the API from the lipid phase into the aqueous phase. The preferential 

partitioning of the API to the aqueous phase may lead to a decrease in the magnitude of the 

charge at the surface of the particles that ultimately compromises the stability of the dispersions 

[454,455]. 

 

Figure 6.17: Contour plot showing the effect of Tween®80 and homogenization pressure on zeta potential 

 

Figure 6.18: 3-D surface plot showing the effect of Tween®80 and homogenization pressure on zeta potential 
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6.3.1.4.2  Particle size 
 

The mean PS of EFV-loaded SLN was between 42.19 and 684 nm. The number of 

homogenization cycles (X4) produced the largest F-value of 153.24, indicating that this parameter 

had the most significant impact on the size of the nanoparticles produced compared to the other 

variables investigated. However homogenization pressure (X2) and a combination of 

homogenization pressure and homogenization cycles (X2X4) produced F-values of 29.24 and 

13.32 respectively, which indicate that these parameters had an intermediate yet significant 

impact on the size of SLN. 

 

A combination of Tween®80 and homogenization cycles (X3X4) and the quadratic effect of 

amount of EFV (X1
2) had the least significant impact on the size of the nanoparticles as each 

parameter reflected relatively low F-values of 6.08 and 8.45 respectively. The contour and 3-D 

surface plot showing the effect of number of homogenization cycles on the particle size are 

shown in Figures 6.19 and 6.20 respectively. These data reveal that an inverse relationship exists 

between the number of homogenization cycles and the PS of the nanoparticles. The surface plots 

also reveal that relatively small SLN are produced if the homogenization pressure is relatively 

high and the number of homogenization cycles is kept constant. These results are consistent with 

previous findings that reported a reduction in mean PS and PDI values with an increase in 

homogenization pressure up to 1500 bar and using between 3 and 7 homogenization cycles 

[204,216]. The desired mean particle size can therefore be produced by a manipulation of the 

combined effects of homogenization pressure and the number of homogenization cycles used to 

manufacture the particles. 
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Figure 6.19: Contour plot showing the effect of homogenization cycles and pressure on particle size 

 

Figure 6.20: 3-D surface plot showing the effect of homogenization cycles and pressure on particle size 
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The largest F-value of 16.84 was observed with the number of homogenization cycles (X4) used. 

However the homogenization pressure also had a significant effect on the PDI, indicated by an F-

value of 5.22 as listed in Table 6.7. The one-factor plot of the effect of homogenization cycles 

and the contour plot showing the effect of homogenization pressure on PDI for the linear model 

are shown in Figures 6.21 and 6.22 respectively. These data show an inverse relationship 

between the homogenization pressure and the number of homogenization cycles and the PDI. 

Therefore similar to mean PS the desired PDI can be obtained by manipulation of the 

homogenization pressure and the number of homogenization cycles. 

 

 

Figure 6.21: Effect of number of homogenization cycles on polydispersity index 
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Figure 6.22: Contour plot showing the effect of homogenization pressure and amount of EFV on polydispersity 
index 

 

6.3.1.4.4  Visual assessment 
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creaming and cracking [210,456]. The significant variables that were evaluated to assess the 
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2 and X3

2) and the effect of 
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contributing variables of X1 and X3. Their quadratic contributions had similar yet intermediate 

significance, with an F-value of 37.84. The interaction factor X1X3 had the least significant effect, 
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However the contour and 3-D plot of X1X3 shown in Figures 6.23 and 6.24 respectively show a 
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surface plots reveal that the SLN formulation was most stable when Tween®80 and EFV were 

used in combination at a relatively low concentration of 3% w/w and 10% w/w, respectively. 

This is in agreement with previous findings that the use of relatively high concentrations of API 

leads to an increase in the size of nanoparticles [125], increasing the probability of coalescence 

and formulation instability. However the use of relatively high surfactant/lipid ratios has been 

shown to produce smaller particles [215], decreasing the likelihood of coalescence and therefore 

enhancing the stability of formulations. 

 

Figure 6.23: Contour plot showing the effect of Tween® 80 and amount of EFV on visual appearance 
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Figure 6.24: 3-D surface plot showing the effect of Tween® 80 and amount of EFV on visual appearance 

 

6.3.1.4.5  Cumulative percent released 
 

The amount of EFV released from the SLN over a 24 hour test period was between 33.7 and 

94.1%. The variables considered significant in evaluating the release of EFV from the SLN 

formulations were concentration of EFV (X1), number of homogenization cycles (X4), their 

quadratic effects (X1
2 and X4

2) and the interactive effect of Tween®80 and number of 

homogenization cycles (X3X4). The largest F-value of 89.31 was observed for the linear effect of 

number of homogenization cycles, indicating that this parameter had the most significant effect 

on the cumulative percent released from SLN. The effects of the quadratic contribution of 

number of homogenization cycles (X4
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produced F-values of 19.36 and 11.52 respectively. However the amount of EFV (X1) in the 

formulation and its quadratic contribution (X1
2) had the least effect on EFV release from the 

nanoparticles, with F-values of 4.62 and 6.97 respectively. The contour and 3-D surface plots of 

X3X4 are shown in Figures 6.25 and 6.26 respectively. 
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Figure 6.25: Contour plot showing the effect of homogenization cycles and Tween® on EFV release 

 

Figure 6.26: 3-D surface plot showing the effect of homogenization cycles and Tween® on EFV release 
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in § 6.3.1.4.2. Previous studies have shown that the size of SLN can affect in vitro release of an 

API from nanoparticles [168]. It follows that small particles release API at a faster rate due to the 

small path length through which the API must diffuse and the relatively large surface area 

associated with small particles that permits better contact between the particles and the release 

medium [168]. 

 

6.3.2  Formulation Optimization 
 

A major objective of these studies was to produce stable EFV-loaded SLN or NLC capable of 

controlling or sustaining the release of EFV. The ZP (Y1), PDI (Y3) and VA (Y4) of the 

formulation were considered as the critical parameters for assessing the stability of the 

nanoparticle dispersions. Therefore numerical optimization was undertaken using Design 

Expert® software with the aim of selecting an optimum formulation composition and process 

parameters that would lead to the development of an SLN or NLC formulation with optimal 

stability and with the potential to control or sustain the release of EFV. Although there are 

various methods for optimizing process and formulation parameters the use of a numerical 

optimization technique presents a comprehensive and current description of the most effective 

method for continuous optimization [457,458]. Numerical optimization locates a point that 

maximizes the desirability function while the characteristics of a target can be modified by 

adjusting the importance of that target [459]. The desired target for each process variable and 

responses Y1, Y3, Y4 and Y5 were selected and are summarized in Table 6.10. 

 

Table 6.10: Predicted values for process variables and respective formulation responses 
Process variables Formulation responses Desirability 

X1 X2 X3 X4 Y1 Y3 Y4 Y5  

10% 1100 bar 2.89% 3 -30 0.424 1 94.1% 0.909 

 

The desirability for the model generated was found to be 0.909, therefore the optimal conditions 

were considered to be in the desirability zone. The optimal EFV-loaded SLN formulation was 

manufactured and the process parameters for the manufacture are summarized in Table 6.11  
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Table 6.11: Optimized conditions for the manufacture of EFV-loaded SLN 
Process variable Optimized condition 
X1 (EFV) 10% 

 
X2 (Homogenization pressure) 1100 bar 
X3 (Tween® 80) 3.0% 

 
X4 (Homogenization cycles) 3 

 

The responses generated using the SLN formulation developed and manufactured using the 

optimum formulation and process parameters are summarized in Table 6.12, in addition to the 

experimental and predicted responses with their corresponding percentage prediction errors  

 

Table 6.12 Experimental and predicted response with percent prediction errors for the optimized formulation 
Response Experimental value Predicted value % prediction error 

Y1 -32.5±4.99 -30 7.69 
Y3 0.382±0.054 0.424 -10.99 
Y4 1 1 0 
Y5 91.5±0.671 94.1 -2.84 

 

The low value of the calculated percentage prediction error indicates the robustness of the 

mathematical model used. In addition the high predictive ability of RSM is also demonstrated, 

suggesting the efficiency of RSM as a tool for process optimization [373]. 

 

6.3.3  Kinetics and mechanism of EFV release 
 

To determine the kinetics and mechanism of EFV release from SLN, in vitro release data from 

all 29 formulations and the optimized formulation (EFV-SLN-OPT) were fitted to three different 

mathematical models. The data generated from these studies are summarized in Table 6.13. 

Using the R2 value as a good fit criterion it was established that EFV release from the 

formulations was best described by the First-order and Higuchi models, although some of the 

zero order models also had R2 values > 0.90. The models described EFV release for all but two 

formulations viz. EFV-SLN 001 and EFV-SLN 026, with values of > 0.90 for the regression 
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coefficient. Therefore the release of EFV from SLN was proportional to the amount of API 

remaining in the nanocarriers and diminished over time. 

 

Table 6.13: Summary of EFV release kinetics for BBD formulations 
Formulation R2 Mechanism 

 Zero order First order  Higuchi  
EFV-SLN 001 0.7676 0.8935 0.8242 First order 
EFV-SLN 002 0.8945 0.9490 0.9418 First order 
EFV-SLN 003 0.9160 0.9690 0.9637 First order 
EFV-SLN 004 0.9034 0.9461 0.9328 First order 
EFV-SLN 005 0.9761 0.9835 0.9817 First order 
EFV-SLN 006 0.9247 0.9573 0.9798 Higuchi 
EFV-SLN 007 0.9280 0.9503 0.9814 Higuchi 
EFV-SLN 008 0.8446 0.9346 0.9241 First order 
EFV-SLN 009 0.9444 0.9649 0.9553 First order 
EFV-SLN 010 0.8346 0.9295 0.9249 First order 
EFV-SLN 011 0.9378 0.9585 0.9808 Higuchi 
EFV-SLN 012 0.8399 0.9310 0.9312 Higuchi 
EFV-SLN 013 0.9579 0.9821 0.9917 Higuchi 
EFV-SLN 014 0.9392 0.9848 0.9776 First order 
EFV-SLN 015 0.8929 0.9594 0.9456 First order 
EFV-SLN 016 0.8582 0.8986 0.9368 Higuchi 
EFV-SLN 017 0.9629 0.9690 0.9842 Higuchi 
EFV-SLN 018 0.8859 0.9535 0.9627 Higuchi 
EFV-SLN 019 0.8607 0.9277 0.9537 Higuchi 
EFV-SLN 020 0.8893 0.9656 0.9574 First order 
EFV-SLN 021 0.9011 0.9208 0.9522 Higuchi 
EFV-SLN 022 0.8987 0.9654 0.9747 Higuchi 
EFV-SLN 023 0.8557 0.9309 0.9311 Higuchi 
EFV-SLN 024 0.9338 0.9636 0.9644 Higuchi 
EFV-SLN 025 0.9307 0.9749 0.9716 First order 
EFV-SLN 026 0.6901 0.8339 0.8178 First order 
EFV-SLN 027 0.8687 0.9433 0.9352 First order 
EFV-SLN 028 0.9834 0.9841 0.9832 First order 
EFV-SLN 029 0.9101 0.9471 0.9378 First order 
EFV-SLN-OPT 0.8894 0.9667 0.9107 First order 

 

6.3.4  Characterization of optimized SLN and NLC 

6.3.4.1  Particle size and size distribution 
 

The stability of SLN and NLC dispersions is dependent on a number of factors including PS and 

PDI [176,210], therefore it essential that these two CQA are adequately monitored. The mean PS 

and PDI of EFV-loaded SLN was 59.00 ± 23.16 nm and 0.382 ± 0.054 respectively, measured on 

the day of manufacture. Similarly values of 34.73 ± 0.7709 nm and 0.394 ± 0.027 for mean PS 
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and PDI of EFV-loaded NLC were measured on the day of manufacture. It is clear that both SLN 

and NLC formulation were in the nanometer range, with particle size distributions that are 

considered acceptable. 

 

However the PDI value observed for EFV-NLC was higher than that of the SLN. The 

substitution of 30% solid lipid with THP decreased the amount of mono-, di- and acyl-glycerols 

in the formulation, which tends to broaden the size distribution of NLC [417]. Therefore when 

the amount of EFV in SLN and NLC is the same, it is invariable that EFV-loaded NLC would 

exhibit a larger particle size than EFV-SLN because of the fluidity of THP in the lipid matrix 

that leads to the expansion of the solid lipid core. However the size of the nanoparticles may be 

significantly affected by process variables such as homogenization pressure and number of 

homogenization cycles as highlighted in § 6.3.1.3.2. Different process parameters were used for 

the manufacture of SLN and NLC, the consequence of which are the differences in PS and PDI 

values that were observed. 

 

6.3.4.2  Zeta potential 
 

The optimized EFV-loaded SLN and NLC had a ZP of -32.5 ± 4.99 mV and -22.4 ± 3.72 mV 

measured on the day of manufacture using HPLC grade water as the dispersion medium. The 

negative dimension for the ZP is due to the incorporation of Tween®80 in the formulation. The 

surfactant is non-ionic and therefore does not ionize, but molecular polarization and adsorption 

of the surfactant molecule onto the charged water molecules may lead to the formation of an 

electric double layer similar to that of an ionic surfactant [223,460]. 

 

The ZP of EFV-NLC was not as high as that of SLN and was therefore lower than the value that 

implies adequate stability of these systems (-30 mV). This may be attributed to a shift in the 

shear plane of the NLC due to the incorporation of liquid lipid into the solid lipid core [223,461] 

and the formulation is considered unstable. However, it should be acknowledged that reference 

to 30 mV in order to imply stability applies to colloidal systems that have been stabilized using 
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electrostatic interactions only. Tween®80 imparts steric stability to the nanoparticles in addition 

to electrostatic repulsion [223,461], consequently the ZP of NLC is adequate for the purpose of 

providing stability to nanoparticles. 

 

6.3.4.3  Loading capacity (LC) and Encapsulation efficiency (EE) 
 

The LC and EE values of the optimized SLN for EFV as determined on the day of manufacture 

were 9.68 ± 1.77 and 96.77 ± 0.45% respectively. Similarly, 9.995 ± 0.67%, and 99.93 ± 0.413% 

were the LC and EE for NLC. The SLN exhibited relatively low LC and EE values for EFV 

compared to those observed for NLC formulations, which may be due to the relatively high 

solubility of EFV in liquid lipid compared to the solubility observed for the solid lipid alone. It 

has been previously shown that high LC and EE values can be observed when the solubility of an 

API is increased in the lipid used [127,462]. Furthermore, the addition of THP to GM may 

increase the complexity of the internal solid lipid structure and this disordered molecular 

arrangement creates additional voids for entrapping the API [162,166]. Regardless of the 

relatively small differences in the magnitude of the values for LC and EE for both SLN and 

NLC, the EFV payload observed in these studies was considered adequate. 

 

6.3.4.4  Polymorphism and crystallinity  

6.3.4.4.1 DSC characterization 
 

DSC was used to evaluate the polymorphism of optimized EFV-loaded SLN and NLC, and the 

data generated are depicted in Figures 6.27 and 6.28 respectively. 
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Figure 6.27: DSC thermogram for optimized EFV-loaded SLN 

 

Figure 6.28: DSC thermogram for optimized EFV-loaded NLC 
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The DSC thermogram generated for EFV-loaded SLN revealed the presence of a single 

endothermic event and the absence of a peak for EFV around 138°C (indicated by an arrow). 

This indicates the existence of a single polymorphic form of the solid lipid and that EFV is 

molecularly dispersed in the SLN. The onset temperature and melting at 54.01°C and 57.15°C 

respectively are consistent with the presence of the α-polymorphic form of GM as reported in § 

5.3.3.1.2. Similarly the DSC thermogram for EFV-loaded NLC revealed that EFV was 

molecularly dispersed in the NLC. However, the thermogram revealed the presence of two 

endothermic events implying the co-existence of α- and β’-polymorphic forms. In contrast to the 

results reported in § 5.3.3.2.2 the β’-polymorphic form is more dominant than the α-modification 

in the NLC as can be clearly observed from the intensities of the two peaks. This could be 

attributed to a change in the lattice structure of the lipid mixture due to the incorporation of EFV 

and Tween® 80 in the binary mixture of the lipid used for the formulation of EFV-loaded NLC. 

 

6.3.4.4.2 FT-IR characterization 
 

FT-IR was used to assess the crystalline nature of the optimized EFV-loaded SLN and NLC, and 

spectra generated are depicted in Figures 6.29 and 6.30 respectively. These data also show the 

FT-IR profile of GM that was generated following exposure to heat for comparative purposes 

and to facilitate data interpretation. 
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Figure 6.29: FT-IR profiles of optimized EFV-loaded SLN and glyceryl monostearate following exposure to heat 

 

Figure 6.30: FT-IR profiles of optimized EFV-loaded NLC and glyceryl monostearate after exposure to heat 

 

The FT-IR profiles for the colloidal systems reveal the presence of the characteristic bands of the 

solid lipid material, GM. However, the characteristic bands which are consistent with molecular 
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vibrations of EFV were not observed for both SLN and NLC, confirming the DSC results 

suggesting that EFV was molecularly dispersed in the nanoparticles. The band intensity of SLN 

looks similar to that of GM, suggesting that the crystalline nature of the lipid did not change to 

any great extent. However the NLC band intensity is low, which may indicate the amorphous 

nature of the carriers due to the presence of THP. 

 

6.3.4.5  Shape and surface morphology 

6.3.4.5.1 Scanning electron microscopy 
 

The shape and surface morphology of the optimized EFV-SLN and EFV-NLC following 

lyophilization were evaluated using SEM. These data are shown in Figures 6.31 and 6.32 

respectively. 

 

Figure 6.31: SEM micrograph of the optimized EFV-loaded SLN 
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Figure 6.32: SEM micrograph of the optimized EFV-loaded NLC 

 

EFV-loaded SLN and NLC appeared smooth and somewhat spherical. However, the surface of 

the NLC appeared to be smoother than that of the SLN, possibly due to the presence of THP in 

the solid lipid matrix. It can be concluded that the inclusion of THP in the lipid phase to produce 

NLC imparted some variation to the surface morphology of the particles. It should also be noted 

that close inspection of the SEM micrographs reveals the presence of microparticles, as indicated 

by arrows. These observations differ with the PCS data described in § 6.3.4.1. It has been 

suggested that lyophilization of aqueous dispersions of SLN or NLC may promote aggregation 

of nanoparticles, especially when freeze drying is undertaken without the use of a cryoprotectant 

[220,221]. The aggregates may appear as microparticles when visualized with SEM. 

6.3.4.5.2 Transmission electron microscopy 
 

TEM was also used to investigate the morphology of the optimized EFV-loaded SLN and NLC 

products in the original aqueous dispersion and the data generated are shown in Figures 6.33 and 

6.34 respectively. 
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Figure 6.33: TEM micrograph of the optimized EFV-loaded SLN 

 

 

Figure 6.34: TEM micrograph of the optimized EFV-loaded NLC 

 

The EFV-SLN particles are mainly present as discrete entities compared to EFV-NLC particles. 

The SLN particles appear to be larger than the NLC particles, which is consistent with the lower 

PS and higher PDI observed for NLC reported in § 6.3.4.1. Microparticles were not observed in 

TEM images. The preparation of samples for TEM analysis does not involve freeze-drying, 

supporting the notion that lyophilization may lead to the formation of microparticles. 
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The shape of the SLN and/or NLC particles may be determined by the purity of the lipid used. 

Chemically pure and homogenous lipids usually produce nanoparticles that are cuboidal [125]. 

Similarly spherical particles are usually observed with the use of lipids that are chemically 

polydispersed [125,223,232]. Therefore it was expected that EFV-loaded SLN would be cuboidal 

compared to the more spherical NLC observed. However the inclusion of a surfactant in the 

formulation of SLN has the potential to distort the crystal structure of pure lipids leading to a 

change of morphology of the nanoparticles from cuboidal to spherical [125]. Therefore the SLN 

and NLC produced in these experiments were generally spherical. 

 

6.3.4.6  In vitro release 

6.3.4.6.1 Selection of dissolution medium and flow rate 
 

The in vitro release profiles for EFV-loaded SLN generated as a function of SLS concentration 

and dissolution medium flow rate are shown in Figures 6.35 and 6.36 respectively. 

  

Figure 6.35: Effect of SLS concentration on EFV release from EFV-SLN at a flow rate of 8.8 ml/min (n=3) 
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Figure 6.36: Effect of flow rate on EFV release from f EFV-SLN in 1% SLS (n=3) 

 

The data plotted in Figures 6.35 and 6.36 have f2 values of 90.5 and 96.8 respectively, indicating 

that the use of relatively high concentration of SLS in the dissolution medium and high flow 

rates did not have an effect on the rate and extent of EFV release from the nanoparticles. 

Therefore a dissolution medium containing 1% w/w SLS was used to assess the in vitro release 

characteristics of EFV from SLN and NLC at a flow rate of 8.8 ml/min. 

 

6.3.4.6.2 Comparison of EFV release from SLN and NLC 
 

The in vitro release profile of EFV from the optimized formulations for SLN and NLC are shown 

in Figure 6.37  
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Figure 6.37: In vitro release profile of EFV from the optimized SLN and NLC formulations (n=3) 

 

These data show that the cumulative amount EFV released over a 24 hour period was higher 

from SLN (91.5 ± 3.423%) than from NLC (73.6 ± 4.34%), possibly due to the high degree of 

solubility of EFV in the lipid matrix of the NLC and the complex architecture of the lipid matrix 

that reduces the expulsion of EFV from the carrier into the dissolution medium. The SLN appear 

to release EFV readily as the solid matrix is more crystalline and well-ordered, allowing the drug 

to escape rather easily. 

 

The data plotted in Figures 6.37 reveal that EFV release from the SLN and NLC is biphasic with 

burst release occurring initially followed by slower and more sustained release. These are in 

agreement with SLN and NLC type I (§ 2.2). The initial burst release was observed between 0 

and 3 hours. The initial burst release suggests the presence of an EFV-rich region in the exterior 

lipid layer of the nanoparticles. The presence of high EFV levels in the exterior lipid has been 

shown to be due to the addition of surfactant directly into the aqueous phase and the use of 

HHPH for production method. These process issues apparently lead to the formation of a 
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surfactant-lipid boundary layer enriched with API [127,166]. Following initial burst release the 

nanoparticles released EFV in a sustained manner, which can be attributed to the shear stress of 

agitation during dissolution testing, ultimately diminishing the surfactant layer on the surface of 

the nanoparticles leading to a sustained release of EFV from the decomposition of the integrated 

lipid core structure [462,463]. 

 

Fitting of EFV release data to mathematical models revealed that the release of EFV from SLN 

followed overall first order release kinetics, exhibiting an R2 value of 0.9667 and implying that 

release of EFV from SLN is proportional to the amount of EFV remaining in the nanoparticles 

and diminishes over time. However, EFV release from the NLC followed Higuchi release with 

an R2 value of 0.9236, implying a diffusion-controlled release from the NLC after the initial 

burst. 

 

6.3.5  Stability testing 
 

Stability testing of pharmaceutical products involves using a set of procedures that ultimately 

aim to ensure that quality, efficacy and safety of drug products is assured [464]. The assessment 

of stability is considered a pre-requisite to obtaining approval for licensing of a pharmaceutical 

product [464,465]. The stability of a formulation in a specific container indicates that the product 

retains physical, chemical, microbiological and toxicological integrity, and is within 

specification [464,465]. Consequently, the extent to which product specifications are retained 

throughout a period of storage and use, and the extent to which properties and characteristics are 

similar to those observed at the time of packing are the goal of stability studies [464,465]. 

Therefore stability testing can be used to evaluate the effect of environmental factors on the 

quality of the API and/or formulated product. Data generated from stability studies can be used 

to predict the shelf life of a product and to establish the storage conditions for labelling 

[464,465]. Stability testing is a vital requirement for regulatory approval of any API or product 

[464,465]. 
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The World Health Organization (WHO) [466], the International Conference on Harmonization 

(ICH) [467] and Food and Drug Administration (FDA) [468] have published general guidelines 

pertaining to the assessment of stability of API and/or API products. These guidelines were used 

to design a stability study protocol that included the selection of batches, the number of batches, 

container closure system, sampling frequency, test storage conditions, test specifications, product 

specifications, test procedure and statistical evaluation of stability data [466-468]. 

 

6.3.5.1  Zeta potential 
 

The ZP of EFV-loaded SLN and NLC following storage at 25°C/60% RH and 40°C/75% RH is 

shown in Figures 6.38and 6.39 respectively. 

 

Figure 6.38: Zeta potential of SLN and NLC following storage conditions at 25°C/60% RH 
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Figure 6.39: Zeta potential of SLN and NLC following storage at 40°C/75% RH 

 

The ZP of the optimized EFV-loaded SLN and NLC stored at 25°C/60% RH ranged between -

29.9 and -42.5 mV and -18.6 and -32.7 mV respectively. Similarly the ZP for the optimized 

EFV-loaded SLN and NLC stored at 40°C/75% RH ranged between -27.4 and -36.3 mV and -

22.0 and -27.8 mV, respectively. The ZP for SLN indicates good physical stability of the 

nanoparticles (≤ -30 mV) following storage at 25°C/60% and 40°C/75% for a period of 8 weeks. 

However although the values for NLC under similar storage conditions were lower the stability 

of the nanoparticles could be inferred since the polysorbate surfactant provides stability through 

both electrostatic and steric hindrance mechanisms. 

 

The ZP for all formulations generally decreased from the day of manufacture up to 1 and 2 

weeks of storage, and then the ZP became constant for up to 8 weeks. The increase in stability of 

the formulations could be attributed to the use of HHPH that leads to the formation of a 

surfactant-rich interface [127,166] on the surface of the particles. The increase in ZP after 1 to 2 

weeks of storage may be attributed to the immediate crystalline re-orientation of the formulations 

after exposure to the storage conditions, resulting in changes in the surface charges of the 

particles. In addition different sides of a crystal can acquire a different charge density, as is the 

case with aluminum silicates such as bentonite [469]. Long β crystals can be formed during 1-
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dimensional crystal growth, ultimately resulting in modification of the surface ratio of differently 

charged crystal sides and consequently changes and/or variations in the ZP [469]. The constant 

ZP observed thereafter suggests no alteration to the surface properties of the particles of the SLN 

and NLC for the 8 week duration of storage. 

 

Storage of the nanoparticles at 40°C/75% RH led to a faster increase (less stable) in the ZP than 

for samples stored at 25°C/60%. Following 8 weeks of storage, the ZP for SLN at 25°C was -

40.3 mV and that for SLN stored at 40°C was -36.3 mV. In addition the ZP for NLC was -28 mV 

and -22 mV following storage at 25°C and 40°C for 8 weeks respectively. Generally the ZP 

increased with an increase in energy input which has been reported to lead to changes in the 

crystalline structure of lipids [231]. This crystal re-orientation can ultimately lead to changes of 

charge on the surface of the particle and consequently a change in the ZP [226]. However 

Riddick [470] defined the agglomeration threshold in dispersions with a ZP range of -20 to -11 

mV. This is similar to the data generated in these studies as no agglomeration of formulations 

was observed following storage for 8 weeks. 

 

6.3.5.2  Particle size and size distribution 
 

The PS and PDI of the nanoparticles generated following storage at 25°C/60% RH and 

40°C/75% RH are shown in Figures 6.40 and 6.41 respectively. 
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Figure 6.40: Particle size and size distribution of SLN and NLC following storage at25°C/60% RH 

 

Figure 6.41: Particle size and size distribution of SLN and NLC following storage at 40°C/75% RH 
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week storage period apart from the EFV-loaded SLN stored at 25°C, which maintained a 

constant size. Particle growth was slower when the nanoparticles were stored at 25°C than at 

40°C. The high temperature (40°C) increased the kinetic energy of the system, leading to 

increased collision between particles, the consequence of which is aggregation and an increase in 

the size of the particles [162,163,226]. In addition a high level of the film emulsifier 

(microviscosity) has been shown to avert fusion of film layers after particle collision [226]. 

Microviscosity is a temperature-dependent factor and decreases with an increase in temperature 

leading to particle destabilization [210,226]. 

 

The increase in particle growth can be correlated with the decrease in the ZP reported in § 

6.3.5.1. It was observed that the rate of particle growth for NLC under both storage conditions 

was higher than that observed for SLN, which can be attributed to the increased viscosity of the 

NLC due to the presence of liquid lipid in the formulation [162]. However PCS data reveal that 

the size of all particles remained within the nanometer range following storage for 8 weeks. In 

addition the low and constant PDI values observed for all formulations reveal that the SLN and 

NLC particles were physically stable in terms of PS and PDI at these storage conditions for at 

least 8 weeks. 

 

6.3.5.3  Encapsulation efficiency and Loading capacity 
 

The EE and LC generated for the optimized EFV-loaded SLN and NLC following storage at 

25°C/60% RH and 40°C/75% RH are shown in Figures 6.42 and 6.43 respectively. 
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Figure 6.42: Encapsulation efficiency and loading capacity of SLN and NLC following storage at 25°C/60% RH 

 

Figure 6.43: Encapsulation efficiency and loading capacity of SLN and NLC following storage at 40°C/75% RH 
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between 9.68 and 8.63% and 9.99 and 9.19% respectively. Generally the NLC exhibited higher 

EE than the SLN over the 8 week period. EFV expulsion was also lower for NLC than that 

observed for SLN particles. This phenomenon could be attributed to the inclusion of liquid lipid 

in the solid lipid leading to a disturbance in the crystal structure of the solid lipid and the creation 

of imperfections in the crystal lattice that in turn creates additional space to accommodate EFV, 

thereby improving EE and reducing API expulsion [162,166]. 

 

The degree of crystallinity of SLN and NLC was calculated from the ratio of SLN and NLC 

enthalpy to that of bulk lipid [165]. The degree of crystallinity generated for SLN and NLC were 

67% and 65% respectively. The NLC had a slightly lower degree of crystallinity than SLN, 

implying a relatively high degree of imperfection in the crystal lattice of the NLC allowing for 

increased inclusion of EFV. 

 

The amount of EFV entrapped in SLN and NLC remained constant over the 8 week storage 

period at 25°C. However at higher temperatures (40°C) the EE and LC of the nanocarriers 

revealed a significant decrease that can be correlated to the polymorphic state of the lipid. 

Following production of particles using HHPH the lipid in SLN is present in the α polymorphic 

form and that of the NLC co-exists in α- and β’ forms (§ 6.3.4.4.1). The input of high 

temperatures such as 40°C facilitates the conversion of lipids to different polymorphic forms 

during storage, thus leading to increased EFV expulsion. Freitas and Müller [231] have reported 

the transformation of SLN from β’ forms accompanied by gel formation following the input of 

kinetic energy on storage at 50°C. In addition Das et al., [131] reported a decrease in EE values 

of SLN and NLC stored at 25°C compared to those stored at between 2 and 8°C. 
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6.4 CONCLUSIONS 

 

The hot high-pressure homogenization technique was successfully used for the manufacture of 

EFV-loaded SLN and NLC. Tween®80 was used as the surfactant to stabilize the lipid 

nanocarriers with the primary aim of enhancing the potential for delivery of EFV to the brain. A 

Box-Behnken Design (BBD) was used to deduce the optimum operating production conditions, 

viz. 1100 bar for 3 cycles for the SLN and 1500 bar for 5 cycles for NLC. EFV-loaded SLN were 

selected for the discussion of the optimization approach so as to avoid monotony and 

redundancy. 

 

The concentration of Tween®80 was the most significant factor affecting the ZP of EFV-loaded 

SLN. In addition the most stable SLN formulation was produced when low concentrations of 

surfactant were used. The negative impact of increasing Tween®80 on the ZP could be explained 

by partition phenomena. High concentrations of surfactant in the aqueous phase might lead to an 

increase in the partitioning of EFV from the lipid phase into the aqueous phase. The increase in 

EFV partitioning results in greater amounts of EFV in the external aqueous phase and ultimately 

reduces the stability of the formulations [454,455]. 

 

The number of homogenization cycles was the most significant factor affecting the PS of the 

SLN, and relatively small particles were produced when the homogenization pressure was 

increased to relatively high values. These results are consistent with previous findings that 

reported a reduction in the mean PS and PDI values with an increase in homogenization pressure 

up to 1500 bar and number of cycles of 3 to 7 [204,216]. Therefore the desired mean PS can be 

obtained through the identification and manipulation of homogenization pressure and number of 

homogenization cycles. 
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The number of homogenization cycles was also significant and affected the PDI of the 

nanoparticles. An inverse relationship was observed between PDI and the number of 

homogenization cycles, albeit homogenization pressure also played a crucial role. Similarly the 

desired PDI could be produced by using an appropriate homogenization pressure and number of 

homogenization cycles. 

 

The number of homogenization cycles was also significant and affected the cumulative 

percentage EFV released from SLN. The amount of EFV released from the SLN increased with 

an increase in number of homogenization cycles as smaller particles are produced. Previous 

findings have shown that the size and morphology of SLN affect the in vitro release of EFV 

[168]. The release of EFV from smaller particles was faster than from large particles and this can 

be attributed to a small diffusion path length through which EFV diffuses. In addition the large 

surface area of the small particles assists in improving interfacial contact between the particles 

and dissolution medium increasing EFV release. 

 

Tween®80 and the amount of EFV in the formulation were the most significant formulation 

variables that influenced the quality of nanoparticle dispersions by visual assessment after the 

formulations were kept at room temperature (22°C) for two weeks. The optimum formulation 

stability without signs of creaming, sedimentation or coalescence was observed when Tween®80 

and EFV were used in combination at the concentrations of 3% w/w and 10% w/w respectively. 

These data are in agreement with published data indicating that high concentrations of API lead 

to an increase in the size of particles [125] and therefore increase the probability of particle 

coalescence and ultimately formulation instability. The use of high surfactant/lipid ratios has also 

been shown to produce smaller particles [215], reducing the likelihood of particle coalescence 

and formulation instability. 

 

The size of the optimized SLN and NLC formulations was in the nano range. In addition the 

nanocarriers had an excellent loading capacity for EFV, with an encapsulation efficiency > 90%. 
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However SLN had a lower EE and LC than NLC. This is a result of the higher solubility of EFV 

in the liquid lipid since effective entrapment has been shown to occur when the solubility of API 

in lipids is high [127,462]. The addition of Transcutol® HP to glyceryl monostearate increased 

the solubility of EFV in the lipid phase, resulting in high LC and EE of the NLC for EFV. 

 

The optimized SLN and NLC exhibited biphasic release patterns, with burst release during the 

initial 0-3 hours followed by sustained release. The release of EFV from the optimized SLN and 

NLC followed first-order and Higuchi release kinetics, respectively, suggesting that NLC would 

be the most suitable carriers for EFV with the potential to sustain or control the release of EFV. 

Both systems exhibited excellent stability in terms of ZP, PS, PI, LC and EE following storage at 

25°C/60% RH for eight weeks. However the delivery systems were relatively unstable when 

stored at 40°C/75% RH. Consequently improved physical stability of EFV-loaded SLN and NLC 

can ultimately be exploited to produce carrier systems that sustain release of EFV into brain 

tissue so as to reduce or limit the incidence of adverse psychiatric effects and potentially 

alleviate complications such as ADC in patients with HIV/AIDS, thereby improving their quality 

of life. 
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CHAPTER 7 

 

CONCLUSIONS 

 

EFV has been an important addition for the treatment of HIV for 14 years and has significantly 

contributed to the emergence and evolution of HAART due to its efficacy and once-a-day dosing 

requirement. In addition EFV reaches therapeutic levels in the CNS and may therefore be useful 

for the management of HIV and related complications in the CNS. The lack of EFV dosage 

forms for children < 3 years of age or weighing < 13 kg has made treatment options for HIV/ TB 

co-infected children of this age and weight category difficult, due to interactions between 

nevirapine and TB therapy. In addition aqueous solutions of EFV for the oral management of 

HIV in adult and/ or paediatric patients are not readily available as EFV causes a strong burning 

sensation when delivered from an aqueous vehicle in liquid formulations. The molecule is also 

susceptible to photodegradation and requires special packaging when packaging liquid dosage 

forms. Despite the potent activity of EFV in the management of HIV/AIDS and its potential use 

in managing HIV/AIDS-related complications such as ADC, the concentration of EFV in brain 

tissue exceeds therapeutic concentrations, leading to psychiatric effects such as severe depression 

and suicidal ideation. Consequently there is no choice but to discontinue treatment with this 

potent, durable and relatively simple addition to HAART. It is therefore imperative that research 

and development for innovative delivery systems for EFV be undertaken to address some or all 

of these unmet clinical needs. 

 

SLN and NLC are innovative solid lipid carriers that have been developed as alternative delivery 

technologies to colloidal systems such as emulsions, liposomes and polymeric nanoparticles. 

They offer a number of advantages in comparison to other colloidal carriers, including protecting 

the API and reducing potential degradation, facilitating targeting, reducing potential side effects 

in addition to controlling API release in vivo. Consequently an objective of these studies was to 

investigate the feasibility of developing EFV-loaded SLN and/or NLC that would have the 

potential to sustain release of EFV to brain tissue so as to reduce or limit the incidence of adverse 
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psychiatric effects and alleviate AIDS-related complications such as ADC in patients with 

HIV/AIDS to ultimately improve their quality of life. 

 

SLN and NLC consist of a matrix of biocompatible lipid(s) that are solid at room and body 

temperatures, stabilized using one or more surfactants and that have a mean particle size ranging 

between 10 and 1000 nm. The morphology of SLN and NLC is dependent on the method of API 

incorporation into the lipid matrix. Factors such as solubility of the API in the lipid(s), 

miscibility of the API with the molten lipid, physicochemical properties of lipid matrix and API, 

polymorphic nature of the lipid material, in addition to the production process may affect the 

incorporation of API into the lipid matrix. Although there are different methods of producing 

SLN and/or NLC the feasibility of encapsulating EFV into colloidal carriers was explored using 

a hot high-pressure homogenization approach. 

 

Various techniques are used for the characterization of SLN and/or NLC. Photon correlation 

spectroscopy (PCS) was used to measure the PS and PDI of the colloidal systems manufactured 

in these studies. Although PCS can be used to determine PS and PDI of SLN and NLC, this 

technique cannot provide information pertaining to the shape and surface morphology of the 

nanoparticles. Data relating to the topographical profile of the SLN and NLC produced were 

generated using transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM). The zeta potential, which is a predictor of the stability of colloidal dispersions, was 

determined using Laser Doppler Anemometry (LDA). The crystallization and polymorphic 

transitions of SLN and NLC were investigated using Differential Scanning Calorimetry (DSC) 

and Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR was used to investigate EFV-lipid 

interactions of bulk materials. The loading capacity (LC), encapsulation efficiency (EE) and in 

vitro release (RR) of EFV from SLN and NLC were established using a reversed-phase high 

performance liquid chromatography (RP-HPLC) method developed and validated in these 

studies. 

 

RP-HPLC is an effective and dependable analytical tool that can be used for the in vitro analysis 

of formulations such as SLN and NLC, which are complex matrices due to their lipid nature. 
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Prior to initiating pre-formulation and formulation development studies of EFV-loaded SLN 

and/or NLC, Response Surface Methodology (RSM) using a Central Composite Design (CCD) 

was used for the development and validation of RP-HPLC methods using different detectors viz. 

ultraviolet (UV) and electrochemical (EC) detectors. Consequently a suitable RP-HPLC was 

developed and validated for the quantitative analysis of EFV in pharmaceutical formulations for 

application in in vitro dissolution testing. The HPLC-UV method was simple, precise, accurate 

and sensitive compared to the HPLC-ECD method for the analysis of EFV and specifically for 

the determination of LC, EE and EFV release from the colloidal systems. Separation between the 

internal standard, LRT and EFV was achieved under isocratic conditions using a Nova-Pak® C18, 

4 µm (150 mm x 3.9 mm i.d.) cartridge column with a mobile phase consisting of 31.5 mM 

phosphate buffer (pH 4.5): acetonitrile (50:50 v/v). The flow rate and the injection volume were 

1.0 mL/min and 20 µL respectively. The temperature of the analytical column was set at 30°C. A 

photodiode array detector set at a λmax of 246.24 nm was used to monitor the eluent and the total 

run time for the analysis was 10 minutes. The method was validated according to international 

guidelines and was found to be simple, precise, accurate, selective and suitable for the routine 

analysis of EFV-loaded SLN and/or NLC. In addition solutions of EFV in mobile phase and/or 

diluents were found to be stable over three days at 4°C. 

 

Prior to commencing formulation and product development studies of EFV-loaded SLN and 

NLC, pre-formulation studies were undertaken aimed at investigating the thermal stability of 

EFV and characterization of the bulk excipients in order to facilitate the selection of suitable 

lipids for use in the manufacture of EFV-loaded SLN and/or NLC. Hot high-pressure 

homogenization (HHPH) was selected as the method of production of EFV-loaded SLN and 

NLC. HHPH would necessarily require exposure of EFV to temperatures of approximately 70°C, 

therefore an investigation was undertaken of the thermal stability of EFV in addition to its 

crystalline and polymorphic state preceding and following exposure to heat. Thermogravimetric 

analysis (TGA) was used to establish the thermal stability of EFV, while DSC and WAXS were 

used to establish the crystalline and polymorphic nature of EFV prior to and following exposure 

to a temperature of 70°C for one hour. TGA data revealed that EFV is thermostable up to a 

temperature of approximately 200°C, thereby confirming the use of HHPH for the manufacture 

of EFV-loaded SLN and/or NLC. DSC and WAXS data revealed that a temperature of 70°C 
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would not disrupt the crystallinity of EFV to any great extent and no change in the polymorphic 

form of EFV was observed, further confirming the suitability of HHPH for the production of 

lipid nanocarriers. 

 

The selection of lipid materials for use in the formulation of SLN and NLC was achieved by 

investigating the solubility of EFV in various solid and liquid lipids at 70°C to select the solid 

lipid and solid/liquid lipid binary mixture with the best solubilizing potential for EFV i.e. a 

miscible mixture with the highest ratio of liquid to solid lipid. This was necessary since one of 

the factors affecting the LC of an API in a lipid, and ultimately the EE of a system, is the 

solubility of the API in the molten lipid. Consequently a high LC is achieved only if EFV has a 

high solubility in the molten lipid. Solubility studies revealed that EFV was highly soluble in 

solid and liquid lipids, specifically glyceryl monostearate (GM) and Transcutol® HP (THP), and 

these were selected for use in the formulation and manufacture of SLN and NLC. 

 

The production process for SLN and/or NLC by HHPH may influence polymorphic 

modification(s) of the lipid matrices from which the lipid nanocarriers are produced. The degree 

of crystallization and polymorphic transitions of lipids following exposure to heat during HHPH 

also influences API incorporation, release and product quality. Consequently DSC and WAXS 

were used to investigate the polymorphic and crystalline state of bulk lipid materials. In addition, 

the state and interaction potential of bulk lipids with EFV prior to and following exposure to 

70°C for one hour was investigated. The data generated reveal that GM exists in a stable β-

modification prior to exposure to heat, and exists in the α-polymorphic modification following 

exposure to 70°C for one hour. It is therefore likely that SLN produced from GM would exist in 

the α-polymorphic modification of the lipid. The DSC, WAXS and FT-IR profiles of a binary 

mixture of GM and EFV obtained prior to and following exposure to 70°C for one hour revealed 

the absence of any interaction between EFV and the solid lipid. 

 

The production of NLC requires that the mixture of solid and liquid lipids be solid at room and 

body temperature, implying that binary mixtures should possess a melting temperature onset > 

40°C. Consequently the miscibility of GM and THP was investigated using different proportions 

of the solid and liquid lipids, using a filter paper test to determine the miscibility of the different 
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solid and liquid lipid blends. DSC was used to monitor the melting behavior of the most suitable 

lipid binary mixture that would ultimately be used for the formulation of EFV-loaded NLC. 

 

The optimum ratio of glyceryl monostearate and Transcutol® HP used for the manufacture of 

NLC was 70:30 solid: liquid lipid. The binary mixture was miscible and had an onset melting 

point > 40°C. The addition of Transcutol® HP to glyceryl monostearate revealed the co-existence 

of α- and β’-polymorphic modifications, implying the existence of these modifications in NLC 

produced from the optimum lipid combination. High EFV concentrations of 20% w/w in the 

lipid binary mixture were also shown to exist in the crystalline state. In addition the FT-IR 

profiles of the binary mixtures of lipid and EFV revealed the absence of any interaction between 

EFV and the lipids selected for the production of the nanocarriers. 

 

EFV has a significantly higher solubility in Transcutol® HP than in glyceryl monostearate. NLC 

are therefore most likely to have a higher LC and EE than SLN. In addition the existence of both 

the α- and β’-polymorphic modifications in the binary mixture of lipids implies that EFV 

expulsion on prolonged storage is less likely to occur from NLC than from SLN. Despite the 

advantages of NLC over SLN, formulation development and optimization studies for SLN and 

NLC were undertaken to identify the best delivery approach for EFV in respect of stability and 

that exhibited an appropriate LC and EE for the molecule. 

 

Tween®80 was used for formulation development and optimization of SLN and NLC. A RSM 

approach in conjunction with a Box-Behnken Design (BBD) was used to establish the effects of 

different process and formulation variables such as number of homogenization cycles, pressure, 

amount of EFV and Tween®80 on formulation responses viz. PS, PDI, ZP, VA and EFV released 

after 24 hours. In addition the LC, EE, degree of crystallinity, lipid modification, shape and 

surface morphology of the optimized batches of SLN and NLC were investigated to ensure that a 

product of desirable quality had been produced. The ZP of the nanocarriers was measured in 

HPLC grade water and for the optimized SLN ranged from -29.9 to -42.5 mV and -27.4 to -36.3 

mV following storage for 8 weeks at 25°C/60% RH and 40°C/75% RH respectively. The ZP for 

the optimized NLC ranged from -18.6 to -32.7 mV and -22.0 to -27.8 mV following storage for 8 
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weeks at 25°C/60% RH and 40°C/75% RH respectively. Following assessment after 8 weeks at 

25°C/60% and 40°C/75% the ZP for EFV-SLN indicated good physical stability (≤ -30 mV). 

However zeta potential values for NLC were > -30 mV and are generally considered to be too 

low for a solely electrostatic stabilized technology. However the negative charge observed will 

further enhance the physical stability and steric stabilization by Tween®80. In addition the 

agglomeration threshold in dispersions is defined at a zeta potential range of -20 to -11 mV, 

which is similar to the data generated in these studies. None of the formulations were seen to 

agglomerate following storage for 8 weeks. 

 

The FT-IR profiles for the colloidal systems revealed characteristic bands for the solid lipid 

glyceryl monostearate. The characteristic bands consistent with molecular vibrations for EFV 

were not observed in SLN and NLC, indicating that EFV was molecularly dispersed in the SLN 

and NLC. The band intensity for SLN was similar to that for GM, indicating that the crystalline 

nature of GM did not change. However the band intensity for the NLC was relatively low, which 

may indicate the amorphous nature of the carriers due to the presence of THP. 

 

The DSC thermogram for EFV-loaded SLN revealed the presence of a single endothermic event 

and the absence of a peak for EFV, indicating the existence of a single polymorphic form and 

that EFV was molecularly dispersed in the SLN. Similarly the DSC thermogram for EFV-loaded 

NLC revealed that EFV was molecularly dispersed in the SLN. However the thermogram 

revealed the presence of two endothermic events, implying that the α- and β’-polymorphic forms 

co-exist, with the β’-polymorphic form being more dominant than the α-modification. 

 

The nanocarriers had excellent loading capacity for EFV, with an encapsulation efficiency > 

90%. However the SLN exhibited a lower EE and LC for EFV than the NLC. This is most 

probably to be a result of the higher solubility of EFV in the liquid lipids since effective 

entrapment has been shown to occur when the solubility of the API in lipids is high. The addition 

of Transcutol® HP increased the complexity of the internal lipid structure of the NLC, and EFV 
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expulsion during storage for 8 weeks was also lower in NLC than in SLN. This can be attributed 

to the inclusion of the liquid to the solid lipid. Such inclusion can lead to crystal order 

disturbances creating imperfections in the crystal lattice, in turn creating additional space for 

accommodating EFV molecules, thereby improving EE and reducing EFV expulsion. The NLC 

had a slightly lower degree of crystallinity than SLN, indicating a greater incidence of 

imperfections in the crystal lattice of NLC, allowing for additional space to accommodate greater 

amounts of EFV. The amount of EFV in SLN and NLC remained fairly constant over the 8 week 

storage period at 25°C/60% RH. However at conditions of higher temperature and humidity 

(40°C/75% RH) the EE of the nanocarriers decreased and the observation can be correlated to the 

polymorphic state of the lipid. The high temperatures precipitate transformation of the lipids to 

different polymorphic forms on storage, leading to an increase in EFV expulsion. 

 

The particle size of SLN and NLC increased over the storage period, apart from the EFV-loaded 

SLN stored at 25°C, which were fairly constant in size. The particle growth was slower when the 

nanoparticles were stored at 25°C, as at higher temperatures (40°C) the kinetic energy of the 

system increases and may lead to an increase in the number of collisions between the particles. 

Subsequently aggregation occurs and an increase in size is observed. In addition, a high level of 

film emulsifier (microviscosity) has been shown to prevent fusion of film layers following 

particle collision. Microviscosity is a temperature-dependent factor and decreases with an 

increase in temperature, leading to particle destabilization. Under both storage conditions it was 

observed that the rate of particle growth for NLC was higher than that for the SLN, which can be 

attributed to the increased viscosity of the surface components of the NLC due to the presence of 

liquid lipid in the formulation. PCS data revealed that the size of all particles remained within the 

nanometer range following storage for 8 weeks, and the low and constant PDI values observed 

for all formulations revealed that SLN and NLC were physically stable in terms of PS and PDI at 

these storage conditions for at least 8 weeks. 

 

This research has shown the feasibility of using HHPH to manufacture EFV-loaded SLN and 

NLC. Tween®80 was used to stabilize the lipid nanocarriers so as to enhance the potential for 
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targeted delivery of EFV to the brain. The optimized colloidal systems exhibited biphasic release 

patterns, with burst release after the initial 0-3 hours followed by sustained release over 24 hours 

when fitted to kinetic models. Mathematical modelling revealed that EFV release from the 

optimized EFV-SLN formulation followed first order kinetics, whereas for the EFV-NLC release 

of EFV followed the Higuchi model. The colloidal systems had excellent stability in terms of ZP, 

PS, PDI, LC and EE when stored for 8 weeks at 25°C/60% RH in comparison to that observed 

following storage at 40°C/75% RH. Optimum storage conditions can therefore improve the 

physical stability of EFV-loaded SLN and NLC, which can ultimately be exploited as carrier 

systems that sustain release into brain tissue. 

 

The in vitro release profiles of EFV-loaded lipid carriers show that these systems can be used to 

sustain API release. However these colloidal systems require further investigation using in vitro 

differential protein adsorption patterns to establish their potential to deliver EFV to the brain. In 

addition in vitro data may be used as a platform for conducting in vivo studies to ultimately 

confirm that SLN and NLC can deliver EFV to the CNS. Should in vivo studies confirm the 

presence of EFV in the CNS, the use of SLN and NLC in suspension formulations for the 

administration of EFV for sustained release may be possible. This approach is likely to improve 

the management of HIV as it may be possible to limit the incidence of adverse psychiatric effects 

and potentially alleviate AIDS-related complications such as ADC in patients with HIV/AIDS, 

thereby improving their quality of life. 
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APPENDIX I 

 

BATCH PRODUCTION RECORDS 

 
Note that only the production records for the optimized batches EFV-SLN-OPT and EFV-NLC-

OPT are included here. The batch production records for all other formulations manufactured 

and assessed during formulation development and optimization studies are available on request. 

All formulations manufactured and assessed during formulation development and optimization 

studies were manufactured using Good Manufacturing Practice (GMP). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded SLN       Page 1 of 5 

Batch ID: EFV-SLN-OPT        Batch size: 100 g  

MANUFACTURING APPROVALS 
 

Batch record issued by__________________________  Date______________________ 

Master record issued by__________________________  Date______________________ 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded SLN       Page 2 of 5 

Batch ID: EFV-SLN-OPT        Batch size: 100 g  

 
Item Material Quantity 

(% w/w) 

Amount/batch (g) Amount 

dispensed (g) 

Dispensed 

by 

Checked by 

1 EFV 0.50 0.50 0.53   

2 Glyceryl 

monostearate  

4.50 4.50 4.54   

3 Tween® 80 3.00 3.00 3.02   

4 Aqua 92.00 92.00 92.21   
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded SLN       Page 3 of 5 

Batch ID: EFV-SLN-OPT        Batch size: 100 g  

EQUIPMENT VERIFICATION 

Description Type Verified by Confirmed by 

High speed homogenizer Model T 18 Ultra-Turrax®   

High-pressure homogenizer APV 2000   
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded SLN       Page 4 of 5 

Batch ID: EFV-SLN-OPT        Batch size: 100 g  

MANUFACTURING PROCEDURE  

Step Procedure Time Done by Checked by 

1 Weigh all the materials.    

2 Heat water (item 4) to 70°C in a 
beaker and disperse Tween® 80 (item 
3) into the hot water until a clear 
solution is obtained. Maintain the 
temperature of the resultant aqueous 
phase at 70°C. 

   

3 Heat glyceryl monostearate (item 2) 
at 70°C until a clear melt is obtained. 
Disperse EFV (item 1) in the lipid 
melt and maintain at 70°C. 

   

4 Disperse the heated aqueous phase in 
the molten lipid phase using high 
speed stirring at 1000 rpm to form a 
pre-emulsion. 

   

5 Homogenize the pre-emulsion at 
70°C using the high-pressure 
homogenizer by applying three 
homogenization cycles at 1100 bar. 

   

6 Fill and seal the hot o/w 
nanoemulsion immediately in a glass 
vial and allow the product to cool to 
room temperature (22ºC). 

   

7 Store all samples at room temperature 
for at least 24 hours prior to 
characterization. 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded SLN       Page 5 of 5 

Batch ID: EFV-SLN-OPT        Batch size: 100 g  

SIGNATURE AND INITIAL REFERENCE 

Full name (Print) Signature  Initials  Date 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded NLC       Page 1 of 5 

Batch ID: EFV-NLC-OPT        Batch size: 100 g  

MANUFACTURING APPROVALS 
 

Batch record issued by__________________________  Date______________________ 

Master record issued by__________________________  Date______________________ 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded NLC       Page 2 of 5 

Batch ID: EFV-NLC-OPT        Batch size: 100 g  

 
Item Material Quantity (% 

w/w) 

Amount/batch (g) Amount 

dispensed (g) 

Dispensed 

by 

Checked by 

1 EFV 0.50 0.50 0.51   

2 Glyceryl 

monostearate  

3.15 3.15 3.17   

3 Transcutol® HP 1.35 1.35 1.34   

4 Tween® 80 4.00 4.00 3.98   

5 Aqua 91.00 91.00 91.34   
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded NLC       Page 3 of 5 

Batch ID: EFV-NLC-OPT        Batch size: 100 g  

EQUIPMENT VERIFICATION 

Description Type Verified by Confirmed by 

High speed homogenizer Model T 18 Ultra-Turrax®   

High-pressure homogenizer APV 2000   
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded NLC       Page 4 of 5 

Batch ID: EFV-NLC-OPT        Batch size: 100 g  

MANUFACTURING PROCEDURE  

Step Procedure Time Done by Checked by 

1 Weigh all the materials.    

2 Heat water (item 5) to 70°C in a 
beaker and disperse Tween® 80 (item 
4) into the hot water until a clear 
solution is obtained. Maintain the 
temperature of the resultant aqueous 
phase at 70°C. 

   

3 Heat glyceryl monostearate (item 2) 
and Transcutol® HP (item 3) together 
at 70°C until a clear melt is obtained. 
Disperse EFV (item 1) in the lipid 
melt and maintain at 70°C. 

   

4 Disperse the heated aqueous phase in 
the molten lipid phase using high 
speed stirring at 1000 rpm to form a 
pre-emulsion. 

   

5 Homogenize the pre-emulsion at 
70°C using the high-pressure 
homogenizer by applying five 
homogenization cycles at 1500 bar. 

   

6 Fill and seal the hot o/w 
nanoemulsion immediately in a glass 
vial and allow the product to cool to 
room temperature (22ºC). 

   

7 Store all samples at room temperature 
for at least 24 hours prior to 
characterization. 

   

 

  



245 

 

RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

BATCH PRODUCTION RECORD 

Product name: EFV-loaded NLC       Page 5 of 5 

Batch ID: EFV-NLC-OPT        Batch size: 100 g  

SIGNATURE AND INITIAL REFERENCE 

Full name (Print) Signature  Initials  Date 
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APPENDIX II 

 

SLN PRODUCTION REPORTS 

 

All SLN formulations manufactured and assessed during formulation development and 

optimization studies were manufactured using Good Manufacturing Practice (GMP). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 001 
Batch size:   100 g 
Date of manufacture: 10 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -41.8±3.72 mV 
PS: 74.08±4.739 nm 
PDI: 0.628±0.094 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 002 
Batch size:   100 g 
Date of manufacture: 10 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -37.9±5.68 mV 
PS: 116.4±35.83 nm 
PDI: 0.615±0.191 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 003 
Batch size:   100 g 
Date of manufacture: 10 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -43.0±5.11 mV 
PS: 75.57±20.51 nm 
PDI: 0.488±0.08 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 004 
Batch size:   100 g 
Date of manufacture: 11 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -39.9±3.17 mV 
PS: 95.92±38.67 nm 
PDI: 0.424±0.071 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 005 
Batch size:   100 g 
Date of manufacture: 11 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -34.8±11.0 mV 
PS: 317.9±20.34 nm 
PDI: 0.631±0.109 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 006 
Batch size:   100 g 
Date of manufacture: 11 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -38.2±3.21 mV 
PS: 390.3±131.3 nm 
PDI: 0.719±0.182 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 



253 

 

RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 007 
Batch size:   100 g 
Date of manufacture: 12 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -35.5±3.98 mV 
PS: 635.5±146.9 nm 
PDI: 0.855±0.102 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 008 
Batch size:   100 g 
Date of manufacture: 12 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -33.7±6.35 mV 
PS: 118.7±8.545 nm 
PDI: 0.527±0.119 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 009 
Batch size:   100 g 
Date of manufacture: 12 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 1.00 1.00 

4 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -46.3±4.56 mV 
PS: 185.7±30.13 nm 
PDI: 0.439±0.06 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 010 
Batch size:   100 g 
Date of manufacture: 13 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -39.2±4.19 mV 
PS: 116.8±46.81 nm 
PDI: 0.586±0.121 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 011 
Batch size:   100 g 
Date of manufacture: 13 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -40.5±9.08 mV 
PS: 616.3±279.4 nm 
PDI: 0.937±0.077 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 012 
Batch size:   100 g 
Date of manufacture: 13 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -38.6±3.65 mV 
PS: 114.9±46.17 nm 
PDI: 0.614±0.212 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 013 
Batch size:   100 g 
Date of manufacture: 14 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -38.3±4.90 mV 
PS: 476.4±31.69 nm 
PDI: 0.785±0.127 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 014 
Batch size:   100 g 
Date of manufacture: 14 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -40.2±5.03 mV 
PS: 67.42±4.274 nm 
PDI: 0.618±0.095 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 015 
Batch size:   100 g 
Date of manufacture: 14 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 1.00 1.00 

4 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -51.6±6.78 mV 
PS: 116.7±7.821 nm 
PDI: 0.674±0.154 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 016 
Batch size:   100 g 
Date of manufacture: 15 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -42.6±6.57 mV 
PS: 653.8±341.6 nm 
PDI: 0.928±0.109 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 017 
Batch size:   100 g 
Date of manufacture: 15 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 1.00 1.00 

4 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -44.8±4.85 mV 
PS: 71.43±1.776 nm 
PDI: 0.565±0.074 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 018 
Batch size:   100 g 
Date of manufacture: 15 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  4.25 4.25 

3 Tween® 80 1.00 1.00 

4 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -51.1±4.10 mV 
PS: 125.9±43.66 nm 
PDI: 0.623±0.099 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 019 
Batch size:   100 g 
Date of manufacture: 16 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -44.1±6.28 mV 
PS: 245.6±55.31 nm 
PDI: 0.830±0.170 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 020 
Batch size:   100 g 
Date of manufacture: 16 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -38.9±2.66 mV 
PS: 100.6±3.856 nm 
PDI: 0.594±0.035 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 021 
Batch size:   100 g 
Date of manufacture: 16 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
 

 

0

5

10

15

20

25

30

35

40

45

0 5 10 15 20 25 30

%
 R

e
le

a
se

Time (hours)

ZP: -38.6±6.40 mV 
PS: 684.0±139.6 nm 
PDI: 0.824±0.160 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 022 
Batch size:   100 g 
Date of manufacture: 17 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -41.7±8.81 mV 
PS: 120.2±30.24 nm 
PDI: 0.642±0.153 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 023 
Batch size:   100 g 
Date of manufacture: 17 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -43.3±11.6 mV 
PS: 103.5±25.17 nm 
PDI: 0.567±0.122 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 024 
Batch size:   100 g 
Date of manufacture: 17 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -31.5±5.79 mV 
PS: 42.19±1.358 nm 
PDI: 0.5670.444±0.018 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 025 
Batch size:   100 g 
Date of manufacture: 18 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  4.75 4.75 

3 Tween® 80 3.00 3.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
 

 

0

20

40

60

80

100

0 5 10 15 20 25 30

%
 R

e
le

a
se

Time (hours)

ZP: -34.6±6.21 mV 
PS: 89.29±25.98 nm 
PDI: 0.496±0.185 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 026 
Batch size:   100 g 
Date of manufacture: 18 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 1.00 1.00 

4 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -48.9±3.99 mV 
PS: 127.1±8.775 nm 
PDI: 0.727±0.144 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 027 
Batch size:   100 g 
Date of manufacture: 18 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -37.3±3.10 mV 
PS: 101.1±5.712 nm 
PDI: 0.707±0.111 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 028 
Batch size:   100 g 
Date of manufacture: 19 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 1.00 1.00 

4 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -47.3±4.43 mV 
PS: 106.4±45.89 nm 
PDI: 0.533±0.089 
Comments: 
- Formulation was unstable and not 
homogenous on visual assessment after two 
weeks at room temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

SLN BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded SLN 
Batch I.D:   EFV-SLN 029 
Batch size:   100 g 
Date of manufacture: 19 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  4.50 4.50 

3 Tween® 80 5.00 5.00 

4 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters and in vitro dissolution profile: 
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ZP: -37.5±3.08 mV 
PS: 51.55±1.193 nm 
PDI: 0.502±0.032 
Comments: 
- Formulation was stable and homogenous 
on visual assessment after two weeks at 
room temperature (22°C). 
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APPENDIX III 

 

NLC PRODUCTION REPORTS 

 
All NLC formulations manufactured and assessed during formulation development and 

optimization studies were manufactured using Good Manufacturing Practice (GMP). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 001 
Batch size:   100 g 
Date of manufacture: 25 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP:-22.4±4.96 mV  
PS: 55.85±3.843 nm 
PDI: 0.456±0.091 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 002 
Batch size:   100 g 
Date of manufacture: 25 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -30.5±6.29 mV 
PS: 65.3±129.4 nm 
PDI: 0.551±0.174 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 003 
Batch size:   100 g 
Date of manufacture: 25 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -30.9±3.69 mV 
PS: 67.13±13.10 nm 
PDI: 0.621±0.163 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 004 
Batch size:   100 g 
Date of manufacture: 26 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -27.3±3.52 mV 
PS: 66.42±10.62 nm 
PDI: 0.475±0.059 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 005 
Batch size:   100 g 
Date of manufacture: 26 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -34.3±3.06 mV 
PS: 97.3±23.22 nm 
PDI: 0.435±0.079 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 006 
Batch size:   100 g 
Date of manufacture: 26 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -29.3±4.72 mV 
PS: 70.57±290.7 nm 
PDI: 0.516±0.161 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 007 
Batch size:   100 g 
Date of manufacture: 27 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -27.3±4.63 mV 
PS: 584.2±31.13 nm 
PDI: 0.772±0.129 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 008 
Batch size:   100 g 
Date of manufacture: 27 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -29.5±3.98 mV 
PS: 98.56±480.3 nm 
PDI: 0.544±0.241 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 009 
Batch size:   100 g 
Date of manufacture: 27 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 1.00 1.00 

5 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -41.5±8.96 mV 
PS: 2902±1.387 nm 
PDI: 0.641±0.042 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 010 
Batch size:   100 g 
Date of manufacture: 28 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -30.9±2.88 mV 
PS: 66.51±33.22 nm 
PDI: 0.451±0.084 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 011 
Batch size:   100 g 
Date of manufacture: 28 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -32.4±9.08 mV 
PS: 141.1±1.115 nm 
PDI: 0.477±0.020 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 012 
Batch size:   100 g 
Date of manufacture: 28 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -33.8±3.34 mV 
PS: 66.19±163.2 nm 
PDI: 0.508±0.226 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 013 
Batch size:   100 g 
Date of manufacture: 29 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -31.4±4.20 mV 
PS: 513.6±20.20 nm 
PDI: 0.526±0.143 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 014 
Batch size:   100 g 
Date of manufacture: 29 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -31.9±3.39 mV 
PS: 63.56±3.196 nm 
PDI: 0.521±0.074 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
  



291 

 

RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 015 
Batch size:   100 g 
Date of manufacture: 29 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 1.00 1.00 

5 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -39.6±3.00 mV 
PS: 1518±278.5 nm 
PDI: 0.535±0.161 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 016 
Batch size:   100 g 
Date of manufacture: 30 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -31.1±4.26 mV 
PS: 433.5±18.39 nm 
PDI: 0.746±0.068 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 017 
Batch size:   100 g 
Date of manufacture: 30 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 1.00 1.00 

5 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -41.2±4.10 mV 
PS: 68.1±2.931 nm 
PDI: 0.505±0.043 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 018 
Batch size:   100 g 
Date of manufacture: 30 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.75 0.75 

2 Glyceryl monostearate  2.975 2.975 

3 Transcutol® HP 1.275 1.275 

4 Tween® 80 1.00 1.00 

5 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -49.1±5.78 mV 
PS: 80.42±3.064 nm 
PDI: 0.460±0.052 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 019 
Batch size:   100 g 
Date of manufacture: 31 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -32.8±4.98 mV 
PS: 93.99±1.577 nm 
PDI: 0.456±0.049 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 020 
Batch size:   100 g 
Date of manufacture: 31 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -32.7±3.30 mV 
PS: 79.21±11.45 nm 
PDI: 0.472±0.053 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 021 
Batch size:   100 g 
Date of manufacture: 31 October 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: One homogenization cycle at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -31.6±2.32 mV 
PS: 112.8±1.343 nm 
PDI: 0.380±0.041 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 022 
Batch size:   100 g 
Date of manufacture: 1 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -39.2±3.48 mV 
PS: 66.81±27.73 nm 
PDI: 0.489±0.037 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 023 
Batch size:   100 g 
Date of manufacture: 1 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -33.9±2.52 mV 
PS: 72.89±1.559 nm 
PDI: 0.473±0.024 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 024 
Batch size:   100 g 
Date of manufacture: 1 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -26.5±8.40 mV 
PS: 37.19±3.859 nm 
PDI: 0.421±0.053 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 025 
Batch size:   100 g 
Date of manufacture: 2 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.25 0.25 

2 Glyceryl monostearate  3.325 3.325 

3 Transcutol® HP 1.425 1.425 

4 Tween® 80 3.00 3.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -28.6±3.16 mV 
PS: 63.02±3.083 nm 
PDI: 0.455±0.042 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 026 
Batch size:   100 g 
Date of manufacture: 2 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 1.00 1.00 

5 Aqua 92.00 92.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -34.8±3.33 mV 
PS: 97.47±3.083 nm 
PDI: 0.422±0.042 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 027 
Batch size:   100 g 
Date of manufacture: 2 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® 1.35 1.35 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -25.0±5.52 mV 
PS: 73.64±1.409 nm 
PDI: 0.530±0.040 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 028 
Batch size:   100 g 
Date of manufacture: 3 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 1.00 1.00 

5 Aqua 94.00 94.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Three homogenization cycles at 1500 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -36.9±4.96 mV 
PS: 69.81±1.585 nm 
PDI: 0.483±0.037 
Comments: 
- Formulation was unstable and not homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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RHODES UNIVERSITY, FACULTY OF PHARMACY  

GRAHAMSTOWN, 6140, SOUTH AFRICA 

 

NLC BATCH SUMMARY REPORT 

Formulator:   Pedzisai Makoni 
Product:   EFV-loaded NLC 
Batch I.D:   EFV-NLC 029 
Batch size:   100 g 
Date of manufacture: 3 November 2013 
 
Formula: 
Item Material Quantity (% w/w) Amount/batch (g) 

1 EFV 0.50 0.50 

2 Glyceryl monostearate  3.15 3.15 

3 Transcutol® HP 1.35 1.35 

4 Tween® 80 5.00 5.00 

5 Aqua 90.00 90.00 

 

Production equipment used: 
High speed homogenization: One minute at 1000 rpm at 70°C 
Hot high-pressure homogenization: Five homogenization cycles at 1000 bar at 70°C 
 
 
Evaluated parameters: 
 
ZP: -24.9±2.93 mV 
PS: 53.37±1.741 nm 
PDI: 0.479±0.051 
Comments: 
- Formulation was stable and homogenous on visual assessment after two weeks at room 
temperature (22°C). 
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APPENDIX IV 

 

NLC BOX BEHNKEN DESIGN SUMMARY 
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Table Ap.4.1 Responses observed for Box Behnken design experiments for NLC formulations 
Runs Response variables 

 Y1 

mV 
Y2 

nm 

 

Y3 Y4 

1 -22.4 55.85 0.456 0 
2 -30.5 65.3 0.551 1 
3 -30.9 67.13 0.621 1 
4 -27.3 66.42 0.475 0 
5 -34.3 97.3 0.435 0 
6 -29.3 70.57 0.516 1 
7 -27.3 584.2 0.772 1 
8 -29.5 98.56 0.544 1 
9 -41.5 2902 0.641 0 
10 -30.9 66.51 0.451 1 
11 -32.4 141.1 0.477 0 
12 -33.8 66.19 0.508 1 
13 -31.4 513.6 0.526 0 
14 -31.9 63.56 0.521 1 
15 -39.6 1518 0.535 0 
16 -31.1 433.5 0.746 0 
17 -41.2 68.1 0.505 0 
18 -49.1 80.42 0.46 0 
19 -32.8 93.99 0.456 1 
20 -32.7 79.21 0.472 1 
21 -31.6 112.8 0.38 0 
22 -39.2 66.81 0.489 1 
23 -33.9 72.89 0.473 1 
24 -26.5 37.19 0.421 1 
25 -28.6 63.02 0.455 1 
26 -34.8 97.47 0.422 0 
27 -25 73.64 0.53 1 
28 -36.9 69.81 0.483 0 
29 -24.9 53.37 0.479 1 

 

Model fit equations and their regression coefficients 

Zeta potential �Zeta potential �Zeta potential �Zeta potential �YYYY1111���� = -32.46-0.058X1+0.63X2+6.27X3+1.39X4  Equation Ap.4.1 
�Size�Size�Size�Size����    1111= -24.30-129.19X1-315.99X3-360.53X4+352.40X1X3+575.77X3X4+392.95X3

2+313.99X4
2  

      Equation Ap.4.2  
 
Polydispersity indexPolydispersity indexPolydispersity indexPolydispersity index (YYYY3333����    � � � � +0.49-4.083E-003X1+0.011X2+0.026X3-0.049X4+0.010X1X2+0.012 X1X3 
 -0.096X1X4-0.018X2X3-0.037X2X4-0.039X3X4+0.017X1

2-0.070X2
2+0.040X3

2+0.051X4
2
  

      Equation Ap.4.3 
 
Visual stability �Visual stability �Visual stability �Visual stability �YYYY4444� � � � � +1.00-0.25X1+0.000X2+0.50X3+0.25X4+0.000X1X2+0.000X1X3-0.25X1X4 
+0.000X2X3+0.000X2X4+0.000X3X4-0.33X1

2-0.21X2
2-0.21X3

2-0.33X4
2 Equation Ap.4.4 
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Table Ap.4.2 Correlation coefficients and standard deviations of response models 
Response 
factor 

Response surface model  

 SD R2 Adj R 2 Pred R2 Adeq Prec C.V (%) 

Y1 4.15 0.5468 0.4713 
 

0.3200 8.883 12.79 

Y2 394.00 0.6598 
 

0.5464 
 

-0.1384 
 

10.317 
 
 

146.89 

Y3 0.062 0.7497 
 

0.4993 
 
 

-0.3313 
 

6.742 
 

12.25 

Y4 0.28 0.8490 0.6979 0.1300 7.498 50.42 

A negative "Pred R-Squared" implies that the overall mean is a better predictor of your  
response than the current model. 
 

ANOVA analysis for response surface quadratic model for zeta potential (Y1) 

Table Ap. 4.3. ANOVA analysis for the quadratic model for zeta potential 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 499.35 4 124.84 7.24 0.0006 

X1 0.041 1 0.041 2.368E-003 0.9616 

X2 4.81 1 4.81 0.28 0.6021 

X3 471.25 1 471.25 27.33 < 0.0001 

X4 23.24 1 23.24 1.35 0.2571 

Residual 413.84 24 17.24 - - 
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Figure Ap.4.1. Normal probability plot of residuals for zeta potential 

 

Figure Ap.4.2 Plot of studentized residuals versus predicted responses for zeta potential  
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Figure Ap.4.3. Box-Cox plot for power transformation for zeta potential 

 

ANOVA analysis for response surface quadratic model for particle size (Y2) 

 

Figure Ap.4.4 Box-Cox plot for power transformation for particle size (before power transformation) 
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Table Ap.4.4 ANOVA analysis for the power transformed quadratic model for particle size 
Source Sum of squares Degrees of 

freedom (df) 
Mean square F value Prob > F 

Model 6.322E+006 7 9.032E+005 5.82 0.0008 

X1 2.003E+005 1 2.003E+005 1.29 0.2688 

X3 1.198E+006 1 1.198E+006 7.72 0.0113 

X4 1.560E+006 1 1.560E+006 10.05 0.0046 

X1X3 4.967E+005 1 4.967E+005 3.20 0.0881 

X3X4 1.326E+006 1 1.326E+006 8.54 0.0081 

X3
2 1.066E+006 1 1.066E+006 6.86 0.0160 

X4
2 6.805E+005 1 6.805E+005 4.38 0.0486 

Residual 3.260E+006 21 1.552E+005 - - 

 

 

Figure Ap.4.5 Normal probability plot of residuals for particle size after power transformation 
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Figure Ap.4.6 Plot of studentized residuals versus predicted responses for particle size after inverse transformation 

 

Figure Ap.4.7 Box-Cox plot for power transformation for particle size (after power transformation) 
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ANOVA analysis for response surface linear model for polydispersity index (Y3) 

Table Ap.4.5 ANOVA analysis for the linear model for polydispersity index 
 

Source Sum of squares Degrees of 
freedom (df) 

Mean square F value Prob > F 

Model 0.16 14 0.012 2.99 0.0245 

X1 2.001E-004 1 2.001E-004 0.051 0.8242 

X2 1.564E-003 1 1.564E-003 0.40 0.5370 

X3 8.321E-003 1 8.321E-003 2.13 0.1665 

X4 0.029 1 0.029 7.38 0.0167 

X1X2 4.203E-004 1 4.203E-004 0.11 0.7477 

X1X3 5.523E-004 1 5.523E-004 0.14 0.7125 

X1X4 0.037 1 0.037 9.49 0.0081 

X2X3 1.225E-003 1 1.225E-003 0.31 0.5843 

X2X4 5.476E-003 1 5.476E-003 1.40 0.2561 

X3X4 6.162E-003 1 6.162E-003 1.58 0.2296 

X1
2 1.932E-003 1 1.932E-003 0.49 0.4934 

X2
2 0.032 1 0.032 8.14 0.0128 

X3
2 0.010 1 0.010 2.68 0.1242 

X4
2 0.017 1 0.017 4.34 0.0560 

Residual 0.055 14 3.905E-003 - - 

 

 

Figure Ap.4.8 Normal probability plot of residuals for polydispersity index 
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Figure Ap.4.9 Plot of studentized residuals versus predicted responses for polydispersity index 

 

Figure Ap.4.10 Box-Cox plot for power transformation for polydispersity index 
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ANOVA analysis for response surface quadratic model for visual assessment (Y4) 

 
Table Ap.4.6 ANOVA analysis for the quadratic model for visual assessment 

Source Sum of squares Degrees of 
freedom (df) 

Mean square F value Prob > F 

Model 6.09 14 0.43 5.62 0.0013 

X1 0.75 1 0.75 9.69 0.0076 

X2 0.000 1 0.000 0.000 1.0000 

X3 3.00 1 3.00 38.77 < 0.0001 

X4 0.75 1 0.75 9.69 0.0076 

X1X2 0.000 0.75 1 0.75 9.69 

X1X3 0.000 1 0.000 0.000 1.0000 

X1X4 0.25 1 0.25 3.23 0.0939 

X2X3 0.000 1 0.000 0.000 1.0000 

X2X4 0.000 1 0.000 0.000 1.0000 

X3X4 0.000 1 0.000 0.000 1.0000 

X1
2 0.72 1 0.72 9.31 0.0086 

X2
2 0.28 1 0.28 3.64 0.0772 

X3
2 0.28 1 0.28 3.64 0.0772 

X4
2 0.72 1 0.72 9.31 0.0086 

Residual 1.08 14 0.077 - - 

 

 

Figure Ap.4.11 Normal probability plot of residuals for visual assessment 
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Figure Ap.4.12 Plot of studentized residuals versus predicted responses for visual assessment 

 

Figure Ap.4.13 Box-Cox plot for power transformation for visual assessment 
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Effects of Process Variables 

Zeta potential 

 

 

Figure Ap.4.14 Effect of Tween® 80 on zeta potential 

 

 

 

 

 

 

 

 

 

Design-Expert® Software
Factor Coding: Actual
Z.P

CI Bands
Design Points

X1 = C: Tween 80

Actual Factors
A: EFV = 10.00
B: Pressure = 1000.00
D: Cycles = 3.00

1.00 2.00 3.00 4.00 5.00

C: Tween 80

Z
.P

-45

-40

-35

-30

-25

-20

22

One Factor



318 

 

Particle size 

 

Figure Ap.4.15 Contour plot showing the effect of homogenization cycles and Tween® 80 on particle size 

 

Figure Ap.4.16 3-D surface plot showing the effect of homogenization cycles and Tween® 80 on particle size 
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Polydispersity index 

 

Figure Ap.4.17 Contour plot showing the effect of homogenization cycles and amount of EFV on polydispersity 
index 

 

Figure Ap.4.18 3-D surface plot showing the effect of homogenization cycles and amount of EFV on polydispersity 
index 
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Visual assessment 

 

Figure Ap.4.19 Contour plot showing the effect of Tween® 80 and amount of EFV on visual appearance 

 

Figure Ap.4.20 3-D surface plot showing the effect of Tween® 80 and amount of EFV on visual appearance 
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Formulation Optimization 

 

Table Ap.4.7 Predicted values for process variables and respective formulation responses 
Process variables Formulation responses Desirability 

X1 X2 X3 X4 Y1 Y3 Y4  

10% 1499 bar 4.16% 4.51 -27.08 0.400 1 0.982 

 

Table Ap.4.8 Experimental and predicted response values with corresponding percentage prediction errors for the 
optimized formulation 

Response Experimental value Predicted value % prediction error 

Y1 -25.7±2.62 -27.08 -5.37 

Y3 0.394±0.027 0.424 -7.61 

Y4 1 1 0 

 

Table Ap.4.9 Selected optimized formulation conditions for EFV-loaded NLC 
Process variable Optimized condition 
X1 (EFV) 10% 

 
X2 (Homogenization pressure) 1500 bar 
X3 (Tween® 80) 4.0% 

 
X4 (Homogenization cycles) 5 
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