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ABSTRACT

The feasibility of incorporating -clarithromycin (CLA) into innovative solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLC) using hot emulsification
ultrasonication (HEUS) was investigated. This approach was investigated in an attempt to
address the shortcomings associated with the use of lyophilized parenteral formulations
administered via the ocular route such as toxic reactions, intolerance and patient discomfort
due to frequent instillation of topical solutions of CLA. In particular, sustained release
approaches to delivery may enhance precorneal retention, increase ocular availability and
permit dose reduction or use of a longer dosing frequency when treating ocular non-
tuberculous mycobacterial (NTM) keratitis infections. This approach may potentially
improve the delivery of CLA to the eye, thereby addressing some or all of the unmet clinical

needs described vide infra.

Prior to initiating pre-formulation, formulation development and optimization studies of
CLA-loaded SLN and/or NLC, Design of Experiments (DoE), specifically a Central
Composite Design (CCD) was used in conjunction with Response Surface Methodology
(RSM) to develop and optimize a suitable method for the quantitative determination of CLA
in pharmaceutical formulations and for monitoring CLA release from SLN and/or NLC in
vitro. A simple, accurate, precise, sensitive and stability-indicating reversed phase-high
performance liquid chromatography (RP-HPLC) method with electrochemical (EC) detection
was developed, validated and optimized for the in vitro analysis of CLA loaded SLN and/or
NLC formulations.

Pre-formulation studies were undertaken to investigate the thermal stability of CLA and bulk
lipids to facilitate the selection of lipid excipients for the manufacture of nanocarriers in
addition to establishing compatibility of CLA with the excipients. It was established that
CLA was thermostable up to a temperature of approximately 300 °C thereby indicating that
HEUS could be used for the manufacture of CLA-loaded SLN and/or NLC. Lipid screening
revealed that CLA is, in general, poorly soluble in solid and liquid lipids however a
combination of stearic acid (SA) and Transcutol® HP (THP) exhibited the best dissolution
potential for CLA of all lipids tested. Stearic acid appears to exist as polymorphic form B
prior to exposure to heat however occurs as the form C polymorph following heating at 85 °C

for one hour. The best ratio for the mixture of SA and THP for the manufacture of CLA-NLC
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was an 80:20 (w/w) ratio of SA: THP as the two lipids are miscible in this ratio and exhibited
the greatest dissolution potential for CLA. Furthermore, an investigation of binary mixtures
of CLA/SA and SA/Transcutol® HP, in addition to eutectic mixtures of CLA, SA and
Transcutol® HP, revealed no obvious interaction between CLA and the lipids selected for the

production of the nanocarriers.

Due to the relatively high solubility of CLA in THP in comparison to SA, NLC are likely to
exhibit a higher loading capacity (LC) and encapsulation efficiency (EE) for CLA than SLN.
Consequently the feasibility of incorporating CLA (10% w/w) into NLC was investigated and
evaluation of the production of SLN was not undertaken as the production of these might not

result in the manufacture of a delivery technology with a high EE and LC for CLA.

Tween®20 was used as the surfactant as it is readily available, exhibits little or no
cytotoxicity and is relatively cheap. Polyethylene glycol (PEG) was used as a coating
polymer to impart muco-adhesive properties the formulated CLA-NLC. Response surface
methodology (RSM) in conjunction with DoE, specifically a Box-Behnken Design (BBD)
used as a screening design was used to identify a formulation composition which would
produce a product that would meet the pre-defined target critical quality attributes (CQA) for
the nanoparticles viz. particle size (PS) in the nano-range, polydispersity index (PDI) < 0.5,
Zeta Potential (ZP) > + 30 mV, and EE > 80%. The formulation composition identified was
subsequently used for the optimization of the manufacturing parameters viz. sonication time
and amplitude, using a Central Composite Design (CCD). The LC and EE, in vitro CLA
release, cytotoxicity, osmolarity, pH, degree of crystallinity and lipid modification, elemental
analysis and surface morphology of the optimized batch was investigated and monitored to

ensure that CLA-loaded NLC, of the desirable quality, had been produced.

On the day of manufacture the mean PS and PDI of the optimized CLA-loaded NLC
formulation adjusted to physiological osmolarity (250—-450 mOsm/kg) was 461.9 + 40.16 nm
and 0.523 + 0.104, respectively. The ZP for the optimized NLC generated on the day of
manufacture using HPLC grade water as the dispersion medium was -20.5 + 4.82 mV. The

pH and osmolarity of the optimized CLA-loaded NLC formulation was 7.76 + 0.01 and 316 +
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2 mOsm/Kg, respectively and the EE was 88.62 + 0.23 %. The optimized NLC exhibited a
decreased crystallinity in comparison to the bulk lipid materials. DSC, WAXS and FT-IR
revealed that CLA was molecularly dispersed in the nanocarriers. The optimized CLA-loaded
NLC exhibited muco-adhesive properties, when tested under stationary conditions using laser
doppler anemometry (LDA). The optimized formulation also exhibited sustained release of
CLA over 24 hours during in vitro release testing and CLA release was best described using
the Baker-Lonsdale model. The cumulative % CLA released over 24 hours was 56.13 =+
0.23% and mass balance analysis revealed 41.38 £+ 0.02% CLA had been retained in the
NLC. In vitro cytotoxicity testing revealed that the optimized CLA-NLC were less cytotoxic
to HelLa cells when compared to CLA alone and further confirmed that the lipids and

excipients used in these studies were of GRAS status.

Stability studies revealed that the EE reduced over 28 days by 14.42% and 5.14% when
stored at 4 °C and 22 °C, respectively. In addition, the particle size increased from the nm to
um range for samples stored at 22 °C. The findings are a good starting point but require
further optimization to ensure prolongation of stability. In addition, the technology requires
additional developmental studies and a powder for reconstitution for use as a single-dose
considered as single dose packaging may be a solution to the compromised formulation

stability observed in these studies.

The CLA-NLC produced in these studies exhibit sound product attributes which serve as a
useful foundation for the novel delivery of antibiotics to the eye. The results suggest that the
optimized NLC have the potential to enhance precorneal retention and increase ocular
availability of CLA, which in turn may be useful to reduce the required dose and dosing
frequency when administering CLA as a reconstituted solution to treat susceptible organisms

that infect ocular tissues.

il



ACKNOWLEDGEMENTS

Firstly, I would like to thank the Lord Almighty for giving me protection, strength and
determination to succeed throughout my life and for allowing me to carry out and complete

this work in a timely manner.

I would like to express my sincere gratitude to the following people and organizations:

My supervisor, Professor R.B Walker for his expert guidance, encouragement, continuous

support and patience during the research and the writing of this thesis.

My co-supervisor, Professor S.M. Khamanga for his availability and assistance during the

research and the writing of this thesis.

The Dean and Head, Professor S.M. Khamanga and the staff of the Faculty of Pharmacy for

allowing me to use the facilities in the Faculty at Rhodes University.

Dr. S Abboo for providing technical support and Mr. N Borland for his administrative

assistance and continuous help throughout the duration of this project.

My colleagues and friends in the Department of Pharmacy for their academic assistance,
objectiveness, honesty, and pleasant company for the duration of my project. Special thanks
to Dr. Bwalya Witika, Dr. Mellisa Chikukwa and Mr. Siyabonga Melamane for listening to

all my research anguishes and providing continuous intellectual support during this project.

My parents, Mr. E.J. and Mrs. S Makoni for giving me a life that I have come to love and
treasure. My family members and my in laws for their encouragement, love, support and
understanding throughout my studies. Special thanks to my aunt Mrs. V Matangaidze for her
encouragement, love and support. My late uncle, Mr H.T. Matangaidze for having played a
major role in my upbringing and grooming me into the man I have become. My sister,
Nyaradzo, my brother Mauru and my mother in law Mrs Mangoma for their unceasing

encouragement and support, during my studies.

v



My lovely wife, Yemurai. I thank you for the sacrifices you made to support me while doing
my doctoral studies. You provided unwavering support in hard times and showed the true
love that you have always had for me. Thank you for listening to all my research anguishes

and for the encouragement. In addition, thank you for always showing interest in my research
work. Thanks babe!



STUDY OBJECTIVES

Non-tuberculous precipitating mycobacteria are ecological pathogens which are a significant
cause of a number of different human diseases. Mycobacterium fortuitum and Mycobacterium
chelonae are examples of such mycobacteria and are a leading cause of infectious keratitis.
The development of ocular non-tuberculous mycobacterial (NTM) keratitis has been
attributed to trauma following penetration of the corneal epithelium. Outbreaks of NTM
keratitis following laser-assisted in situ keratomileusis (LASIK) has been reported in Brazil,
USA and Japan and are due to improper sterilization of surgical fluids and instruments
subsequently leading to the introduction of pathogens to the corneal stroma during surgery.
NTM is a common pathogen causing post-LASIK keratitis (47%) however causative agents
of infectious keratitis vary by region with the highest rates being observed in developing
countries. Clarithromycin (CLA) exhibits inhibitory activity against > 275 NTM clinical
isolates. The treatment of NTM keratitis with topical CLA has been successful however, toxic
reactions, intolerance and patient discomfort due to frequent instillation of topical solutions
of CLA is of concern. Commercially available CLA dosage forms for ocular use are not
readily available and the in vivo efficacy of CLA for the treatment of NTM keratitis has, to
date, been determined by reconstitution and use of lyophilized parenteral formulations
administered via the ocular route. Innovative lipid carriers such as muco-adhesive
nanostructured lipid carriers (NLC) have the potential to enhance precorneal retention,
increase ocular availability and permit dose reduction or permit use of a longer dosing
frequency. This may potentially improve the delivery of CLA to the eye thereby addressing
some or all of the aforementioned unmet clinical needs.

The objectives of this research were:

1. To obtain data pertaining to the physicochemical properties of CLA that would assist in the
development of quality delivery systems using experimental studies and the literature.

2. To develop, optimize and validate using response surface methodology (RSM), a simple,
sensitive, precise, accurate and linear RP-HPLC method, with electrochemical detection,
suitable for the quantitative analysis of CLA for use during formulation development and
optimization studies of CLA-loaded nanocarriers.

3. To establish the thermal stability of CLA, select and characterize lipidic excipients for the
manufacture of CLA-loaded nanocarriers.

4. To design, develop and optimize polyethylene glycol (PEG) coated CLA-loaded
nanocarriers using a minimum number of experimental runs using RSM and to evaluate the
critical quality attributes (CQA) of the formulations.

5. To investigate and identify an optimum and stable nanoparticulate delivery system for
CLA with the appropriate loading capacity (LC) and encapsulating efficiency (EE), that is
muco-adhesive, biocompatible and that sustains CLA release over 24 hours.

6. To determine the short term stability attributes of the optimum nanoparticulate delivery
systems based on their CQA.

Vi
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CHAPTER 1

CLARITHROMYCIN

1.1  INTRODUCTION

Macrolides are a group of antibiotic molecules that exhibit activity originating from the
presence of a macrolide ring which is a large macrocyclic lactone ring to which one or more
deoxy sugars may be attached. These compounds are a product of the Streptomyces bacterial
species and are used primarily to treat gram-positive bacterial infections [1]. In clinical
practice, the most commonly used macrolides exhibit a macrocyclic lactone ring containing
14, 15 or 16 atoms with sugars linked via glycosidic bonds. These clinically useful macrolide
antibiotics are assigned to one of three groups stemming from the number of atoms in the
lactone nucleus [2]. The 14-membered macrolide group includes erythromycin A, B, C, D, E
and F, oleandomycin, roxithromycin, dirithromycin, clarithromycin (CLA) and
flurithromycin. Azithromycin is a 15-membered molecule and 16-membered macrolides
include josamycin, rosaramicin, rokitamycin, kitasamycin, mirosamicin, spiramycin and
tylosin. Spiramycin and tylosin are mainly used in veterinary medicine [2,3]. The
pharmacodynamic properties of macrolide antibiotics are very similar and these compounds
generally exhibit low toxicity while displaying a comparable spectrum of antimicrobial
activity with evidence of cross-resistance between specific members of a group [1,4].
Macrolides are either bacteriostatic or bactericidal, depending on the concentration used and
type of microorganism targeted. They act through interfering with bacterial protein synthesis,
via binding to the 50S ribosomal subunit of bacteria at the peptidyl transferase centre formed
by 23S rRNA [4-6]. Macrolides are particularly useful for the treatment of Legionella
pneumophilia, Mycoplasma pneumonia and some Rickettisial and Chlamydial infections.
Their spectrum of antimicrobial activity is broader than that of the penicillins and is
comparable to many late-generation cephalosporins. Consequently, macrolide antibiotics
have been successfully used as substitutes when treating patients with known penicillin

allergy [1,2,7].

Erythromycin A, the first macrolide antibiotic discovered, has been used since the early
1950s for the treatment of upper respiratory tract, skin and soft tissue infections caused by

susceptible organisms, particularly in patients allergic to penicillin [8,9]. Owing to several

1


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/peptidyltransferase
https://www.sciencedirect.com/topics/chemistry/ribosomal-rna

drawbacks including frequent gastrointestinal (GIT) intolerance and a short serum half-life
when using erythromycin, advanced macrolide antimicrobials were synthesized by altering
the erythromycin base resulting in compounds with broader activity, more favourable
pharmacokinetics and pharmacodynamics, and better tolerability. In 1991 and 1992, the
United States Food and Drug Administration (FDA) approved CLA and azithromycin for
clinical use. Since their inception, these compounds have been extensively used for the
treatment of respiratory tract infections, sexually transmitted diseases and infections caused

by Helicobacter pylori and Mycobacterium avium complex (MAC) [8].

CLA is a structural analogue of erythromycin A that differs in the chemical structure due to
methylation of the hydroxyl group at position 6 on the lactone ring (Figure 1.1) [10].The
substitution results in a more acid stable antibiotic and prevents the degradation of the
erythromycin base to form a hemiketal intermediate. The enhanced acid stability in turn
results in improved oral bioavailability and decreased GIT intolerance. In South Africa, CLA
is mainly indicated, in combination therapy, for the treatment of MAC and Helicobacter
pylori [11]. However, Wenjuan et al., [12] reported CLA exhibited inhibition activity against
> 275 clinical non-tuberculosis mycobacterium isolates. In a study comparing the activity of
four macrolides, viz. azithromycin, erythromycin, CLA and roxithromycin against
Mycobacterium fortuitum and Mycobacterium chelonae, CLA demonstrated the highest
potency against these strains [13]. The two strains of non-tuberculous Mycobacteria are the
most commonly implicated species in cases that involve non-tuberculous mycobacterial

(NTM) keratitis [14,15].

The development of NTM keratitis has been attributed primarily to the trauma of penetration
of the corneal epithelium. In addition, topical corticosteroid use has been shown to suppress
granulomatous inflammation facilitating the growth of non-tuberculous mycobacteria in the
eye [15,16]. Outbreaks of NTM keratitis following laser-assisted in situ keratomileusis
(LASIK) has been reported in Brazil, USA and Japan. These outbreaks were attributed to
improper sterilization of surgical fluids and instruments leading to the introduction of
pathogens to the corneal stroma during surgical procedures [17-19]. NTM has been reported
to be some of the most common pathogens (47%) causing post-LASIK keratitis [20]. The
causative agents of infectious keratitis vary by region and the incidence of infections ranges

between 0.0063% and 0.71% with higher rates observed in developing countries [15,21].


https://www.sciencedirect.com/topics/immunology-and-microbiology/penetration
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The cornea (Chapter 5 vide infra) is approximately 500-pm-thick, is a transparent and
collagenous structure that is the primary barrier to topical drug absorption in the eye [22].
The layers of the cornea, from anterior to posterior include the corneal epithelium, stroma,
and endothelium. An area of concern in ocular drug delivery is that only moderately-charged
small molecules are likely to penetrate through the corneal epithelium [23,24]. The passage
of hydrophilic molecules is limited due to the tight junctions of the corneal epithelium while
the charged collagen fibres of the corneal stroma limit passage of hydrophobic molecules. In
addition, the collagen fibres of the stroma are highly organized and act as sieves to large
molecules [25,26] The treatment of NTM keratitis is frequently substandard due to late
diagnosis, inadequate penetration of drugs and a delayed therapeutic response. Antimicrobial
resistance to most conventional therapies and the occurrence of resistant strains during long-
term treatment is also a reason for poor therapeutic results [27-29]. NTM is sensitive to
aminoglycoside, macrolide and fluoroquinolone therapy [28,30]. Of the macrolides, CLA has
been shown to exhibit good in vitro sensitivity and favourable corneal penetration in addition
to a bactericidal effect when administered in high doses resulting in high concentrations
[13,31]. The treatment of NTM keratitis with topical CLA has also been reported to be
successful [28]. However, toxic reactions, intolerance and patient discomfort from frequently
instilling topical CLA solutions have been reported [32]. Of particular concern is that a
commercially available CLA dosage form for ocular use is not readily available. The in vivo
efficacy of CLA for the treatment of NTM keratitis has to date been determined by

reconstitution and use of lyophilized parenteral formulations [28,31,33].

CLA is available as immediate-release (250 or 500 mg) and extended-release tablets (500
mg), intravenous solution (500 mg/vial) and granules for an oral suspension (125 or 250 mg/5
mL) [11]. The ophthalmic formulary in the United Kingdom lists 1% CLA eye drops for the

treatment of bacterial keratitis [34].

Commercially available products containing CLA in South Africa include Klacid®,
Klaryvid®, Klarizon®, Klaribin®, Clacee®, ClariHexal®, Simayla Clarithromycin®,

Klarithran® and Mylan-Clarithromycin® [11].

The primary objective of this research was to investigate and optimize the development of
potential innovative formulations that could be used as carriers for the ocular administration

of CLA for the treatment of NTM Kkeratitis.


https://www.sciencedirect.com/topics/medicine-and-dentistry/drug-penetration
https://www.sciencedirect.com/topics/medicine-and-dentistry/drug-intolerance

1.2 PHYSICO-CHEMICAL PROPERTIES

1.2.1 Description

CLA is 3R,4S,5S,6R,7R,9R,11S,12R,13S,145)-6-{[(2S,3R,4S,6R)-4-dimethylamino)-3-
hydroxy-6-methyloxan-2-yl] oxy}-14-ethyl-12,13-dihydroxy-4-[(2R,4S,58S,6S)-5-hydroxy-4-
methoxy-4,6-di-methyloxan-2-yl]oxy}-7-methoxy-3,5,7,9,11,13-hexamethyl-1-
oxacyclotetrade-cane-2,10-dione or 6-O-Methylerythromycin [35,36]. It is a white to off-
white crystalline powder with the empirical formula C3sHsoNO13 and a molecular weight of

747.96 g/mol [35-37]. The chemical structure of CLA is depicted in Figure 1.1 [35,36].

CHy4

CHs OH

Figure 1.1 Chemical structure of CLA (MW = 747.96 g/mol)

1.2.2  Solubility

The pH-solubility profile of CLA at 37 °C in addition to the solubility of CLA in water at
different temperatures was investigated by Nakagawa et al., [38]. The authors reported that
the solubility of CLA decreased with an increase in pH and was constant at pH > 9.00. At
these pH CLA which is a basic molecule, forms an undissociated structure that is less likely
to dissolve in aqueous solutions [38,39]. At low temperatures, water molecules are ordered
regularly around the hydrophobic regions of CLA. These hydrophobic regions are destroyed
as the temperature of the system increases, resulting in a decrease in the solubility of CLA
[38]. Shinoda et al., [40] postulated that hydrophobic compounds such as benzene and
toluene dissolve due to hydrophobic hydration in water. CLA is soluble in acetone, slightly
soluble in methanol, ethanol, acetonitrile and is practically insoluble in water [41]. The

aqueous solubility of CLA is approximately 0.342 pg/mL at 25 °C and neutral pH [41,42].
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1.2.3 Biopharmaceutical Classification System (BCS)

CLA is a biopharmaceutical classification system (BCS) class II molecule that exhibits poor
aqueous solubility and high intestinal permeability [42]. The poor aqueous solubility not only
limits the biological application of the molecule but also poses challenges in pharmaceutical

development.

1.2.4 Dissociation constant

The ionization state of most active pharmaceutical ingredients (API) is a consequence of the
pH of solution in which the molecule is dissolved and the acid dissociation constant (K)
stemming from the presence of acidic and/or basic functionalities located on the compound.
The K, is usually expressed as a negative logarithm or pKa. [43]. Acid—base properties of an
API are an important parameter for drug product development as these impact solubility,
absorption, distribution, metabolism and elimination. Weakly acidic drugs ionize as the pH of
a solution increases and conversely weak bases ionize with decreasing pH. In general,
macrolide antibiotics contain a basic dimethylamine [-N(CH3)>] functional group, which is
able to gain a proton. According to the chemical structure macrolides possess a single pK,

value of approximately 9.00 [38,43] and the pK, of CLA is 8.99 [41].

1.2.5 Partition Coefficient (Log Po/w)

The Log Pow value is used to describe the distribution of a solute between two immiscible
solvents, usually octanol and water. These values are used in drug design as a measure of the
hydrophobicity of an API, from which membrane permeability is inferred [44,45]. The Log
Pow of CLA is 2.69 [41] at an unspecified pH in one study and 1.70 at pH 7.40 in another
[46]. Furthermore, a Log Pow 0f 3.24 [47] and a Log Poctanolbuter of 4.89 at pH 4.00 [38] has

also been reported thus inferring the molecule is lipophilic.

1.2.6 Ultraviolet (UV) Absorption Spectrum

The wavelength of maximum absorption (Amax) of CLA dissolved in water and methanol was
210 nm [48] and 211 nm [49], respectively. In chloroform, the Amax of CLA was 240 nm [49].
The absorption spectrum of CLA was determined using a 100 pg/mL solution in acetonitrile
over the wavelength range 190-700 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


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrophobicity

Equipment Pty Ltd, Melbourne, Australia). The UV absorption spectrum of CLA is depicted

in Figure 1.2 and reveals a Amax for CLA of 192.11 nm.
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Figure 1.2 UV absorption spectrum of CLA in acetonitrile

CLA lacks a chromophore as there is no conjugated double bond in the lactone ring therefore,
significant UV absorbance is only observed at wavelengths < 210 nm [1]. Detection at these
wavelengths is suitable for the analysis of most in vitro samples but lacks the necessary
sensitivity for the quantitation of low concentrations of CLA, such as those observed when
characterizing nanoparticles [50]. CLA has a tertiary amino group which is a potential
reactive site for oxidation and may therefore be suitable for electrochemical detection [51].
Electrochemical detection (ECD) is therefore a potentially useful tool for ensuring the
accurate determination of CLA in dosage forms. Consequently, ECD was used for the in vitro

analysis of CLA during formulation development and optimization studies.

1.2.7 Melting point range

The melting point range of CLA is 217 — 220 °C [1,41]. Differential scanning calorimetry
(DSC) studies conducted by Tozuka et al., [52] revealed that CLA melts at 228 °C. Sharma et
al., [50] reported a melting point of 227 °C for CLA during formulation studies with
nanoparticles. The melting point of the CLA (Skyrun Industrial Co. Limited Taizhou, China)
used in these studies was investigated using DSC and the data revealed a melting point of
229.25 °C (§ 4.3.2). Lipid based nanocarriers depending on the lipid matrix used are usually

manufactured at temperatures of between 60-80 °C. Therefore, it is possible to formulate and
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manufacture CLA-loaded lipidic formulations at these temperatures since CLA would not
melt and/or decompose during the manufacturing process. However, thermogravimetric
analysis (TGA) characterizations of the API should be conducted to ascertain the feasibility
of exposing CLA to high temperatures.

1.2.8 Optical rotation
CLA is laevorotatory with an optical rotation of —90.4 ° at 25 °C determined using a

1 mg/mL solution in chloroform [1,49].

1.2.9 Hygroscopicity
CLA is commercially available in the anhydrous form and does not form hydrates [53]

therefore eliminating manufacturing challenges involving water based processes.

1.2.10 Stereochemistry and Polymorphism

Polymorphism of a compound is a solid crystalline phase that emanates from the possibility
of at least two different arrangements of the molecules of that compound in the solid state
[54]. CLA is known to exist in at least five crystalline polymorphic forms. Polymorphism of
CLA has been reported in patents with Form 0, Form I, Form II, Form III and Form IV
crystal modifications having been characterized. Commercially available CLA dosage forms

are formulated with the thermodynamically stable Form II polymorph [54-57].

1.2.11 Infrared Absorption Spectrum (IR)

The use of Fourier transform infrared (FTIR) spectroscopy facilitates identification of
variations in the total composition of compounds through the identification of unique
functional groups in the compounds. FTIR measures the vibration and rotation of molecules
following infrared radiation at specific wavelengths [58]. The infrared absorption spectrum is
a unique property of the sample as a whole and the technique is applicable to analysis of
discrete samples or mixtures. The spectrum is representative of the different functional
species that are present in mixtures, and is practically, the summation of the contributions of
the individual components in a spectrum [59]. The IR spectrum of CLA was generated using
a Perkin-Elmer® Precisely FT-IR Spectrum 100 spectrophotometer (Perkin-Elmer® Pty Ltd,
Beaconsfield, England). Scans were performed in the 4000-650 cm™ wavelength range and
data analyzed using version 4.00 Peak® Spectroscopy software (Operant LLC, Burke, VA,
USA). The resultant absorption spectrum of CLA is depicted in Figure 1.3. The principal
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bands observed at 3461 cm™ (hydrogen bonds between —OH groups), 2972 cm (alkane
stretching peaks), 1729 cm™ (lactone carbonyl), 1687 cm™ (ketone carbonyl), 1419 cm™ (N-
CHs3) and 1374 cm™ (-CH2 groups) are consistent with those reported in literature for CLA
[49,60].
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Figure 1.3 IR absorption spectrum for anhydrous CLA

1.2.12 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) studies were conducted in an attempt to evaluate the
purity of CLA, prior to its use in formulation development studies. One-dimensional NMR
data were acquired using a Bruker Avance® 400 MHz spectrometer (Bruker Avance®,
Rheinstetten, Germany) used in the H lock mode. Chemical shifts were analyzed using
MestRe Nova® software (Bruker, Avance® Rheinstetten, Germany) and were recorded in
parts per million (ppm) in reference to residual deuterated CDCl3 on 7.26, 6c 77.0. All
coupling constants are reported in Hz. Samples of CLA were transferred to 178 mm glass
ultra-precision ASTM Type 1 Class A borosilicate thin-walled NMR tubes (Norell® Inc.
Mays Landing, NJ). The design of the glass tubes permits use in high resolution NMR studies
and in chemical structure determination, low and high temperature applications and sample
storage at low temperature [61]. The 'H NMR and *C NMR spectra of CLA are depicted in
Figures 1.4 and 1.5, respectively.
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Figure 1.4 '"H NMR (400 MHz; CDCl3) spectrum of CLA
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Figure 1.5 '*C NMR (400 MHz; CDCl;) spectrum of CLA

The NMR spectra of CLA reveal no signs of peak doubling and the high frequency '*C signal
C-1 (&6 175.83) can be assigned by inspection. This assignment is indicative of the existence
of CLA in the 9-ketone form in CDCl; [62]. The low frequency triplet at 6 0.84 in the 'H
spectrum can be assigned to H3-15. The highest frequency signal at § 5.06 in 'H spectrum can
be attributed to H-13 double doublet while the broad doublet at 6 4.92 is due to H-1" and the
signals at 6 2.36 and 1.58 are a result of H>-2” [49,62]. The high frequency narrow doublet at
6 4.44 is indicative of H-1’. The double quartet at & 4.03 is indicative of H-5". The broader
doublet at 6 3.79 is due to H-3 while the 6 1.92 can be assigned to H-4 and & 3.70 to H-5
[49,62]. Positions 7°,8’-(CH3)z can be assigned as & 40.24 and 2.29 using '*C and 'H NMR,
respectively. The assignment of 8”-CH3 is possible at & 50.58 using '*C NMR while the other
methoxy group at position 22 viz. 22-CHj is attributed to 6 3.06 using 'H NMR. At § 3.04 the
2’-OH exists [49,62]. The signals identified in the spectra correspond accurately to those
reported in literature [49,62] indicating that CLA of high purity is available for use in the

formulation studies intended in this research.
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1.3 STABILITY

1.3.1 Solid State Stability
CLA is stable under storage conditions at 25 °C and the compound should be protected from

light and stored in air-tight containers [49].

1.3.2 Solution Stability

CLA gradually loses antibacterial activity in dilute hydrochloric acid (HCI) solutions. The
stability of CLA in aqueous and hydroalcoholic solutions has been monitored at 4 °C for 20
days with no degradation products observed in the samples [49]. Nakagawa et al., [38]
reported the degradation of CLA in HCI solutions of pH between 1.22 and 3.00 at 37 °C
follows pseudo first-order kinetics with a maximum stability observed at pH 3.00. In addition
the solution stability of CLA subjected to different stress conditions viz. 0.1 M HCI, 0.1 M
NaOH, 4% H,0; at 80 °C and 500W/m? for 12 hours showed that CLA was stable to heat,
ultra-violet light and acidic conditions but degraded when exposed to alkaline and oxidative

conditions using the degradation parameters set in those studies [63].

1.4  SYNTHETIC PATHWAY

The synthesis of CLA is depicted in Figure 1.6. CLA is synthesized from erythromycin
thiocyanate. Initially erythromycin thiocyanate (I) is reacted with ammonia in
dichloromethane to form erythromycin base (A) (II) [64]. The C-9 position of erythromycin
is oximated by reacting the base with hydroxylamine HCI and triethylamine. Erythromycin
oxime (III) is then treated with 2-methoxypropene and hexamethyldisilazane (HMDS) to
silylate the hydroxyl groups at the oxime functional group and positions 2’ and 4” forming
the silylated derivative (IV) [64]. The isolated silyl derivative is converted to 6-O-methyl-2’,
4’-bis(trimethylsilyl)-erythromycin A 9-O-(2-methoxyprop-2-yl)oxime (SMOP) (V) in a
biphasic system of methyl iodide and KOH [64]. Subsequent deoximation of SMOP in
aqueous ethanol, in the presence of formic acid yields crude CLA (VI) which is then further
purified with ethanol resulting in pure CLA [64].
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1.5 STRUCTURE ACTIVITY RELATIONSHIPS

CLA is a semi-synthetic derivative of erythromycin exhibiting a methoxy group at position
C6 of the lactone ring (Figure 1.1) [65]. CLA is an active inhibitor of protein biosynthesis in
bacterial cells [66]. In a study conducted by Mabe et al, [65] the effects of CLA,
flurithromycin and roxithromycin on cellular processes in Haemophilus influenzae revealed
that CLA did not significantly affect the 30S subunit formation whereas cells treated with
roxithromycin and flurithromycin exhibited an apparent decline in the amounts of both the
30S and 50S subunits. In addition, Schlunzen et al., [67] and Hansen et al., [68] revealed a
common binding site in the peptide exit tunnel of the large 50S subunit for CLA,
erythromycin, roxithromycin and azithromycin. Macrolide binding has been shown to be a
consequence of hydrogen bond formation between the 23S rRNA and functional groups on
the desoamine sugar in addition to the lactone ring [69]. The 2-OH functional group of the
desoamine sugar forms three hydrogen bonds at position N6 and N1 of A2058Ec using the E.
coli numbering system. The position for hydrogen bonding suggests elucidation of resistance
by methylation of A2058Ec [65,67]. Adenine residue methylation at domain V of the 23S
rRNA, interceded by erythromycin ribosome methylase genes, inhibits the binding of
macrolides to domain V resulting in high level resistance to macrolides [8]. In addition,
ribosome methylation has been postulated to provide more definitive evidence in comparison
to macrolide efflux and/or modification in the innate resistance of Mycobacterium

tuberculosis to second generation macrolide antibiotics such as CLA [69].

1.6 CLINICAL PHARMACOLOGY

1.6.1 Mechanism of Action

CLA possesses species specific bacteriostatic antimicrobial properties in vivo [70]. However,
concentration dependent bactericidal activity has been demonstrated against certain strains of
Streptococcus pyogenes and Streptococcus pneumonia in vitro in addition to demonstration
of in vivo bactericidal activity against Haemophilus influenzae [71]. CLA acts by reversibly
binding to domain V of 23S ribosomal RNA (rRNA) of the 50s subunit of the bacterial
ribosome of susceptible organisms, inhibiting protein synthesis through translocation of
aminoacyl transfer-RNA [8,49]. CLA is a poor inducer of mRNA and does not trigger
activation of the methylase enzyme, thereby retaining activity against inducible bacteria in

the absence of a strong inducer. CLA produces an active metabolite (14-hydroxy CLA) in
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vivo resulting in a synergistic effect of the two compounds in respect of activity against
bacteria [49,72]. In comparison to the penicillins and cephalosporins, the uptake of CLA by
human neutrophils is high, resulting in higher concentrations of CLA in human macrophages,
lymphocytes and polymorphonuclear leukocytes. In addition, CLA has been demonstrated to
inhibit production of interleukin-1 by murine peritoneal macrophages, lymphocyte
proliferation and lymphocyte transformation of murine spleen cells at low concentrations,

thereby also exhibiting anti-inflammatory effects [49,73].

1.6.2 Spectrum of Activity

Brown et al.,[13] demonstrated that CLA has fairly poor activity against Mycobacterium
tuberculosis in vitro but exhibits better activity against Mycobacteriun avium (MICoo 8
pg/ml), and Mycobacterium kansasii (MICoo < 0.5 pg/ml). The study concluded that CLA
could be useful for treatment of the slowly growing nontuberculous mycobacteria with the
exception of Mycobaterium simiae [13]. CLA is active against a range of aerobic and
anaerobic Gram-positive and Gram-negative bacteria in vitro, including most MAC
microorganisms [41]. The 14-hydroxy metabolite of CLA has antimicrobial activity of a
different spectrum to CLA as shown by the reduction in activity by 4-7 times of the
metabolite when targeting Mycobactrium avium isolates. CLA exhibits clinical and in vitro
activity against Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes,
Haemophilus influenzae, Haemophilus. parainfluenzae, Moraxella catarrhalis, Mycoplasma
pneumoniae, Chlamydia pneumoniae, Mycobacterum avium and Mycobacterium
intracellulare [41]. In addition, CLA exhibits in vitro but has untested clinical activity against
the Streptococci, Bordetella pertussis, Legionella pneumophila, Pasteurella multocida,
Clostridium perfringens and Propionibacterium acnes [41]. However the in vitro
susceptibility testing fails to account for the antimicrobial activity of the active 14-hydroxy
metabolite of CLA, thereby potentially underestimating the actual activity of CLA [8,74].
CLA is also effective against Helicobacter pylori in combination with a proton pump

inhibitor and amoxicillin or metronidazole [75,76].

1.6.3 Clinical Indications

CLA is indicated for use in adults and children older than 12 years for the treatment of mild
to moderately severe infections caused by susceptible strains of microorganisms that cause
acute streptococcal pharyngitis, community acquired pneumonia due to Chlamydia

pneumoniae, Mycoplasma pneumoniae, Legionella pneumophila and Streptococcus
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pneumonia, uncomplicated skin and skin structure infections due to Staphylococcus aureus or
Streptococcus pyogenes amongst others [37]. CLA should be used in combination with other
antimicrobial agents for the treatment of disseminated or localized mycobacterial infections
due to Mycobacterium avium or Mycobacterium intracellulare, skin and skin structure
infections due to Mycobacterium chelonae [37]. CLA is also indicated for the prevention of
disseminated MAC infection in human immunodeficiency virus (HIV)-infected adults with
CD4 lymphocyte counts < 75 cells/mm? [11,37]. In addition, CLA is also indicated for the
treatment of acute bacterial exacerbation of chronic bronchitis due to Haemophilus
influenzae, Moraxella catarrhalis or Streptococcus pneumonia including its use in
combination therapy for the treatment of peptic ulcer disease due to Helicobacter pylori

infection [11,37].

In children < 12 years of age, CLA is indicated for the treatment of mild to moderately severe
infections caused by susceptible strains of microorganisms for acute otitis media, acute
streptococcal pharyngitis and tonsillitis caused by Streptococcus pyogenes, community
acquired pneumonia including infections due to Chlamydia pneumoniae, Mycoplasma
pneumoniae and Legionella pneumophila, skin and skin structure infections such as impetigo,
disseminated or localized infections resulting from Mycobacterium avium or Mycobacterium
intracellulare in immunocompromised children, including those with HIV infection or

acquired immune deficiency syndrome (AIDS) [37].

1.6.4 Dosage and Administration

1.6.4.1 Non mycobacterial infections

The recommended dose of CLA is 250 mg administered twice daily. In more severe
infections, the dose can be increased to 500 mg administered twice daily with a duration of
therapy of 7 to 14 days. In patients suffering with haemolytic streptococcal infections,
treatment should be administered for a minimum of 10 days. For the treatment of Legionella
pneumophila infections, the dose should be adjusted to 500 mg administered twice daily for 4
weeks [37].

In patients with renal impairment and a creatinine clearance of < 30 mL/min, the dose of
CLA should be reduced by one-half, with the treatment capped at 14 days in these patients
[11,37].
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The recommended dosing regimen for the treatment of Helicobacter pylori eradication is 500
mg CLA administered twice daily in combination with 1000 mg amoxicillin twice daily and

20 mg omeprazole twice daily or 400 mg metronidazole twice daily for 7-10 days [11,37].

1.6.4.2 Mycobacterial Infections

The recommended dose for adults and children older than 12 years with disseminated or
localised mycobacterial infections is 500 mg twice daily in conjunction with other anti-
mycobacterial agents [11,37]. The dose may be increased to 1000 mg twice daily if no
clinical or bacteriological response is observed after 3-4 weeks of therapy. Elderly patients >
65 years of age with a calculated creatinine clearance > 30 mL/min are recommended a dose
of 500 mg twice daily [37]. A reduction of the initial dose and dose titration is recommended
in patients with renal impairment (§ 1.6.4.1) [11,37]. An oral dosing regimen of 7.5-15
mg/kg/dose administered 12 hourly, with a maximum dose of 500 mg, is recommended for

paediatric patients [11].

In HIV-infected adults with CD4 lymphocyte counts < 75 cells/mm?, the recommended dose
of CLA for prophylaxis of disseminated MAC infections is 500 mg twice daily [37].

1.6.4.3 Overdose

Overdoses with CLA are reported to produce pronounced GIT symptoms such as nausea,
diarrhoea, abdominal pain, taste perversion and include headache. In addition, severe liver
toxicity, including cholestatic jaundice may occur [37,77]. Treatment of overdose should
promote elimination of unabsorbed CLA and includes general supportive measures such as
monitoring vital signs. CLA is highly protein bound therefore serum levels are not expected

to be appreciably affected by haemo- or peritoneal dialysis [37,78].

1.6.5 Contraindications

CLA is contraindicated in patients with known hypersensitivity to macrolide antibiotics. In
addition, CLA 1is contraindicated when used concurrently with cisapride, pimozide,
terfenadine, ergotamine or dihydroergotamine [37]. Concomitant therapy of CLA with
cisapride, pimozide, terfenadine has been reported to result in QT interval prolongation and
cardiac arrhythmias including ventricular tachycardia, ventricular fibrillation and torsades de

pointes [79]. Co-administration of CLA with ergotamine or dihydroergotamine has been
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associated with acute ergot toxicity characterized by vasospasm and ischaemia of the

extremities and other tissues, including the central nervous system (CNS) [37,80,81].

1.6.6 Use in Special Patient Populations

1.6.6.1 Geriatric Patients
The pharmacokinetics of CLA have not been studied in patients older than 65 years of age.
However, dosage adjustments are recommended in those patients who present with severe

renal impairment (§ 1.6.4.1) [37].

1.6.6.2 Breastfeeding Mothers

CLA is excreted in human breast milk and its safety for use during breast-feeding of infants
has not yet been established [37]. However Kawada et al.,[82] investigated Staphylococcus
aureus transmission between healthy, lactating mothers without mastitis and their infants by
breastfeeding using bacteriological and molecular-epidemiological methods and concluded
that methicillin-resistant or methicillin-sensitive Staphylococcus aureus may be transmitted
between healthy, lactating mothers without mastitis and their infants through breastfeeding.
Therefore, CLA wuse during breastfeeding is likely to reduce transmission of the

aforementioned bacterial strains.

1.6.6.3 Pregnancy

The safety of CLA use in pregnancy has not yet been established. In animal studies, while
some rats exposed to CLA in the first trimester did reveal teratogenicity, other rats presented
with a low occurrence of cardiac abnormalities, post CLA exposure [83]. In a cohort and post
marketing surveillance study conducted following the use of CLA in early pregnancy, it was
reported that there is an increased likelihood of miscarriage without an increased prevalence
of malformations in offspring in women who filled a prescription for CLA use during early
pregnancy [84,85]. Therefore, the use of CLA in pregnancy should only be considered with

extreme caution and implemented only if the benefits outweigh the risks [83,86].
1.6.6.4 Renal Impairment

Approximately 18% CLA is excreted as the parent drug in urine and therefore a progressive

increase in serum concentrations of CLA and the 14-hydroxy metabolite in patients with
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renal impairment may occur. [87]. The dose of CLA may need to be reduced in patients with

severe renal impairment (§ 1.6.4.1).

1.6.6.5 Hepatic Impairment

The bioavailability of CLA following oral administration is approximately 50% However,
additional CLA is absorbed in the liver and is converted to the 14-hydroxy CLA metabolite
prior to entering the systemic circulation [87]. Theoretically, severe hepatic impairment could
potentially alter the pharmacokinetics of CLA and the metabolite resulting in a lower
conversion of the parent molecule to the metabolite which in turn results in an increase in the
renal clearance of the parent compound. However, steady-state levels of unchanged CLA in
hepatically impaired patients were similar to those in patients with healthy and normal
functional livers. Therefore, if renal function is normal, CLA can be administered without

any dose adjustment in patients with hepatic impairment [78,88].

1.6.7 Drug Interactions

Macrolide antibiotics have the potential to induce hepatic microsomal enzymes and studies in
rats in the presence of troleandomycin and erythromycin showed that inactive cytochrome
P450 (CYP 450) complexes are formed [89,90]. Many drugs are extensively metabolized in
the liver via CYP 450 isoenzymes and the most common mechanism by which CLA interacts
with drugs when used concomitantly, involves inhibition of subclasses of the CYP 450
enzyme system, particularly CYP 3A4, through formation of an inactive complex, thereby
decreasing clearance [11,71,91]. The list of drugs reported in Table 1.1 are known to exhibit

interactions of clinical importance when used with CLA.
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Table 1.1 Drug-drug interactions for CLA

Drug Interaction effects during co-administration Recommendations Reference
Alfentanil Plasma clearance may be decreased leading to prolonged Avoid concomitant use of the drugs wherever possible [11,92]
duration of action of alfentanil
Carbamazepine Elevated carbamazepine concentrations leading to toxicity Carbamazepine dosage should be decreased by 25-50%, and drug [91,93]
concentrations should be monitored frequently during concurrent use
of the drugs
Cimetidine* Cimetidine prolongs the absorption of CLA, thus decreasing [94]
peak concentrations of CLA and its 14-hydroxy metabolite.
This may ultimately decrease the effectiveness of CLA against
Haemophilus influenzae
Cisapride CLA inhibits the CYP 3A4 isoenzyme resulting in the The use of these agents simultaneously is contraindicated [95,96]
accumulation of cisapride, causing torsade de pointes
arrhythmias
Colchicine Increased risk of colchicine—induced toxic effects Reduce colchicine dose by 50% [11]
Cyclosporine CLA inhibits the hepatic and intestinal metabolism of Caution should be used when administering these agents [97-99]
cyclosporine leading to an increase in whole blood cyclosporine  simultaneously, including considering appropriate dose reductions
levels
Digoxin Increased bioavailability of oral digoxin is induced by increased  Patients should be closely monitored for clinical signs and symptoms [100,101]
gastric emptying caused by CLA of digoxin toxicity and digoxin concentrations should be measured to
avoid it
Ebastine Increased risk of cardiotoxicity from increased ebastine serum [11,102]
levels
Ergot alkaloids Increased risk of clinical ergotism (hypertension, lingual Ergot preparations should be avoided in patients who are taking CLA  [11,81]
ischemia, and peripheral cyanosis)
Midazolam CLA significantly raises midazolam serum concentrations, Midazolam dose should be reduced by 50%, or even 75%, if [91,103]
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increasing the duration of the patient’s sleep thus decreasing

patient alertness

concurrent CLA therapy is required. Co-administration is not

advisable in the elderly or those patients sensitive to the effects of

benzodiazepines
Oral Efficacy of oral contraceptives may be reduced Additional contraception use is advisable [11]
contraceptives
Pimozide CLA inhibits the metabolism of pimozide in human liver Concomitant administration of the agents is contraindicated [104,105]
microsomal preparations. Pimozide in turn prolongs QT
intervals in a dose-dependent manner. Torsade de pointes may
occur
Rifabutin* Rifabutin, a highly effective enzyme inducer, may significantly This combination should be avoided, with careful monitoring for [91,106]
decrease serum concentrations of CLA. Rifabutin and its rifabutin toxicity (neutropenia) if concomitant use is necessary
metabolite show elevated serum concentrations when given
with CLA
Ritonavir* Ritonavir leads to a marked inhibition of the metabolism of No dosage adjustments are necessary for ritonavir or CLA (in patients [37,91]
CLA leading to the complete inhibition of the formation of 14- with normal renal function) during concomitant use
hydroxy metabolite. CLA increases ritonavir area under the For patients with creatinine clearance of 30-60 mL/min, the dose of
curve (AUC) by 12% CLA should be reduced by 50%. For patients with creatinine
clearance of < 30 mL/min, the dose of CLA should be decreased by
75%. Doses of CLA greater than 1000 mg/day should not be co-
administered with ritonavir.
No dosage adjustment of ritonavir is recommended
Saquinavir* Both CLA and saquinavir are substrates and inhibitors of Patients receiving this combination should be monitored carefully, as  [37,91]

CYP3A, and there is evidence of a bidirectional drug

interaction

there is an increased risk for adverse effects with both agents
Patients with Haemophilus influenzae should probably have an

additional agent added to their regimen
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Simvastatin Rhabdomyolysis after concomitant therapy was reported in two [107]
women. Rapid recovery was observed after simvastatin
withdrawal.

Terfenadine Unmetabolized terfenadine serum levels have been associated CLA must not be given in combination with terfenadine in patients [37,91]
with altered cardiac repolarization with a history of ischaemic heart

Theophylline Increased serum theophylline concentrations may result from Monitoring of serum theophylline concentrations should be [37,91]
concomitant use considered for patients receiving high doses of theophylline

Theophylline dosage may need to be reduced.

Warfarin Increases in International Normalized Ratio (INR) have been Close monitoring of INR is recommended and warfarin dose [108,109]
detected in patients who have previously been stabilized on adjustment may be necessary
warfarin when they were simultaneously given a macrolides

Zidovudine CLA decreases zidovudine’s absorption leading to decreased Zidovudine and CLA should not be given at the same time and should [37,91,110]

steady-state zidovudine concentrations

be staggered by at least 2 hours
This interaction does not appear to occur in paediatric HIV-infected

patients taking CLA suspensions with zidovudine

* The drug also has an effect on CLA
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1.6.8 Adverse Effects

Dose related GIT upset is the most common adverse event associated with macrolide therapy.
CLA stimulates motilin receptors in the GIT thus acting as a gastric prokinetic agent [71].
The incidence of significant GIT effects such as nausea, diarrhoea, abdominal pain and
vomiting following the use of CLA occur in 10-15% of patients [8,37,71]. Adverse effects
reported during clinical trials with a frequency of < 2% include headache, hepatic
dysfunction, changes in neutrophil or leukocyte counts, skin rash and taste perversion
[37,71]. In addition, visual hallucinations associated with CLA have been reported in two
children who took CLA in therapeutic dosages with symptoms gradually disappearing
following withdrawal of the macrolide [107].

1.6.9 Resistance

Resistance of microbial organisms to macrolide antibiotics may either be intrinsic or acquired
in nature. The intrinsic resistance of the vast majority of Gram-negative bacilli and
enterococci to the hydrophobic macrolides is believed to be due to the barrier properties of
the Gram-negative cell outer membrane envelope [111]. Induction of enzymes causing
ribosomal methylation, target site modification or active drug efflux have mostly been shown
to be the cause of acquired resistance [71]. Ribosomal target site modification occurs via
modification of the ribosome through methylation of a specific adenine residue in a
conserved region of the 23S ribosome that interacts with macrolide antibiotics, resulting in
high levels of resistance to all macrolides [112]. Resistance to 14- and 15-membered
macrolides, such as CLA, has been shown to be a result of efflux of the antibiotic from the
cell, encoded by the gene, mefE, in S pneumonia [112]. Furthermore, active efflux of
macrolides has been demonstrated in both staphylococci and streptococci, conferring low

level resistance to these drugs [71].

1.7  CLINICAL PHARMACOKINETICS

There is a dearth of information relating to ocular pharmacology and pharmacokinetics of
CLA. However, a study that evaluated the ocular pharmacokinetics of CLA eye drops
topically applied to the corneas of rabbits concluded that therapeutic levels of CLA can be
achieved in rabbit corneas after topically applying the drug as eye drops [113]. Nonetheless,
Al-Sibai et al., [114] conducted a study on the ocular penetration of oral CLA in humans. The

authors concluded that CLA widely penetrates and adequately concentrates in the aqueous
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humor, vitreous humor, and iris tissue after oral administration and therefore is effective in
the management of many infectious ocular conditions. To date, innovative CLA-loaded
chitosan nanoparticles have been optimized for the effective management of bacterial

conjunctivitis by increasing the precorneal residence time of the carriers [115].

1.7.1 Absorption

CLA is stable in gastric acid, and is rapidly absorbed from the GIT with peak concentrations
reached within two hours of dosing and a bioavailability of approximately 55% [49,71,116].
The time to peak serum concentrations of CLA is delayed following administration with food
and the formation of the 14-hydroxy metabolite is slightly retarded, however the extent of
absorption of CLA is not affected. Conversely, plasma concentrations of thel4-hydroxy
metabolite are higher following oral dosing than after intravenous dosing [49,71,87] which

can be attributed to the hepatic first pass effect.

1.7.2 Distribution

CLA and the 14-hydroxy metabolite are widely distributed into most body tissues, reaching
high concentrations in the lung that have been shown to be in excess of those observed in
plasma by at least six-fold. Two-to-six fold tissue to plasma CLA concentrations have also
been observed in the nasal mucosa and tonsils [49,71]. Because of high CLA intracellular
concentrations, negligible accumulation of CLA has been observed [49]. At clinically
achieved concentrations, CLA was found to be 42% to 70% bound to human plasma proteins
[87,116]. The apparent volume of distribution (Vd) of CLA in ‘Western’ volunteers was
approximately 226-266 L, implying that CLA is widely distributed in the body [116].

1.7.3 Metabolism

CLA undergoes extensive hepatic metabolism producing at least eight (8) metabolites.
Hydroxylation and oxidative N-demethylation are the two (2) major pathways that have been
identified for the metabolism of CLA with hydrolysis of the cladinose sugar only being a
minor contributor[10,78,117]. Therefore, the metabolic process of CLA is primarily a
consequence of CYP 450 (CYP) 3A isozyme activity. Of the eight metabolites, 14-hydroxy
CLA only exhibits therapeutic activity and contributes synergistically to the activity of the
parent compound, as the pharmacological activity is comparable to or greater than that of the

parent compound [10,78,117].
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1.7.4 Elimination

The serum half-life of CLA is 4.9 hours and steady-state amounts of CLA and the 14-
hydroxy metabolite are reached after 2-3 days post administering a 250 mg dose every 12
hours [10]. The elimination half-live of CLA is 4 hours following administration of a single
500 mg oral dose [71]. CLA and its principal metabolites are excreted in the faeces via bile,
in urine by renal and non-renal mechanisms. Between 20-30% of the dose is excreted in this
manner as unchanged drug [49,117]. CLA metabolism is dose dependent and the compound
exhibits non-linear pharmacokinetics due to saturable metabolic processes. Increased doses of
CLA therefore result in an increase in the half-life and decrease in metabolic clearance rates

[49,78,117].

1.8 CONCLUSIONS

CLA is a semisynthetic macrolide derivative of erythromycin which differs from
erythromycin in respect of a methyl substitution at the position 6 of the macrolide ring. In
comparison to erythromycin, CLA is more stable in acid and requires less frequent dosing

whilst exhibiting a lower incidence of the GIT side effects [118].

CLA has been shown to have remarkable potency against strains of Mycobacterium fortuitum
and Mycobacterium chelonae which are known causes of majority of cases involving NTM
keratitis [14,15]. Treatment of NTM keratitis with topical CLA has been successful [28].
However, toxic reactions, intolerance and patient discomfort due to frequent instillation of
topical CLA solutions have been reported [32]. Furthermore, commercially available CLA
dosage forms for ocular use are not readily available. The in vivo efficacy of CLA for the
treatment of NTM keratitis has to date been determined by reconstitution and use of

lyophilized parenteral formulations administered via the ocular route [28,31,33].

An area of concern in ocular drug delivery is that only moderately-charged small molecules
are likely to penetrate through the corneal epithelium [23,24]. The passage of hydrophilic
molecules is limited due to the tight junctions of the corneal epithelium while the charged
collagen fibres of the corneal stroma limit passage of hydrophobic molecules. In addition, the
collagen fibres of the stroma are highly organized and act to sieve large molecules [25,26]
such as CLA. Furthermore, there is a constant flow of tear films across the outer surfaces of

the cornea, naso-lachrimal drainage and blinking that contribute to a reduction in the
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availability of drugs to the anterior segment of the eye [25,119,120]. Nanoparticulate
formulations have been investigated as potential ocular delivery systems to enhance corneal
permeation thereby improving API availability to the eye whilst ensuring safe, non-invasive
treatments that facilitate patient adherence. The mucoadhesive nature of some lipid based
nanocarriers has been shown to improve interaction with ocular membrane resulting in a
prolonged residence time, enhanced availability and fewer local and systemic side effects

[121].

There is clearly a need to improve the delivery of CLA to the eye. Less-frequent dosing,
controlled delivery and improved targeting to the cornea to increase efficacy and reduce side
effects are important technology characteristics and overcoming these challenges by
formulating CLA into mucoadhesive nanocarriers was undertaken, in an attempt to address

the unmet clinical needs described vide infra and are reported in rest of this thesis.
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CHAPTER 2

HPLC WITH ELECTROCHEMICAL DETECTION FOR THE
ANALYSIS OF CLARITHROMYCIN

2.1 INTRODUCTION

The analysis of pharmaceutical compounds can be achieved using a variety of techniques.
However, high performance liquid chromatography (HPLC) is the principal analytical
technique used for pharmaceutical analysis and is predominantly applied to a large
assortment of sample types in the pharmaceutical industry [122]. A key instrumentation
requirement for HPLC is the need for a sensitive detector for quantitation of components in
the column effluent. A variety of detectors used for HPLC analysis have been developed over
the years based on differential measurement of a bulk or general property of a sample and
solvent, measurement of a sample property that is non-existent in the mobile phase or

detection following elimination of the mobile phase [123].

The use of electrochemistry in liquid chromatography has been rapidly growing since the
1980s with > 500% increase between the 1980s and 1990s [124,125]. The use of
electroanalytical techniques with HPLC provides an approach for the specific determination
of trace quantities of electrochemically active molecules [126]. In comparison to other
detection methods such as ultraviolet or fluorescence, electrochemical detection does not
exploit the physical properties of an analyte but rather an induced chemical change resulting
from an electrochemical reaction in an electrically conductive HPLC mobile phase [124,127].
For oxidizable and/or reducible compounds, the electrochemical detector is one of the most

sensitive and selective HPLC detectors available for use [127].

Electrochemical detectors for HPLC usually contain three separate electrodes viz. a working,
a counter (auxiliary) and a reference electrode. Materials commonly used to manufacture the
electrodes include carbon, gold, silver or platinum [126,127]. A predetermined potential
difference, usually between -1.2 V and +1.3 V is applied across the working and reference

electrodes to drive an electrochemical reaction at the surface of the working electrode. As
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compounds are oxidized or reduced, a current is produced from the electrochemical reaction,
which is balanced by a current flowing in the opposite direction to the counter electrode. The
detector response output is a consequence of the amplified current resulting from the
electrochemical reaction at the surface of the working electrode [126,127]. A schematic
representation of the principle behind the operation of an EC detector is depicted in Figure

2.1.
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Figure 2.1 Schematic representation of an electrochemical detector (adapted from [128])

Electrochemical detection in HPLC follows Faraday’s Law which states that “the amount of
substance consumed or produced at one of the electrodes in an electrolytic cell is directly
proportional to the amount of electricity that passes through the cell” [124]. The response of a
molecule or ion reacting at the surface of the electrode is therefore directly proportional to the
concentration of that compound. When all the analyte in a solution is electrolyzed at an
electrode, the quantifiable response or output is directly related to the molar amount of the
analyte present and can be mathematically represented using Equation 2.1. Measurement of

current therefore implies measurement of the rate of a chemical reaction [124].
Q =nFN Equation 2.1

Where,
Q = the total charge transferred in coulombs
n = the number of electrons transferred or equivalents per mole
F = the Faraday constant
N = the number of chemical equivalents of the analyte
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Commonly used EC detectors include amperometric and coulometric detectors.
Amperometric detectors are either disk type thin-layer electrodes and coulometric detectors
are flow-through “frit” type porous graphite working electrodes [125,127,129]. When using
coulometric EC detection, 100% EC conversion of the analyte occurs while partial
electrolysis of between 1-10% is achieved with amperometric detectors. Amperometric EC
detectors can be operated in the direct current, pulsed or scan modes. As a result of their
higher conversion efficiency, coulometric EC detectors are more sensitive and robust than
their amperometric counterparts, while still exhibiting the flexibility to operate in an
amperometric, pulsed amperometric or cyclic voltammetric modes in addition to the
coulometric mode. However, in spite of the low conversion efficiencies, amperometric EC

detectors are quite sensitive and commonly used [124,127,128,130].

Although EC detectors are widely used for many essential applications, their use is limited as
the performance of EC detectors is strongly influenced by factors such as sample solubility
properties, mobile phase, sample and detector compatibility, mobile phase viscosity in
addition to system efficiency [125]. Furthermore, detector performance is strongly influenced
by the nature of the working electrode, specifically the material used to manufacture the
electrodes. The selection of a working electrode depends primarily on the redox behaviour of
target analytes and the background current likely to be observed over the region of the
applied potential [124,125]. Finally, fouling of the working electrode surface by the products
of the electrochemical reaction may affect chromatographic analysis when conventional
electrode materials are used in the detector. To maintain the sensitivity of an electrochemical
detector the products of the electrochemical reaction that form a residue on the active surface
of the working electrode must be frequently removed by mechanical polishing [125,130-
132]. In spite of the limitations of using EC detectors for HPLC analyses, this system offers
distinct advantages over other detectors commonly used with HPLC. Specifically EC
detection with HPLC only requires simple sample pre-treatment prior to immediate analysis,
offers remarkable sensitivity, is independent of optical path length, is not compromised by
miniaturization, and associated instrumentation is relatively inexpensive and simple

compared to optical or mass spectrometric detectors [125,130].
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The use of EC detectors results in sensitive detection at the nanogram and picogram level for
oxidizable compounds such as catecholamines, neurotransmitters, reducing sugars and
glycoproteins amongst others [128,132]. Due to the presence of dissolved oxygen, and
electrode instability, the limit of detection for reducible compounds is approximately ten
times less favourable than that for oxidizable compounds [133,134]. EC detection with HPL.C
has been applied to the determination of analgesics [135,136], antibiotics [137—139],
alkaloids [140,141], antidepressants [142,143], antiretrovirals [144,145] and many other
compounds in pharmaceutical dosage forms [146] and biological fluids [147,148].

CLA has a tertiary amino functional group which is suitably reactive for electrochemical
oxidation [51], suggesting ECD as a potentially useful tool for ensuring the accurate
determination of CLA in the development and characterization of dosage forms. Quantitative
analysis of CLA has been achieved in biological samples using HPLC with ECD [149-151],
UV [152,153], LCMS [154] and fluorescence detection [155]. Published HPLC-ECD
methods have reported limits of detection of 10.03 pg/mL [156], 0.5 pg/mL [157], 0.03
pg/mL [149], 0.1 pg/mL [158], 0.01 pg/mL [137], 0.15 pg/mL [159] and 0.02 pg/mL [160].
The objectives of this study were to develop an HPLC-ECD method for the quantitation of
CLA with the aid of experimental design. The validated method will be applied to the

analysis of CLA in commercially available dosage forms and CLA-loaded lipid nanocarriers.

2.2 METHOD DEVELOPMENT AND OPTIMIZATION

2.2.1 Design of Experiments and Statistical Analysis

HPLC method development should only be initiated subsequent to a thorough understanding
of the following factors viz. the nature of the sample including molecular weight, solubility
and ionization behavior, the required selectivity of the separation, experimental convenience
and experience of the analyst with the method amongst other considerations [123,132]. Rigid
guidelines for the development of experimental conditions for a particular separation are
difficult to establish as different experimental approaches are required to optimize each
chromatographic separation [123]. Furthermore, optimization of HPLC methods are complex
processes, since, several variables including mobile phase composition, pH, buffer

concentration, flow rate, stationary phase, column temperature and detector wavelength must
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be concurrently controlled to achieve a separation [161]. Although chromatography is a
useful technique for many sample analyses, it remains a challenge to master the technique

due to the fact that a variety of constraints affect the performance of a separation [162].

The traditional approaches to HPLC method development have been to change a single
parameter at a time while keeping all other variables constant. These approaches are time
consuming, rely on analyst experience, serendipity and instinct while conducting a large
number of experiments using extensive resources to successfully acquire limited information
about the processes used and/or sample behavior [163,164]. Consequently, experts have
introduced chemometric strategies to liquid chromatography thereby enabling a more detailed
understanding of the system under investigation with less effort. These approaches facilitate
the development of mathematical models, adding valuable scientific information in support of
the ability of the model to assess the statistical significance of the influence of input variables
on the chromatographic responses monitored [162,165]. The significance of chemometry has
been espoused in the publication of countless research articles in recent years, in addition to
the publication of several books, book chapters and review articles about various applications
in analytical chemistry. These reports emphasise the fact that chemometric approaches are

becoming an essential tool in pharmaceutical analysis.

Design of Experiments (DoE) is a chemometric approach that ensures that the information
about a separation can be gained using a reduced number of experiments associated with
lower reagent consumption and less intensive laboratory work [165]. The primary objective
of applying experimental design to analytical processes is the ultimate acquisition of
optimized valid results with minimum effort, time and resources. When using an
experimental design, one or several predetermined factors are intentionally manipulated to

identify the impact of that change on the experimental outcome(s) [165].

All designs for DoE can be classified into two broad categories viz. screening or response

surface designs based on the experimental objectives and these are depicted in Figure 2.2.
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Figure 2.2 Classification of experimental designs (adapted from [165])

Optimization practices of chemometrics validate the optimal condition(s) or settings of a
process. These approaches usually follow the use of a screening design or procedure that
facilitates the selection of potential factors that may affect the outcomes of a process
[165,166]. Response surface designs are of two types viz. symmetrical or asymmetrical
designs. Three-level Full Factorial, Central Composite (CCD), Box-Behnken (BBD), Taguchi
and Doehlert designs cover the symmetrical domain with use of a centre point to estimate
experimental error. Asymmetrical designs include the D-optimal design that form an
asymmetrical shape when an asymmetrical experimental domain is examined. Such designs
can also form a symmetrical shape when used with a symmetrical domain. Mixed designs are
applied to study a mixture of variables so as to optimize the composition of mixtures
[165,166]. The productive application of experimental design in HPLC can be accomplished
through application of four main stages, viz. selection of an appropriate design, use of
appropriate software, experimental trials and finally undertaking data analysis including

interpretation of the data [165].

In these studies, a CCD was used to identify the optimum conditions for the HPLC-ECD
method of analysis for CLA. The CCD is a three-level full factorial design covering a
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symmetrical domain with a centre point used to estimate experimental error [167]. A CCD
may include a two-level full factorial design (2 experiments), a star design (2f experiments)
and a centre point, requiring N = 2/ + 2f+ 1 experiments to examine f factors [168,169]. The
points of the full factorial design are located at factor levels -1 and +1 and for the star design
at factor levels 0, -a and +a, whereas for the centre point at a factor level 0 [170]. An in depth
and more detailed literature review of the principles of HPLC as well as CCD and BBD

response surfaces has previously been reported [171].

All experiments undertaken during optimization studies for CLA were performed in a
randomized order to minimize bias of uncontrolled factors. A computer-generated rotatable
CCD design consisting of 13 experiments with five (5) centre points and eight (8) axial points
was generated using Design Expert® version 8.0.2 statistical software (Stat-Ease Inc.,
Minneapolis, MN, USA) which is summarized in Table 2.1. The experimental levels
investigated and responses monitored are listed in Table 2.2. The minimum and maximum
values for phosphate buffer molarity (Xi) were 10 mM and 50 mM, with the lower and upper
axial points were set at 1.72 mM and 58.28 mM, respectively. Similarly, ACN concentration
(X2) was used at a minimum and maximum level of 40% v/v and 50% v/v of the mobile phase
composition, with lower and upper axial levels of 37.9% v/v and 52.1% v/v, respectively. The
independent input variables and ranges were selected following preliminary studies, and the
retention time (Y1) of the last peak eluted, peak asymmetry (Y2) and peak resolution (Y3) were
the responses monitored. Data generated were analyzed using Design Expert® version 8.0.2
statistical software (Stat-Ease Inc., Minneapolis, MN, USA). The significance of relevant
factors was determined using Fisher’s statistical test for Analysis of Variance (ANOVA).
Models were established and used to compare first-order interaction terms. ANOVA for
linear regression, partitions the total variation of a sample into components that are used to
compute an F-ratio which is interrogated to evaluate the effectiveness of the model. If the
probability associated with the F-ratio is low, the model is considered to better fit the data
from a statistical perspective. In these calculations, the higher-order interaction terms are
assumed not to contribute to the behaviour of the statistical model to any great extent

[61,165].
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Table 2.1 Randomized coded experimental runs for method optimization using CCD

Factor 1 Factor 2
Std Run Buffer l\;[ri);/zllrity X1) AE/FV(/i(z)
7 1 0 -1.414
11 2 0 0
1 3 -1 -1
12 4 0 0
9 5 0 0
10 6 0 0
13 7 0 0
6 8 1.414 0
4 9 1 1
5 10 -1.414 0
8 11 0 1.414
3 12 -1 1
2 13 1 -1

Table 2.2 Actual design values used CCD experiments

Variable

Level

Input

-0 -1 1 +a

Mobile phase mM (X1)
ACN content % v/v (Xz2)

1.72 10 50 58.28
37.9 40 50 52.1

Output

Constraints

Retention time
Peak asymmetry

Peak resolution

Y; <10 minutes
Y> = minimize

Y; = maximize

2.2.2 Literature Review and Preliminary Studies

Prior to developing a method for the analysis of CLA using DoE, preliminary studies were
undertaken on the basis of published literature. A summary of methods using RP-HPLC with
EC detection that have been published and used for the quantitative determination of CLA in

pharmaceutical formulations and biological samples is listed in Table 2.3.

The data summarized in Table 2.3 reveals that the analysis of CLA in pharmaceutical dosage
forms and biological fluids has been achieved using both coulometric and amperometric

detection approaches. The methods make use of binary mobile phases consisting of
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acetonitrile and phosphate buffer or ternary mobile phases in which methanol is used. It has
been established that step-by-step optimization procedures for any reliable HPLC method
requires good peak resolution with acceptable retention time(s), the absence of ‘ghost’ peaks
and stable sensitivity with minimal peak tailing [172]. The initial aim of these studies was to
screen for factors that would hinder the achievement of an appropriate chromatographic
separation with the requisite performance, with the ultimate goal of developing a rapid,
simple, selective and sensitive analytical method using a minimum number of experimental
runs. The data in the published manuscripts were used to establish the preliminary RP-HPLC
conditions for the development of an analytical method for the separation and accurate

quantitation of CLA.
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Table 2.3 Summary of published HPLC-ECD methods of analysis for CLA

Column Mobile Phase Flow Rate Detector Retention Reference
Settings Time
Spherisob® Nucleosil Cg,5 pm, 250x4.6 mm acetonitrile-methanol-buffer (39:9:52, viv/v), 1.2 mL/min Coulometric 21.0 mins [156]
0.04 M NaH,PO, (pH = 6.8) screening electrode +0.5 V
working electrode +0.78 V
YMC-Pack™ ODS-AP, 5 um, 250x6.0 mm  2cetonitrile and 0.05 M phosphate buffer (pH 7.2) (43:57, v/v) 1.7 mL/min Amperometric 13.3 mins [149]
+950 mV
Zorbax® SB CN 5um, 150x4.6 mm 50 mM sodium phosphate—acetonitrile-methanol (450:300:50, v/v/v), pH 7.5. 1.0 mL/min Coulometric 16.1 mins [137]
guard cell +1.0 V
screening cell +0.50 V
analytical cell +0.80 V
Kromasil® ODS 5um,4.6x75 mm acetonitrile—aqueous phosphate buffer (pH 7.0, 0.086 M) (45:55 v/v) 1.0 mL/min Coulometric 5.9 mins [159]
guard cell +1.0 V
screening cell +0.60 V
analytical cell +0.85 V
Phenomenex® Luna Cg, 5 um,150x4 mm acetonitrile-methanol-0.05 M potassium phosphate buffer (pH 7.0) (41:6:53, v/v) 0.8 mL/min Amperometric 15.3 mins [158]
+0.87 V
Nucleosil® Cyg,5 pm, 150x4.6 mm acetonitrile—acetate buffer (pH 6.6, 0.1 M) (40:60 v/v) 1.7 mL/min Coulometric 7.0 mins [173]
acetonitrile/methanol/0.0 4M phosphate buffer (pH 6.9) (52:9:39, vi/v) 1.0 mL/min Amperometric 9.2 mins [174]
Spheri-5 cyano 5 pm, 100x4.6 mm +1000 mV
Symmetry® Cg 3.5 pm, 100x4.6 mm acetonitrile and 0.045 M H3;PO4(37:63, v/v), pH 6.7 1.2 ml/min Amperometric 12.26 mins [150]
+0.85V
Acetonitrile-0.025 M sodium phosphate buffer 54:46, v/v) pH 7.0 1.0 ml/min Coulometric - [157]
Hypersil™ BDS C,g 3 um, 100 x 4.6 mm Upstream +0.65 V
Downstream +0.85 V
MZ- Cg 125%4.0 mm acetonitrile-methanol-potassium dihydrogen phosphate buffer (40:6:54, v/v/v), pH 1.5 ml/min Amperometric - [160]
7.5 +1.25V
100 nA
[151]
Alltech® Cs, 3 pm;53x 7.0 mm Acetonitrile-methanol-acetate buffer (50:10:40), pH 7.5. 1.3 ml/min Coulometric -
guard cell +850 mV

screening cell +500 mV
analytical cell +780 mV
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2.2.2.1 Column Selection

During the development of the analytical method, a Phenomenex® Luna Cis 150 mm x 2 mm,
i.d 5 um column, and a Beckman® Ultrashere Cs 150 mm x 4.0 mm, i.d 4 pm column were
tested. In all instances, columns were equilibrated for approximately 60 minutes with a
mobile phase containing acetonitrile and a 50 mM phosphate buffer (pH 7.00) in a 45:55 v/v
ratio delivered at a flow rate of 1.0 mL/min. Column efficiency was quantitatively

determined using Equations 2.2 and 2.3.

2
N=16 (Vtv—b) Equation 2.2
" 2
N=5.54( . ) Equation 2.3
Wi/2

Where,

N = number of theoretical plates of a column

t: = the retention time of the probe molecule

wp = the width of the peak at the baseline

w, = the width of the peak at one half the maximum height

The theoretical plate number is dependent on elution time and should generally be > 2000
[175]. The Phenomenex® column produced a plate count number of approximately 2500
while the plate number for the Beckman® column was approximately 4500. In addition, the
Beckman® column produced a better peak shape on inspection than the Phenomenex®
column. Decreasing the particle size while keeping the column length constant, increases
column efficiency and peak resolution [132]. Although Cis and Cg columns have similar
selectivity, Cs columns are much less likely to retain compounds due to the presence of
shorter alkyl chains, resulting in improved peak shape [132] as observed with the Beckman®

column. The Beckman® column was therefore selected as the initial column of choice for the

analysis of CLA.

2.2.2.2 Internal standard selection

Internal standard use in analytical methods is common for analysis of drugs in biological and
physiological fluids or complex samples that would require compensation for any potential
loss during sample preparation [132]. The addition of a known compound of fixed

concentration allows for compensation of the effect(s) of minor variations in responses and
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separation parameters on peak size, including sample size fluctuations. The internal standard
(IS) should ideally have a similar structure to the analyte(s) of interest and should be

completely resolved from the analytes to avoid interference [123,132,176].

The selection of an IS was based on evaluating structurally similar molecules to CLA in
addition to known compounds that possess oxidizable moieties. Consequently, the macrolide
antibiotics erythromycin (ERY), josamycin base and josamycin proprionate were tested. In
addition, ketoconazole, labetalol, efavirenz and caffeine were also evaluated as potential
candidates using the preliminary mobile phase described in § 2.2.2.1. The results are

summarized in Table 2.4, and reveal that ERY is an ideal IS for this separation.

Table 2.4 Internal standard selection

Internal Standard Retention Time(mins) Comments
CLA 8.3
Erythromycin 4.2 Ideal to be IS
Ketoconazole - No elution within 10 mins
Labetalol 2.64 Too close to solvent front
Efavirenz - No elution within 10 mins
Caffeine - No elution within 10 mins
Josamycin base - No elution within 10 mins
Josamycin proprionate - No elution within 10 mins

2.2.2.3 Hydrodynamic Voltammetric studies

Hydrodynamic voltammetry (HDV) is a steady state technique in which the electrode
potential of the system is altered prior to the injection of an analyte and following injection,
the resultant current observed is plotted as a function of the applied potential [61]. Detection
limits are therefore resolved by optimizing the working potential using a current-potential
curve or voltammogram. Establishing the correct working potential is necessary to optimize
the signal produced during electrolysis of samples whilst minimizing the noise due to
electrolysis of the solvent and contaminants in the sample. HDV studies were undertaken to
identify the optimum working electrode potential for the analysis of CLA. The HDV of CLA
and ERY generated in direct current (DC) mode at applied potential settings between +900

mV and +1300 mV at a scan background current of 100 nA are depicted in Figure 2.3.
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Figure 2.3 Hydrodynamic voltammogram (HDV) for CLA and erythromycin (ERY) generated in direct current
(DC) mode at a sensitivity of 100 nA

These data reveal that a limiting current plateau commences at a potential of +1200 mV for
both CLA and ERY. The response of both macrolides was sigmoidal and can be explained
mathematically as a logistic function voltammogram [146]. The background current that
exhibited the best signal to noise ratio compromise occurred at 100 nA and was selected for

use.

Preliminary screening chromatographic experiments were performed to identify potential
factors for the optimization studies. The inclusion of methanol (MeOH) in the mobile phase
improved the chromatographic behaviour of CLA and ERY and influenced the detector signal
positively. However, the use of MeOH resulted in a longer retention time due to low solvent
strength established using the Hildebrand’s elution strength scale for reversed-phase liquid
chromatography [132]. Consequently, MeOH content was limited to and maintained at 5%
v/v of the organic phase composition for the optimization studies. An increase in column
temperature resulted in longer retention times and an increase in baseline noise, possibly due
to an increase in the oxidation of mobile phase impurities at these higher temperatures.
However, the drift in baseline was reduced at temperatures above ambient (22 °C) conditions.
Consequently, a temperature of 30 °C was selected as a compromise and used for the

optimization studies. Buffer pH was maintained at 7.00 since ERY is stable between pH 7.00
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and 8.00 [137,177,178] and the life of silica-based stationary phases is significantly reduced

when used under alkaline conditions [179].

2.2.3 Experimental

2.2.3.1 Chemicals and Reagents

All reagents were at least of analytical reagent grade and used without further purification.
CLA was purchased from Skyrun Industrial Co. Limited (Taizhou, China) and ERY was
purchased from Sigma Aldrich Chemical Co. (Milwaukee, WI, USA). HPLC-grade water
was prepared by reverse osmosis using a RephiLe® Direct-Pure UP ultrapure and RO water
system (Microsep®, Johannesburg, South Africa), consisting of a deionization RephiDuO® H
PAK cartridge and a polishing RephiDuO® PAK cartridge. The water was filtered through a
0.22 pm PES high-flux capsule filter (Microsep®, Johannesburg, South Africa) and used to
prepare all buffer solutions. Honeywell Burdick and Jackson HPLC far UV -grade acetonitrile
(ACN) and methanol (MeOH) was purchased from Anatech® Instruments Pty, Ltd.
(Randburg, Johannesburg, South Africa). Potassium dihydrogen orthophosphate, sodium
chloride and sodium hydroxide pellets were purchased from Merck® Laboratories (Merck®,

Wadeville, South Africa).

2.2.3.2 Instrumentation and Analytical Conditions

The HPLC system was a Waters® Alliance Model 2695 separation module equipped with a
solvent delivery module, an autosampler, an online degasser and a Model 2465
Electrochemical Detector (Waters®, Milford, MA, USA). Data acquisition, processing and
reporting were achieved using Waters® Empower 3 software (Waters®, Milford, MA, USA).
The separation was achieved under isocratic conditions using a Beckman® Cs 150 x 4.0 mm
i.d 4 um (Beckman Instruments, Inc., San Ramon, CA, USA) cartridge column with a mobile
phase consisting of 50 mM phosphate buffer (pH 7.00), ACN and MeOH in a 58.5:36.5:5.0
v/v/v ratio. The flow rate of the mobile phase and the injection volume were 1.0 mL/min and
10 uL, respectively. The analytical column was maintained at 30 °C using an integral column

heater (Waters®, Milford, MA, USA).
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2.2.3.3 Preparation of Stock Solutions and Calibration Standards

Standard stock solutions of CLA (100 pg/mL) and ERY (50 pg/mL) were prepared by
accurately weighing approximately 10 mg and 5 mg of each API using a Model AE 163
Mettler® analytical balance (Mettler® Inc., Zurich, Switzerland) directly into 100 mL A-grade
volumetric flasks and dissolving in a small volume of ACN. The stock solutions were
sonicated using an ultrasonic bath (Ultrasonic Manufacturing Company (Pty), Ltd., Kenware,
Krugersdorp, South Africa) until a clear solution formed, after which the solutions were made
up to volume with ACN. Calibration standards of CLA over the concentration range 5—50
pg/mL specifically 5, 8, 10, 12, 20, 30 and 50 pg/mL were prepared by serial dilution of the
standard stock solution on the day of analysis, using ACN as a diluent. A 0.75 mL aliquot of
the 50 pg/mL ERY stock solution was added to all calibration standards and test samples

prior to analysis.

2.2.3.4 Preparation of Buffer and Mobile Phase

Phosphate buffer solutions (50 mM) were prepared by accurately weighing 6.0845 g
potassium dihydrogen orthophosphate and quantitatively transferring into a 1 L A-grade
volumetric flask and making up to volume with HPLC grade water. A 0.11 g aliquot of
sodium chloride was added to the buffer solution to produce a final concentration equivalent
to 2 mM chloride ions. The pH of the buffers was monitored at 22 °C using a Model Basic
20+ Crison pH-meter (Crison Instruments, Barcelona, Spain) and was adjusted to 7.00 using
sodium hydroxide pellets. The buffer was degassed under vacuum with the aid of a Model A-
2S Eyela Aspirator degasser (Rikakikai Co., Ltd., Tokyo, Japan) and filtered through a 0.22
pum cellulose membrane filter (Sartorius Stedim Biotech GmbH, Goettingen, Germany) prior
to being transferred into a 1 L Schott® Duran bottle (Schott Duran GmbH, Wertheim,

Germany).

2.3  RESULTS AND DISCUSSION

Following application of DoE using CCD for the optimization of chromatographic conditions
for CLA, the overall design summary consisted of three quadratic mathematical models for
two independent factors. Optimization of significant model variables was undertaken to
identify the best combination of factors that would yield the desired responses to effect an

optimized separation.
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2.3.1 Retention Time

The retention time (Y1) is the most critical response as it has an effect on the length of the
analytical run and cost of using an analytical method routinely. ACN concentration and
buffer molarity were found to be statistically significant factors that affected retention time
(Table 2.5). The influence of ACN concentration and buffer molarity on retention time is

depicted graphically in the contour plot in Figure 2.4.
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Figure 2.4 Contour plot depicting the impact of ACN content and buffer molarity on retention time

These data reveal that a decrease in retention time of CLA occurs when the ACN content is
increased from 40-50% v/v and the buffer molarity is increased from 10-50 mM. ACN is a
strong solvent according to Hildebrand’s elution strength scale, thereby reducing mobile
phase polarity when ACN concentrations are increased [132], leading to preferential
partitioning of CLA into the mobile phase resulting in rapid elution and shorter retention

times. The decrease in retention time observed with increased buffer molarity can be
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attributed to increased competition of buffer cations for active silanol sites within the

stationary phase, leading to preferential partitioning of CLA into the mobile phase [146].

Examination of the model Box-Cox plot (Figure 2.5) inferred the need to transform the
model. The plot reveals that the blue line falls outside the 95% confidence interval, indicating
that the model was not located in the optimum region of the parabola. Consequently, a power
transformation of the model was undertaken using model reduction by backward elimination
in order to improve the fit of the data to the model, thereby permitting navigation of the

design space [144].
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Figure 2.5 Box-Cox plot for power transformation for retention time prior to transformation

The Box-Cox plot (Figure 2.6) generated following power transformation of the data using
backward elimination reveals the blue line falls within the confidence interval, confirming
that the data falls in the optimum region of the parabola thereby indicating model adequacy

had been achieved.
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Figure 2.6 Box-Cox plot for power transformation for retention time following transformation

ANOVA was used to evaluate the quadratic model for retention time and Fisher’s F-ratio was
calculated to identify significant terms in the model, with the error term set at p = 0.05.
Values of Prob > F < 0.0500 indicate model terms that are significant however, values >
0.1000 indicate that the model terms are not significant. The overall contribution of model

factors to retention time were statistically significant and are summarized in Table 2.5.
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Table 2.5 ANOVA table for response surface quadratic model for retention time

Source Sum of Squares df Mean Square F Value p-value Prob>F
Model 1.78 x 1073 5 3.56 x10°* 902.59 < 0.0001 significant
A-Buffer molarity 6.78 x 10°* 1 6.78 x10™*  1719.85 < 0.0001
B-Organic solvent 9.75 x10™* 1 9.75x10*  2472.06 <0.0001
AB 7.22x107° 1 7.22 x107° 183.05 < 0.0001
A? 3.68 x 1073 1 3.68 x107° 93.42 < 0.0001
B? 1.13x107° 1 1.13x107° 28.74 0.0011
Residual 2.76 x 10°¢ 7 3.94 x 1077
Lack of Fit 2.70 x 10°¢ 3 9.00 x 10”7 57.93 0.0009 significant
Pure Error 6.21 x10°® 4 1.55x107®
Cor Total 1.78 x 1073 12
Std. Dev. 6.28 x 107*
Mean 0.022
CV.% 2.86
PRESS 1.93 x 107
R-Squared 0.9985
Adj R-Squared 0.9973
Pred R-Squared 0.9892
Adeq Precision 96.322

The Model F-value of 902.59 implies the model is significant and there is only a 0.01%
chance that a Model F-value this large could occur due to noise. The Pred R-Squared of
0.9892 is in reasonable agreement with the Adj R-Squared of 0.9973. Adeq Precision
measures the signal to noise ratio. A ratio > 4 is desirable and the ratio of 96.322 indicates an
adequate signal. This model can thus be used to navigate the design space and, therefore, the
method developed was able to be applied to predict the retention time of CLA within the
limits of the identified design space. The equation for retention time (Y1) is reported in

Equation 2.4.

Y171 =+0.023 + 9.208E — 003A + 0.011B + 4.248E — 003AB — 2.301E — 003A2 + 1.276E —
003B? Equation 2.4

2.3.2 Peak Symmetry

The asymmetry factor was used to evaluate the peak symmetry (Y2) response. Excellent
chromatographic columns have been reported to produce asymmetry factor values of between
0.95 and 1.1 [180]. Due to the molecular mass and the basic nature of CLA, interaction with
silica-based reversed-phase columns results in marked tailing of peaks due to interaction with

residual silanols of the stationary phase [181] causing poor peak symmetry.
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ANOVA analysis reveals that the model for peak symmetry was significant (p = 0.0149) and

the significant model term identified was ACN content (p = 0.0011) as summarized in Table

2.6. The influence of ACN concentration on CLA peak symmetry is depicted graphically in

the contour plot in Figure 2.7.

Table 2.6 ANOVA table for response surface quadratic model for peak symmetry

Source Sum of Squares df Mean Square F Value p-value Prob>F
Model 3.80 x 103 5 7.60x 10-* 6.45 0.0149 significant
A-Buffer molarity 2.46x 10-* 1 2.46x 10-* 2.09 0.1918
B-Organic solvent 1.88x 10-* 1 1.88x 10-* 1.59 0.2472
AB 5.45% 10-3 1 5.45% 10-° 0.46 0.5185
A? 5.35x 10-3 1 5.35x 10-° 0.45 0.5222
B? 3.31x 10-3 1 3.31x 10-3 28.08 0.0011
Residual 8.25x 10-* 7 1.18x 10-*
Lack of Fit 4.96x 10-* 3 1.65% 10-* 2.01 0.2553 not significant
Pure Error 3.29x 10-* 4 8.23x 10-°
Cor Total 4.62x 10-3 12
Std. Dev. 0.011
Mean 0.12
CV.% 9.41
PRESS 4.04x 103
R-Squared 0.8215
Adj R-Squared 0.6941
Pred R-Squared 0.1261
Adeq Precision 7.155
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Figure 2.7 Contour plot depicting the impact of ACN content and buffer molarity on peak asymmetry

The significance of the model is implied by the F-value of 6.45. The Pred R-Squared of
0.1261 is not as close to the Adj R-Squared of 0.6941 as one might expect which may
indicate a large block effect or a possible problem with the model used and/or data. In order
to evaluate further, model reduction, response transformation and/or outlier analysis can be
considered. However, the term Adeq Precision measures the signal to noise ratio and ratios >
4 are desirable. The ratio of 7.155 indicates an adequate signal was achieved. This model can
therefore be used to navigate the design space and was therefore applied to predict the
asymmetry of the CLA peak. The best peak shape with minimal tailing can be obtained at an
ACN concentration of approximately 46% v/v. Due to peak tailing, the experimental run time
was increased to 20 mins to ensure that the chromatographic signal returned to baseline. The

equation for peak symmetry (12) is reported in Equation 2.5.

1/Sqrt (Asymmetry) = + 0.13 + 5.545E — 003A + 4.846E — 003B — 3.690E — 003AB —
2.773E — 003A% — 0.022B? Equation 2.5
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2.3.3 Peak Resolution

The goal of this HPLC separation as with other analyses was to separate CLA from all other
components that may be present in a sample. Resolution is a measure of the degree of
separation of two analytes [132]. Ideally, most HPLC methods should achieve a baseline
separation with resolution values of between 1.5 and 2.0 for all analytes of interest [123].
ANOVA analysis reveals that the model for peak resolution was significant (p < 0.0001) and
the significant model terms were buffer molarity and ACN content with p values of 0.0028
and <0.0001, respectively as summarized in Table 2.7. The two-dimensional contour plot

showing the influence of the two factors on peak resolution is depicted in Figure 2.8.

Table 2.7 ANOVA table for response surface quadratic model for peak resolution

Source Sum of Squares df Mean Square F Value p-value Prob>F
Model 4.70x 10-! 5 9.30x 10-2 34.01 <0.0001 significant
A-Buffer molarity 5.60x 10-2 1 5.60x 10-2 20.28 0.0028
B-Organic solvent 2.80x 10-! 1 2.80x 10-! 102.2 < 0.0001
AB 1.60x 10-3 1 1.60x 10-3 0.58 0.4703
A? 2.90x 10-2 1 2.90x 10-2 10.45 0.0144
B? 8.50x 10-2 1 8.50x 10-2 31.05 0.0008
Residual 1.90x 10-2 7 2.75% 10-3
Lack of Fit 3.11x 10-3 3 1.04x 10-3 0.26 0.8529 not significant
Pure Error 1.60x 10-2 4 4.03x 10-3
Cor Total 4.90x 10-! 12
Std. Dev. 0.052
Mean 2.39
CV.% 2.19
PRESS 4.70x 10-2
R-Squared 0.9605
Adj R-Squared 0.9322
Pred R-Squared 0.9027
Adeq Precision 20.583
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Figure 2.8 Contour plot depicting the impact of ACN content and buffer molarity on peak resolution

The Model F-value of 34.01 implies the model is significant. The Pred R-Squared of 0.9027
is in reasonable agreement with the Adj R-Squared of 0.9322. The Adeq Precision ratio of
20.583 is > 4, indicating an adequate signal therefore the model was used to navigate the
design space and applied to predict the resolution factor between CLA and ERY. ACN
content and buffer molarity can be manipulated to improve peak resolution. The contour plot
suggests that increased peak resolution will be observed when a buffer molarity of 50 mM
and ACN content of approximately 40% v/v is used. The equation for peak resolution (73) is

reported in Equation 2.6.

Resolution =+ 2.37 + 0.083A — 0.19B — 0.020AB — 0.064A* + 0.11B? Equation 2.6

2.3.4 Optimized Chromatographic Conditions

The overall solutions for chromatographic analysis of CLA and ERY were identified by
optimization of the quadratic models using Design Expert statistical software Version 8.0.2
Design Expert® statistical software (Stat-Ease Inc., Minneapolis, MN, USA). A series of

compromises is required when evaluating outputs from Design Expert®. For example, for a
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retention time of < 10 minutes, minimum peak asymmetry and maximum resolution between
CLA and ERY, the impact of MeOH content was largely avoided by using a constant mobile
phase content of 5.0% v/v which ensured the benefits of using this solvent were achieved
without a major impact on the separation. Elegant multi-criteria statistical solutions are
possible however, they should only be considered when this pragmatic approach to
optimization is not adequate. Solutions to quadratic models have been generated by matrix
calculation using Cramer’s rule, Eigen values and Eigen functions, for the optimized
conditions of chromatography for captopril [146] but were not considered necessary for this

separation. The optimized conditions for the overall separation are summarized in Table 2.8.

Table 2.8 Optimized chromatographic conditions for the overall separation of CLA and ERY

Parameter Results
Buffer molarity 50 mM
Organic phase content 41.5% v/v
Flow rate 1.00 mL/min
Column temperature 30 °C
Mode Isocratic
Detection voltage +1200 mV
Injection volume 10 uL

The optimized chromatographic separation was applied to the quantitative analysis of CLA
and the final separation produced well resolved peaks for CLA and ERY as depicted in
Figure 2.9. The % prediction error for retention time of CLA using the optimized conditions
in relation to the predicted retention time was —6.19%. The % prediction errors for resolution
and asymmetry were —2.38% and —10.13%, respectively. The low values for the calculated
percentage prediction errors indicate the robustness of the mathematical models used. In
addition, the high predictive ability of DoE is also demonstrated, suggesting the efficiency of

DoE, for process optimization [182].
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24  CONCLUSIONS

Ultraviolet and visible (UV/Vis) spectroscopic modes of detection have withstood the test of
time as the mainstay for sample analysis in the pharmaceutical laboratory since these
detectors are inexpensive, easy to use, and are more widely distributed than other detectors.

However, in many instances, largely when the analytes of interest do not possess a strong
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Figure 2.9 Typical chromatograms depicting the separation of CLA (45 pg/mL) and ERY (50 pg/mL) obtained
using the optimized chromatographic conditions

\
14.00

UV/Vis chromophore, alternate modes of detection are essential.
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CLA is a molecule that lacks a suitable chromophore and exhibits weak UV absorbance in
the low wavelength range < 220 nm making it difficult to develop specific, selective and
sensitive UV/Vis methods for the compound due to substantial UV absorption in this region,
particularly when analysing complex matrices such as biological fluids [153,183] and low
analyte concentrations in formulations such as those used to produce nanoparticles. Chemical
derivatization has been shown to increase sensitivity of detection and improve selectivity by

means of pre-column or post-column HPLC [184,185].

Quantitation of CLA using pre-column derivatization with UV/Vis detection methods has
been achieved at sensitivities of 0.1 ug/mL [153], 0.025 ug/mL [183] in biological matrices
including 0.034 pg/mL [186] in pharmaceutical dosage forms. However, pre-column
derivatization methods possess several disadvantages in comparison to EC detection methods
of detection. These disadvantages include the use of complex analytical systems and
equipment such as fluorescence detectors, tedious preparatory requirements to produce
reaction products, toxicology concerns relating to the derivatizing agents and/or the reaction
conditions. In addition, there exists a possibility of chromatographic interference if excess
reagent is present in addition to artefact formation that may well reduce the selectivity of the

separation [61,186].

The use of HPLC-ECD requires simple sample pre-treatment prior to immediate analysis and
offers remarkable sensitivity, is independent of optical path length effects and is not
compromised by miniaturization. Furthermore, the associated instrumentation is relatively

inexpensive and simple compared to some optical or mass spectrometric detectors.

The application of DoE in combination with CCD to the development and optimization of the
performance of an HPLC-ECD method has been discussed. CCD was used to design an
experimental program for modelling the effects of mobile phase molarity and concentration
of organic solvent on the retention time, peak asymmetry and resolution of CLA. Thirteen
experiments including centre points were conducted. Equations for the mathematical model
were derived for the response factors by using the experimental data and the statistical

software package Design Expert 8.0.2.
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The results of statistical analysis for the model reveal that it can be adequately 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 revealed that both buffer molarity and
ACN concentration had a significant effect on the retention time of CLA. Furthermore, the
responses observed for the method were closely related to the predicted values generated
using the optimized method. The analytical method was developed and optimized using a
small number of experimental runs further echoing that DoE is an important and efficient tool
for extracting the maximum amount of information in a short period of time therefore

minimizing the wastage of materials and personnel time.

An investigation into validation of the analytical method will be conducted using the
optimized mobile phase conditions suggested by the model with an organic phase content of
36.5 % v/v ACN and 5 % v/v MeOH, a 50 mM (58.5% v/v) buffer at pH = 7.00 at a flow rate
of 1.0 ml/min. Detector conditions will be maintained at a voltage of + 1200 mV, a

background current of 100 nA and the integral column temperature at 30 °C.
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CHAPTER 33

VALIDATION AND SCALING OF A STABILITY-
INDICATING HPLC-ECD METHOD FOR THE
QUANTITATION OF CLARITHROMYCIN

3.1 INTRODUCTION

Due to high accuracy and precision, HPLC is the analytical tool of choice in the
pharmaceutical, food product and other industries for which sample analyses are conducted
under regulatory constraints to ensure the health and safety of the general public. Validation
of an analytical method is therefore of utmost importance and is a process that demonstrates
the ultimate success of a method in meeting or exceeding the minimum standards
recommended by relevant regulatory authorities, specifically for accuracy, precision, linearity
and range, selectivity, sensitivity, reproducibility, robustness and stability [132,187,188].
However, method robustness is rarely reported in manuscripts reported in literature [188]
Despite regulatory authorities requiring validation for all analytical methods, the actual
implementation thereof, is to some extent open to interpretation and might significantly differ
between organizations. The analytical method developed and used in these studies was
validated in terms of accuracy, precision, robustness, specificity, detection limit, quantitation
limit, linearity and range as per the International Conference of Harmonization (ICH)

guidelines [189].

As of 2017, the United States Pharmacopeia (USP) proposed the use of USP <621>
guidelines for this purpose [36]. In these guidelines, the USP suggests the possibility of
scaling an analytical method without the need for method re-validation provided certain
parameters are considered and constraints are met. Method scaling entails adjustment of a
method, where certain parameters are changed within allowable limits so as to preserve the
integrity of the chromatographic separation. Specific parameters that may need adjustment
during scaling of methods include alteration of the dimensions of an analytical column,
specifically the particle size and column length. In addition, when changes are made to the

analytical column, method flow rates may also require adjustment so as to maintain and
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ensure that the original chromatographic performance is achieved [36]. Chapter <621> in the
USP [36] defines the method adjustments that are permitted in order to scale that method
without the need for re-validation. These adjustments are permissible provided system
suitability requirements, as described in the relevant monograph for the method, are met
when the changes to the method are implemented [36,190]. The permitted adjustments are

summarized in Table 3.1.

Table 3.1 USP <621> guidelines for method scaling

Variable HPLC method
Isocratic I Gradient
Stationary phase No change of the physio-chemical characteristics of the stationary phase
(same L designation)
Particle size/column length *Constant L/dp or No changes permitted
-25% to +50%
Flow rate Based on particle size and £+ 50% No changes permitted
Injection volume Flexible
Column temperature +10 °C
Mobile phase pH +2 pH units
Concentration of buffer salts +10%
Detector wavelength No adjustment permitted

*ratio of the column length (L) to the particle size (dp) or L/dp remains constant or within the limits of -25% to +50%

When the particle size is changed, the flow rate may require adjustment and the new flow rate
can be calculated using Equation 3.1. In addition, the USP [36] also specifies and explains

permitted adjustments to the changes of ratio of the components in the mobile phase.

F=F; x [(dc’ x dp1)/(deci’ x dp:)] Equation 3.1

Where,

F; and F>= flow rates used for the original and modified conditions
dc; and dc; = the respective column diameters

dp1 and dp> = particle sizes of the stationary phases

Forced degradation studies of new API and drug products are conducted as a requirement to
demonstrate specificity for stability indicating methods in addition to providing insight into
the degradation pathways and formation of the degradation products of a substance. These
studies are performed under more rigorous conditions than those used for accelerated stability
testing (40 °C/75% RH). Structural elucidation of degradation products is also possible

through these studies. Ultimately, forced degradation studies provide an indication of the
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chemical behaviour of the molecule in question, which in turn aids further development of

the formulation(s) and relevant packaging requirements [191].

An HPLC method with EC detection developed for the quantitative determination of CLA in
pharmaceutical formulations and monitoring the incorporation of CLA into lipid nano-carrier
technologies was validated in accordance to ICH guidelines [189]. Method re-validation in
addition to modified method scaling was conducted per the USP [36] in order to assess and
assure the performance of the method when changing analytical columns to that of a different
L-designation. The method was also evaluated for specificity by conducting forced

degradation studies in addition to assaying commercially available dosage forms.

3.2 METHOD VALIDATION

Prior to validation of the analytical method, an attempt was made to improve peak shape and
detector sensitivity by investigating the impact of methanol (MeOH) as a component of the
mobile phase. The inclusion of MeOH in the mobile phase exhibited a positive effect on peak
shape and other chromatographic responses during method development. MeOH inclusion in
the mobile phase was investigated over the 2 to 10% v/ range and well resolved
chromatographic responses were achieved for all concentrations of MeOH investigated. The
average peak height ratio of CLA and ERY over the concentration range investigated are

summarized in Table 3.2.

Table 3.2 Chromatographic response of CLA and ERY with changes in mobile phase content (n=3)
MeOH % vv Peak height ratio (CLA/ERY) %RSD Run time (mins)

2 0.1272+0.0034 2.698 15
5 0.1424+0.0023 1.627 20
10 0.1605+0.0025 1.533 30

The increase in MeOH content in the mobile phase resulted in a longer retention time for
CLA and ERY. The % RSD of the peak response decreased with the increase in MeOH
content. Consequently, 5% v/v MeOH was used in the mobile phase for all validation studies

as a run time of 20 minutes was deemed suitable for this analysis.
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3.2.1 Calibration, linearity and range

The linearity of a method reflects the suitability of that method to produce test results that are
directly proportional to the sample concentration over a specified range. For HPLC analysis,
the relationship between detector response viz. peak area or height and sample concentration
is used to determine the linearity of the method [132]. The range of an analytical method is
the interval between the upper and lower concentrations of samples that have demonstrated
acceptable levels of accuracy, precision and linearity. The range is therefore the concentration

range over which linearity of the method is determined [132,192].

Linearity of the method was determined using a minimum of five standards injected five
times as per the ICH guidelines [189]. The linearity of the method was evaluated over the
concentration range 5-50 pg/mL, specifically 5, 8, 10, 12, 20, 30 and 50 pg/mL and least
squares linear regression analysis of the peak height ratio (PHR) of CLA to ERY versus
concentration data was used to establish the linearity of the method. The calibration curve
was found to be linear with an R? of 0.9997, a slope of 0.0233 and a y-intercept of 0.0439,
yielding a regression equation of y = 0.0233x + 0.0439. The calibration curve for CLA over
the concentration range 0.5-50 ug/mL is depicted in Figure 3.1. Correlation coefficients of
>0.990 are generally considered as evidence of acceptable linearity for the regression line
[193]. Consequently, the HPLC-ECD method was deemed linear over the concentration

range of CLA investigated.
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Figure 3.1 Typical calibration curve for CLA over the concentration range 0.5-50 pg/mL.
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3.2.2 Precision

Analytical method precision is a measure of the ability of a method to generate reproducible
results and may be assessed at three levels viz. repeatability or intra-day precision,
intermediate or inter-day precision and reproducibility or between laboratory precision
[132,194]. In these studies, the precision of the method was evaluated at two levels viz.
repeatability and intermediate precision. All analyses were performed by the same analyst in
one laboratory using the same equipment thus it was not necessary to establish the

reproducibility of this method.

The repeatability for CLA was determined by analyzing a sample solution containing a target
level of CLA. Ten replicates (n = 10) of the sample solution were analyzed as per the final
method procedure [194]. Repeatability was determined using a 50 pg/mL sample solution.
The inter-day precision for CLA was determined by analyzing sample solutions in replicate
(n =5) at three different concentrations viz. low (6.0 pg/mL), middle (25.0 pg/mL) and high
(45.0 pug/mL) concentrations, within the range tested on three different days. The precision
data for this method are summarized in Table 3.3. These data reveal that in all cases, the %

RSD values were < 2%, indicating that the method is precise and can be used as intended.

Table 3.3 Intra-and inter-day precision data for CLA analysis

Intra-day precision % RSD (n=10) 1.2363
Inter-day precision % RSD range (n=5)
Day 1 1.1409-1.9528
Day 2 0.2915-1.2201
Day 3 0.6229-1.1288

3.2.3 Accuracy and bias

The closeness in agreement of an accepted true value or a reference value to the actual results
generated is referred to as the accuracy of an analytical method. Accuracy is determined by
spiking a sample matrix with a known concentration of an analyte standard and analyzing the
sample using the method under validation [132,192]. The accuracy of this method was
determined by replicate analysis (n = 5) of samples containing known amounts of CLA at low
(6.0 pg/mL), middle (25.0 pg/mL) and high (45.0 pg/mL) concentrations. A separate

researcher from our laboratory, who was blinded to the concentration of the samples,
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analyzed the accuracy data. The ICH guideline [189] recommends that accuracy be assessed
using a minimum of nine analyses 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 accepted true value of a
sample by use of confidence intervals [189]. The analytical method is considered accurate if
the % recovery is close to 100% with a % bias < 2% for the samples [194]. The extent of
deviation of the experimental data from the true value can be expressed as % Bias, which is

calculated using Equation 3.2.

. True Value—Measured Value .
% Bias = x100 Equation 3.2

True Value

The mean recovery was assessed for compliance according to the ICH guidelines [189]. The
data generated for accuracy studies are summarized in Table 3.4 in which the % RSD values
reported for all analyses were < 2%, indicating that the HPLC-ECD analytical method is

accurate and suitable for the intended purpose.

Table 3.4 Accuracy results for blinded CLA samples (n=5)
Theoretical concentration pg/mL_ Actual concentration pg/mL % RSD % Bias

6.00 6.11 1.63 +1.82
25.00 25.49 0.91 +1.94
45.00 45.20 1.22 +1.22

3.2.4 Limits of quantitation and detection

The limit of quantitation (LOQ) of a method is the lowest level of analyte that can be
accurately and precisely determined whereas the limit of detection (LOD) of a method is the
lowest analyte concentration that produces a response detectable above the noise level of the
system and is typically, three times the noise level. The signal to noise ratio for the LOD
should be 3:1 while that for the LOQ should be 10:1 [132,192,195]. The ICH guidelines
[189] on method validation points out a number of ways to calculate the LOQ and the LOD.
In these studies, the LOQ of the method was determined by evaluating the lowest
concentration of CLA that resulted in a % RSD of < 5%, and the LOD was taken as the 0.3 x
LOQ value. Alternatively, the LOD may be inferred from the concentration resulting in a %

RSD of < 20% when the LOQ results in a % RSD of < 10% [193]. The LOQ for CLA was
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0.05 pg/mL with an associated % RSD of 4.27% and by convention, the LOD was
established as 0.02 pg/mL.

3.2.5 Robustness

As defined by the ICH [189], the robustness of an analytical procedure is reflected by the
ability of the procedure to remain unaffected by small but deliberate changes in the method.
Design of Experiments (DoE) was used to assess method robustness with two input factors
being considered as described in § 2.2.1. The experimental domain for the selected responses
is also described in § 2.3. Randomization of the experimental runs was used to minimize the
effects of unknown factors likely to introduce bias when monitoring the ultimate method
response. ANOVA data as reported in § 2.3.1 including analysis of the contour plots revealed
that the retention time was not robust to slight changes in acetonitrile content and buffer
molarity. Caution and attention to detail while preparing analytical mobile phase must
therefore be taken when preparing for this analytical procedure as small changes in these
factors may result in a change in retention time, which in turn may affect peak symmetry and

the separation.

3.3 METHOD RE-VALIDATION AND SCALING

Following method development and validation using a Beckman® Cs, 150 x 4.0 mm i.d 4 um
analytical column, further analysis using the column could not be performed due to system
suitability changes when evaluating the analytical response. Attempts to regenerate and/or
purchase an identical column were unsuccessful as the specific column was phased out by the
manufacturer. Consequently, re-validation and an investigation into the application of method
scaling using a column of different L-designation was undertaken using a Phenomenex Luna®
CN 150 x 4.6 mm id 5 pm (Phenomenex®, Torrace, CA, USA) which exhibited a —20%
decrease in the L/dp value that fell within the range —25% to + 50% as defined in the USP
method scaling guidelines [36]. Analysis was undertaken using a mobile phase flow rate of

1.058 mL/min that was calculated using Equation 3.1 (§ 3.1).

The USP system suitability requirements [36] for resolution, tailing factor and % RSD for
PHR and retention time, were used to determine if the modified scaling of the HPLC-ECD
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method resulted in outcomes that were comparable to those observed using a re-validation
process thereby providing assurance of the applicability of scaling of this method for the

analysis of CLA.

Method re-validation following the column change was successful. In addition, scaling of the
method across analytical columns of different L-designation met all USP system suitability
requirements for resolution, tailing factor and % RSD for this HPLC-ECD method,
confirming the potential applicability of method scaling when changing to a stationary phase
in a different class. This approach was deemed an efficient tool for this method with a result
that a shorter run time, decreased solvent consumption and reduced cost were also achieved.

The data generated from these studies are summarized in Tables 3.5 and 3.6.

Table 3.5 Summary of re-validation results for the HPLC method for CLA analysis

Parameter CLA
Linearity
R? 0.9999
Equation Y=0.0315x + 0.0176
Intra-day precision % RSD (n=10) 1.7028
Inter-day precision % RSD range (#=5)
Day 1 1.0645-1.5675
Day 2 1.1904-1.7166
Day 3 0.9385-1.7849
Accuracy (n=5)
Theoretical concentration pg/mL 7.60 21.00 44.00
% Recovery + % RSD 7.50+£3.71 20.67+1.02 44.07+1.42
%Bias -1.30 -1.58 +0.15
LOQ pg/mL (n=5) 1.5
LOD pg/mL 0.5

Table 3.6 USP scaling results for the CLA assay
Resolution CLA tailing CLA/ERY PHR CLA retention time

Average 1.509+0.015 4.083%0.039
%RSD 1.145 0.187
Limits  NMT 2.0 NLT 1.5 %RSD NMT 2% %RSD NMT 2%

The chromatographic responses before and after method re-validation and scaling are
depicted in Figure 3.2. The scaled method revealed an improvement in peak asymmetry with
sharp peaks and reduced tailing over a shorter analytical run time in comparison to the

method developed using the Beckman® column. Columns in which CN functional groups are
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used are more polar than Cg-based stationary phases and exhibit shorter retention times and
different selectivity than Cg columns [132]. Consequently, the repulsion of the ionized CLA
moiety at pH 7.00 when using the CN column, led to reduced peak tailing and a shorter

analytical run time.
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Figure 3.2 Typical chromatograms depicting the separation of CLA and ERY before method scaling (CLA 45
pg/mL, ERY 50 pg/mL) (A), after method scaling (CLA 50 pg/mL, ERY 50 pg/mL) (B) and for assay of
Klarizon® 250 mg tablets (C)
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3.3.1 Forced degradation studies

The ICH guidelines [196] on stress testing of new drug substances and products states that
stress testing is intended to identify likely degradation products which further facilitates the
determination of the intrinsic stability of a molecule, establishing degradation pathways and
validation of the stability indicating procedures used. However, the regulatory guidance is
very general when it comes to the conduct of forced degradation studies. In addition, the
guidelines fail to provide details about the practical approaches needed for stress testing
[191]. Degradation approaches and conditions often used during stress studies include acid
and base hydrolysis, oxidation, photolytic and thermal degradation conditions at a tolerance
level of between 5-20% API degradation [191,197]. Consequently, stress studies were
conducted by exposing CLA to acidic, alkaline, thermal, hydrogen peroxide and light
conditions. Stock solutions (100 pg/mL) were prepared as described in § 2.2.3.3 and exposed
to different stress conditions viz. 0.1 M HCI, 0.1 M NaOH, 4% H,O; at 80 °C and 500 W/m?
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(Suntest® CPS+, Atlas, Linsengericht, Germany) for 12 hours, prior to analysis using the
validated analytical method. A tolerance of 10% was used to establish if CLA had degraded
as a result of exposure to these stress conditions. These studies were also performed to
identify interference, if any, by degradation products on the chromatographic separation that

had been developed and validated.

The results of forced degradation studies can be used to establish the specificity and stability
indicating characteristics of the HPLC-ECD method. Data from these studies are summarized
in Table 3.7 and the resultant chromatograms following stress testing are depicted in Figure

3.3.

Table 3.7 Forced degradation data for CLA following exposure to stress conditions for 12 hours

Stress Condition % Recovered Remarks
Control in ACN 100+0.39 -
Thermal at 80°C 105.48+1.08  No degradation
UV exposure at 500 W/m’ 92.33£1.85  No degradation
Acid hydrolysis using 0.1M HCI 94.8544.29  No Degradation
Alkaline hydrolysis using 0.1M NaOH  54.8149.17 Degradation
Oxidation using 4% v/v H20; 0.00 Degradation
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Figure 3.3 Typical chromatograms following degradation of CLA (10 pg/mL) following exposure to ACN (A),
heat at 80 °C (B), 500 W/m? UV radiation (C), 0.1M HCI (D), 0.1M NaOH (E) and 4% v/ H,O, (F)

The degradation data reveal that CLA undergoes extensive degradation when exposed to
oxidative stress conditions. Oxidation of CLA has been reported to occur via reactivity of the
tertiary amino group [51] and the reaction with hydrogen peroxide is thought to oxidise CLA,
resulting in products that do not oxidise when using ECD for the analysis. Exposure of CLA
to acidic conditions (pH 1.2) resulted in approximately 5% degradation, which is attributed to
hydrolysis of the cladinose moieity [87], confirming previously published data which
reported 90.2% and 41.1% loss of CLA from aqueous samples exposed in solutions of pH
1.00 and pH 2.00 for four hours [198]. However, one of the degradation products interferes
with the chromatographic separation following acid hydrolysis (Figure 3.3D) thereby

resulting on specificity failing for the method for these conditions. Nevertheless, the extreme
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conditions used for these studies are unlikely to be used in any manufacturing or analytical
procedures, therefore this outcome is of little concern for this research as the degradation
study was conducted at a temperature and pH well in excess of the conditions used for this
analyses or those intended to be used for the manufacture of carrier technologies of CLA.
Exposure to alkaline conditions led to significant degradation of CLA that may be attributed
to the presence of ester functional groups that are susceptible to hydrolysis in alkaline
conditions. Acid and base hydrolysis does not result in the total loss of the oxidizing potential
of CLA, implying the molecule may be detected and separated in the presence of degradation
products but with some interference observed for acid hydrolysis samples. CLA was stable

with < 10% degradation observed following exposure to heat and UV radiation for 12 hours.

3.3.2 Analyte Stability

The chemical stability of an analyte under specific conditions is determined by comparison of
a response to that observed for freshly prepared samples. Analyte stability in mobile phase
therefore ensures the integrity of the compound in question throughout the analytical process
[199,200]. The stability of CLA in ACN was determined by analyzing a 10 pg/mL solution (n
=5) maintained at 4 °C for a period of seven days and comparing it to a freshly prepared
sample of the same concentration. A tolerance level of +10% bias in PHR was considered
acceptable in order to infer stability. The studies revealed that the concentration of CLA
remained constant with a resultant bias of -5.73%. CLA was therefore considered stable in
ACN, and the stock solution could be stored under the stated conditions and used within
seven days of preparation. Furthermore, CLA in ACN stock solutions stored at 4 °C were

found to be stable over a period of at least 21 days [155].

34  APPLICATION OF THE ANALYTICAL METHOD

In order to establish the applicability of the method for the analysis of CLA in dosage forms,
six commercially available products were purchased form a local pharmacy and subjected to
analysis. The analyzed products were, Clarihexal®, Klarithran®, Klarithran® MR 500 mg
tablets, Klarizon® 250 mg tablets and Clarihexal®, Klarithran® 250 mg/mL granules for oral

suspension.
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3.4.1 Assay of Commercial Tablets

Briefly, 20 tablets were crushed using a mortar and pestle and an aliquot of powder
equivalent to the mass of one tablet was quantitatively transferred to a 100 mL A-grade
volumetric flask. Approximately 50 mL ACN was then added to the volumetric flask and the
mixture sonicated using a bath sonicator (Ultrasonic Manufacturing Company (Pty), Ltd.,
Kenware, Krugersdorp, South Africa) with regular shaking at 20 minute intervals for 1 hour.
The solution was allowed to cool to room temperature (22 °C) prior to making up to volume
with ACN. A 5 mL aliquot of the resultant mixture was filtered through a 0.45 um Millipore®
Millex-HV Hydrophilic PVDF filter membrane (Millipore® Co., Bedford, MA, USA) and a
25 ng/mL sample solution in ACN was analyzed using the validated HPLC method (n =5).

3.4.2 Assay of Commercial Suspensions

The granules for suspension were reconstituted using HPLC-grade water as per the label
instructions. A 5 mL aliquot of the reconstituted suspension was transferred to a 100 mL A-
grade volumetric flask using a 10 mL A-grade measuring cylinder. Approximately 20 mL 50
mM phosphate buffer (pH 7.00) was then added to the volumetric flask and the mixture
sonicated using a bath sonicator (Ultrasonic Manufacturing Company (Pty), Ltd., Kenware,
Krugersdorp, South Africa) with regular shaking at 10 minute intervals for 30 minutes.
Approximately 30 mL MeOH was added to the flask and the mixture was sonicated for a
further 30 minutes. The solution was allowed to cool to room temperature (22 °C) prior to
making up to volume with MeOH. The mixture was then stirred for one hour at 500 rpm
using a digital hot plate stirrer (Lasec®, Port Elizabeth, South Africa). A 5 mL aliquot of the
resultant mixture was filtered through a 0.45 pm Millipore® Millex-HV Hydrophilic PVDF
filter membrane (Millipore® Co., Bedford, MA, USA) and analyzed using the validated
HPLC method after dilution to obtain a 25 pg/mL solution in ACN (n=5).

The specificity of the method to resolve peak(s) of interest from any possible excipients or
contaminants that may be present in a dosage form was established by quantitation of CLA in
the commercially available tablets and suspensions. All tablet and suspension samples
complied with USP assay specifications. The USP [36] assay limits for clarithromycin tablets
01 90.0%—-110.0% and suspensions 90.0%—115.0% were used as the acceptance criteria. The
assay results are listed in Table 3.8. The analysis of CLA dosage forms resulted in clear,
sharp, well-resolved peaks without interference from any excipients used for manufacture

(Figure 3.2C).
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Table 3.8 Analysis of commercially available CLA formulations (#=5)
Product and label claim  Dose mg % Recovery % RSD

Clarihexal®500 XL 500 mg 99.69 1.57
Klarithran®MR 500 500 mg 99.09 0.61
Klarithran® 500 500 mg 103.94 1.80
Klarizon® 250 250 mg 98.81 2.40
ClariHexal® 250 mg/5 mL 250 mg 110.04 2.23
Klarithran®250mg/5 mL 250 mg 106.94 1.75

3.5 CONCLUSIONS

The HPLC-ECD method developed and reported in Chapter 2 was validated using ICH
guidelines with an analytical run time of 20 minutes. Method re-validation following a
change in analytical column was successful in reducing the analytical run time to 13 minutes,
decreasing solvent consumption thus facilitating environmental and financial sustainability.
The applicability of using the USP method scaling approach in place of method re-validation
using a column with a different L—designation to the original analytical column, was
investigated. The scaled method met all USP system suitability requirements for resolution,
tailing factor and % RSD. Method scaling allows for translation of an analytical method
while achieving an equivalent separation without the need for re-validation. HPLC methods
can thus be scaled on condition that they meet USP system suitability requirements,
maintaining separation quality, thereby eliminating the need for method re-validation. The re-
validated and scaled method was successfully used to resolve CLA from manufacturing
excipients in commercially available dosage forms. Although USP method scaling is only
permitted for columns within the same L-designation, its applicability should be investigated
across analytical columns of different L-designation to further streamline regulatory
requirements. This is, to the best of our knowledge, the first evaluation of an HPLC-ECD
method using a modified scaling approach. The validated and scaled method was applied to
the analysis of commercially available dosage forms and was found to be suitable for the

analytical characterization studies of CLA in lipid nanocarriers developed in this research.
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CHAPTER 4

SELECTION AND CHARACTERIZATION OF EXCIPIENTS
FOR THE FORMULATION AND MANUFACTURE OF
CLARITHROMYCIN LOADED NANOCARRIERS

4.1 INTRODUCTION

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) are two types of
lipid-based nanocarriers that were developed to overcome the limitations of colloidal carriers,
such as emulsions, liposomes and polymeric nanoparticles [201]. Some of the limitations of
these conventional colloidal carriers include limited stability when stored over extended
periods, poor batch-to-batch reproducibility, low drug loading capacity (LC), and failure to
manipulate biological membrane barriers sufficiently to achieve the concentration of active
pharmaceutical ingredient (API) in the systemic circulation for therapeutic activity [202,203].
The encapsulation of API molecules within nanoparticles shields them from the effect(s) of
efflux transporters while the small particle size facilitates transport across biological
membranes [204]. SLN and NLC are nanovectors manufactured using solid lipids or a
combination of solid and liquid lipids [203,205]. 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 [205]. NLC differ from SLN only from an excipient point of view, in
that binary mixtures of solid and liquid lipids, as well as a surfactant(s), are used for their
formulation [206]. In addition to excellent physical stability, SLN and NLC exhibit complex
functions, such as an ability to achieve controlled delivery of API across different biological
membranes and barriers which consequently impart an ability to target organs leading to

adhesion and improved cellular uptake [201,203,204].

The manufacture of SLN or NLC involves melting a solid lipid or a binary mixture of solid
and liquid lipid, followed by re-dispersion of the molten lipids as submicron-size droplets in
an aqueous medium containing surfactant(s) via mechanical stirring [206]. Acute and/or
chronic toxicity during in vivo use has been associated with traditional colloidal systems,

including polymeric-based systems [207] therefore, a prerequisite for manufacture of SLN
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and NLC is that only pharmaceutical grade excipients that are generally regarded as safe
(GRAS) are used for production [207-209]. Mehnert and Méder [205] and Souto and Miiller
[210], have reported broad lists of lipids and surfactants that can and have been used for the

manufacture of SLN and NLC.

When formulating new products or re-formulating existing products, it is advantageous to use
data of physical and chemical interactions between API and excipients which may give rise to
changes in the chemical nature, stability, solubility, absorption and therapeutic response of
drugs [211]. Pre-formulation testing is therefore the first step in a coherent dosage form drug
development process. Pre-formulation can be defined as an investigation of physical and
chemical properties of an API substance alone and in combination with potential excipients.
In its entirety, pre-formulation testing generates information useful to a formulation scientist
for the development of a stable dosage form that ensures the bioavailability of an API that
can ultimately be mass produced [212]. Although excipients have traditionally been thought
of as inert, they can and have shown possible interactions with API thereby limiting
absorption with a reduction in bioavailability [213,214]. It is therefore necessary to study and
understand the effects of excipients so as to ensure that the stability of a formulation is
optimized. The type of information generated during pre-formulation studies is dependent on
the dosage form to be produced including an understanding of the formulation and

manufacturing steps required during dosage form development [211,212,214].

A formulation composition is considered appropriate when no drug-excipient or excipient-
excipient interactions occur. In this sense, developing a rapid and accurate method to test and
select the best excipients for the manufacture of stable dosage forms is the end-point of the
pre-formulation stages of product development [213,215]. Although there is no standardized
protocol for performing pre-formulation studies, some researchers have used the technique of
annealing binary mixtures under stress conditions and then analyzing the mixtures using
chromatographic techniques [216,217]. Despite requiring large amounts of API and
excipients, the technique is time-consuming and ultimately very expensive. A number of
researchers have thus used thermal analysis and spectroscopic techniques for the rapid
evaluation and determination of compatibility of an API with pharmaceutical adjuncts or

excipients [218-221]. Thermal analytical techniques such as differential scanning calorimetry
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(DSC), differential thermal analysis (DTA) and thermogravimetric analysis (TGA) and
spectroscopic techniques such as infrared spectroscopy (IR) and wide-angle x-ray diffraction
scattering (WAXS) offer significant advantages in saving both time and raw materials when
used to detect compatibility/incompatibility in physical mixtures directly thereby avoiding the

time consuming step of annealing mixtures under stress conditions [61,222,223].

Different formulation approaches have been used for the manufacture of lipid nanocarriers
including hot or cold high-pressure homogenization [171,224], ultrasonication or high speed
homogenization [225,226], solvent emulsification-evaporation [227,228], supercritical fluid
preparation [229,230], spray drying [231,232], double emulsion [233,234] amongst others or
modifications of these techniques [235]. The pre-formulation experiments performed in these
studies were undertaken with two manufacturing techniques in mind viz. hot emulsification
ultrasonication (HEUS) and hot high-pressure homogenization (HHPH). These techniques
involve exposing an API/ lipid(s) mixture to temperatures of 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 [201,209]. The pre-emulsion is then
passed through a high pressure homogenizer maintained at similar temperatures to ensure that
the molten state of the lipid is preserved during production in the case of HHPH [236] or
further sized reduced by cavitation using ultrasound techniques in the case of HEUS
[237,238]. Furthermore, a practical consideration in the use of high pressure homogenizers is
a constant supply of water to the spaces between the double piston seals of the instrument,

which is essential in cooling the pistons, ultimately minimizing wear of the rear seals [239].

Production temperatures when using HEUS and/or HHPH may reach as high as 90 °C
depending on the melting point of the solid lipid or solid lipid/liquid lipid mixtures used
and/or the homogenization pressure or amplitude selected for the manufacturing process
[240,241]. The use of high production temperatures may lead to the degradation of
thermolabile API and/or lead to changes in the physicochemical properties of the API
[240,242]. 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 HEUS or
HHPH. In addition, the potential effects of exposing an API to relatively high temperatures

on the crystalline and polymorphic nature of the chemical entity must be elucidated during
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pre-formulation studies. Consequently, TGA was used to investigate the thermal stability of
CLA and to assess the feasibility of using HHPH and/or HEUS to manufacture CLA-loaded
lipid nanocarriers. Similarly, DSC and WAXS have been used to assess the crystalline and
polymorphic nature of API [243-245] and were used to evaluate the crystalline and
polymorphic behaviour of CLA prior to and after exposing the molecule to the high
temperatures in order to determine whether changes to the crystal structure of CLA occurred

following exposure to heat.

Prior to the development and optimization of CLA-loaded lipid nanocarriers an investigation
of the solubility of the molecule in the lipids to be used must be undertaken. To reduce the
amount of lipid material required to make the nanocarriers, so as to maximize product
quality, it is necessary to select lipid excipients that exhibit the highest loading capacity (LC)
and encapsulation efficiency (EE) for an API [246]. An adequate LC and EE can only be
achieved when the solubility of an API in the molten lipid is relatively high [209,247].
Screening for the solubility of an API in potential lipids to be used for the production of SLN
and NLC has been performed using a traditional shake flask method in order to determine
equilibrium solubility [245,248-250]. Modifications of the shake flask method have also
been applied when evaluating poorly lipid soluble API [251,252]. The identification and
selection of oily excipients for the production of nanoemulsions has been undertaken through
investigation of API solubility in a variety of oils using the shake flask method followed by
comparative stability studies of nanoemulsions using four oils in which the highest solubility
for the API was observed [253]. Determination of the dissolution potential of different lipids
for the API can be quantitated using HPLC analysis, UV spectrophotometry and/or by visual
inspection [245,251-254]. The shake-flask technique is a simple procedure which is time
consuming, costly and requires a number of laboratory experiments to be performed.
Moreover, there is no accepted or standard approach for conducing these studies [255] and
published solubility study data that have been reported reveal that a large variety of
experimental conditions were used, in particular stirring/shake times, sample preparation and

separation approaches prior to analysis, amongst others [256].

Recent advances in computational technologies have facilitated the development of powerful

in silico simulation and modelling approaches to establishing solubility in which the
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molecular structure, physiochemical properties and specific solute-solvent interactions may
be taken into account [257-259]. The Hildebrand solubility parameter () is a numerical
value that indicates the relative solubilizing behavior of a specific solvent and is represented
as Equation 4.1 [260]. The parameter expresses the square root of the cohesive energy density
(CED) of the components that hold the substances together and is derived from the CED of

the solvent, which in turn is derived from the heat of vaporization of the solvent [260,261].

8= (CED)"?= (AEv/Vm)'? Equation 4.1

Where,

AEv = the molar energy of vaporization

Vm = the molar volume of the solvent

The Hildebrand approach works well for low molecular weight non-polar solvents but fails to
adequately describe the solubility behavior when polar and hydrogen bonding solvents are
introduced into the system. Consequently, Hansen ef a/ [262] developed an approach to
solubility parameters that takes into account polar and hydrogen bonding forces. Hansen
solubility parameters (HSP) have been applied to determine API-system affinities using a
combination of the theoretical solubility parameters and experimentally determined partition

coefficients of the API in the components of that system [263].

The HSP separates the total solubility parameter (6T) into individual components that include
dispersion forces (0D), permanent dipole—permanent dipole forces (dP) and hydrogen

bonding (6H) [262] that can be estimated using Equation 4.2.

8T? = §D*+5P*+5H? Equation 4.2

Where,

0D = dispersion forces

0P = permanent dipole—permanent dipole forces
OH = hydrogen bonding

The use of theoretical solubility parameter predictions based on the molecular structure of
compounds provides an early, rapid screening approach for the selection of lipid candidates

without the need for lengthy experimental procedures to generate the data [262,264,265].
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According to the HSP, the best miscibility of an API and an excipient is predictable when
intermolecular forces viz. dispersion, polar, and hydrogen bonding forces between the
molecules of the solute and solvent are of similar strength [261,262,266]. The difference in
the solubility parameters between an API and an excipient can be used to estimate the
compatibility and thus miscibility of the components [267]. The HSP has been used to
describe numerous physical properties of materials in addition to predicting the miscibility

and compatibility of an API and potential excipients [267-270].

Makoni et al., [256] investigated the use of quantitative analysis and HSP predictions for the
selection of excipients for lipid nanocarriers to be loaded with water soluble and insoluble
compounds. Minocycline hydrochloride, mometasone furoate, efavirenz, didanosine and
CLA were the molecules investigated. Efavirenz, mometasone furoate and CLA have low
aqueous solubility and high intestinal permeability and are classified as a Biopharmaceutical
Classification System (BCS) Class II compounds [271-273] while minocycline
hydrochloride and didanosine exhibit high aqueous solubility and low intestinal permeability
and are classified as BCS Class III compounds [274,275]. During these studies with the five
aforementioned API that exhibited different physicochemical characteristics, six solid lipids
in addition to four liquid lipids, the authors concluded that there was no clear link between
the physicochemical properties of each API, the BCS classification and the potential to be
dissolved in the lipid excipients tested. The authors postulate that when the difference
between API and lipid total solubility parameters is < 4.0 MPa'?, the best dissolution of an
API is likely to result from that specific lipid when compared to other lipids and when the
difference between API and lipid total solubility parameters is > 4.0 MPa'’2, HSP predictions
alone cannot be used to determine the lipid with the best dissolution potential for a specific
APIL. In addition, the proposed model exhibited limitations when attempting to predict
miscibility using HSP alone with molecules of more than 120 atoms other than H atoms, such
as CLA for example. These molecules require splitting prior to using Hiroshi Yamamoto’s
molecular breaking method of HSP prediction in Practice software resulting in inaccurate
predictions. Consequently, it is deemed important to evaluate the solubility of CLA
quantitatively using laboratory experiments in the different solid and liquid lipids, with the
primary aim of selecting a solid and/or liquid lipid combination with the best dissolution

potential for this large molecular weight API.
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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
[207,252,276]. Nevertheless, the 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 > 40 °C
[245,252] after combination with the liquid lipid used. In addition, the solid lipid should be
miscible with the liquid lipid to permit the formation of imperfections in the crystal lattice
structure of the solid lipid [121,277] therefore, the impact of the liquid lipid on the

polymorphic nature of the solid lipid are an essential component of pre-formulation studies.

The overall aim of these studies was to investigate the possibility of using solubility
parameters that are empirically derived from molecular structures to inform formulation

efforts.

4.2 MATERIALS AND METHODS

4.2.1 Materials

CLA was purchased from Skyrun Industrial Co. Limited (Taizhou, China). Solid lipids viz.
Gelucire® 48/16 (polyethylene glycol monostearate), Compritol® 888 (glyceryl behenate),
Precirol® ATO 5 (glyceryl distearate), Geleol™ (glyceryl monostearate) and cetyl palmitate
were donated by Gattefossé SAS (Gattefoss¢é SAS, Saint-Priest Cedex, France). Stearic acid
was purchased from Sigma Aldrich Chemical Co. (Milwaukee, WI, USA). Liquid lipids viz.
Transcutol® HP (diethylene glycol monoethyl ether), Labrafac® PG (propylene glycol
dicaprylate), Lauroglycol® FCC (propylene glycol monolaurate) and Capryol™ 90 (propylene
glycol caprylate) were donated by Gattefoss¢ SAS (Gattefossé SAS, Saint-Priest Cedex,

France).

4.2.2 Methods

4.2.2.1 TGA Characterization of CLA

The thermal stability of CLA was investigated using a Perkin-Elmer® FT-IR
thermogravimetric analyzer (Perkin-Elmer® Ltd, Connecticut, USA). A 5.827 mg aliquot of
CLA was accurately weighed prior to analysis. The sample was heated from 30 to 345 °C at a
heating rate of 10 °C/min. The TGA system was constantly purged with liquid nitrogen at a
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flow rate of 20 ml/min, and the data generated were reduced using Pyris™ Manager Software

version 4.01 (Perkin-Elmer® Ltd, Connecticut, USA).

4.2.2.2 FT-IR Characterization of CLA
The infrared spectrum of CLA was investigated using a Perkin-Elmer® Precisely FT-IR
spectrophotometer Spectrum 100 (Perkin-Elmer® Pty Ltd, Beaconsfield, England) and the

characteristic signal bands are depicted in Figure 1.3 of § 1.2.11.

4.2.2.3 DSC Characterization of CLA

The melting point of CLA was determined using a Model DSC-6000 PerkinElmer differential
scanning calorimeter (Perkin-Elmer® Ltd, Connecticut, USA). A 3.419 g aliquot of CLA was
weighed directly into a standard 40 pl aluminum open pan. The DSC scan was generated by
heating the sample from 30 °C to 240 °C and then cooling for one cycle to 30 °C at heating
and cooling rates of 10 °C/min. The system was purged with liquid nitrogen at a flow rate of
20 ml/min, and the resultant data were analyzed using version 4.01 Pyris™ Manger Software
(Perkin-Elmer® Ltd, Connecticut, USA). The DSC data for CLA were generated prior to and
following exposure to a temperature of 85 °C for one hour in order to establish whether
thermal exposure had an impact on the physicochemical properties of the molecule viz.

melting behaviour as well as crystalline and polymorphic nature.

4.2.2.4 WAXS Characterization of CLA

WAXS patterns of CLA 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 set with Cu-Ka radiation at a A = 1.5405 A at 30 kV and fitted with a nickel
filter. Samples were placed onto a zero background 511 silicon wafer embedded in a generic
sample holder. The data were recorded at room temperature (22 °C) using a 20 angle range
between 10° and 100°, a scanning rate of 1° min! with 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
version V2.9.0.22 (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

enhance the characterization. The scattering angles observed from WAXS diffraction patterns
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were transformed into short spacing using Bragg’s equation (Equation 4.3) [171,278,279] so

as to generate information about any potential lipid modifications.

d= Equation 4.3

sin 26

Where,

d = inter-atomic distance

A = wavelength of an X-ray beam

0 = the angle of incidence of the beam

4.2.2.5 Selection of Solid Lipids

The solubility of CLA in different solid lipids was determined by dissolving fixed amounts of
API by addition of increasing amounts of solid lipid whilst heating and shaking the mixtures.
Evaluation of the melt was performed visually [245,252]. The amount of API and/or solid
lipid were accurately weighed using a Model PA 2102 Ohaus® top-loading analytical balance
(Ohaus® Corp. Pine Brook, NJ USA) and transferred to individual test tubes (Pyrex®
Laboratory Glassware, England). Aliquots (0.01 g) of CLA were accurately weighed and
placed into a test tube and solid lipid added in 1.0 g aliquots after which the test tube was
exposed to a temperature of 85 °C at 100 rpm with the aid of a LABOTEC® shaking water
bath (Laboratory Thermal Equipment, Greenfield NR. Oldham). The amount of lipid required
to dissolve the API whilst in the molten state was estimated as the point at which no further
solid API could be visualized in the molten lipid after shaking at 100 rpm at 85 °C for 24

hours.

4.2.2.6 Selection of Liquid Lipids

The solubility of CLA in different liquid lipids was determined by dissolving increasing
amounts of the API in a fixed amount of heated liquid lipid and evaluation of the melt
visually as described in § 4.2.2.5. The amount of liquid lipid required to dissolve the API was
estimated as the point at which no further solid API could be dissolved in the liquid lipid after
shaking at 100 rpm at 85 °C for 24 hours.
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4.2.2.7 Selection of a Binary Mixture of Solid and Liquid Lipid

The solid and liquid lipids with the best dissolution potential for CLA as identified from the
studies described in § 4.2.2.5 and 4.2.2.6, were mixed in different ratios to identify a binary
mixture of solid and liquid lipid that would be suitable for use for the manufacture of NLC.
The miscibility of the two components was evaluated using a total lipid mass of 2.0 g in
ratios of solid lipid : liquid lipid (w/w) of 95:5, 90:10, 85:15, 80:20, 75:25, 70:30, 60:40 and
50:50. 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 85 °C and 100 rpm, respectively. The samples were
allowed to cool to room temperature (22 °C) for 24 hours prior to analysis. DSC was used to
confirm the state of the cooled sample and therefore the miscibility of the solid lipid with the
liquid lipid. DSC curves were generated by heating samples of between 2-5 mg, from 30 °C
to 85 °C and subsequently cooling to 30 °C at heating and cooling rates of 10 °C/min. An
empty aluminium pan was used as the reference. In addition, the miscibility of the two lipids
was also evaluated by smearing a small sample of the dried binary mixture onto Whatman®
110 diameter hydrophilic 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 CLA exhibited the highest solubility was identified and selected for formulation of
NLC, and the melting point was determined using DSC to confirm that melting occurred at a

temperature > 40 °C.

4.2.2.8 Polymorphism and Crystallinity of Bulk Lipids

The lipids used for the production of lipid nanocarriers include triglycerides and mixtures
thereof, fatty acids, oils and waxes [279,280]. A requirement for the successful production of
lipidic carriers is that the matrix remains in the solid state at room temperature. Therefore, the
selection of lipids requires assessment of their polymorphism and crystallinity in addition to
miscibility and physicochemical structure(s) [281]. Investigations of polymorphism is a
necessity in the production of nanoparticles as these transitions have an influence on the EE,
LC and expulsion of API on storage [282]. In addition, crystalline structures of triglycerides
can occur in different polymorphic forms with the a-form exhibiting a lower melting point
and latent heat of melting than the B-form which is the most stable and exhibits higher
melting points and latent heat of melting. Transformation of o to B’ and B is irreversible and

yields more hydrodynamic stable systems [279,283,284]. The production of SLN and/or NLC
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using HHPH and/or HEUS requires the solid lipid to be molten prior to dissolving the API in
the lipid. The API-containing lipid melt is then dispersed in a hot surfactant solution to yield
a pre-emulsion. Homogenization or ultrasonication of the pre-emulsion produces a hot o/w
nano-emulsion that on cooling results in recrystallization of the solid lipids with the
subsequent formation of nanoparticles in situ [121,285]. Consequently, conducting an
analysis of SLN and/or NLC using DSC for the determination of the impact of additional
melting cycles on the properties of solid lipid(s) is essential. Therefore prior to
homogenization or ultrasonication of a pre-emulsion, the lipid would have been melted to
facilitate dissolution of the API, suggesting a second DSC scan of the bulk lipid(s) during
characterization of the bulk material is necessary [285]. However the use of DSC to
characterize bulk lipids following exposure to temperatures which mimic that for the
dissolution stage of manufacture, would require only a single DSC scan corresponding to the
analysis of SLN and/or NLC [277]. DSC and WAXS was therefore used to characterize
polymorphic modifications, if any, of the bulk lipids. DSC and WAXS characterization of the
lipids was performed using the procedures described in § 4.2.2.3 and 4.2.2.4. All samples
were analyzed prior to and following exposure to a temperature of 85 °C for one hour. The
samples that were subject to analysis were similar for both procedures in order to simplify

assessment of data generated.

4.2.2.9 Interaction of Bulk Lipids with CLA

Potential physical interactions between lipid excipients and CLA were investigated using FT-
IR, DSC and WAXS using the equipment and procedures described in § 4.2.2.2, 4.2.2.3 and
4.2.2.4, respectively. Binary mixtures of solid lipid and CLA in addition to a ternary mixture
of the solid lipid, liquid lipid and CLA were analyzed prior to and following exposure to a

temperature of 85 °C for one hour.

4.3  RESULTS AND DISCUSSION

4.3.1 TGA Characterization of CLA
TGA is used to determine the thermal stability of a material and the fraction of volatile
components present by monitoring any weight change that occurs as the sample is heated at a

constant rate [286]. The loss in weight of CLA and the first derivative of the TGA
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thermogram for the molecule was recorded as a function of increasing temperature and was

correlated to the thermal stability of the compound. These data are depicted in Figure 4.1.
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Figure 4.1 TGA curve for CLA (red) and the first derivative generated following heating at a rate of 10 °C/min

The TGA studies indicate the loss of more than 90% of the weight at temperatures > 300 °C
and these results are in agreement with previously reported data [287]. It is evident that CLA
is thermostable at temperatures ranging between 70 and 90 °C which are the temperatures of
manufacture and exposure in these studies. Therefore, the molecule is unlikely to be unstable
during solubility studies and the manufacture of SLN and/or NLC using HHPH and/or
HEUS.

4.3.2 DSC Characterization of CLA

The melting behaviour, crystalline and polymorphic nature of anhydrous CLA prior to and
following exposure to a temperature of 85 °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 resultant DSC thermograms generated in these studies are depicted in Figure 4.2 and the
relevant parameters are summarized in Table 4.1. Data in which the difference between the
onset and melting temperature, or the width of the peak (WP) which can be used to determine

lattice defects in crystalline materials [276,277] are also summarized in Table 4.1.
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Figure 4.2 DSC thermograms for CLA prior to and following exposure to a temperature of 85 °C for one hour

Table 4.1 DSC parameters for CLA prior to and following exposure to a temperature of 85 °C for one hour

Clarithromycin  Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C)
Before heating Endothermic 228.12 229.25 57.42 1.13
After heating Endothermic 227.07 228.86 42.57 1.79

The DSC data for CLA, prior to and following exposure to heating, revealed the presence of a
sharp single melting endotherm at 229.25 °C with an enthalpy of 57.42 J/g and 228.86 °C
with an enthalpy of 42.57 J/g, respectively. These data clearly indicate that CLA exists as a
single polymorph and that the polymorphic nature of the molecule does not change following
exposure to a temperature of 85 °C for one hour. The sharp nature of the peak and the narrow
width (WP) of 1.13 observed prior to exposure to heat reveal that CLA is a highly crystalline
material. Following exposure to heat the WP increases to 1.79, indicating that heating CLA
may disrupt the crystal structure of the molecule to some extent. In addition, the decreased
onset temperature and enthalpy and less intensive endothermic peak for CLA following
heating can be attributed to a decrease in the degree of crystallinity and the polymorphic
nature of the molecule. Nevertheless, the peak observed in the thermogram is still sharp,
revealing a lack of significant change in the crystalline nature of the molecule following
exposure to a temperature of 85 °C. The WAXS data were used to support and facilitate

interpretation of the DSC data that had been generated.
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4.3.3 WAXS Characterization of CLA

WAXS was used as a complementary analytical tool to DSC to facilitate analysis and support
the DSC data generated and reported in § 4.3.2. The WAXS diffraction patterns of CLA prior
to and following exposure of the API to 85 °C for one hour are depicted in Figure 4.3.
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Figure 4.3 WAXS patterns for CLA prior to and following exposure to 85 °C for one hour

The WAXS diffraction patterns for CLA 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 CLA remains in a crystalline state following exposure to 85 °C for one
hour. However, there appears to be a slight decrease in the sharpness of the diffraction pattern
peaks for CLA following exposure to heat that may be attributed to a slight change or
decrease in the degree of crystallinity of compound. These results are in agreement with those
observed when evaluating the DSC data that revealed a slight disruption in the crystalline

nature of CLA following exposure to 85 °C for one hour may have occurred.

4.3.4 Selection of Solid Lipids

The solubility of CLA in different solid lipids was determined with the primary aim of
selecting a solid lipid with the best dissolution potential for CLA. The resultant data are listed
in Table 4.2.
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Table 4.2 The solubility of CLA in different solid lipid excipients

Solid lipid Amount of lipid added (0.01 g CLA) API solubility status
Compritol® 888 ATO 40¢g Insoluble
Precirol® ATO 5 40¢g Insoluble
Gelucire® 48/16 40¢g Insoluble

Cetyl palmitate 40¢g Insoluble
Stearic acid 30¢g Soluble
Geleol™ 40¢g Insoluble

The chemical structures of the solid lipids investigated are depicted in Figure 4.4.

Compritol® 888 ATO

Cetyl palmitate

Geleol™

Stearic acid

s

Precirol® ATO 5
Figure 4.4 Chemical structures of solid lipids tested

The presence of oxygen and hydroxyl functional groups, such as those observed in Geleol™

and Compritol® 888 ATO, tend to increase the polarity and hydrogen bonding possibilities

with compounds possibly contributing to the increase in API solubility in lipids [256]. In

addition, the presence of mono- and diglycerides in the lipid matrices has promoted
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dissolution of API [247]. Despite these reports, this was not the case with CLA as the data in
Table 4.2 clearly suggests that CLA is most soluble in stearic acid (SA). Dissolution of an
API in lipids is a complex process which is a function of different kinetic and thermodynamic
factors that are affected by parameters such as interfacial tension, molecular volume, crystal
structure, hydrophilicity, surface charge and/or charge density in addition to the physical and
chemical environment of the reaction media used [261]. The solubility of ten compounds
with different physicochemical profiles in ten lipid excipients was not successful in
elucidating a clear link between the physicochemical properties of the API investigated and

resultant solubility in the excipients tested [288].

4.3.5 Selection of Liquid Lipids

In contrast to SLN, the formulation of NLC requires the addition of a liquid lipid to the lipid
mixture that results in the formation of a less ordered structural lipid matrix with
imperfections that ultimately permit inclusion of larger amounts of API in the payload
[171,276]. The identification and selection of a suitable liquid lipid for use in the formulation
and manufacture of CLA-loaded NLC was therefore undertaken and the data are summarized

in Table 4.3. The chemical structures of the liquid lipids are depicted in Figure 4.5.

Table 4.3 The solubility of CLA in different liquid lipid excipients

Liquid lipid 1 (2.0 g) Amount of CLA added API solubility status
Labrafac® PG 0.10 g Insoluble
Transcutol® HP 0.20 g Soluble
Capryol™ 90 0.10 g Insoluble
Lauroglycol ® Insoluble

oo 0.10 g
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Figure 4.5 Chemical structures of liquid lipids tested

The data summarized in Table 2.3 reveal that CLA is highly soluble in Transcutol® HP
(THP) which is a combination of diethylene glycol mono-ethyl ethers [289]. An investigation
into the dispersion forces (dD), permanent dipole—permanent dipole forces (oP), and
hydrogen bonding (8H) of the liquid lipids tested revealed that Transcutol® HP has the
highest 0P and dH values than the other lipids due to the presence of two ester and a single
hydroxyl functional group in addition to possessing the shortest alkyl chain of all liquid lipids
examined [256] resulting in the greatest dissolution potential for CLA. Consequently, THP
was selected as the liquid lipid for use in formulation development and optimization studies

for the preparation of CLA-loaded NLC.

4.3.6 Selection of a Binary Mixture of Solid and Liquid Lipids

Following the selection of SA and THP for evaluation in formulation development studies,
the two lipids were mixed in different ratios in order to identify the best composition for a
binary mixture for the formulation and manufacture of NLC containing CLA. Binary
mixtures exhibiting melting points > 40 °C and were miscible were deemed suitable for
consideration for use. The miscibility of the two lipids was established using DSC and also

using visual assessment. The use of DSC to assess the miscibility of stearic acid and THP
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was based on the fact that a depression in melting point of stearic acid would be observed
following incorporation of THP into the lamellar structure of the solid lipid [245]. In terms of
visual assessment, the presence of liquid lipid droplets on the filter paper used was
considered a clear indication of poor miscibility of the lipids and any binary mixture in which
droplets were observed was considered unsuitable for use. The influence of THP on the
melting point and peak onset of SA in terms of liquid lipid content is depicted in Figure 4.6
and a summary of the melting events observed for the binary mixtures is summarized in

Table 4.4.
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Figure 4.6 Impact of Transcutol® HP concentration on the melting point and peak onset for stearic acid

Table 4.4 DSC parameters for binary mixtures of stearic acid and Transcutol® HP following exposure to 85 °C
for one hour

SA:THP (w/w) Thermal event Melting point (°C) Onset (°C) Enthalpy (J/g)
95:5 Endothermic 61.02 58.85 134.15
90:10 Endothermic 60.50 58.45 125.23
85:15 Endothermic 59.84 56.77 120.57
80:20 Endothermic 59.08 56.19 75.45
75:25 Endothermic 51.08 48.37 29.54
70:30 Endothermic 50.11 46.35 33.47
60:40 Endothermic 49.17 45.74 32.45
50:50 Endothermic 45.48 44.13 47.59

The data plotted in Figure 4.6 and listed in Table 4.4 reveal that all binary mixtures tested
produced mixtures for which the melting point was > 40 °C. However, the onset melting
point and enthalpy for the melting of stearic acid appears to decrease gradually with an

increase in the amount of THP added to the mixture up to an amount of 20% w/w of the
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liquid lipid. The gradual depression in the onset of melting of stearic acid when up to 20%
w/w of THP is added to the solid lipid suggests that the two components are miscible when
the liquid lipid is used in this concentration range. These results were confirmed by the
presence of THP droplets on filter paper when amounts > 20% w/w of the liquid lipid were
added to the mixture providing further evidence that THP and stearic acid are poorly miscible
at these concentrations. The results suggest that a liquid lipid content of < 20% w/w was
optimal and concentrations higher than 20% w/w are likely to result in the production of
immiscible mixtures. Consequently, a binary mixture in which 20% w/w Transcutol® HP and
80% w/w stearic acid was considered the most suitable combination for the formulation and
manufacture of CLA-loaded NLC. In addition, the solubility of CLA in the selected binary
mixture was investigated using the method described in § 4.2.2.6. The maximum solubility of

CLA in a binary mixture of 80:20 (w/w) SA: THP was found to be 10% w/w.

4.3.7 Polymorphism and Crystallinity of Bulk Lipids

4.3.7.1 FT-IR Characterization of Stearic Acid
The FT-IR spectra generated for stearic acid prior to and following exposure to heat are
depicted in Figure 4.7 and the relevant band assignments for the principal absorption peaks

are summarized in Table 4.5.
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Figure 4.7 FT-IR spectra of SA prior to and following exposure to 85 °C for one hour

SA after heat
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Table 4.5 FT-IR key frequency bands for stearic acid

Frequency (cm™) Vibrational Assignments
2918 C-H stretching of CH,
2849 C-H stretching of CH3
1698-1703 C=0 stretching

The FT-IR spectrum of stearic acid reveals a characteristic peak at 1698 cm™ due to a -C=0
stretching vibration of that carboxyl group, 2918 cm™ and 2849 cm™ representing C-H
stretching vibrations of -CH> and -CH3, respectively that are characteristic of stearic acid
[50,290]. Following exposure to heat, the major peaks (circled) of SA did not change,
indicating that no vibrational energy changes of the chemical bonds were observed as
depicted in Figure 4.7 implying the stability of the molecule during the manufacturing

processes.

4.3.7.2 DSC Characterization of Stearic Acid

The DSC thermograms of SA prior to and following exposure to 85 °C for one hour are
depicted in Figure 4.8 and the melting events observed are summarized in Table 4.6. Long-
chain lipid compounds such as stearic acid, exhibit polymorphic transformations through
crystallization in two or three different phases viz. o and/or B’, or o, B’ and/or B forms,
respectively [279]. The melting and crystallization peaks of SA are broad, suggesting
polymorphism that is consistent with the complex polymorphism usually observed for fatty
acids. Particularly in SA, at least four polymorphic forms have been identified viz. A, B, C
and E [291,292]. The thermogram generated prior to heating (run 1) reveals the presence of
two peaks at an onset temperature and melting point of 60.25°C and 62.17°C, respectively.
This is consistent with the presence of the B and C forms of SA. The B form is considered the
most stable phase at room temperature [292] confirming that the solid lipid exists as a single
polymorphic form prior to exposure to heat that transitions during and after heating. The DSC
run following exposure of SA to heat reflects a melting point of 62.79°C with a melting
enthalpy of 143.08 J/g, where the fraction corresponding to the B form of the lipid is
practically absent. The higher input of energy post heat exposure is evident to lipid changes
from a more unstable to a more stable polymorphic form, with the B form having been shown

to irreversibly transform into form C at 46 °C [279,292].
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Figure 4.8 DSC thermograms of stearic acid generated prior to and following exposure to 85 °C for one hour

Table 4.6 DSC parameters for stearic acid prior to and following exposure to a temperature of 85 °C for one
hour

Stearic acid Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C)
Prior to heating Endothermic 60.25 62.17 128.05 1.92
run 1
Prior to heating Endothermic 58.41 60.03 104.30 1.62
run 2
After heating Endothermic 60.05 62.79 143.08 2.74

The thermogram generated following a second exposure of the sample to DSC analysis (SA
run 2) reveals the presence of two peaks, with the onset temperature of the major peak
decreasing from 60.25 to 58.41 °C indicating that SA undergoes an irreversible transition
through recrystallization from the form B to form C polymorph following exposure to a
temperature of 46 °C. It is also evident that the melting enthalpy of the thermogram following
a second DSC run of 104.30 J/g is lower than the 128.05 J/g observed when the sample was
subjected to a single DSC run which may be due to the fact that following an isothermal

phase at 30 °C for approximately 10 minutes the molten lipid had not yet fully recrystallized.

Exposure of SA to 85 °C for one hour prior to DSC analysis revealed that a single endotherm
peak was evident indicating that a single polymorphic form for SA existed which can be

attributed to complete modification of the compound into to the form C polymorph. In
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addition, the high enthalpy of 143.08 J/g suggests a more crystalline lattice structure of the
form C polymorph when compared to the form B polymorph of SA.

4.3.7.3 WAXS Characterization of Stearic Acid
The WAXS diffraction patterns in which the lamellae arrangement of SA prior to and

following exposure to 85 °C for one hour are depicted is reflected in Figure 4.9.
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Figure 4.9 WAXS patterns for SA prior to and following exposure to 85 °C for one hour

The WAXS patterns at 21.5° (d = 0.421 nm) and 23.8° (d = 0.378 nm) prior to and following
exposure to heat can be attributed to the crystalline structure of SA [279,290] and are
indicative of the presence of the highly crystalline f’-modification form [171]. Although the
diffraction patterns following exposure of SA to heat depict a reduced peak intensity, the
peak width was generally similar albeit not as well defined, as that observed prior to exposure
of the solid lipid to heat. However, it is evident that slight changes in the crystallinity of SA
occur following heat exposure as observed in the DSC thermograms analysis and the absence
of the diffraction band between 26 (30°-40°) in the WAXS diffraction patterns. These results
are in close agreement with those observed using DSC since the recorded melting point
following exposure to heat was similar or slightly higher than that for the sample prior to
exposure to heat. DSC and WAXS results for samples tested following exposure to heat are
in agreement, as the decrease of the onset melting temperature corresponds to a decrease in

the intensity of WAXS peaks.
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4.3.7.4 FT-IR Characterization of Stearic Acid and Transcutol® HP

The FT-IR spectra of SA and that of a binary mixture of SA and THP in a 80:20 (w/w) ratio
following exposure to 85 °C for one hour are depicted in Figure 4.10. It is clearly evident that
both spectra reveal the presence of characteristic absorption bands for SA (circled) and that
the incorporation of THP with SA did not result in the generation of additional peaks,
confirming the lack of an interaction between these lipids. DSC analysis was also used to
further investigate the impact of THP addition on the crystallinity and polymorphic nature of
SA.

SA after heat

Q Q SA/THP (80:20) after
heat

Figure 4.10 FT-IR spectra for SA and a 80:20 (w/w) binary mixture of SA and THP generated following
exposure 85 °C for one hour

4.3.7.5 DSC Characterization of Stearic Acid and Transcutol® HP

The DSC thermogram generated for SA and for the 80:20 (w/w) binary mixture of SA and
THP following exposure of both samples to 85 °C for one hour is depicted in Figure 4.11.
The corresponding DSC parameters generated from the respective thermograms are

summarized in Table 4.7.
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Figure 4.11 DSC thermograms of SA and a 80:20 (w/w) binary mixture of SA and THP (80:20) generated

following exposure to 85 °C for one hour

Table 4.7 DSC parameters for SA and of an 80:20 (w/w) binary mixture of SA and THP generated following
exposure to 85 °C for one hour

Material Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C)
SA after heating Endothermic 60.05 62.79 143.08 2.74
SA/THP (80:20) Endothermic 56.23 59.10 86.20 2.87

after heating

The data reported in § 4.3.7.2 revealed that SA exists as the form B polymorph form prior to
heating, and that following exposure to heat the polymorphic nature of SA changes to the
more crystalline C modification. The DSC thermogram of the 80:20 (w/w) binary mixture of
SA and THP following exposure to 85 °C for one hour reveals the presence of a broad single
peak that is indicative of the existence of different polymorphic forms of SA, probably forms
B and C, with form C the most likely dominant. The inclusion of THP into SA appears to
create imperfections within the solid lipid matrix that consequently results in a depression of
the melting point from 62.79 to 59.10 °C. The resultant binary mixture is also less crystalline
in nature than SA alone, as confirmed by the decrease in enthalpy from 143.08 J/g to 86.20
J/g observed.
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4.3.7.6 WAXS Characterization of Stearic Acid and Transcutol® HP
The WAXS diffraction patterns for the 80:20 (w/w) binary mixture of SA and THP generated
following exposure of the lipid mixture to 85 °C for one hour is depicted in Figure 4.12. The

WAXS profile for SA generated prior to heating was used as a reference diffractogram.

SA before heat
SA/THP after heat

10 20 30 40 50
20

Figure 4.12 WAXS patterns for an 80:20 (w/w) binary mixture of SA and THP generated following exposure of
the lipid mixture to 85 °C for one hour and that of SA prior to heat

Two scattering reflections for SA were observed prior to heating the material which
corresponded to Bragg distances of 0.421 and 0.378 (§ 4.3.7.3). This is indicative of the
presence of a highly crystalline form of SA. Evaluation of the diffractogram of the 80:20
(w/w) binary mixture of SA and THP following exposure to heat produced similar Bragg
distances, with reduced intensity of the diffraction pattern and the absence of diffraction band
between 20 (30°- 40°) suggesting that heating the mixture produces different polymorphic
forms. In addition, the aforementioned is evidence of the THP:SA mixture being completely
amorphous. These data reflect the findings obtained when evaluating the DSC data in which

the presence of a broad melting endotherm was observed for the binary mixture.

4.3.8 Interaction of Bulk Lipids with CLA

4.3.8.1 FT-IR Characterization of Stearic Acid and Clarithromycin
The FT-IR spectra of CLA and that of a 1:1 binary mixture of CLA and SA prior to heating is
depicted in Figure 4.13.
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Figure 4.13 FT-IR spectra of CLA, SA and a 1:1binary mixture of CLA and SA generated prior to heating

The FTIR spectra depicted in Figure 4.13 reveal that additional peaks for SA in the 1:1 binary
mixture with CLA occur in the frequency range between 2918 and 1698 cm(circled in red).
However, the spectrum of the 1:1 binary mixture also reveals the presence of frequency
bands characteristic of CLA (circled in green), confirming the absence of an interaction
between CLA and SA in this binary mixture. However, real time long term stability studies

would be required to ensure this is indeed the case.

4.3.8.2 DSC Characterization of Stearic Acid and Clarithromycin
The DSC thermogram generated for the 1:1 binary mixture of CLA and SA prior to and
following exposure to 85 °C for one hour is depicted in Figure 4.14 and the corresponding

DSC parameters are summarized in Table 4.8.
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Figure 4.14 DSC thermogram for a 1:1 binary mixture of CLA and SA prior to and following exposure to 85 °C
for one hour

Table 4.8 DSC parameters of a 1:1 binary mixture of CLA and SA prior to and following exposure to 85 °C for
one hour

CLA and SA Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°C)
Prior to heating Endothermic 58.00 61.38 129.19 3.38
After heating Endothermic 57.61 60.99 104.89 3.38

The DSC thermograms of the 1:1 binary mixture of CLA and SA prior to and following
exposure to heat reveals the presence of endothermic peaks due to both CLA and SA that
occur at the melting points reported in § 4.3.2 and 4.3.7.2, respectively suggesting clearly that
no interaction between CLA and the SA occurs. However, the presence of SA in two
polymorphic forms following exposure to heat suggests that disruption in the crystalline
structure of SA after addition of CLA occurs that leads to a delay in the irreversible
transformation of SA from the form B to form C polymorph as reported in § 4.3.7.2.
Furthermore, the presence of the peak due to CLA prior to and following heating with the 1:1
binary mixture indicates that CLA is not completely dissolved in the SA and therefore
remained in a crystalline state in the solid lipid when evaluated in these quantities as reported

in§4.3.3.
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4.3.8.3 WAXS Characterization of Stearic Acid and Clarithromycin

The WAXS patterns of the 1:1 binary mixture of SA and CLA generated prior to and
following exposure to 85 °C for one hour are depicted in Figure 4.15. The WAXS pattern for
CLA following heating was used as a reference diffractogram to identify and distinguish the
diffraction bands for CLA from those of the solid lipid matrix. The diffraction patterns of the
1:1 binary mixture prior to and following heating reveals the presence of a number of
reflections consistent with those for CLA, which is an indication of the lack of complete
dissolution of CLA in SA at the ratios used in these studies. CLA remains in a crystalline
state following exposure to a temperature of 85 °C for one hour, which is consistent with the

DSC data generated for the same samples.

CLA after heat
CLA/SA after heat
CLA/SA before heat
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Figure 4.15 WAXS patterns of a 1:1 binary mixture of SA and CLA generated prior to and following exposure
to 85 °C for one hour

4.3.8.4 FT-IR Characterization of CLA, SA and THP

The FT-IR spectra generated for CLA and SA prior to exposure to heat and that of a 1:1:1
ternary mixture of CLA, SA and THP following exposure to 85 °C for one hour are depicted
in Figure 4.16. Evaluation of the FT-IR spectrum for the ternary mixture reveals the presence
of peaks (circled in red) that are the same as those observed for SA, confirming that neither
THP nor CLA appears to interact with the crystalline structure of the solid lipid. However,
the presence of a peak representing the molecular vibrations for CLA (green) is most likely

the result of CLA not forming a complete molecular dispersion in the ternary mixture.
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Figure 4.16 FT-IR spectra of CLA and SA prior to exposure to heat and for a 1:1:1 ternary mixture of CLA, SA

and THP following exposure to 85 °C for one hour

4.3.8.5 DSC Characterization of CLA, SA and THP
The DSC thermogram generated for the 1:1:1 ternary mixture of CLA, SA and THP prior to
and following exposure to 85 °C for one hour is depicted in Figure 4.17. The corresponding

DSC parameters for these scans are summarized in Table 4.9.
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Figure 4.17 DSC thermogram for a 1:1:1 ternary mixture of CLA, SA and THP prior to and following exposure
to 85 °C for one hour
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Table 4.9 DSC parameters for a 1:1:1 ternary mixture of CLA, SA and THP prior to and following exposure to
85 °C for one hour

CLA/SA/THP Thermal event Onset (°C) MP (°C) Enthalpy (J/g) WP (°O)
Prior to heating ~ Endothermic 56.65 58.68 68.70 2.03
After heating Endothermic 43.84 47.78 39.68 3.94

The DSC thermograms of the 1:1:1 ternary sample prior to and following heating clearly
reveals the presence of separate endothermic events consistent with those observed for the
SA/THP lipid matrix and CLA. However, the markedly reduced enthalpy of 39.68 J/g for the
1:1:1 ternary mixture that was exposed to heat is indicative of the higher solubility of CLA in
the molten lipid mixture while existing in a crystalline form in the solid lipid matrix or
mixture of the solid and liquid lipids. This theoretically implies that a higher CLA payload
will be achieved in NLC than SLN manufacture.

4.3.8.6 WAXS Characterization of CLA, SA and THP
The WAXS pattern generated for the 1:1:1 ternary mixture of CLA, SA and THP following
exposure of the mixture to 85 °C for one hour, in addition to the WAXS pattern for CLA

generated after exposure to heat, are depicted in Figure 4.18.

CLA after heat
CLA/SA/THP after heat

10 20 30 40 50
20

Figure 4.18 WAXS pattern of the 1:1:1 ternary mixture of CLA, SA and THP following exposure of the
mixture 85 °C for one hour

The WAXS diffraction for the 1:1:1 ternary mixture revealed diffraction patterns matching
those of CLA and SA. These data are consistent with those observed for DSC results

analysis, and it can therefore be concluded that CLA is not completely dissolved in the
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mixture of lipids and also exists in the crystalline form at the concentrations used in these
studies. Formulation and manufacture of the nanocarriers will have to be optimized around

API-solubility limits in the lipids as reported in § 4.3.4 and 4.3.5.

44  CONCLUSIONS

The pre-formulation studies undertaken reveal that CLA is thermostable when exposed to
temperatures up to approximately 300 °C. Hot high-pressure homogenization (HHPH) and/or
hot emulsion ultrasonication (HEUS) manufacturing procedures can therefore be used to
manufacture CLA-loaded SLN and/or NLC. In addition, exposure of CLA to temperatures of
approximately 85 °C for one hour revealed only slight disruptions in the crystallinity of CLA,
without any changes to the polymorphic form of the molecule, confirming that the HHPH
and/or HEUS would be suitable approaches for the manufacture of the nanoparticulate carrier

technologies.

It is evident that CLA is poorly soluble in both solid and liquid lipids however a combination
of stearic acid and Transcutol® HP exhibited the best solubilising potential for CLA of all the
lipids tested. Stearic acid appears to exist in the B polymorphic form prior to exposure to heat
however the form C polymorph was detected following heating at 85 °C for one hour. The
best ratio for stearic acid and THP for the manufacture of CLA-NLC is an 80:20 (w/w) ratio
of SA: THP. At this ratio the two lipids are miscible and assumed to have the greatest
dissolution potential for CLA. DSC analysis revealed that the lipid samples had an onset of
melting that is higher than the recommended minimum temperature for the formation and

stability of lipid nanocarriers of 40 °C.

The addition of THP to SA resulted in a delay in the polymorphic transition of the solid lipid
from the form B polymorph to the irreversible C polymorphic modification. In addition, the
inclusion of THP into SA appears to create imperfections within the solid lipid matrix that
consequently results in a melting point depression of the 1:1 binary mixture which could
result in formulations with a higher API payload and low API leakage upon long term
storage. Furthermore, these studies have revealed that CLA exists in a crystalline state when

dispersed at high drug concentrations of 50% w/w in SA or at 33.3% w/w in a 1:1 binary
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mixture of stearic acid and Transcutol® HP. It is also evident that potential interactions
between CLA and the lipids did not occur however, real-time long-term stability studies

would be required to ensure this is indeed the case.

Theoretically the relatively high solubility of CLA in THP in comparison to SA suggests that
NLC are likely to have a higher LC and EE for CLA than SLN. Consequently, it was
considered logical to investigate the feasibility of incorporating CLA into NLC and that
investigation into the production of SLN not be considered as the production of these might
not produce a delivery technology with the requisite EE and LC for CLA. Furthermore, in a
study comparing HPH versus ultrasound in preparation, characterization and biocompatibility
studies of risperidone-loaded SLN, the authors concluded that although HPH is a suitable
method for SLN production in laboratory and scale-up activities, ultrasound could be used as
an appropriate method for SLN production due to the ease of preparation and low cost of the
required equipment [293]. Due to the erratic availability of municipal water required for
cooling of the homogenizer block when using HHPH, HEUS was therefore used as the

manufacturing approach for the production of CLA loaded nanocarriers.
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CHAPTER S

FORMULATION, DEVELOPMENT AND ASSESSMENT OF
MUCO-ADHESIVE LIPID CLARITHROMYCIN CARRIERS
FOR OPHTHALMIC USE

5.1 INTRODUCTION

The eye is an intricate organ with unique anatomy and physiology. Efficient protective
mechanisms of the eye, such as the blinking reflex, lachrimal secretion and nasolacrimal
drainage make it difficult to achieve the necessary target concentration at the site of
treatment. Furthermore, the anatomy and barrier properties of the cornea, impede rapid
absorption of active pharmaceutical ingredients (API) into the organ [294-296]. A number of
ocular diseases are treated using topically applied or systemically delivered medicines
[296,297]. The ease of administration and affordability make topical application of ocular
medicine the preferred method for treatment of ocular disorders which affect the anterior
segment of the eye. Anatomical and physiological barriers prevent drugs from reaching the
posterior segment of the eye, particularly the choroid and retina [297,298]. The structure of
the eye in which the anterior and posterior segments are shown is depicted in Figure 5.1

[297].
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Figure 5.1 Structure of the eye (adapted from [296])
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The tear film is comprised of three layers viz. a lipid, aqueous and mucous layer. The lipid
layer is the outermost layer, which prevents evaporation of the aqueous layer, maintains
surface tension of the tear film and lubricates the eyeball. The tear film is largely located in
the aqueous layer, which maintains a smooth ocular surface and provides oxygen to the
epithelial cells of the cornea. The mucous layer is important as it facilitates the corneal
epithelium change from hydrophobic to hydrophilic by forming a hydrophilic gel layer that
moves over the ocular surface, thereby allowing uniform distribution of the aqueous layer
across the ocular surface. This aids in clearing cell debris, foreign bodies and pathogens while

acting as a barrier to API delivery systems [299].

As much as topical instillation of eye-drops is non-invasive and the widely preferred mode
for treating diseases affecting the anterior segment of the eye, elimination of the administered
drops, irrespective of the volume instilled, occurs rapidly, usually within five to six minutes
following administration. Therefore only a small amount of approximately 1-3% of the
instilled drops may reach intraocular tissues. In order to maintain minimum inhibitory anti-
bacterial concentrations there is a need to dose ocular formulations frequently which may
result in poor patient adherence [295,297,300]. It is difficult to deliver and sustain the
concentration of API in the precorneal region of the eye and ensure sufficient API reaches the
target tissue(s). In order to exert an effective local effect, the residence time of the active
compound in the tear film, should be increased. Furthermore, the use of once-a-day dosed
ocular formulations may improve patient adherence. Consequently ophthalmic dosage forms
such as viscous solutions, suspensions, emulsions, ointments, aqueous gels and polymeric
inserts have been developed in an attempt to increase the bioavailability of API delivered via
the ophthalmic route, through prolonging the contact time of formulation with the

corneal/conjunctival epithelium [294,300].

Micro- and nanoparticle-based delivery systems have been used to increase the retention and
contact time of API on ocular surfaces by interaction of functional groups and surface
charges of micro- and nanoparticles with the mucin layer on ocular surfaces which prolong
the interaction of the formulation at the corneal surface [301]. Furthermore encapsulation of

API into nanoparticles to protect the compound from enzymatic degradation has been
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successful, thereby permitting the use of lower doses to achieve a therapeutic effect whilst
avoiding adverse events [302]. Nanoparticles are colloidal carriers of 10 to 1000 nm
dimension and are gaining attention for ocular drug delivery applications as researchers
attempt to develop nanoparticles for delivery of API to anterior and posterior ocular tissue(s)
[303-308]. Lipid nanoparticles loaded with API have an ability to cross the corneal
epithelium effectively, due to the lipophilic properties of the carrier technologies [309].
Lipid-based nanocarriers exhibit properties similar to films of tears and following instillation,
the continuous phase is able to hydrate the aqueous layer of the film and moisten the corneal
epithelium. As oil droplets are disrupted, encapsulated API is released permitting the oil
phase to coalesce and increase the natural lipid layer in the ocular region, reducing fluid loss
by evaporation. In addition the use of generally regarded as safe (GRAS) lipids for the
production of the nanocarriers results in excellent ocular biocompatibility [299]. The use of
biocompatible lipids for nanoencapsulation is an important approach for enhancing the
bioavailability of encapsulated APl and minimizes natural physiologic and manufacturing
process effects which in turn improve dosing outcomes, due to the controlled delivery of API
whilst permitting administration of low doses and exhibiting an improved shelf-life thereby
reducing the potential emergence of side effects [310]. To date, state of the art lipid
formulations of clarithromycin (CLA) have been manufactured as solid lipid nanoparticles
(SLN) in an attempt to improve the antibacterial activity of encapsulated API against

Staphylococcus aureus organisms [50,311].

Many polysaccharides exhibit muco-adhesive properties at low concentration and viscosity,
making them suitable additives to prolong the contact time of ocular technologies with
ophthalmic tissues thereby permitting reduced dosing frequencies and ultimately,
enhancement of patient adherence. The ocular disposition, pharmacokinetics, efficacy and
safety of nanoparticle-formulations for ophthalmic use has been documented [312] revealing
that the products tested were well tolerated, with enhanced corneal and aqueous humor
concentrations, improved ocular bioavailability and therapeutic efficacy observed when
compared to the use of commercially available eye drops [312]. Polyethylene glycol (PEG),
chitosan and hyaluronic acid have been investigated as precorneal residence time enhancers
in nanoparticle products [312] of which the muco-adhesive properties of chitosan are well
documented, with a variety of mechanisms of activity including the formation of hydrogen

bonds and electrostatic interaction between positively charged amines and negatively charged
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sialic acid residues of mucin, postulated. However, the limited solubility under physiological
conditions of chitosan is a major drawback for successful translation into clinical practice
requiring the chemical reactivity of the polymer to be harnessed to overcome this challenge
[313]. PEG coating of nanoparticles enhances the transport of nanomaterials across the ocular
epithelium by imparting muco-penetrative properties to the experimental technology [314].
Consequently, in an attempt to investigate possible muco-adhesive properties of NLC in these

studies, PEG was used to coat the NLC.

The formulation for an NLC dispersion requires the inclusion of one or more emulsifying
agents, solid and liquid lipids and water to impart and ensure stability to the carrier system as
discussed in Chapter 4 of this thesis. The selection of surfactant is primarily based on the
intended purpose of the formulation under development. As the objective of these studies was
to develop muco-adhesive NLC for potential ophthalmic use it was necessary that a
surfactant or combination of surfactants that exhibited a high degree of ocular tolerability,
was identified. Tween®20 and Brij®35 are most effective in increasing corneal permeability
[315] and exhibit low toxicity to epithelial cells of the rabbit cornea [316]. Consequently
Tween®20 was selected for formulation development activities to produce CLA-loaded NLC
as it is readily available, exhibits little or no cytotoxicity and is affordable. Stearic acid (SA)
and Transcutol® HP (THP) were selected and used as the solid and liquid lipid for the NLC,
as described in Chapter 4, vide infra.

5.2 MATERIALS AND METHODS

5.2.1 Materials

CLA was purchased from Skyrun Industrial Co. Limited (Taizhou, China). Stearic acid, PEG
6000, Tween® 20 (polysorbate 20) and porcine stomach type II mucin were purchased from
Sigma Aldrich Chemical Co. (Milwaukee, WI, USA). Transcutol® HP (diethylene glycol
monoethyl ether) was donated by Gattefoss¢ SAS (Gattefossé SAS, Saint-Priest Cedex,
France). Glycerine was purchased from Barrs Pharmaceutical Industries (Ndabeni, Cape
Town, South Africa). HPLC grade water was prepared as described in § 2.2.3.1 in Chapter 2
of this thesis. All formulation excipients evaluated have GRAS status and are non-toxic and

non-irritant [317]. All chemicals were used as received without further purification.
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5.2.2 Methods

5.2.2.1 Experimental Design and Response Surface Methodology

Response Surface Methodology (RSM) includes a group of mathematical and statistical
approaches used to develop, identify and elucidate appropriate functional relationships
between a number of input variables and associated response(s). The responses can be plotted
as 3- dimensional (3D) and/or contour plots to facilitate visualization of the shape of the
resultant response surface(s) [318]. When using RSM as an optimization approach, different
stages are followed during application of the design [319]. Initially independent variables
likely to exhibit a major effect on the experimental system under investigation are selected
with due consideration of the study objectives in addition to use of experience. The
experimental design to be used is selected and the experiments conducted according to a pre-
defined experimental matrix. The data are reduced by fitting data to polynomial functions,
and the fitness of the model then established. Final analysis includes verification of the
possibility of initiating steps necessary to perform displacement in the direction of an optimal
region and subsequently generating an optimum value(s) for each of the variables

investigated as discussed in Chapter 2 vide infra.

5.2.2.2 Manufacture of CLA-loaded NLC Formulations

CLA-loaded NLC were manufactured by hot emulsification ultrasonication (HEUS)
[237,238]. A schematic representation of the manufacturing process is depicted in Figure 5.2.
Briefly, the lipid phase containing CLA was heated to approximately 85 °C. An aqueous
phase of Tween® 20 with or without PEG 6000 was heated to the same temperature, prior to
dispersion using a Model T 18 Ultra-Turrax® BS2 homogenizer (Janke & Kunkel GmbH and
Co K@, Staufen, Germany) in the molten lipid phase at 6000 rpm for one minute to produce a
pre-emulsion. The pre-emulsion was subjected to ultrasound using a Sonopuls® HD 4200
probe sonicator (Bandelin, Berlin, Germany) fitted with a titanium flat tip (Bandelin, Berlin,
Germany) at predetermined amplitude for a specific time. The nano-emulsion formed was
filled into 100 mL siliconized glass vials (Lasec®, Port Elizabeth, South Africa), sealed and
cooled to room temperature (22 °C) to permit recrystallization and in situ formation of CLA-

loaded NLC. All batches produced were 100 mL in volume and were characterized 24 hours
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after manufacture.
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Figure 5.2 Schematic representation of the manufacture of CLA-NLC by HEUS
52.22.1 Screening of Formulation Parameters using Box Behnken Design (BBD)

Design of Experiments (DoE), specifically a BBD was used to investigate the impact of five
input variables on the production of CLA-loaded NLC using HEUS. The variables tested
included lipid content, Tween® 20, PEG 6000, amplitude and sonication time. The number of
experimental runs for the BBD was established using Version 12 Design Expert® statistical
software (Stat-Ease Inc., Minneapolis, MN, USA) and the concentration range, levels

including composition for the input variables investigated are summarized in Table 5.1.

104



Table 5.1 Input variables and experimental design (BBD) values

Variable Level
Input -1 0 +1
Lipids % ww 1 3 5
Tween®20 % ww 1 3 5
Sonication time  min 10 20 30
Amplitude % 10 55 100
PEG 6000 % w'w 0 1 2
Output monitored Constraint
EE % maximize
LC % maximize
7p mV minimize
PS nm minimize
PDI minimize

HEUS was used to produce the NLC as described in §5.2.2.2. In total, forty-six (46)
formulations with 10% w/w CLA loading relative to the lipid content, were manufactured in
100 mL batches. The Critical Quality Attributes (CQA) monitored were particle size (PS),
Zeta Potential (ZP), polydispersity index (PDI), encapsulation efficiency (EE) and loading
capacity (LC). Some test formulations formed a gel-like structure following 24 hours storage
at 22 °C and were therefore not subject to further testing or analysis. The BBD is insensitive
to outliers and missing data [320,321], consequently the experiments were continued in an
attempt to monitor the target product attributes, as originally intended. Numerical
optimization was used in an attempt to optimize the formulations however, the predicted
formulation when manufactured, formed a cream gel-like structure following storage for 24
hours at room temperature (22 °C). Consequently, the experimental data generated using the
BBD were rather used to identify a formulation composition which would produce a product
that would meet the target CQA viz. PS in the nano-range, PDI < 0.5, ZP > + 30 mV, and
EE > 80%. The formulation composition identified was then used for the subsequent
optimization of the manufacturing parameters viz. sonication time and amplitude. ZP values
of £ 30 mV are targeted to ensure NLC stabilized through electrostatic repulsion are
produced, so as to prevent aggregation [322]. Stable nanocarriers for which the ZP was < 30
mV have been manufactured using Tween® 80 [244]. Polysorbate surfactants provide stability
through both electrostatic and steric hindrance mechanisms mitigating the need for a target

ZP of £ 30 mV to ensure stability of dispersions [244,323].

52222 Optimization of Manufacturing Parameters using Central Composite Design
(CCD)

Following identification of the most ideal formulation composition based on the CQA data,
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process optimization in terms of the manufacturing parameters was undertaken in a specific
attempt to increase EE, further reduce the PS and PDI and produce a stable formulation.
Sonication time and amplitude of ultrasonic waves are important parameters when fabricating
nanoparticles of small size using ultrasound [322]. An increase in time and amplitude of
sonication results in a decrease in particle size [324]. However, high sonication amplitudes
have also been shown to produce lipid nanoparticles of increased size, due to the formation of
aggregates [322,324,325]. Consequently, the impact of sonication time and amplitude on the
CQA of the NLC was investigated. The number of experimental runs required for the CCD
was established using version 12 Design Expert® statistical software (Stat-Ease Inc.,
Minneapolis, MN, USA) and the input variables and ranges tested are summarized in Table

5.2.

Table 5.2 Variables and experimental design (CCD) values

Variable Level

Input -0 -1 1 +a
Sonication time min 5.86 10 30 34.14
Amplitude % 12.57 25 85 9743
Output monitored Constraints
EE % maximize
LC % maximize
7P mV minimize
PS nm minimize
PDI minimize

52223 pH and Osmolarity

The human eye can tolerate formulations of osmolality between 250-450 mOsm/kg and pH
of 3.5-10.5 [326,327]. However, the extreme values of the pH range are unlikely considered
for use, with formulators aiming for pH values that are aligned with lacrimal fluid isotonicity.
The osmolarity of the optimized CLA-loaded NLC formulations was adjusted to
physiological levels by adding glycerine and measuring the freezing point depression using a
calibrated Gonotec Osmomat 3000 osmometer (Gonotec, Berlin, Germany). The pH of the
nanocarrier suspensions was monitored at 22 °C using a calibrated Model GLP 20+ basic pH-

meter (Crison Instruments, Barcelona, Spain).

5.2.2.3 Formulation Characterization
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52.23.1 Particle size (PS), Polydispersity Index (PDI) and Zeta Potential (ZP)

The mean PS and PDI of NLC were measured using a Model Nano-ZS Zetasizer (Malvern
Instruments Ltd, Worcestershire, UK) with the instrument set to photon correlation
spectroscopy (PCS) mode. Approximately 30 pL of an aqueous dispersion of the NLC was
diluted with 10 mL HPLC-grade water prior to analysis. The sample was placed into a 10 x
10 x 45 mm polystyrene cell and all measurements were performed in replicate (n = 10) at 25
°C using a standard 4 mW laser set at 633 nm at a scattering angle of 90°. Analysis of PCS
data was achieved using Mie theory with the real and imaginary refractive indices set at 1.456

and 0.01, respectively.

The ZP was determined using a model Nano-ZS Zetasizer (Malvern Instruments Ltd,
Worcestershire, UK) set in the laser doppler anemometry (LDA) mode at a wavelength of
633 nm. The sample was prepared as described for PS and PDI analysis and was placed into
folded capillary cells for measurement. All measurements (n = 10) were performed at an
applied field strength of 20 V/cm and the Helmholtz-Smoluchowsky equation [328]

(Equation 5.1) was used, in situ, to calculate the ZP of each sample.

Equation 5.1

Where,

y = electrophoretic mobility

&= relative permittivity

€, = permittivity of a vacuum

n = viscosity of surrounding fluid
{ = Zeta Potential

52232 Encapsulation Efficiency (EE) and Loading Capacity (LC)

The LC and EE for CLA in the NLC was investigated using a validated RP-HPLC-ECD
method [63] (Chapter 3 vide infra) following filtration of an aqueous dispersion of the NLC
using Centrisart® filter tubes (Sartorius AG, Goettingen, Germany). The filter tubes were
fitted with a filter membrane of 200 KDa molecular cut-off of at the base of the sample
recovery chamber. Approximately 2.5 mL of the aqueous dispersion of NLC was placed into
the outer chamber of the tube after which the sample recovery chamber was fitted. The unit
was centrifuged at 2500 rpm for 20 minutes using a Model HN-SII IEC centrifuge (Damon,
Needham HTS, MA, USA) prior to analysis for CLA in the aqueous filtrate using a validated
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RP-HPLC [63]. The LC and EE of CLA in the formulations was calculated using Equations
5.2 and 5.3 [63].

Lc =" _ 100 Equation 5.2
Wya—Ws + W,
EE =2 100 Equation 5.3

a

Where,

Wa = weight of CLA added to formulation

W= weight of CLA in supernatant after centrifugation
Wi = weight of lipid added to the formulation

52233 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX)

SEM was used to evaluate the surface morphology of the NLC. Prior to SEM the aqueous
dispersions of NLC were lyophilized without a cryoprotectant using a Vacutec freeze drier
(Labconco®, Corp, Kansas City, Missouri, USA) at -51 °C and 0.315 Torr. Following
lyophilization the powdered sample was mounted onto a carbon stub and sputter-coated with
gold under vacuum (0.25 Torr) 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.

EDX was used for elemental analysis and determination of the presence of any metals on the
surface of the lyophilized nanocarriers, since a metal probe with a titanium flat tip was used
during the manufacturing process. The SEM sample was used for EDX analysis prior to
sputter coating with gold. The sample was visualized using a Model TS 5136 LM Vega®
Tescan SEM (Tescan, Vega LMU, Czechoslovakia Republic) fitted with an INCA PENTA
FET probe at an accelerated voltage of 20 kV

52234 Differential Scanning Calorimetry (DSC)

The degree of crystallinity and polymorphism of the lipids and nanocarriers was determined
using a Model DSC-6000 Perkin-Elmer differential scanning calorimeter (Perkin-Elmer® Ltd,
Connecticut, USA). Prior to analysis the liquid nanoemulsion was lyophilized without

cryoprotectant (§ 5.2.2.3.3) after which NLC samples weighing between 3-5 mg were
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weighed directly into standard 40 pl open aluminium pans. DSC curves were generated by
heating the sample from 22 °C-240 °C and subsequent cooling to 22 °C at heating and
cooling rates of 10 °C/min whilst purging with nitrogen at a flow rate of 20 mL/min. The
resultant data was analyzed using Pyris™ Manger Software (Perkin-Elmer® Ltd, Connecticut,

USA).

52235 Wide-Angle X-ray Scattering (WAXS)

In order to facilitate complete interpretation of the DSC data, WAXS was used to monitor the
degree of crystallinity and polymorphism of the raw materials and the NLC that were
produced. WAXS patterns were generated 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 using Cu-Ko radiation at A = 1.5405 A at 30 kV and fitted with a nickel filter.
Samples were placed on a zero background (511) silicon wafer embedded in a generic sample
holder and the data recorded at room temperature (22 °C) using 20 range between 10° and
100° at a scanning rate of 1° min™ using a filter time constant of 2.0 s per step at a slit width
of 6.0 mm. All samples used for WAXS analysis were identical to those used for DSC studies

in order to ensure data comparison and characterization was possible.

5.2.2.3.6 Fourier Transform Infrared Spectroscopy (FT-IR)

The crystalline and polymorphic nature of the NLC was also investigated using FT-IR as a
complementary tool to DSC. Lyophilized NLC samples 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) over the scan range 4000-650 cm™ at a resolution of 4 cm’'.

52237 Muco-adhesion

Nanoparticles with a negative ZP generally exhibit reduced ocular residence times since any
interaction between the nanocarriers and mucin, a negatively charged glycoprotein, are
unlikely to occur [322]. Consequently incorporation of PEG into the NLC formulation
composition was considered and investigated to determine if muco-adhesive properties could

be imparted to this experimental test technology.
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The muco-adhesive properties of the NLC was evaluated by monitoring changes in ZP
following incubation of the NLC with mucin [329], following preparation of a 0.1% w/w
stock dispersion of mucin in HPLC-grade water. The dispersion was stirred for 30 minutes at
500 rpm using a hotplate stirrer (VWR®,Batavia, IL, USA) prior to filtration through a 0.45
um Millipore® Millex-HV Hydrophilic PVDF filter membrane (Millipore® Co., Bedford,
MA, USA). A 60 pL aliquot of the NLC dispersion was injected into 20 mL of the filtered
mucin dispersion and the mixture stirred at 200 rpm for 6 hours at 32 °C in a glass beaker
[330]. The temperature was used to simulate the temperature of the ocular surface and was
maintained using a digital hotplate stirrer (VWR® Batavia, IL, USA). The ZP of the mixtures
was measured at 0, 30, 60, 120, 240 and 360 minutes and the data was analyzed as described
in § 5.2.2.3.1. Aqueous dispersions of filtered mucin and NLC were also monitored and
analyzed over a 6-hour period and the data used as a control. Confirmation of PEG coating on
the nanocarriers was investigated using DSC with a Model DSC-6000 PerkinElmer

differential scanning calorimeter (Perkin-Elmer® Ltd, Connecticut, USA).

52238 In vitro Release and Data Modelling

The in vitro release of CLA from the optimized NLC dispersion after adjustment of the
osmolarity with glycerine, was investigated using a dialysis method. One (1) milliliter of the
nano-suspension was transferred into a closed dialysis bag of MWCO 14000 Da (Sigma
Aldrich Chemical Co., Milwaukee, WI, USA) and placed into 70 mL borosilicate vials. The
dissolution medium containing 20 mL HPLC-grade water (pH=7.20) was maintained at 32
°C, to simulate the temperature of the ocular surface, and stirred using a LABOTEC® shaking
water bath (Laboratory Thermal Equipment, Greenfield NR. Oldham) set to 80 rpm. One (1)
ml aliquots were withdrawn at 0.25, 0.50, 1, 3, 6, 12 and 24 hour intervals. Sink conditions
were maintained by replacing 1.0 mL fresh dissolution medium at predetermined time
intervals. The studies were performed in replicate (n = 3) over 24 hours. The amount of CLA
in the receptor medium was determined using a validated RP-HPLC method [63] (Chapter 3
vide infra).

The in vitro release data for the optimized CLA-loaded NLC was fitted to first-order,
Higuchi, Korsemeyer—Peppas, Hixson-Crowell and Baker-Lonsdale models using DDSolver,

an add-in program for Microsoft Excel [331]. The model that best fitted the data was
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identified based on the adjusted coefficient of determination (Rsqr_adj), Akaike Information
Criterion (AIC) and Model Selection Criterion (MSC) which are popular evaluation criteria
used for evaluating dissolution data [331]. The highest Rsqr adj and MSC values and the
lowest AIC values were used to identify the model that best fitted the release [311,331].

5.2.2.3.9 Cytotoxicity

Many authors have demonstrated that the organ and species of origin of cells used in
cytotoxicity assays have a strong correlation to the results observed in such studies [332,333].
As a general rule, it is crucial to select an appropriate cell line for a study based on the
expected target organ in vivo and application of the carrier system used [334,335].
Nevertheless in a study to assess the cytotoxicity of bio-active silica nanoparticles in 19
different cell lines representing all major organ types, the results revealed reduced toxicity in
all cell types investigated, thereby implying the influence of the cell line characteristics on
the final toxicity response observed was minimal [336]. Consequently, in an attempt to assess
the biocompatibility of CLA-NLA for potential use in humans, a human cell line viz., human
cervix adenocarcinoma cells, available in our institution was selected for evaluating potential

cytotoxicity of the test technology.

Cytotoxicity was evaluated using HeLa (human cervix adenocarcinoma) cells (Cellonex,
South africa) cultured in Dulbecco’s Modified Eagle Medium (DMEM) - (Lonza,
BioWhittaker®) supplemented with 10% fetal calf serum and a mixture of
penicillin/streptomycin/amphotericin B (Lonza, BioWhittaker®) at 37 °C in a 5% CO»
incubator. The HeLa cells were inoculated into 96-well plates at a cell density of 1 x 10* cells
per well in 150 pL culture medium and grown overnight. A single concentration of 50 pg/mL
of the test compounds was incubated with the cells for an additional 48 hours, and cell
viability in the wells assessed by adding 20 pL of 0.54 mM resazurin (Glentham Life
Sciences, England) in phosphate buffered saline (PBS) for an additional 2-4 hours. The
relative number of cells surviving treatment was determined by reading resorufin
fluorescence at an excitation wavelength of 560 nm and emission wavelength of 590 nm with
a SpectraMax® M3 plate reader (Molecular Devices, San Jose, CA, USA). Fluorescence

readings for individual wells were converted to % cell viability, relative to the average
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readings for untreated control wells (HeLa cells without test compounds) after subtracting

background readings for wells without cells.

5.2.2.4 Statistical Analysis

Statistical analysis was performed using Version 12 Design Expert® statistical software (Stat-
Ease Inc., Minneapolis, MN, USA) and the significance of relevant factors determined using
Fisher's statistical test for Analysis of Variance (ANOVA) with models considered
statistically significant when p < 0.05 at a 95 % level of confidence being observed. Three-
dimensional (3-D) response surface plots were used to determine process parameters which

resulted in the manufacture of CLA-loaded NLC that exhibited the pre-defined target CQA.

5.2.2.5 Stability

Short term stability testing of the optimized CLA-loaded NLC formulations were undertaken
using a protocol based on existing global stability guidelines [337]. CLA-loaded NLC were
packed into 50 g clear glass ointment jars and tightly sealed prior to being stored at room
temperature (22 ‘C) and in a refrigerator (4 ‘C). Formulations were tested at each pull time
and discarded after analysis. The PS, PDI, ZP, EE, pH and osmolarity were monitored for 28
days and samples were tested in triplicate (n = 3). Table 5.3 shows the stability protocol and

the CQA tested at every pull point.

Table 5.3 Stability protocol for CLA-NLC

Storage Time points
Conditions Number of bottles to be pulled per interval
Initial 7 days 14 days 21 days 28 days
4°C 3 3 3 3 3
22 °C 3 3 3 3
Totzfl bottl.es 3 6 6 6 6
per time point
PS,PDLZP | PS,PDI,ZP PS,PDLZP PS,PDLZP | PS,PDI,ZP
CQA tested pH,EE pH,EE pH,Osmolarity pH,EE pH,EE
Osmolarity | Osmolarity Osmolarity | Osmolarity
53 RESULTS AND DISCUSSION
5.3.1 Manufacture of CLA-loaded NLC Formulations
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5.3.1.1 Formulation Screening using a Box Behnken Design (BBD)
The BBD design matrix for the responses monitored for formulations that did not form a gel-

like mass and were analyzed 24 hours after manufacture are summarized in Table 5.4.

Table 5.4 Responses for stable BBD NLC formulations

Input Variables Responses (CQA)
Run Lipid Tween®  Amplitude Time PEG EE LC p PS PDI
20 6000
% ww % ww % min % ww % % mV nm

1 5 3 55 20 2 76.67 7.12 -254 7095 0.716
6 3 1 55 20 2 76.06 7.07 -159 6196 0.963
7 3 1 100 20 1 78.7 7.3 -17 1568  0.846
9 3 3 55 30 2 6783 635 -28 8306 0.762
10 3 1 55 20 0 82.13 759 -17.9 4053 0.721
11 1 3 100 20 1 58.99 557 -18.6 2483 0.866
12 5 3 55 10 1 79.47 736 -241 6864 0.614
13 3 3 10 20 0 79.85 74 212 8184 0.877
16 1 3 10 20 1 659 6.18 -169 10770 0.785
17 3 1 55 30 1 65.61 6.16 -16.3 4084 0.893
20 1 5 55 20 1 36.97 3.57 -262 2607 0.887
22 1 3 55 30 1 3825 3.68 -17 13390 0.743
23 1 1 55 20 1 26.86 2.62 -209 14180 0.577
26 5 3 10 20 1 55.78 528 -253 6869 0.807
29 1 3 55 10 1 32.68 3.16 -20.3 35380 0.793
33 3 1 55 10 1 70.57 6.59 -17.3 2494 0.901
37 1 3 55 20 2 30.56 297 -23.7 5800 0.803
41 1 3 55 20 0 38.51 371 -33.3 23910 0.878
43 3 3 55 10 0 66.49 623 -21.9 15710 0.738
*44 5 1 55 20 1 86.53 796 -20.3 499.8 0.456
45 3 1 10 20 1 75.02 698 -157 6130 0.738

The data listed in Table 5.4 reveal that formulation tested as run 44* (F 44) was the only
formulation that met the specified CQA for EE, ZP, PS and PDI. Consequently, batch F 44
was further optimized in terms of process parameters in an attempt to assess the robustness of

the formulation composition, to changes in process conditions.

5.3.1.2 Optimization of Process Parameters using a Central Composite Design (CCD)
The input variables used to optimize the manufacture of CLA-loaded NLC using the CCD in

addition to the observed responses for these studies are summarized in Table 5.5
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Table 5.5 Responses observed for CCD experiments during optimization of process conditions for the
manufacture of NLC

Input Variables Responses (CQA)
Run Sonication time Amplitude EE LC zp PS PDI
min % % % mV nm

1 10 85 87.1 8 -18.5 661 0.668
2 30 25 88.1 8.1 -17.6 1008 0.948
3 10 25 88.1 8.1 -18.6 1130 0.886
4 20 55 88 8.1 -19.1 477.8 0.545
5 20 55 86.4 8 -21.8 511.3 0.487
*6 20 13 - - - - -
7 34.14 55 87.9 8 -26.1 477.2 0.531
8 20 55 87.8 8 -21.8 483.1 0.592
9 30 85 84.9 7.8 -25.6 495 0.555
10 6.15 55 87.1 8 -21.7 434.4 0.476
11 20 55 88.6 8.1 -23.8 424.6 0.454
12 20 97 84.3 7.8 -29.1 419.4 0.392
13 20 55 86.5 8 -21.4 441.0 0.479

* Formulation that was considered unstable following storage for 24 hours

The manufacturing parameters used for the production of CLA-loaded NLC were optimized
using experimental design, specifically a CCD. The data was analyzed using Version 12
Design Expert® statistical software (Stat-Ease Inc., Minneapolis, MN, USA). Fisher’s test for
Analysis of Variance (ANOVA) was used to determine the significance of any difference(s)
(p = 0.05) between the factors investigated. The overall design summary revealed that three
linear and two quadratic models best described the relationship between the two independent
input factors. Significant model variables were identified during optimization and the best

combination of factors which yielded a product with the target CQA, identified.

The overall contribution of model factors used to produce the nanoparticles with the target
EE, LC, ZP, PS and PDI were statistically significant and the models were used to navigate
the design space. ANOVA analysis revealed that the significant model term for the linear
models for EE, LC and ZP was amplitude of sonication (p < 0.05). The significant model
term(s) for the quadratic models for PS and PDI established at p < 0.05 were amplitude of
sonication and the quadratic effect(s) of amplitude. The best fit model, significant input
factors and equations describing the relationship between the input variables and outputs

monitored are summarized in Table 5.6.
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The 3D response surface plots for these data are depicted in Figure 5.3 (A-E). The 3D

response surface plots facilitate examination of the effect(s) of experimental variables and

factors on the responses monitored. The graphical representation illustrates the responses to

different experimental values and facilitates identification of major interactions between input

variables. When using 3-D response surface plots, one variable must be set at an arbitrary and

fixed value and the response surface plotted for the other two variables which are displayed

on the X and Y-axes. The response surface generated is therefore a function of the value

selected for the variable that is held constant and may differ as the actual value used, is

changed [338].

Table 5.6 Best fit model, significant input factors and equations used to describe the relationship between input
and output variables used for the CCD

Response Best fit model

Significant factors

Equation (A=sonication time, B=amplitude)

EE Linear Amplitude EE =90.05 - 0.01335A -0.04642B
(p =0.00686)

LC Linear Amplitude LC=8.278 - 0.00250A -0.0039102B
(p =0.00146)

p Linear Amplitude ZP =-13.05 -0.1540A -0.1018B
(p =0.0209)

PS Quadratic Amplitude PS=2014 -13.32A - 40.51B - 0.03666A * B + 0.3085A2 +
(p =0.00123) 0.2857B2

PDI Quadratic Amplitude PDI =1.354 - 0.003848A - 0.02269B -0.00014583A*B +
(p =0.00679) 0.0003051A2 + 0.0001717B2
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Figure 5.3 3-D response surface plots depicting the effect of sonication time and amplitude on encapsulation
efficiency (A), loading capacity (B), Zeta Potential (C), particle size (D) and polydispersity index (E)

5.3.1.2.1 Encapsulation Efficiency (EE) and Loading Capacity (LC)

The LC of NLC is an essential parameter to monitor when establishing whether the novel
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carrier has the potential for commercial use and has an impact on the long term stability of
these systems if the API remains entrapped in the carriers [247]. The optimization process for
NLC must include an investigation of the LC and EE [235]. The lipid core should shield the
payload and minimize degradation whilst ensuring a sufficiently high EE and long term
retention of the API in the lipid matrix [209]. The 3-D response surface plots (Figures 5.3A
and 5.3B) reveal an inverse relationship between amplitude of sonication and the CQA
monitored. The application of a higher amplitude during sonication on previously formed
lipid carriers resulted in expulsion of entrapped CLA into the aqueous dispersion medium,
resulting in a reduction in EE and LC [240,324]. Consequently, high amplitudes are likely to
lead to CLA-NLC with a smaller payload, in addition to exposing CLA to possible hydrolytic
degradation, which in turn requires the use of large amounts of the compound, to produce a
dosage form that would exert a successful therapeutic effect, which if unstable or fails, may

lead to the occurrence of adverse events.

5.3.1.2.2 Zeta Potential (ZP)

The ZP of the formulations tested, ranged between -17.6 and -29.8 mV. The 3-D response
surface plot in which the effect of amplitude of sonication on ZP is depicted (Figure 5.3C)
reveals that stable formulations with relatively high negative ZP values were produced with
relatively high sonication amplitudes. The adsorption of non-ionic surfactant steric stabilizers
decreases the ZP in colloidal systems, resulting in strong repulsive forces between particles
thereby preventing aggregation [247,324]. An increase in amplitude is likely to generate
increased temperatures during manufacture, which in turn may result in a reduction in
adsorption and/or degradation of the surfactant used [237] and/or an increase in ZP. However,
the ZP is primarily affected by the type and concentration of lipids and surfactants used in the
technology and not the method of manufacture [339]. However this will have to be further
monitored and investigated during long-term stability studies of CLA-loaded NLC intended

for ophthalmic use.

53.1.2.3 Particle size (PS) and Polydispersity Index (PDI)

The mean PS of the CLA-loaded NLC ranged between 419.4 and 1130 nm. The particle size
of the NLC produced are considered suitable for instillation into the eye, since the human eye
can tolerate particles of up to 10 um in diameter [340]. The PDI is a measure of the width of

the size distribution of particles and completely monodisperse systems generally exhibit a
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PDI close to 0 whereas a PDI of 0.500 is indicative of a relatively broad, particle size
distribution [281,341]. The PDI for all formulations tested ranged between 0.392 and 0.948.
The 3-D response surface plots in which the impact of amplitude of sonication on PS and PDI
are depicted (Figures 5.3E and 5.3F) reveal an increase in PS and PDI when lower amplitudes
are used in the manufacturing process. It has been suggested that low processing temperatures
lead to the formation of nanoparticles of large particle size [206] and that high amplitudes of
sonication lead to an increase in ultrasonic wave energy and temperatures, which in turn
increase shear cavitation forces with an ultimate breakdown of the oil droplets into
nanometric sized droplets [322]. Consequently, a compromise in terms of amplitude of
sonication and the target PS and PDI must be reached to ensure the production of stable

formulations.

5.3.1.3 Formulation Optimization

Numerical optimization was undertaken using Design Expert® software with the primary aim
of identifying and selecting the optimum manufacturing parameters that would ensure the
production of stable NLC formulations containing CLA. Numerical optimization is used to
locate a point at which the desirability function for a system is maximized, while the
characteristics of the target can be modified by adjusting the importance of that target [342].
The manufacturing parameters resulting in the highest desirability viz. a sonication time of
26.33 minutes and amplitude of 59.7 %, were used to manufacture the optimized NLC
formulation, which was then characterized in terms of the pre-determined target CQA. The
CQA responses for the optimized CLA-loaded NLC are summarized in Table 5.7 which also
includes the experimental and predicted responses, with the corresponding % prediction error
for each parameter. The size distribution curve depicted in Figure 5.4 reveals a Gausian
distribution for PDI with the peak intensity ranging between 400-500 nm which correlates
well with the observed PDI of < 0.5.
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Table 5.7 Comparison of predicted and observed responses for the optimized formulation

Response Experimental value Predicted value % prediction error
EE % 89.75+£0.19 86.93 3.14

LC % 8.24 +0.68 7.98 3.16

zp mV -20.4£5.21 -23.19 -13.68

PS nm 489.1 £41.62 419.4 14.25

PDI 0.486 = 0.097 0.493 -1.44

Figure 5.4 Particle size distribution by intensity for the optimized CLA-NLC formulation (rn = 10)

The low magnitude of the percent prediction error indicates the robustness of the
mathematical model used. The prediction errors for the ZP and PS are > 10% implying that
the model may have a poor predictive ability for these parameters. However, the NLC
produced were considered stable and the PS was in the nanometer size range. The high
predictive ability of DoE has been demonstrated suggesting the efficiency of DoE as a tool,
for process optimization, particularly when developing and optimizing pharmaceutical dosage

forms [182].

5.3.2 pH and Osmolarity
The pH of the optimized CLA-loaded NLC dispersion was 7.73 + 0.01 which suggests it
would be well tolerated, when administered to the human eye [326]. The osmolarity was

adjusted to 250—450 mOsm/kg by adding glycerine so as to ensure the formulation fell within
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the physiological range for osmolarity to ensure it is suitable for ophthalmic administration
[327]. The final pH and osmolarity of the optimized CLA-loaded NLC formulation was 7.76
+ 0.01 and 316 = 2 mOsm/Kg. It was established that the CQA of the NLC did not change
following addition of glycerine to the dispersion and the values for EE, ZP, PS and PDI were
88.62 + 0.23 %, -20.5 £ 4.82 mV, 461.9 + 40.16 nm and 0.523 + 0.104, respectively. These
are comparable to the EE, ZP, PS and PDI of 89.75 + 0.19 %, -20.4 £ 5.21 mV, 489.1 = 41.62
nm and 0.486 + 0.097 observed prior to osmolarity adjustment. The ultimate impact of
inclusion of glycerine in the formulation would need to be monitored during future, long-term

stability studies.

5.3.3 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX)

The surface morphology and elemental analysis of optimized CLA-loaded NLC following
lyophilization was evaluated using SEM and EDX and the data are depicted graphically in
Figures 5.5 and 5.6, respectively. Elemental analysis indicates the presence of elemental
carbon and oxygen in the CLA-NLC product and the absence of titanium confirms the
absence of any metal that might have been shed by the probe fitted to the sonicator used
during formulation, development and processing studies. In addition, elemental analysis of
the pure CLA raw material reveals an increase is C atoms on the surface of the NLC, which
can be attributed to PEG which coats the nanocarriers thereby confirming encapsulation of
the molecule in this technology. SEM reveals anisometric shaped microparticles which is
likely due to agglomeration of particles during the lyophilization process undertaken prior to
SEM experiments. It should be noted that pre-treatment of the aqueous NLC sample, prior to
SEM analysis and/or visualization of the particles under high vacuum conditions and at
accelerated voltages, may result in shrinking of the nanoparticles and/or potentially modified

shape and surface morphology of the particles [276].
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Figure 5.5 SEM micrograph of CLA-loaded NLC

Ck=70.96% Ck="78.73%
Ox=29.04% Ox=21.27%
Figure 5.6 EDX spectra illustrating elemental surface composition of CLA and CLA-NLC
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5.3.4 Differential Scanning Calorimetry (DSC)
DSC was used to establish if polymorphism of the optimized CLA-loaded NLC was evident
and these data are depicted in Figure 5.7.
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Figure 5.7 DSC thermogram for the optimized CLA-loaded NLC

The thermogram for CLA-loaded NLC reveals the presence of two endothermic events which
are characteristic of the solid and liquid lipid mixture (A) in addition to PEG 6000 (B),
suggesting the existence of single polymorphic forms of these excipients. The thermogram
also confirms the absence of a peak which would be characteristic for CLA melting thereby
indicating that CLA is molecularly dispersed in the NLC. The melting point observed at
58.83 °C is consistent with the presence of polymorphic form C of SA, also reported in §
4.3.6.5. However, the melting point of 58.83 °C for CLA-NLC is slightly lower than that of
the lipid mixture (59.10 °C) which may be attributed to the smaller particle size of the
particles using this production method leading to an increased surface area. The lyophilized
NLC is also less crystalline than the binary mixture of the lipids, as confirmed by the
decrease in enthalpy from 86.20 J/g to 1.6876 J/g. During the production of nanoparticulate
formulations, the surfactant used, may lead to defects in the crystalline lattice of the lipid

particles [247,311] leading to reduced crystallinity of the formed nanocarriers.
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5.3.5 Wide Angle X-ray Scattering (WAXS)

The WAXS diffraction patterns for the optimized CLA-NLC, generated following
lyophilization and for CLA following application of heat are depicted in Figure 5.8. The
diffractogram reveals the absence of the principle bands for CLA in the optimized NLC
sample tested. These results are in close agreement with those observed for DSC data that
revealed that CLA was molecularly dispersed in the NLC when evaluated. The characteristic
bands for PEG 6000 matched well with literature reports at 20 = 18.75, 23.15 and 26.60
values [343] further confirming that CLA was dissolved in the PEG-coated NLC.

—— CLA after heat
NLC

10 15 20 2

5 30 35 40 45 50
20

Figure 5.8 WAXS patterns for optimized CLA-NLC and CLA generated following exposure to 85 °C heat for
one hour

5.3.6 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was used to assess the crystalline state of the CLA-NLC, and the spectra
are depicted in Figure 5.9. These data also reveal the FT-IR spectra for PEG 6000, SA: THP
in a ratio of 80:20 (w/w) and CLA following exposure to a temperature of 85 °C so as to

facilitate comparisons and data interpretation.
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Figure 5.9 FT-IR spectra for CLA-NLC, PEG 6000, an 80:20 (w/w) binary mixture of SA and THP and CLA
generated following exposure to 85 °C for one hour

The FT-IR spectrum for CLA-NLC reveals the presence of the characteristic bands of SA
(circled in red). However, the characteristic bands for molecular vibrations of CLA were not
observed for this colloidal system, thereby confirming the DSC and WAXS results which
suggest that CLA was molecularly dispersed in the lipid matrix. The spectrum for the NLC
also reveal the presence of characteristic bands consistent with molecular vibrations of PEG
6000 (circled in purple) suggesting that PEG was exterior to the nanoparticle structure
suggesting it is performing as a coating and is not dispersed in the interior of the
nanoparticles. The intensity of the bands in the CLA-NLC spectrum are lower in intensity to
those observed for the excipients used during the manufacturing process, which may indicate

the amorphous nature of the nanocarriers that were manufactured.

5.3.7 Muco-adhesion

The interaction of the CLA-NLC with mucin was investigated as was the use of PEG in the
formulation. The adsorption of PEG onto the surfaces of the NLC due to the hydrophilic
nature of the polymer was intended to promote a muco-adhesive interaction with mucin,
which in turn suggests interaction with the surfaces of the eye and results in enhanced
precorneal retention and a possible increase in ocular availability, thereby permitting dose

reduction and use of a longer dosing frequencies.
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Muco-adhesion occurs via different mechanisms viz. electrostatic, adsorption, wetting, and
diffusion that allow the inter-penetration of polymer chains and mucin, entanglement and
subsequent formation of interactive bonds [344,345]. Sequentially, the polymer swells on
wetting, forms non-covalent bonds at the mucus-polymer interface via -electrostatic
interaction and adsorption after which the polymer and mucin interpenetrate and entangle to
form bonds [344]. A decrease in the magnitude of ZP for NLC following incubation with
mucin was observed (Figure 5.10) suggesting that the NLC with surface adsorbed/coated
PEG would likely exhibit enhanced muco-adhesive properties. The DSC thermograms
depicted in Figure 5.11 reveal the presence of melting endotherms consistent with those for
PEG in the thermogram of the lyophilized NLC providing additional evidence to suggest that
the hydrophilic polymer is adsorbed onto the surface of the nanocarriers and is not

molecularly dispersed on the interior of the NLC.
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Figure 5.10 Zeta Potential of CLA- NLC incubated in a 0.1 % m/v aqueous dispersion of mucin
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Figure 5.11 DSC thermograms of an 80:20 (w/w) binary mixture of SA and THP, PEG 6000 and lyophilized
CLA-NLC

Adsorption is the most likely mechanism by which muco-adhesion of the NLC produced in
these studies occurs as these are negatively charged particles that would be unlikely to exhibit
an electrostatic interaction with the negatively charged mucin. However, it should be noted
that demonstration of muco-adhesive properties of nanoparticles should be evaluated using
multiple approaches in which particle diffusion, attachment and aggregation are also
monitored in order to accurately classify a system as being muco-penetrative or muco-
adhesive [346]. Nevertheless, this is positive data but would need confirmation through

nanoparticle tracking analysis and quartz crystal microbalance with dissipation technology.
5.3.8 Invitro Release and Data Modelling

The in vitro release profile of CLA release from the optimized NLC formulation is depicted

in Figure 5.12.
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Figure 5.12 [In vitro release of CLA from the optimized NLC formulation (n = 3)

The in vitro release data reveal that the cumulative amount CLA released from the NLC over
a 24-hour period was 56.13 £ 0.23%. Mass balance analysis of the lipid formulations
remaining in the dialysis tubing yielded an amount of CLA of 41.38 £ 0.02% indicating that
these NLC release CLA in a controlled and sustained manner. Drug release from
nanoparticles has been shown to be affected by factors such as intrinsic solubility of the API
in the lipid matrix, movement of API across depleted layers of the formulation, composition
of the lipid matrix used and diffusion across and from interfacial barriers such as that used as
the dialysis membrane [50]. Consequently, kinetic modelling of the release profile was

undertaken using DDSolver in order to identify the factors that influenced CLA release from

these lipid carriers.

The release kinetic data generated following fitting of CLA release to a variety of models
using DDSolver are depicted graphically in Figure 5.13 and are summarized in Table 5.8 and
include the corresponding criteria used to evaluate the release data. The highest R? adjusted,
MSC and lowest AIC values were used to evaluate in vitro CLA release data fitted to First-

order, Higuchi, Korsmeyer-Peppas, Hixson- Crowell and the Baker-Lonsdale models [331].
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Figure 5.13 Results of model fitting for CLA-NLC to First order (A), Higuchi (B), Korsmeyer-Peppas (C),
Hixson- Crowell (D) and Baker-Lonsdale (E) models automatically generated from DDSolver
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Table 5.8 Kinetic models and best fit criteria for CLA release from NLC

Model and Equation Code Evaluation Criteria
Rsqr_adj AIC MSC

First order (A) 0.6142 49.7717 0.6667

F=100*[1-Exp(-k1*t)]

Higuchi (B) 0.8954 40.6333 1.9722

F=kH*t"0.5

Korsmeyer-Peppas (C) 0.9416 37.2827 2.4509

F=kKP*t"n

Hixson-Crowell (D) 0.5067 51.4924 0.4209

F=100*[1-(1-kHC*t)"3]

Baker-Lonsdale (E) 0.9442* 36.2357* 2.6004*

3/2%[1-(1-F/100)"(2/3)]-F/100=k BL*t

* Best fit model

The highest R? adjusted and MSC values and the lowest AIC for the models investigated are
summarized in Table 5.8. The data revealed that the Baker-Lonsdale model was best to fit
these data. The Baker-Lonsdale model is derived from the Higuchi model and describes
controlled release mechanisms for CLA, in this case, from spherical shaped lipid matrices,
involving diffusion and degradation as the primary factors affecting release and model [347].
However, The Korsmeyer Peppas model analyzes both Fickian and non-Fickian release of
API from swelling and non-swelling polymeric delivery systems while the Baker-Lonsdale
model explains drug release from spherical matrices. The aforementioned could possibly

explain the observed similarity in generated profiles [348].

5.3.9 Cytotoxicity

The effect of encapsulating CLA into NLC and the biocompatibility of the lipids used for
production of the carrier was investigated. None of the samples tested produced a significant
cytotoxic effect assessed as a reduction of viability of HeLa cells to < 50% using a test
concentration of 50 pg/mL. CLA-NLC exhibited improved cell viability, when compared to
that observed when testing CLA alone, which may be due to a shielding effect imparted by
encapsulating lipids revealing the protective nature of these nanocarriers. In addition, PEG is
assumed to form a hydrophilic and protective layer on the surfaces of the nanoparticle
opposing interaction and ultimate uptake by HeLa cells [349,350]. Furthermore, the high %
viability of HeLa cells following exposure to control/blank NLC confirms that the lipids and
excipients used in these studies are safe and comply with GRAS status. A graphic summary

of the in vitro cytotoxicity data is depicted in Figure 5.14.
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Figure 5.14 Cytotoxicity results for CLA (50 pg/mL), control/blank-NLC and CLA-NLC (50 pg/mL) tested in
HeLa cells

5.3.10 Stability Studies
The PS, PDI, EE, ZP, pH and osmolarity of CLA-NLC generated following storage at 4 °C
and 22 °C for 28 days are summarized in Table 5.9 and corresponding graphical

representations of PS, PDI, EE and ZP are depicted in Figure 5.15.

Table 5.9 Critical Quality Attributes monitored for CLA-NLC stored at 4 °C and 22 °C for 28 days

Time Storage PS PDI EE p pH Osmolarity
days  Conditions nm % mV mOsm/kg
0 4°C 461.9+440.16  0.523+£0.104  88.62+0.23 -20.544.82  7.75+0.01 314+2

22°C 461.9+40.16  0.523+0.104  88.62+0.23 -20.5+4.82  7.76+0.01 314£2

7 4°C 581.6+84.47  0.504+0.129  83.18+0.55 -27.4+5.46  7.58+0.02 3161
22°C 624.5481.5 0.613+0.218  86.5+0.01  -14.7£2.10  7.65+0.01 312£2
14 4°C 466+32.8 0.331+0.126 NP -31.5+2.01  7.30+0.01 313£2
22°C 1148+60.4 0.919+0.118 NP -23.1+5.38  7.53+0.01 310£2
21 4°C 478.9+10.8 0.462+0.119  78.11+0.13  -19.3+4.17  7.35+0.01 3181
22°C 973.9434.8 0.910+0.137  84.6+0.11  -23.4+6.20 7.47+0.01 314£2
28 4°C 578.1£21 0.452+0.179  74.2+0.14  -32.2£3.90  7.42+0.01 31741
22°C 1754+100 0.890+0.103  83.48+0.08 -33.7+4.14  7.24+0.02 3162

NP=Not performed
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Figure 5.15 Particle size (A), polydispersity index (B), encapsulation efficiency (C) and Zeta Potential (D) of
CLA-NLC analyzed over 28 days (n = 3) stability study

The results following stability studies reveal a relatively constant PS and PDI for CLA-NLC
stored at 4 °C in comparison to those products stored at 22 °C which show an increase in both
PS and PDI. Higher temperatures increase the kinetic energy of particles, which in turn leads
to a greater number of collisions between particles and the possibility of agglomeration and
an increase in particle size [244]. The PS for CLA-NLC stored at 4 °C remained within the
nanometer range during the incubation period whereas those stored at 22 °C increased to
approximately 1.8 um in diameter. However, despite this increase in size these formulations
are suitable for ocular use as the human eye can tolerate particles of up to 10 um in diameter
[340]. Nonetheless, it should be noted that changes in particle size changes may influence
formulation performance, likely both muco-adhesion behavior and drug release rates. Storage
at 22 °C is therefore not advised given the potential impact on performance of the

formulations.

An unexpected loss of CLA of approximately 14.42% occurred at 4 °C in comparison to
5.14% for the CLA-NLC stored at 22 °C after storage for 28 days. The leakage of API from
SLN stored at 4 °C were postulated be a consequence of temporary non-homogeneity in the
phospholipid bilayers around the nanoparticles when stored at these conditions [351].
Consequently DSC analysis was performed on lyophilized CLA-NLC following storage at
4 °C and 22 °C so as to elucidate the reasons for this anomaly and the resultant thermograms

are depicted in Figure 5.16.
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Figure 5.16 DSC thermograms of lyophilized CLA-NLC 24 hours after production (A) and storage for 28 days
at 22 °C (B) and 4 °C (C)

The thermogram for the CLA-NLC formulations stored at 4 °C (Figure 5.16 C) reveal a
change in the polymorphic form of the PEG 6000 used to coat and impart muco-adhesive
properties to the nanoparticles. In addition, PEG has a depolarizing effect which alters the
partition of hydrophobic molecules between the interior and the exterior of lipid bilayers

[352].

The ZP of > -30 mV for CLA-NLC generally indicates good physical stability of the
nanoparticles at days 14 and 28 following storage at 4 °C and 22 °C. However, although the
ZP for the formulations was lower than -30 mV between day 0 and day 7 and at day 21, the
stability of the nanoparticles may be inferred, since polysorbate surfactants provide stability
through both electrostatic and steric hindrance mechanisms. The ZP for the formulations were
relatively higher following storage for 28 days in comparison to when assessed 24 hours
following manufacture. Furthermore an increase in the negative charges on the surface of the
particles, did not appear to enhance the stability of the formulations, since particle growth
was observed for formulations stored at 22 °C. It is possible that the increase and decrease in
the negative potential observed was unrelated to the presence of the surfactant but is rather
due to an increase in the amount of CLA, either in the ionized or unionized form, on the
surfaces of the particles which also corresponds to a reduction in EE over time. No

agglomeration of formulations was observed following storage for 28 days and is supported
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by the ZP not reaching the agglomeration threshold range of -20 to -11 mV [244].

The pH and osmolarity of the NLC formulations stored at 4 °C and 22 °C for 28 days were
within 3.5-10.5 and 250-450 mOsm/kg, respectively which is also tolerable to the human eye
[326,327].

54  CONCLUSIONS

CLA-loaded NLC formulations were manufactured using hot emulsification ultrasonication
and were successfully optimized using a Design of Experiments approach with the inclusion
of Tween® 20 to stabilize the nanocarriers. A Central Composite Design was used to identify
optimum process parameters and a sonication time of 26.33 minutes and amplitude of 59.7%
was identified as appropriate. The optimized formulation included SA and Transcutol® HP in
a 4:1% w/w ratio with Tween® 20 and polyethylene glycol included at 1% w/w content. The
particle size of the optimized NLC particles was in the nano range and > 80% of the

theoretical CLA load was encapsulated in the NLC.

The optimized CLA-loaded NLC for which the osmolality was adjusted to between 250—450
mOsm/kg exhibited muco-adhesive properties when tested under stationary conditions using
laser doppler anemometry. The optimized formulation exhibited sustained release of CLA
over 24 hours in vitro and was best described using the Baker-Lonsdale model. In vitro
cytotoxicity data reveal that the CLA-NLC were less cytotoxic to HeLa cells when compared
to CLA alone and further confirmed that the lipids and excipients used in these studies are of

GRAS status.

Stability studies revealed a reduction in encapsulation efficiency over 28 days when stored at
4 °C and 22 °C and the particle size increased into the pm range at 22 °C. The findings are a
good starting point but require further optimization to ensure prolongation of stability. In
addition, the technology requires additional development possibly as a powder for
reconstitution for use as a single-dose. The concept of single dose packaging may be a
solution to the compromised formulation stability observed. The CLA-NLC produced in
these studies exhibit sound product attributes which serve as a useful starting point for the
novel delivery of antibiotics to the eye. However, further evaluation and elucidation of the
minimum inhibitory concentration for development of clinically relevant single-dose therapy

against Mycobacterium fortuitum and Mycobacterium chelonae when using these CLA-
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loaded NLC is required. A structured and well-designed ocular absorption study, conducted
using an appropriate ex vivo set up (porcine or bovine excised cornea and sclera) would be of
use in elucidating the ocular absorption pathway/mechanism of CLA. In addition, the effect
of the developed formulations on ocular absorption of CLA would be better understood.
Furthermore, keratitis induces drastic changes in the barrier properties of the cornea where
the epithelium and the stroma lose much of their barrier properties. Consequently, the use of
an appropriate animal model of bacterial keratitis would provide an ideal opportunity to

investigate the hypothesis that CLA-NLC would improve ocular efficacy of CLA.

The aforementioned results suggest that the optimized NLC have the potential to enhance
precorneal retention and increase ocular availability of CLA, which in turn may be useful to
reduce the required dose and dosing frequency when administering CLA to treat susceptible
organisms. Given the sensitivity of the ocular system, future research would include
production of the nanocarriers under sterile conditions and addition of antimicrobial
preservatives prior to determining the ocular disposition, pharmacokinetics, efficacy and

safety of CLA-NLC in vivo.
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CHAPTER 6

CONCLUSIONS

Non-tuberculous precipitating mycobacteria are ecological pathogens which are a significant
cause of a number of different human diseases. Mycobacterium fortuitum and Mycobacterium
chelonae are examples of such mycobacteria and are a leading cause of infectious keratitis.
The development of ocular non-tuberculous mycobacterial (NTM) keratitis has been
attributed to trauma following penetration of the corneal epithelium. The use of topical
corticosteroids suppresses granulomatous inflammation facilitating the growth of NMT in the
eye. Outbreaks of NTM keratitis following laser-assisted in situ keratomileusis (LASIK) has
been reported in Brazil, USA and Japan and are due to improper sterilization of surgical
fluids and instruments subsequently leading to the introduction of pathogens to the corneal
stroma during surgery. NTM is a common pathogen causing post-LASIK keratitis (47%)
however causative agents of infectious keratitis vary by region with the highest rates being

observed in developing countries.

The macrolide, clarithromycin (CLA) is a structural analogue of erythromycin A which is
used in combination for the treatment of Mycobacterium avium complex and Helicobacter
pylori infections. CLA exhibits inhibitory activity against > 275 NTM clinical isolates. The
treatment of NTM keratitis with topical CLA has been successful however, toxic reactions,
intolerance and patient discomfort due to frequent instillation of topical solutions of CLA is
of concern. Commercially available CLA dosage forms for ocular use are not readily
available and the in vivo efficacy of CLA for the treatment of NTM Kkeratitis has, to date, been
determined by reconstitution and use of lyophilized parenteral formulations administered via
the ocular route. It is therefore imperative that research and development be focused on
improving the delivery of CLA to the eye thereby addressing some or all of these unmet

clinical needs.

An area of concern when considering ocular drug delivery is that only moderately-charged
small molecules are likely to penetrate, albeit poorly, through the corneal epithelium. The
passage of hydrophilic molecules is limited due to the tight junctions of the corneal epithelial

cells while charged collagen fibres of the corneal stroma limit the successful passage of
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hydrophobic molecules. Furthermore the collagen fibres of the stroma are organized into an
ordered structure and can act as a sieve to large molecules, such as CLA. In addition, the
constant flow of tears and tear films across the outer surfaces of the cornea, naso-lachrimal
drainage and blinking contribute to a reduction in the availability of active pharmaceutical
ingredients (API) to the anterior segment of the eye. Nano-particulate formulations have been
investigated as potential ocular delivery systems intended to enhance corneal permeation
thereby improving API availability to the eye whilst ensuring access to safe, non-invasive
treatment approaches that also facilitate patient adherence. The muco-adhesive nature of
some lipid-based nanocarriers can improve interaction with ocular membrane, resulting in

prolonged residence times, enhanced availability and fewer local and/or systemic side effects.

Nanostructured lipid carriers (NLC) are innovative carrier technologies that are an alternative
delivery approach to colloidal systems such as emulsions, liposomes and polymeric
nanoparticles. NLC offer a number of advantages in comparison to the other colloidal
carriers, including protecting the API and reducing potential degradation, facilitating
targeting, reducing potential side effects and control of API release, in vivo. Consequently
one objective of these studies, was to investigate the feasibility of developing CLA-loaded
NLC that would have the potential to enhance precorneal retention of the API and increase
ocular availability, which in turn may be useful to reduce the dose and dosing frequency
when administering this antibiotic to treat NTM. The manufacture of NLC involves melting a
binary mixture of a solid and liquid lipid, followed by re-dispersion of the molten lipids as
submicron-sized droplets in an aqueous medium containing surfactant(s) with the aid of
mechanical stirring. Although there are different methods of producing NLC the feasibility of
encapsulation of CLA into colloidal carriers was investigated using a hot emulsification

ultrasonication (HEUS) approach.

A vast number of analytical techniques can be used for the characterization of colloidal
systems. Photon correlation spectroscopy (PCS) was used to determine the particle size (PS)
and polydispersity index (PDI) of the systems manufactured in these studies. Although PCS
is used to determine the PS and PDI of NLC, this technique does not provide information
pertaining to the elemental and surface properties of the nanoparticles. Scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDX) were used to determine

the topological characteristics of the colloidal systems produced in these studies. Laser
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doppler anemometry (LDA) was used to determine the Zeta Potential of the systems which
was used as a means of assessing the stability of the colloidal system. Crystallization and
polymorphic transitions of the NLC were investigated using differential scanning calorimetry
(DSC), wide-angle x-ray scattering (WAXS) and fourier transform infrared spectroscopy
(FT-IR). FT-IR was used to investigate interactions between CLA and lipid raw materials.
The osmolarity of NLC dispersions was determined by using freezing point depression. The
loading capacity (LC), encapsulation efficiency (EE) and in vitro release of CLA from the
NLC was evaluated using a reversed-phase high performance liquid chromatography (RP-
HPLC) method developed and validated in these studies.

RP-HPLC is commonly used for the analysis of pharmaceutical products and is used for
evaluation of a variety of sample matrices in the pharmaceutical industry. RP-HPLC can be
used for the in vitro analysis of formulations such as NLC that possess lipid based complex
matrices. Prior to initiating pre-formulation and formulation development studies Response
Surface Methodology (RSM) using a Central Composite Design (CCD) was used for the
development and validation of a RP-HPLC method coupled to an electrochemical detector
(ECD) for the quantitative analysis of CLA in formulations and during in vitro dissolution
testing conducted in these studies. Following a change to the stationary phase, the analytical
run time was reduced and solvent consumption decreased facilitating environmental and
financial sustainability of the method. Such a change in the method parameters requires re-
validation of the method. The applicability of using the United States Pharmacopeia (USP)
scaling approach in place of method re-validation using a column with a different L—
designation to the original analytical column was also investigated. The scaled method met
all USP system suitability requirements for resolution, tailing factor and % relative standard
deviation (% RSD). The re-validated and scaled method was successfully used to resolve
CLA from excipients used for the manufacture of pharmaceutical formulations and during in
vitro dissolution testing. The scaled HPLC-ECD method was simple, precise, accurate,
sensitive and stability indicating for the analysis of CLA, specifically for the determination of
LC, EE and CLA release from the NLC. The separation between CLA and erythromycin
(ERY) which was the internal standard was achieved using an isocratic separation with a
Phenomenex Luna® CN, 5 pm 150 mm x 4.6 mm i.d cartridge column and a mobile phase of
36.5 % v/v acetonitrile, 5 % v/v methanol, a 50 mM phosphate buffer of pH = 7.00 set at a

flow rate of 1.0 mL/min. The temperature of the analytical column was 30 °C and the
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injection volume was 10 pL. The analytical electrode of the ECD was set at an oxidation
potential of 1200 mV to monitor the eluent and the total run time for the analysis was 13
minutes. The method was validated according to ICH guidelines and was found to be suitable
for the routine analysis of CLA-loaded NLC. Stock solutions of CLA in acetonitrile were

found to be stable over seven days at 4 °C.

Prior to commencing formulation and development studies of CLA-NLC, pre-formulation
studies aimed at investigating the thermal stability of CLA and characterization of the
excipients were undertaken to facilitate the selection of suitable lipids for use in the
manufacture of CLA-NLC. HEUS was selected as the method of production of CLA-NLC
which would necessitate exposure of CLA to temperatures of approximately 85 °C and
therefore an investigation of the thermal stability of CLA in addition to its crystalline and
polymorphic state prior to and following exposure to heat was required. Thermogravimetric
analysis (TGA) was used to evaluate the thermal stability of CLA and DSC and WAXS used
to establish the crystalline and polymorphic nature of CLA prior to and following exposure to
a temperature of 85 °C for one hour. TGA data revealed that CLA is thermostable up to a
temperature of approximately 300 °C thereby confirming that the use of HEUS for the
manufacture of CLA-NLC was unlikely to have any impact on the stability of the molecule.
DSC and WAXS data revealed that exposure to a temperature of 85 °C would not result in a
change in the crystallinity of CLA and no change in the polymorphic form of CLA, further

confirming the suitability of HEUS for the production of the lipid nanocarriers.

The selection of lipid materials for the NLC formulation was undertaken following
investigating the solubility of CLA in different solid and liquid lipids at 85 °C in order to
select a binary mixture of a solid and liquid lipid with the best dissolution potential for CLA.
The results of solubility studies revealed that CLA is poorly soluble in solid and liquid lipids
however a combination of stearic acid (SA) and Transcutol® HP (THP) exhibited the best
dissolution potential for CLA of all lipids tested. Consequently SA and THP were selected

for use in the formulation and manufacture of CLA-loaded NLC.

The production process for NLC using HEUS may result in polymorphic modification(s) of
the lipid matrices from which the lipid nanocarriers are produced. The degree of
crystallization and polymorphic transition of lipids following exposure to heat during HEUS

may also influence API incorporation, release and product quality. DSC and WAXS were
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used to investigate the polymorphic and crystalline state of the lipid materials in addition to
their potential to interact with CLA prior to and following exposure to 85 °C for one hour.
The data generated revealed that SA appears to exist as the form B polymorph prior to
exposure to heat and the form C polymorph following heating to 85 °C for one hour. The
addition of THP to SA resulted in a delay in this transition of the solid lipid from the form B
polymorph to the irreversible form C modification. It is therefore likely that NLC produced
using SA and THP would exist as the form C polymorph of the lipid resulting in a
hydrodynamic and stable system. However, the stability of these carriers, in terms of EE

would have to be investigated.

The production and use of NLC requires that the mixture of solid and liquid lipids be solid at
room and body temperatures implying that binary mixtures should possess a melting
temperature onset > 40 °C. Consequently, the miscibility of SA and THP was investigated
using different proportions of the solid and liquid lipids using DSC and an in-house filter
paper test to determine the miscibility of the different lipid blends in order to identify the
most suitable binary mixture of lipids that would be used for the formulation and manufacture
of CLA-NLC. The optimum ratio of SA and THP used for the manufacture of NLC was
80:20 (w/w) and the binary mixture was miscible and had an onset melting point > 40 °C. The
DSC, WAXS and FT-IR profiles for a ternary mixture of SA, THP and CLA generated prior
to and following exposure to 85 °C for one hour revealed that any interaction between CLA
and the lipid mixture selected for the production of the NLC was unlikely although, long term

stability studies would be required to ensure this is indeed the case.

A Design of Experiments (DoE) approach, specifically a Box-Behnken Design (BBD) was
used as a screening method to investigate the impact of five input variables on the production
of CLA-loaded NLC. The input variables investigated included lipid content, Tween® 20 and
PEG 6000 content, amplitude and sonication time. Further optimization with respect to the
process parameters was undertaken in an attempt to establish the robustness of the
formulation composition and performance to changes in process conditions using a CCD.
Consequently, the effect of sonication time and amplitude of sonication on the target Critical
Quality Attributes (CQA) viz. EE, LC, ZP, PS and PDI of the NLC, was investigated. In
addition, the pH, osmolarity, muco-adhesive nature, cytotoxicity, in vitro CLA release,

degree of crystallinity and lipid modification of the optimized NLC were investigated to
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ensure that a product of desirable quality had been produced. The ZP of the optimized
nanocarriers was determined in HPLC grade water and ranged between -19.3 to -32.2 mV
and -14.7 to -33.7 mV following storage for 28 days at 4 °C and 22 °C, respectively. The
agglomeration threshold for dispersions is defined at a ZP range of -20 to -11 mV and was
not achieved following assessment after 28 days storage at 4 °C and 22 °C which is consistent
with the data generated as none of the products tested were observed to agglomerate over the

stability test period.

The optimized NLC exhibited muco-adhesive properties under stationary conditions assessed
using LDA and sustained release of CLA was observed over the 24-hour test period. /n vitro
cytotoxicity studies revealed that the CLA-NLC exhibited improved cell viability when
compared to pure CLA which was attributed to the shielding effect of the encapsulating lipids
used further emphasizing the protective nature of NLC technology. In addition, the use of
PEG may form a hydrophilic and protective layer on the surface of the nanoparticles resulting
in a reduction in the interaction and subsequent uptake of the CLA-NLC by human cervix
adenocarcinoma (HeLa) cells. Furthermore, the high % viability of HeLa cells was observed
following exposure of the cells to control/blank NLC confirming that the excipients used in

these studies are generally regarded as safe (GRAS).

The DSC thermogram for the optimized CLA-NLC revealed the presence of two endothermic
events, characteristic of the solid and liquid lipids in the mixture and PEG 6000. The
thermogram confirmed the absence of characteristic events for CLA indicating the existence
of single polymorphic forms of the excipients used and that CLA was molecularly dispersed
internally in the NLC. The melting point of the lipid mixture observed was consistent of the

presence of the form C polymorph of SA.

The WAXS diffractogram for the optimized CLA-NLC revealed the absence of the principle
bands for CLA and these findings are in agreement with those observed when evaluating the
DSC data that revealed that CLA was molecularly dispersed within the NLC. The
characteristic bands for PEG 6000 matched well with literature reports [343], further
confirming that CLA was dissolved in the PEG-coated NLC.
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The FT-IR spectra for optimized CLA-NLC product revealed the presence of all
characteristic bands for SA. The frequency bands consistent with molecular vibrations of
CLA were not observed in the colloidal system, confirming the DSC and WAXS data that
suggested CLA was molecularly dispersed within the lipid matrix. The NLC also revealed the
presence of characteristic bands consistent with molecular vibrations for PEG 6000
suggesting that PEG was on the exterior surface and coated the nanoparticles. The band
intensity for the optimized CLA-NLC was lower than that of the intensity observed for the
excipients used during the manufacturing process, which may indicate the amorphous nature

of the manufactured nanocarrier formulation.

The results of stability studies revealed fairly constant PS and PDI data for NLC stored at 4
°C in comparison to the formulations stored at 22 °C which exhibited an increase in the PS
and PDI. Storage at elevated temperatures are known to increase the kinetic energy of
particles, which in turn lead to increased numbers of collisions between particles with a
corresponding increase in particle size due to agglomeration. The PS for NLC stored at 4 °C
remained within the nanometer size range during the incubation period with those stored at

22 °C increasing to approximately 1.8 um in diameter.

The unexpected loss of CLA of up to 14.42% at 4 °C in comparison to that of 5.14% from the
NLC stored at 22 °C following storage for 28 days may be a consequence of the depolarizing
effect of PEG, which alters the partitioning of hydrophobic molecules between the interior
and the exterior of lipid bilayers under these conditions. The pH and osmalirity of the NLC
formulations stored at 4 °C and 22 °C for 28 days were between 3.5-10.5 and 250-450
mOsm/kg, respectively which is readily tolerated by the human eye.

This research has demonstrated the feasibility of using HEUS to manufacture CLA-loaded
NLC stabilized with Tween®20. The CLA-NLC have the potential to enhance ocular
permeability and reduce toxicity and the optimized formulation exhibited sustained and
controlled release of CLA when fitted to a number of kinetic models. The results of kinetic

modelling revealed that CLA release from the optimized NLC was best fitted by the Baker-
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Lonsdale model which describes controlled release mechanisms for CLA from spherical
shaped lipid matrices, involving diffusion and degradation as the primary factors affecting
release. The in vitro release and muco-adhesive properties of the optimized CLA-NLC
indicate that these systems have the potential to enhance precorneal retention, increase ocular
availability and permit dose reduction or permit use of a longer dosing frequency. However,
additional and alternate in vitro and appropriately designed in vivo studies are necessary to

establish if this is indeed the case.

The findings are a good starting point but require further optimization to ensure prolongation
of stability. In addition, the technology should be further investigated and the use of a powder
for reconstitution as a single-dose so as to optimize formulation stability can be considered.
In addition, a structured and well-designed ocular absorption study, conducted using an
appropriate ex vivo set up (porcine or bovine excised cornea and sclera) would be of use in
elucidating the ocular absorption pathway/mechanism of CLA as well as understanding the
effect of the developed formulations on ocular absorption of CLA. Furthermore, keratitis
induces drastic changes in the barrier properties of the cornea where the epithelium and the
stroma lose much of their barrier properties. Consequently, the use of an appropriate animal
model of bacterial keratitis would provide an ideal opportunity to investigate the hypothesis
that CLA-NLC would improve ocular efficacy of CLA. The CLA-NLC produced in these
studies have provided a useful foundation for investigating the delivery of antibiotics to the
eye, however further evaluation as mentioned above, and determination of the minimum
inhibitory concentration for development of a clinically relevant single-dose therapy against

Mycobacterium fortuitum and Mycobacterium chelonae should be undertaken.

HEUS is a relatively easy laboratory-scale method commonly used for NLC manufacture.
However, the quality and narrow size distribution of the nanocarriers produced is generally
compromised by the presence of microparticles. Furthermore, metallic contamination from
the ultrasonic probe used during sonication may also occur [121,240,353]. High pressure
homogenization (HPH) is the most reliable and scalable technique for the production of NLC
[205]. In contrast to HEUS, HPH manufacturing can be applied to laboratory and industrial
scale production of NLC while avoiding the introduction of microparticles and metallic

contamination in the dispersions. The feasibility of producing CLA loaded NLC for
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ophthalmic used using HEUS has been demonstrated however, formulations of CLA-NLC
manufactured using HPH should be investigated to establish the feasibility of manufacturing
these on a large scale. In addition, enhanced formulation stability and more homogenous

particles may be a potential outcome using this approach.

The research outcomes reported vide infra have been published in peer-reviewed journals as

follows and the full manuscripts are included in Appendix I1.
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APPENDIX 1

BATCH PRODUCTION RECORDS

Note that only the production records for F44 and the optimized CLA-NLC (CLA-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
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 1 of 5
Batch ID: F44 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
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC
Batch ID: F44

Page 2 of 5

Batch size: 100 g

Item Material Quantity (% w/w) | Amount/batch (g) | Dispensed by | Checked by
1 CLA 0.50 0.50
2 Stearic acid 4.00 4.00
3 | Transcutol® HP 1.00 1.00
4 Tween® 80 1.00 1.00
5 PEG 6000 1.00 1.00
6 Aqua (ad) 93.00 93.00
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 3 of 5
Batch ID: F44 Batch size: 100 g

EQUIPMENT VERIFICATION

Description Type Verified by Confirmed by

High speed homogenizer Model T 18 Ultra-Turrax®

Probe sonicator Sonoplus® HD 4200
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name: CLA-loaded NLC Page 4 of 5

Batch ID: F44 Batch size: 100 g
MANUFACTURING PROCEDURE

Step Procedure Time Done by Checked by

1 Weigh all the materials.

2 Heat water (item 6) to 85 °C in a

beaker and disperse Tween® 20 and
PEG 6000 (items 4 and 5) into the
hot water until a clear solution is
obtained. Maintain the temperature
of the resultant aqueous phase at 85
°C.

3 Heat stearic acid and Transcutol®
HP (items 2 and 3) at 85 °C until a
clear melt is obtained. Disperse
CLA (item 1) in the lipid melt and
maintain at 85 °C.

4 Disperse the heated aqueous phase
in the molten lipid phase using high
speed stirring at 6000 rpm for 1
minute to form a pre-emulsion.

5 Sonicate the pre-emulsion at 85 °C
using the probe sonicator set an
amplitude of 55% for 20 minutes.

6 Fill and seal the hot o/w
nanoemulsion immediately in a
siliconized glass vial and allow the
product to cool to room temperature
(22 °C).

7 Store all samples at room
temperature for at least 24 hours
prior to characterization.
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 5 of 5
Batch ID: F44 Batch size: 100 g

SIGNATURE AND INITIAL REFERENCE

Full name (Print) Signature Initials Date
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 1 of 5
Batch ID: CLA-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
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC
Batch ID: CLA-NLC-OPT

Page 2 of 5
Batch size: 100 g

Item Material Quantity (% | Amount/batch (g) | Dispensed by | Checked by
w/w)
1 CLA 0.50 0.50
2 Stearic acid 4.00 4.00
3 | Transcutol® HP 1.00 1.00
4 Tween® 80 1.00 1.00
5 PEG 6000 1.00 1.00
6 Aqua (ad) 93.00 93.00
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 3 of 5
Batch ID: CLA-NLC-OPT Batch size: 100 g

EQUIPMENT VERIFICATION

Description Type Verified by Confirmed by

High speed homogenizer Model T 18 Ultra-Turrax®

Probe sonicator Sonoplus® HD 4200
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC
Batch ID: CLA-NLC-OPT

Page 4 of 5
Batch size: 100 g

MANUFACTURING PROCEDURE

Step Procedure Time Done by Checked by
1 Weigh all the materials.
2 Heat water (item 6) to 85 °C in a

beaker and disperse Tween® 20 and
PEG 6000 (items 4 and 5) into the
hot water until a clear solution is
obtained. Maintain the temperature
of the resultant aqueous phase at 85
°C.

Heat stearic acid and Transcutol®
HP (items 2 and 3) at 85 °C until a
clear melt is obtained. Disperse
CLA (item 1) in the lipid melt and
maintain at 85 °C.

Disperse the heated aqueous phase
in the molten lipid phase using high
speed stirring at 6000 rpm for 1
minute to form a pre-emulsion.

Sonicate the pre-emulsion at 85 °C
using the probe sonicator set an
amplitude of 60% for 26.33 minutes.

Fill and seal the hot o/w
nanoemulsion immediately in a
siliconized glass vial and allow the
product to cool to room temperature
(22 °C).

Store all samples at room
temperature for at least 24 hours
prior to characterization.
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RHODES UNIVERSITY, FACULTY OF PHARMACY
MAKHANDA, 6140, SOUTH AFRICA

BATCH PRODUCTION RECORD
Product name: CLA-loaded NLC Page 5 of 5
Batch ID: CLA-NLC-OPT Batch size: 100 g

SIGNATURE AND INITIAL REFERENCE

Full name (Print) Signature Initials Date
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Abstract: An isocratic high-performance liquid chromatographic method using electrochemical
detection (HPLC-ECD) for the quantitation of clarithromycin (CLA) was developed using Response
Surface Methodology (RSM) based on a Central Composite Design (CCD). The method was validated
using International Conference on Harmonization (ICH) guidelines with an analytical run time of
20 min. Method re-validation following a change in analytical column was successful in reducing the
analytical run time to 13 min, decreasing solvent consumption thus facilitating environmental and
financial sustainability. The applicability of using the United States Pharmacopeia (USP) method
scaling approach in place of method re-validation using a column with a different L-designation
to the original analytical column, was investigated. The scaled method met all USP system
suitability requirements for resolution, tailing factor and % relative standard deviation (RSD).
The re-validated and scaled method was successfully used to resolve CLA from manufacturing
excipients in commercially available dosage forms. Although USP method scaling is only permitted
for columns within the same L-designation, these data suggest that it may also be applicable to
columns of different designation.

Keywords: clarithromycin; electrochemical detection; central composite design; method validation;
USP method scaling; stability-indicating

1. Introduction

Clarithromycin (CLA) is a semi-synthetic macrolide derivative of erythromycin A comprised
of 14-cladisone and desosamine residues attached at positions 3 and 5 (Figure 1) [1,2]. CLA is a
biopharmaceutical classification system (BCS) class II molecule that is poorly soluble and highly
permeable. CLA exhibits an aqueous solubility of approximately 0.342 ug/mL at 25 °C, and has a pKa
of 8.8 [3]. CLA is acid-stable and has a broad spectrum of antimicrobial activity, inhibiting a range of
Gram-positive and Gram-negative organisms, atypical pathogens and some anaerobic organisms [4,5].
CLA lacks a chromophore as it has no conjugated double bond in the lactone ring therefore, significant
UV absorbance is only observed at wavelengths < 210 nm [6]. Detection at these wavelengths is suitable
for most in vitro samples but lack the necessary sensitivity for the quantitation of low concentrations
of CLA, such as those observed in biological matrices [2,7] and nanoparticles [8]. CLA has a tertiary
amino group which is reactive for electrochemical oxidation [9], making electrochemical detection
(ECD) a potentially useful tool for ensuring the accurate determination of CLA in dosage forms.
Quantitative analysis of CLA has been achieved in biological samples using high-performance liquid
chromatography (HPLC) with ECD [10-12], UV [2,13], LCMS [14] and fluorescence detection [15].
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Published HPLC-ECD methods have reported detection limits of 10.03 pg/mL [16], 0.5 ug/mL [17],
B0 Phagymad1 4,187] XEORBFARIREMEVD.01 pg/mL [19], 0.15 ug/mL [20] and 0.02 pg/mL [21]. In additioze,

characterization of degradation products of CLA have been reported using HPLC-MS [22,23] and
a0 @vyg/mk [21]. In addition, characterization of degradation products of CLA have been

reported using HPLC-MS [22,23] and HPLC-UV [5,13].
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and a center point, requiring N = 2/+ 2f + 1 experiments to examine f factors [30,31]. The points of the
full factorial design are located at factor levels -1 and +1 and for the star design at factor levels 0, —a
and +a, whereas for the center point at a factor level 0 [32].

Method validation is a process that demonstrates that a method will successfully meet or exceed
the minimum standards recommended by regulatory authorities for accuracy, precision, selectivity,
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The points of the full factorial design are located at factor levels —1 and +1 and for the star design at
factor levels 0, —a and +a, whereas for the center point at a factor level 0 [32].

Method validation is a process that demonstrates that a method will successfully meet or exceed
the minimum standards recommended by regulatory authorities for accuracy, precision, selectivity,
sensitivity, reproducibility and stability [33]. According to the USP [34], certain parameters of a method
may be adjusted or scaled on the condition that allowable limits and equivalency are maintained.

The objective of these studies was to develop a stability indicating the HPLC-ECD method
for the quantitative determination of CLA in pharmaceutical formulations and monitoring CLA
incorporation into lipid nano-carrier technologies. The method was developed and validated according
to International Conference of Harmonization (ICH) guidelines [35]. Method re-validation in addition to
modified method scaling as per United States Pharmacopeia (USP) [34] guidelines was also investigated
in order to assess and assure the performance of the method when moving across analytical columns
of different packing material (L-designation). To our knowledge, this is the first time an experimental
design has been applied to the development of a simple, rapid, sensitive and reliable HPLC method
using amperometric detection for the quantification of CLA in dosage forms. Furthermore, this is the
first study to develop a stability indicating the HPLC-ECD method for CLA whilst investigating a
modified USP scaling approach through use of a column of different L-designation.

2. Materials and Methods

2.1. Chemicals and Reagents

All reagents were at least of analytical reagent grade and used without further purification.
CLA was purchased from Skyrun Industrial Co. Limited (Taizhou, China) and the internal standard,
erythromycin (ERY) was purchased from Sigma Aldrich Chemical Co. (Milwaukee, WI, USA).
Clarihexal®, Klarithran®, Klarithran® MR 500 mg tablets, Klarizon 250 mg tablets and Clarihexal®,
Klarithran® 250 mg/mL granules for oral suspension were purchased from a local pharmacy.
HPLC-grade water was prepared by reverse osmosis using a RephiLe® Direct-Pure UP ultrapure and
RO water system (Microsep®, Johanessburg, South Africa), consisting of a deionization RephiDuO® H
PAK cartridge and a polishing RephiDuO® PAK cartridge. The water was filtered through a 0.22 pm
PES high-flux capsule filter (Microsep®, Johannesburg, South Africa) and used to prepare all buffer
solutions. HPLC far UV-grade acetonitrile (ACN) and methanol (MeOH) was purchased from Anatech®
Instruments Pty, Ltd. (Randburg, Johannesburg, South Africa). Potassium dihydrogen orthophosphate,
sodium chloride and sodium hydroxide pellets were purchased from Merck® Laboratories (Merck®,
Wadeville, South Africa).

2.2. Instrumentation and Analytical Conditions

The HPLC system was a Waters® Alliance Model 2695 separation module equipped with a solvent
delivery module, an autosampler, an online degasser and a Model 2465 Electrochemical Detector
(Waters®, Milford, MA, USA). Data acquisition, processing and reporting were achieved using Waters®
Empower 3 software (Waters®, Milford, MA, USA). The separation was achieved under isocratic
conditions using a Beckman® Cg, 4 um (150 mm X 4.0 i.d) (Beckman Instruments, Inc., San Ramon,
CA, USA) cartridge column with a mobile phase consisting of 50 mM phosphate buffer (pH 7.0), ACN
and MeOH in a 58.5:36.5:5.0 v/v/v ratio. The flow rate of the mobile phase and the injection volume
were 1.0 mL/min and 10 pL, respectively. The analytical column was maintained at 30 °C using an
integral column heater (Waters®, Milford, MA, USA).
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2.3. Preparation of Solutions

2.3.1. Stock solution and calibration standards

Standard stock solutions of CLA (100 pg/mL) and ERY (50 pg/mL) were prepared by accurately
weighing approximately 10 mg and 5 mg of each API using a Model AE 163 Mettler® analytical balance
(Mettler® Inc., Zurich, Switzerland) into 100 mL A-grade volumetric flasks and dissolving in a small
volume of ACN. The stock solutions were sonicated using an ultrasonic bath (Ultrasonic Manufacturing
Company (Pty), Ltd., Kenware, Krugersdorp, South Africa) until a clear solution formed, after which
the solutions were made up to volume with ACN. Calibration standards of CLA over the concentration
range 5-50 pug/mL were prepared by serial dilution of the standard stock solution on the day of analysis,
using ACN as a diluent. A 0.75 mL aliquot of the 50 ug/mL ERY stock solution was added to all
calibration standards and test samples prior to analysis.

2.3.2. Buffer and Mobile Phase

Phosphate buffer solutions (50 mM) were prepared by accurately weighing 6.0845 g potassium
dihydrogen orthophosphate into a 1 L A-grade volumetric flask and making up to volume with HPLC
grade water. A 0.11 g aliquot of sodium chloride was added to the buffer solution to produce 2 mM
equivalent chloride ions. The pH of the buffers was monitored at 22 °C using a Model Basic 20+ Grison
pH-meter (Crison Instruments, Barcelona, Spain) and was adjusted to 7.0 using sodium hydroxide
pellets. The buffer was degassed under vacuum with the aid of a Model A-2S Eyela Aspirator degasser
(Rikakikai Co., Ltd., Tokyo, Japan) and filtered through a 0.2 um cellulose membrane filter (Sartorius
Stedim Biotech GmbH, Goettingen, Germany) prior to being transferred into a 1 L Schott® Duran
bottle (Schott Duran GmbH, Wertheim, Germany).

2.4. Statistical Analysis

Data generated were analyzed using Design Expert® version 8.0.2 statistical software (Stat-Ease
Inc., Minneapolis, MN, USA). The significance of relevant factors was determined using Fisher’s
statistical test for Analysis of Variance (ANOVA). Models were estimated and run to compare
first-order interaction terms. ANOVA for linear regression, partitions the total variation of a sample
into components that are then used to compute an F-ratio which is used to evaluate the effectiveness
of the model. If the probability associated with the F-ratio is low, the model is considered to better
fit the data statistically. In these calculations, the higher-order interaction terms are assumed not to
contribute, to any great extent, to the behavior of the statistical model.

2.5. Method Validation

2.5.1. Linearity and Range

The linearity was determined using a minimum of five standards injected five times as per
the ICH [35] guidelines. The linearity of the method was evaluated over the concentration range
of 5-50 pg/mL and least squares linear regression analysis of the peak height ratio (PHR) versus
concentration data was used to evaluate the linearity of the method.

2.5.2. Precision

The precision of the method was evaluated at two different levels viz., repeatability (intra-day
precision) and intermediate precision (inter-day precision). The repeatability for CLA was determined
by analysing a sample solution containing the target level of CLA. Ten replicates (n = 10) of the sample
solution were analysed as per the final method procedure [36]. Repeatability was determined using
a 50 pg/mL sample solution. The inter-day precision for CLA was determined by analysing sample
solutions in replicate (1 = 5) at three different concentrations viz., low, middle and high, within the
range tested on three different days.
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2.5.3. Accuracy

The accuracy of the method was determined by replicate analysis (n = 5) of samples containing
known amounts of CLA at low (6.0 pg/mL), middle (25.0 pg/mL) and high (45.0 pg/mL) concentrations.
The mean recovery was assessed for compliance according to the ICH guidelines.

2.5.4. LOQ and LOD

The limit of quantitation (LOQ) of the method was determined by evaluating the lowest
concentration of CLA that resulted in a precision of < 5% RSD, and the limit of detection (LOD) was
taken as the 0.3 X LOQ value. Alternatively, the LOD may be inferred from the concentration resulting
in a % RSD of < 20% when the LOQ results in a % RSD of < 10% [37].

2.6. Method Scaling and Re-Validation

Method scaling is used when an adjustment of the method is required and where parameters are
changed within permitted limits, to preserve the chromatographic separation. When a change is made
to the column, flow rates may need to be adjusted to maintain the separation and chromatographic
performance of a method [34,38]. Scaling methods can be used to ensure the same quality of separation
while reducing run times, with a reduction in solvent consumption thus ensuring environmental and
financial sustainability. In addition, reduced run times result in increased throughput, efficiency of
operation and overall profitability.

Chapter 621 of the USP [34] defines permitted adjustments, for a method, for the purposes of scaling
without the need for re-validation. These adjustments are permissible provided system suitability
requirements, as described in the monograph, are met when the changes are implemented [34,38].

Any column changes must stay within the original method L-designation. For isocratic separations,
the particle size and/or the length of the column may be modified provided that the ratio of column
length (L) to particle size (dp) (the L/dp) remains constant or falls within the limits of —25%—+50%.
When the particle size is changed, the flow rate may require adjustment and can be calculated using
Equation (1) [34].

Fy = Fy X [(dey’xdpy)/(deyxdps)] (1)

where, F; and F, are the flow rates for the original and modified conditions, dc; and dc, are the
respective column diameters and dp; and dp; are the particle sizes of the stationary phase used.
Following method development and validation using a Beckman® Cg, 4 um (150 mm x 4.0 i.d)
analytical column, further analysis using the column could not be performed. Attempts to regenerate
and/or purchase an identical column were unsuccessful as the specific column has been phased out by
the manufacturer. Consequently, re-validation and an investigation into the application of method
scaling using a different L-designation column were undertaken using a Phenomenex Luna® CN,
5 um 150 mm X 4.6 mm i.d (Phenomenex®, Torrace, CA, USA) which exhibited a —20% decrease in the
L/dp value that fell within the range of —25% to + 50% as per the USP [34] method scaling guidelines.
Analysis was undertaken using a mobile phase flow rate of 1.058 mL/min that was calculated using
Equation (1).

USP [34] system suitability requirements for resolution, tailing factor and % RSD for peak height
ratio (PHR) and retention time, were used to determine if the modified scaling for the HPLC-ECD
method resulted in outcomes that were comparable to those observed using re-validation and thus
assess, the applicability of the scaled method for the determination of CLA.

2.7. Assay of Clarithromycin Dosage Forms

2.7.1. Assay of Commercial Tablets

Briefly, 20 tablets were crushed using a mortar and pestle and an aliquot of powder equivalent to
the mass of one tablet transferred quantitatively to a 100 mL A-grade volumetric flask. Approximately
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50 mL ACN was then added to the volumetric flask and the mixture sonicated using a bath sonicator
(Ultrasonic Manufacturing Company (Pty), Ltd., Kenware, Krugersdorp, South Africa) with regular
shaking at 20 min intervals for 1 h. The solution was allowed to cool to room temperature (22 °C) prior
to making up to volume with ACN. A 5 mL aliquot of the resultant mixture was filtered through a
0.45 um Millipore® Millex-HV Hydrophilic PVDF filter membrane (Millipore® Co., Bedford, MA,
USA) and a 25 pg/mL sample solution in ACN was analyzed using the validated HPLC method.

2.7.2. Assay of Commercial Suspensions

The granules for suspension were reconstituted using HPLC-grade water as per the label
instructions. A 5 mL aliquot of the reconstituted suspension was transferred to a 100 mL A-grade
volumetric flask. Approximately 20 mL 50 mM phosphate buffer (pH 7.00) was then added to the
volumetric flask and the mixture sonicated using a bath sonicator (Ultrasonic Manufacturing Company
(Pty), Ltd., Kenware, Krugersdorp, South Africa) with regular shaking at 10 min intervals for 30 min.
Approximately 30 mL. MeOH was added to the flask and the mixture was sonicated for a further
30 min. The solution was allowed to cool to room temperature (22 °C) prior to making up to volume
with MeOH. The mixture was then stirred for one hour using a digital hot plate stirrer (Lasec®,
Port Elizabeth, South Africa). A 5 mL aliquot of the resultant mixture was filtered through a 0.45 pum
Millipore® Millex-HV Hydrophilic PVDF filter membrane (Millipore® Co., Bedford, MA, USA) and
analyzed using the validated HPLC method after dilution to obtain a 25 pg/mL solution in ACN.

2.8. Forced Degradation Studies

Stress studies were conducted by exposing CLA to acidic, alkaline, hydrogen peroxide and light
conditions [39]. Stock solutions (100 ng/mL) were prepared as described in Section 2.3. These solutions
were then exposed to different stress conditions viz., 0.1 M HCL, 0.1 M NaOH, 4% H;O; at 80 °C and
500 W/m? for 12 h, prior to analysis using the validated analytical method. A tolerance level of 10%
degradation is considered optimal for the purposes of validating the analytical method intended for
assay [39]. Consequently, a tolerance of 10% was used to determine if CLA had degraded as a result of
exposure to stress conditions. These studies were also performed to determine interference, if any, of
degradation products with the chromatography.

3. Results and Discussion
3.1. Method Development and Optimization

3.1.1. Method Development

During the development of the analytical method, a Phenomenex® Cig 5 um Luna column,
(150 mm X 2 mm, i.d) and a Beckman®Ultrashere Cg 4 pm (150 mm x 4.0 i.d.) column were tested.
The Beckman® column produced a better peak shape than the Phenomenex® column. Decreasing
the particle size while keeping the column length constant, increases column efficiency and peak
resolution [40]. Although Cyg and Cg columns have similar selectivity, Cg columns are much less likely
to retain compounds due to shorter alkyl chains, resulting in improved peak shape [40], as observed
with the Beckman® column. The Beckman® column was selected as the column of choice for use in
the analysis of CLA.

Hydrodynamic voltammetric (HDV) studies were undertaken to identify the optimum working
electrode potential for the analysis of CLA. The HDV of CLA and ERY generated in direct current (DC)
mode at potential settings ranging between +900 mV and +1300 mV at a scan background current of
100 nA is depicted in Figure 2.

These data reveal that a limiting current plateau occurred at a potential of +1200 mV for both
CLA and ERY. The response of both macrolides was sigmoidal and can be explained mathematically as
a logistic function voltammogram [41]. The background current that exhibited the best signal to noise
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compromise was 100 nA and was selected for use. In addition, preliminary screening chromatographic
experiments were performed to identify factors for optimization. Inclusion of methanol (MeOH) in
the mobile phase improved chromatographic behavior and influenced the detector signal positively.
However, MeOH increased the retention time significantly due to a low solvent strength based on the
Hildebrand’s elution strength scale for reversed-phase liquid chromatography [40]. Consequently,
MeOH content was maintained at 2% v/v of the organic phase composition during optimization
studies. An increase in column temperature resulted in a prolonged retention time and an increase in
baselipe ﬁ}%l,ﬁezgl’goﬁlbpl&gqaléﬁ tpan ipcrease in the oxidation of mobile phase impurities at the higher
temperatures. However, the drift in baseline was reduced at temperatures above ambient (22 °C)
condiplosse. ipnsitipsent]tha teghperwimperafd0s’ Huwasse]edteddaifta icobuselineiseanckdised] during
optintizatientsraslibovBuffbiepH2AAs) vaiditidneCah % q0esithrea ERYpiy sitatsl efl it feewragdeleziod and

8.00 [28 Acompranaishantifesed sitidnaRRbdisatitoriivdiphisdiersnlibnat sanifipinedaded e BRRaline
condﬁoﬁg}flﬂf’emeen pH 7.00 and 8.00 [19,42,43] and the life of silica-based stationary phases is
significantly reduced under alkaline conditions [44].
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models for two independent factors. Optimization of significant model variables was undertaken to
identify the best combination of factors that would yield the desired responses.

Table 1. Variables and experimental design values.

Variable Level
Sci. Pharm. 2019; 8 of 20
Input - -1 1 +o
Mobile phageymM (X1) 172 _, 10 50; 58.28 +a
ACN content % v/ (X5) 37.9 40 50 52.1
Mobile M(Xi) 72 . . 10 50 58.28
ACN r‘nr@’l@t ?171/71 (Yv) ,gocr)lstramtsm 50 52.1
Retegtiop fime Y7 <10min Congtraints
IRk ARCRREY Y2 = MINIMIZE v, ¢ 10 min
eak resolution Y3 = maximize, ..
€aK asyvmmertry 2=MINIMIze

Peak resolution Y3 = maximize

Retention Time
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mobile phase [41].
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Examination of the model Box-Cox plot (Figure 4) inferred the need to transform the model. The
plot reveals that the blue line fell outside the 95% confidence interval, indicating that the model was
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Examination of the model Box-Cox plot (Figure 4) inferred the need to transform the model.
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statistically significant, as summarized in Table 2.

The Model F-value of 902.59 implies the model is significant and there is only a 0.01% chance that
a Model F-Value this large could occur due to noise. The Pred R-Squared of 0.9892 is in reasonable
agreement with the Adj R-Squared of 0.9973. Adeq Precision measures the signal to noise ratio. A ratio
> 4 is desirable and the ratio of 96.322 indicates an adequate signal. This model can thus be used to
navigate the design space and, therefore, the method developed was able to be applied to predict the
retention time of CLA within the limits of the identified design space. The equation for Y (retention
time) is reported in Equation (2).

Y; 7M1 = 40.023 + 9.208E — 003A + 0.011B + 4.248E — 003AB — 2.301E — 003A? + 1.276E — 003B* (2)
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Peak Symmetry

The asymmetry factor was used to evaluate the response, peak symmetry (Y). Excellent
chromatographic columns have been reported to produce asymmetry factor values between 0.95
and 1.1 [46]. Due to the molecular mass and the basic nature of CLA, interaction with silica-based
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The asymmetry factor was used to evaluate the response peak symmetry (Y2). Excellent

matographic colum s have been reported to roduce etry factor values between, .95 an,
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of the Sf@\i}@%)f)lpal%@S@oi@iZﬂlngeﬁé%m@gﬂmﬁg&)%wwrﬁeaks due to interaction with residual
ANQWAs enalysitisexgaphadaqtsihesnadeinfpsoppakk symymetyy was significant (p = 0.0149).
The significaNOYitoaedltesmeestisblishdtd madelGiMNpeabrsyeninépry=w@DbiLh)ficEhe (irfltiets. FheACN
concenfighidisanhraidal fy@&eg&gﬂi@}g@lw%s@éfﬂﬁgeﬁtmqﬂgﬁﬁ@(& 1). The influence of ACN concentration
on CLA peak symmetry is depicted in Figure 6.
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Peak Resolution

The goal of the HPLC analysis was to separate CLA from all other components present. Resolution
is a measure of the degree of separation of two adjacent analytes [40]. Ideally, most HPLC methods
should achieve a baseline separation between 1.5 and 2.0 for all analytes of interest [48].

ANOVA analysis reveals that the model for peak resolution was significant (p < 0.0001).
The significant model terms were buffer molarity and ACN content with p values of 0.0028 and
<0.0001, respectively. The two-dimensional contour plot of the influence of the two factors on peak
resolution is depicted in Figure 7.

ACN content and buffer molarity can be manipulated to improve peak resolution. The contour
plot suggests that increased peak resolution will be obtained when a buffer molarity of 50 mM and
ACN content of approximately 40% v/v is used. The equation for peak resolution (Y3) is reported in
Equation (4).
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Parameter Results
Buffer molarity 50 mM
Organic phase content 41.5% v
Flow rate 1.00 mL/min
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The optimized chromatographic separation was applied to the quantitative analysis of CLA and
the final separation produced well resolved peaks for CLA and ERY (Figure 8). The % prediction
error for retention time of CLA using the optimized conditions in relation to the predicted retention
time was —6.19%. The % prediction errors for resolution and asymmetry were —2.38% and —10.13%,
respectively. The low values for the calculated percentage prediction errors indicate the robustness of
the mathematical models used. In addition, the high predictive ability of DoE is also demonstrated,
suggesting the efficiency of DoE, for process optimization [49].

Prior to validation of the analytical method, an attempt was made to improve peak shape
and detector sensitivity by investigating the effect of the amount of MeOH as a component of the
mobile phase.

Effect of Methanol

The inclusion of MeOH in the mobile phase was found to have a positive effect on peak and
chromatographic responses during method development. MeOH inclusion in the mobile phase was
investigated over a 2 to 10% v/v range. Well resolved chromatographic responses were achieved for
all concentrations of MeOH investigated. The average peak height ratios of CLA and ERY over the
concentration range investigated are summarized in Table 4.

Table 4. Chromatographic response of CLA and ERY with changes in mobile phase content (1 = 3).

MeOH % v/v PHR (CLA/ERY) %RSD Run Time (min)

2 0.1272 + 0.0034 2.698 15
5 0.1424 + 0.0023 1.627 20
10 0.1605 + 0.0025 1.533 30

The increase in MeOH content in the mobile phase resulted in an increase in the retention time
of CLA and ERY. The % RSD of the peak response decreases with an increase in MeOH content.
Consequently, 5% v/v MeOH was used in the mobile phase for all validation studies as the run time of
20 min was deemed suitable for this analysis.

3.2. Method Validation

3.2.1. Linearity and Range

The calibration curve was found to be linear with a R? of 0.9997, a slope of 0.0233 and a y-intercept
of 0.0439, yielding a regression equation of y = 0.0233 + 0.0439. Correlation coefficients of >0.990 are
generally considered as evidence of acceptable linearity fora regression line [37]. Consequently, the
HPLC-ECD method was linear over the concentration range of CLA investigated.

3.2.2. Precision

The precision data are summarized in Table 5. These data reveal that in all cases, the % RSD
values were < 2%, indicating that the method is precise and can be used as intended.

Table 5. Intra-and inter-day precision data for CLA analysis.

Intra-day Precision % RSD (n = 10) 1.2363
Inter-day precision % RSD range (n = 5)
Day 1 1.1409-1.9528
Day 2 0.2915-1.2201

Day 3 0.6229-1.1288
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3.2.3. Accuracy

The data for accuracy are listed in Table 6 and % RSD values for all analyses were < 2%, indicating
that the HPLC-ECD analytical method is accurate and suitable for its intended purpose.

Table 6. Accuracy results for blinded CLA samples (1 = 5).

Theoretical Concentration pg/mL  Actual Concentration ug/mL % RSD % Bias

6.00 6.11 1.63 +1.82
25.00 25.49 0.91 +1.94
45.00 45.20 1.22 +1.22

3.2.4. LOQ and LOD

The LOQ was 0.05 ug/mL with an associated % RSD of 4.27% and by convention, the LOD was
0.02 ug/mL.

3.3. Re-Validation and Method Scaling

Method re-validation following the column change was deemed successful. In addition, scaling
of the method across analytical columns of different L-designation met all USP system suitability
requirements for resolution, tailing factor and % RSD for this HPLC-ECD method, confirming the
potential applicability of method scaling using a different stationary phase in a different class as an
efficient tool for this method resulting in a shorter run time, decreased solvent consumption and
reduced cost. The data generated from these studies are listed in Tables 7 and 8.

Table 7. Summary of re-validation results for HPLC method for CLA analysis.

Parameter CLA
Linearity
R? 0.9999
Equation Y =0.0315x + 0.0176
Intra-day precision % RSD (n = 10) 1.7028
Inter-day precision % RSD range (1 = 5)
Day 1 1.0645-1.5675
Day 2 1.1904-1.7166
Day 3 0.9385-1.7849
Accuracy (n = 5)
Theoretical concentration ug/mL 7.60 21.00 44.00
% Recovery + % RSD 7.50 £3.71 20.67 + 1.02 44.07 £ 1.42
%Bias -1.30 -1.58 +0.15
LOQ pg/mL (n = 5) 1.5
LOD pg/mL 0.5

Table 8. USP scaling assay results for CLA.

Resolution = CLA Tailing CLA/ERY PHR CLA Retention Time
Average 1.509 £0.015 4.083 +0.039
%RSD 1.145 0.187
Limits NMT 2.0 NLT 1.5 %RSD NMT 2% %RSD NMT 2%
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Table 9. Forced degradation data for CLA following exposure to stress conditions for 12 h.
Table 9. Forced degradation data for CLA following exposure to stress conditions for 12 h.

Stress Conditi Lonamon R Recavered eTATKS Remarks
Control in ACN Control in ACN 100 100 - -
Thermal at 80 °C Thermal at 80 °C 105.48105.48 No degradatiddo degradation
UV exposure at SQW?\QHI‘P at 500 W/r'n2 9233 92:33 N\ Hparndnﬁmo degradation
Acid hydr01y51smnrg@1jWﬁ€IW—m9t85—N(TDegradatlon
Alkallne hydrol‘]é;‘Q :2.2111’1)/ {ﬁulwig%% U. 1T IVITICL TF.0J 54 21 INU UUSldudLLUlhpgradatlon
Oxidation using @lkﬁy%@gdrolysm using 0.1 M NaOH 5481 ggg Degradation Degradation

Oxidation using 4% v/v HyO, 0.00 Degradation
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implying the molecule may be detected and separated in the presence of degradation products but
with some interference observed in acid hydrolysis. CLA was stable with < 10% degradation observed
following exposure to heat and UV radiation for 12 h.

3.5. Assay

The specificity of the method to resolve peak(s) of interest from any possible excipients or
contaminants that may be present in a dosage form was established by quantitation of CLA in
commercially available tablets and suspensions. All tablet and suspension samples complied with
USP assay specifications. The USP assay limits for clarithromycin tablets of 90.0%-110.0% [52] and
suspensions 90.0%-115.0% [53] were used as the acceptance criteria. The assay results are listed in
Table 10. The analysis of CLA dosage forms resulted in clear, sharp, well-resolved peaks without
interference from any excipients used for manufacture (Figure 8).

Table 10. Analysis of commercially available CLA formulations (1 = 5).

Product and Label Claim Dose mg % Recovery % RSD

Clarihexal®500 XL 500 mg 99.69 1.57
Klarithran®MR 500 500 mg 99.09 0.61
Klarithran® 500 500 mg 103.94 1.80
Klarizon 250 250 mg 98.81 2.40
ClariHexal 250 mg/5 mL 250 mg 110.04 223
Klarithran®250mg/5 mL 250 mg 106.94 1.75

4. Conclusions

A simple, selective and sensitive high-performance liquid chromatographic method with
electrochemical detection for the quantitation of clarithromycin in bulk samples and oral dosage forms
has been developed. The method complies with ICH validation parameters. In addition, an attempted
investigation into the applicability of USP method scaling across different L-designation proved feasible.
Method scaling allows for translation of an analytical method while achieving an equivalent separation
without the need for re-validation. In this study, a revalidation was undertaken and confirmed the
applicability of method scaling across analytical columns of different L-designation, to the HPLC-ECD
analytical determination of CLA. This, in turn, saves costs and is environmentally sustainable as less
solvent is used and reduced analytical run times can be achieved. The scaled method resulted in an
increase in throughput with shorter run times that resulted in less solvent consumption in the laboratory.
HPLC methods can thus be scaled on condition that they meet USP system suitability requirements,
maintaining separation quality, thereby eliminating the need for method re-validation. Although USP
method scaling is only permitted for columns within the same L-designation, its applicability should
be investigated across analytical columns of different L-designation to further streamline regulatory
requirements. This is, to the best of our knowledge, the first evaluation of an HPLC-ECD method using
a modified scaling approach.
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ABSTRACT

The aim of these studies was to determine the miscibility of different API with lipid excipients to predict
drug loading and encapsulation properties for the production of solid lipid nanoparticles and nanostruc-
tured lipid carriers. Five API exhibiting different physicochemical characteristics, viz., clarithromycin, efa-
virenz, minocycline hydrochloride, mometasone furoate, and didanosine were used and six solid lipids in
addition to four liquid lipids were investigated. Determination of solid and liquid lipids with the best sol-
ubilization potential for each API were performed using a traditional shake-flask method and/or a mod-
ification thereof. Hansen solubility parameters of the API and different solid and liquid lipids were
estimated from their chemical structure using Hiroshi Yamamoto’s molecular breaking method of
Hansen Solubility Parameters in Practice software. Experimental results were in close agreement with
solubility parameter predictions for systems with AST < 4.0 MPa'/?. A combination of Hansen solubility
parameters with experimental drug-lipid miscibility tests can be successfully applied to predict lipids
with the best solubilizing potential for different API prior to manufacture of solid lipid nanoparticles
and nanostructured lipid carriers.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) are two major types of lipid-based nanocarriers developed to
overcome the limitations of other colloidal carriers, such as emul-
sions, liposomes and polymeric nanoparticles (Naseri et al., 2015).
Some of these limitations include limited stability when stored
over extended periods, poor batch-to-batch reproducibility, low
drug loading capacity (LC) and failure to manipulate biological
membrane barriers to achieve sufficient API delivery for therapeu-
tic activity (Beija et al., 2012; Riehemann et al., 2009). The encap-
sulation of drug molecules in nanoparticles shields them from the
effect of efflux transporters and the small particle size facilitates
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uptake of drugs across biological membranes (Ahmad et al,
2018b). SLN and NLC are nanovectors manufactured using solid
lipids or a combination of solid and liquid lipids, respectively
(Mehnert and Mader, 2002; Riehemann et al., 2009). SLN are usu-
ally used as aqueous dispersions and are produced using a solid
lipid, an API and surfactant(s) which impart stability to the system
(Mehnert and Mader, 2002). NLC differ from SLN only from an
excipients point of view, in that binary mixtures of solid and liquid
lipids are used for formulation (Uner, 2006). In addition to excel-
lent physical stability, SLN and NLC have an ability to exhibit com-
plex functions, such as controlled delivery of API across different
biological membrane barriers and consequently targeting organs
leading to adhesion and improved cellular uptake (Ahmad et al.,
2018b; Naseri et al., 2015; Riehemann et al., 2009).

The manufacture of SLN or NLC formulations involves melting a
solid lipid or a binary mixture of solid and liquid lipid, followed by
re-dispersion of the molten lipids as submicron-size droplets in an
aqueous medium containing surfactant(s) (Uner, 2006). Acute and/
or chronic toxicity during in vivo use has been associated with car-
riers of traditional colloidal systems, including polymeric-based
systems (Miiller et al., 2002). Thus, a prerequisite for manufacture
of SLN and NLC is that only pharmaceutical grade excipients that
are generally regarded as safe (GRAS) are used for production

1319-0164/© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2020.01.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsps.2020.01.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:r.b.walker@ru.ac.za
https://doi.org/10.1016/j.jsps.2020.01.010
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com

P.A. Makoni et al. /Saudi Pharmaceutical Journal 28 (2020) 308-315 309

(Muchow et al., 2008; Miiller et al., 2002; Wissing et al., 2004).
Mehnert and Mader (2002), in addition to Souto and Miiller
(2007), have reported broad lists of lipids and surfactants that
can and have been used for the manufacture of SLN and NLC.

An important aspect to be considered prior to the development
and optimization of SLN/NLC is the solubility of the API in the lipid
(s) to be used. The usefulness of SLN and/or NLC as API carrier sys-
tems is usually dependent on LC and encapsulation efficiency (EE)
of the nanocarriers for that particular API (Souto and Muller, 2011).
Consequently a major factor affecting the LC and EE of SLN and/or
NLC for an API is the solubility of that API in molten lipid (Hou
et al., 2003; Miiller et al., 2000; Wissing et al., 2004). Thus an ade-
quate LC and EE can only be achieved if the solubility of an API in
the molten lipid is relatively high (Hou et al., 2003; Miiller et al.,
2000; Wissing et al., 2004). Consequently it is imperative to evalu-
ate the solubility of the API in different solid and liquid lipids, in
order to select a solid and/or liquid lipid combination with the best
solubilizing potential for that APIL.

Screening of solubility of API in lipids for production of SLN and
NLC has been performed using the traditional shake flask method
in order to determine equilibrium solubility (Baka et al., 2008;
Cirri et al., 2018; Kasongo et al., 2011; Son et al., 2019). Modifica-
tion of the shake flask method have also been used in the case of
some poorly lipid soluble API (Joshi and Patravale, 2008, 2006).
In addition, the selection of oil excipients for the production of
nanoemulsions has been done two-fold through investigating API
solubilty in a variety of oils using the shake flask method followed
by comparative stability studies of produced nanoemulsions using
four oils which demonstrated the highest API solubility (Ahmad
et al,, 2018a). Determination of the solubilization potential of dif-
ferent lipids is established using high performance liquid chro-
matography (HPLC) analysis, UV spectrophotometry and/or visual
inspection (Ahmad et al., 2018a; Joshi and Patravale, 2008, 2006;
Kasongo et al., 2011; Parveen et al., 2011). The shake-flask tech-
nique is a simple procedure but is time-consuming, costly and
requires performing a number of laboratory experiments. More-
over, there is no accepted or standard approach when using this
method (Box et al., 2006) and published solubility study data
reveal large differences in the experimental conditions used, in
particular stirring/shake times, sample preparation and separation
techniques prior to analysis. Furthermore the solubility of ten com-
pounds with different physicochemical profiles in ten lipid excipi-
ents was unsuccessful in elucidating a clear link between the
physicochemical properties of API investigated and solubility in
the excipients (Thi et al., 2009). Solubilization of API in lipids is
complex and is comprised of different kinetic and thermodynamic
factors that include parameters such as interfacial tension, molec-
ular volume, crystal structure, hydrophilicity, surface charge and/
or charge density as well as the physical and chemical environ-
ment of the reaction media (Shah and Agrawal, 2013; Steven
Abbott, 2015). Recent advances in computational technologies
have facilitated the development of more powerful in silico simula-
tion and modelling approaches in which molecular structure, phys-
iochemical properties and specific solute-solvent interactions may
be taken into account (Kasimova et al., 2012; Persson et al., 2013;
Rane et al., 2008).

The Hildebrand solubility parameter (8) is a numerical value
that indicates the relative solvency behavior of a specific solvent
and is represented by Eq. (1) (Martin et al., 1980). The parameter
expresses the square root of the cohesive energy density (CED) of
the components holding the substances together. It is derived from
the CED of the solvent, which in turn is derived from the heat of
vaporization (Martin et al., 1980; Shah and Agrawal, 2013).

6 = (CED)"? = (AEv/Vm)'/? (1)

where AEv is the molar energy of vaporization and Vm is the molar
volume of the solvent.

The Hildebrand approach works well for low molecular weight
non polar solvents but fails to adequately describe the solubility
behavior when polar and hydrogen bonding solvents are intro-
duced. Consequently, Steven Abbott (2015) developed an approach
to solubility parameters that takes into account the two latter
mentioned forces. Hansen solubility parameters (HSP) have been
applied to select API carriers using a combination of the theoretical
solubility parameters and experimentally determined partition
coefficients (Hossin et al., 2016).

The HSP divides the total solubility parameter (8T) into individ-
ual parts arising from dispersion forces (8D), permanent dipole-
permanent dipole forces (6P), and hydrogen bonding (6H) (Steven
Abbott, 2015) and can be estimated using Equation (2).

OT* = 6D* + 6P + oH? 2)

The use of theoretical solubility parameter prediction based on
the molecular structure of compounds provides an early, rapid
screening approach for the selection of lipid candidates without
the need for lengthy experimental procedures to generate data
(Hansen and Smith, 2004; Stefanis and Panayiotou, 2008; Steven
Abbott, 2015). According to the HSP, the best miscibility of an
API and an excipient is predictable when intermolecular forces.,
viz dispersion, polar, and hydrogen bonding forces between the
molecules of the solute and solvent are of similar strength
(Medarevic et al., 2019; Shah and Agrawal, 2013; Steven Abbott,
2015). The difference in the solubility parameters between an
API and an excipient can be used to estimate their compatibility
and thus miscibility (Long et al., 2006). The HSP has therefore been
used to describe numerous physical properties of materials in
addition to predicting the miscibility and compatibility of API
and excipients (Forster et al., 2001; Long et al., 2006; Rowe, 1988).

This study reports the validity of the HSP approach in screening
lipid excipients for use in SLN and NLC production. Apparent solu-
bility studies were performed with five (5) API with different
physicochemical properties and the data generated by different
researchers in our research group was used to evaluate and aug-
ment theoretical calculations based on the HSP. Minocycline
hydrochloride (MNH), mometasone furoate (MF), efavirenz (EFV),
didanosine (DDN) and clarithromycin (CLA) were evaluated to
establish their miscibility and compatibility with different lipids
in an attempt to identify and select the lipids with the best solubi-
lization potential for the different API. The selection of lipids used
in the studies was based on the similarity of application and avail-
ability. EFV, MF and CLA have low aqueous solubility and high
intestinal permeability and are classified as a Biopharmaceutical
Classification System (BCS) Class Il compounds (Kristin et al.,
2017; Madgulkar et al., 2019; Taneja et al., 2016). MNH and DDN
exhibit high aqueous solubility and low intestinal permeability
and are classified as BCS Class III compounds (Papich and
Martinez, 2015; Pretorius and Bouic, 2009). The molecular struc-
ture of each API are depicted in Fig. 1.

2. Materials and methods
2.1. Materials

MNH and DDN were donated by Aspen Pharmacare (Port Eliza-
beth, Eastern Cape, South Africa). MF was purchased from Sym-
biotec Pharmalab Limited (Rau, Indore, India) and EFV was
donated by Adcock Ingram® Limited (Johannesburg, Gauteng,
South Africa). CLA was purchased from Skyrun Industrial Co. Lim-
ited (Taizhou, China). Gelucire® 48/16 (polyethylene glycol monos-
tearate), Compritol® 888 (glyceryl behenate), Precirol® ATO 5
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Fig. 1. Chemical structures of MNH, MF, EFV, DDN and CLA.

(glyceryl distearate), Geleol™ (glyceryl monostearate) and cetyl
palmitate were donated by Gattefossé SAS (Gattefossé SAS, Saint-
Priest Cedex, France). Stearic acid was purchased from Sigma
Aldrich Chemical Co. (Milwaukee, WI, USA). Transcutol® HP (di-
ethylene glycol monoethyl ether), Labrafac® PG (propylene glycol
dicaprylate), Lauroglycol® FCC (propylene glycol monolaurate)
and Capryol™ 90 (propylene glycol caprylate) were donated by
Gattefossé SAS (Gattefossé SAS, Saint-Priest Cedex, France). MeOH
and ACN (Romil®) was purchased from Microsep® (Port Elizabeth,
Eastern Cape, South Africa). Potassium dihydrogen phosphate and
sodium hydroxide pellets were purchased from Merck® Chemicals
(Midrand, Gauteng, South Africa). HPLC-grade water was prepared
using a Milli-RO® 15 water purification system (Millipore Co., Bed-
ford, MA, USA) that consisted 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 um Millipak® 40 stack filter (Mil-
lipore Co., Bedford, MA, USA) prior to use. HPLC-water was also
prepared using a Milli Q Plus (Millipore Co, Schwalbach, Germany).
All reagents and solvents were of analytical grade and used with-
out further purification.

2.2. Solubility studies

2.2.1. Selection of solid lipids

The solubility of API in different solid lipids was determined by
either dissolving increasing amounts of individual API in a fixed
amount of molten lipid or dissolving fixed amounts of API by addi-
tion of increasing amounts of solid lipid whilst heating and shaking
the mixtures. Evaluation of the melt was performed visually (Joshi
and Patravale, 2006; Kasongo et al., 2011). Required amounts of
API and/or solid lipid were accurately weighed using a Model PA
2102 Ohaus® top-loading analytical balance (Ohaus® Corp. Pine
Brook, NJ USA) and transferred into individual test tubes (Pyrex®
Laboratory Glassware, England). The samples heated at 85 °C for
an hour using a LABOTEC® shaking water bath (Laboratory Thermal
Equipment, Greenfield NR. Oldham) set at 100 rpm.

An excess amount of API (MNH and EFV) was added to molten
solid lipid individually and the melt evaluated visually. Following
solution, additional aliquots of API were added until saturation
was observed and no additional API dissolved in the molten lipid
after shaking for 24 h at 85 °C. In order to study the solubility of
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Table 1

Solubility of EFV and MNH in solid lipid excipients.
EFV MNH
Lipid (1.0 g) Solubility (g) Lipid (2.0 g) Solubility (g)
Compritol® 888 ATO  0.25 Compritol® 888 ATO  0.0125
Precirol® ATO 5 0.30 Precirol® ATO 5 0.0075
Gelucire® 48/16 0.40 Gelucire® 48/16 0.0175
Cetyl palmitate 0.05 Cetyl palmitate <0.0025
Stearic acid 0.10 Stearic acid -
Geleol™ 5.50 Geleol™ 0.0300

-Solubility studies not performed.

DDN, MF and CLA in solid lipids, 50 mg of the individual API was
weighed and placed into a test tube and solid lipid was added in
1.0 g aliquots after which the test tube was exposed to a tempera-
ture of 85 °C at 100 rpm using a LABOTEC® shaking water bath
(Laboratory Thermal Equipment, Greenfield NR. Oldham). The
amount of lipid required to solubilize the API in the molten state
was estimated at the point that no further solid API could be solu-
bilized by the molten lipid after shaking at 100 rpm at 85 °C for
24 h.

2.2.2. Selection of liquid lipids

The solubility of EFV, CLA and MF in different liquid lipids was
determined by dissolving increasing amounts of the API in a fixed
amount of molten lipid and evaluation of the melt visually as
described in Section 2.2.1.

The saturation solubility of DDN in different liquid lipids was
determined after shaking a liquid lipid containing an excess of
DDN at 200 rpm for 24 h at 85 °C using a Model 4230 Innova refrig-
erated incubator shaker (New Brunswick Scientific). The oil-DDI
mixtures were centrifuged using a Model 22 R Heraeus Biofuge
centrifuge (Thermo Electron LED GmbH, Langenselbold, Germany)
at 17 000 rpm for 30 min in order to separate DDI from the oil. The
supernatant was filtered through a 0.45 pm hydrophilic Sartorius®
membrane filter (Sartorius AG, Goettingen, Germany). The filtrate
was diluted with MeOH and analyzed using a validated reversed-
phase (RP)-HPLC method (Kasongo et al., 2011). The saturation sol-
ubility of MNH was determined by dispersing 10 mg MNH in 2.0 g
of molten lipid to which 2 mL of hot distilled water was added. The
mixture was shaken for 30 min at 85 °C using a LABOTEC® shaking

water bath (Laboratory Thermal Equipment, Greenfield NR.
Oldham) set at a speed of 100 rpm. The o0il-MNH mixture was
separated by centrifugation using a Model HN-SII IEC centrifuge
(Damon, Needham HTS, MA, USA) at 1500 rpm for 10 min prior
to analysis using a validated HPLC method (Ranchhod, 2017).

2.3. Solubility parameter calculations

The Hansen solubility parameter of the API and different solid
and liquid lipids were calculated using the chemical structure
and applying Hiroshi Yamamoto’s molecular breaking method
(Y-MB) using version 5.2.02 Hansen Solubility Parameters in
Practice (HSPiP) software (Hansen Solubility, Harsholm, Denmark).
The chemical structures of the API and lipids were transformed by
ChemDraw Ultra version 10.0 (CambridgeSoft corporation,
Cambridge, MA, USA) to their simplified molecular input line entry
syntax (SMILES) notation which was then used to calculate the
solubility parameters in situ using Equation (2). The units of
these solubility parameters are reported as (Joules/cm3) or,
equivalently, MPa” (Steven Abbott, 2015).

3. Results and discussion
3.1. Selection of lipid excipients

The results of the solubility studies of the API in different solid
lipids are depicted in Tables 1 and 2.

The results of the solubility studies of the API in liquid lipids are
depicted in Tables 3 and 4.

The data listed in Tables 1-2 reveal that Geleol™ was the solid
lipid with the best solubilizing potential for EFV, MNH and MF.

Table 4
Solubility of MNH and DDN in liquid lipid excipients.
MNH DDN
Liquid Lipid Solubility (g) Liquid Lipid Solubility (g)

Labrafac® PG
Transcutol® HP
Capryol™ 90
Lauroglycol® FCC

Labrafac® PG
Transcutol® HP
Capryol™ 90
Lauroglycol® FCC

0.0117 + 0.001
0.3624 + 0.017
0.0097 + 0.003
0.0043 + 0.001

0.014 + 0.00035
0.267 + 0.0160

0.079 £ 0.00038
0.022 + 0.00029

Table 2

Solubility of MF, DDN and CLA in solid lipid excipients.
MF (0.005 g) DDN (0.01 g) CLA (0.01 g)
Lipid Amount(g) Lipid Amount(g) Lipid Amount(g)
Compritol® 888 ATO - Compritol® 888 ATO 3.0 Compritol® 888 ATO -
Precirol® ATO 5 - Precirol® ATO 5 4.0 Precirol® ATO 5 -
Gelucire® 48/16 7.0 Gelucire® 48/16 - Gelucire® 48/16 -
Cetyl palmitate - Cetyl palmitate - Cetyl palmitate -
Stearic acid - Stearic acid - Stearic acid 3.0
Geleol™ 6.0 Geleol™ - Geleol™ -

-Complete solubilization of API not achieved as lipid(s) with best solubilization potential for the API had been identified.

Table 3

Solubility of EFV, MF and CLA in liquid lipid excipients.
EFV MF CLA
Liquid Lipid Amount (g) Solid Lipid Amount (g) Solid Lipid Amount (g)
Labrafac® PG 1.50 Labrafac® PG <0.05 Labrafac® PG <0.10
Transcutol® HP 4.50 Transcutol® HP 0.10 Transcutol® HP 0.20
Capryol™ 90 2.10 Capryol™ 90 <0.05 Capryol™ 90 <0.10
Lauroglycol® FCC 1.50 Lauroglycol® FCC <0.05 Lauroglycol ® <0.10

FCC
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Geleol™ has the highest 5P (4.2 MPa'/?) value of the solid lipids
investigated (Table 5) due to the presence of two hydroxyl groups
of the glycerin and the shortest alkyl chain of solid lipids investi-
gated (Fig. 2). The presence of oxygen and hydroxyl functional
groups increases the polarity and hydrogen bonding possibilities
of the compound thus possibly contributing to the increased solu-
bility of EFV, MNH and MF in Geleol™. In addition, the presence of
mono- and diglycerides in lipid matrices has been shown to

Table 5
Solubility parameters of solid and liquid lipids.

promote solubilization of API (Miiller et al., 2000). DDN showed
greatest solubility in Compritol® 888 while CLA showed greatest
solubility in stearic acid. Compritol® 888 and stearic acid also pos-
sess oxygen and hydroxyl functional groups thus aiding molecular
interactions leading to API solubilization in these lipids. However,
there is no clear link between the physicochemical properties of
the each API, the BCS classification and their ability to be solubi-
lized in lipid excipients tested.

The data reported in Tables 3 and 4 reveal that all API were
highly soluble in Transcutol® HP, which is a combination of diethy-
lene glycol monoethyl ethers (Gattefosse, n.d.). Transcutol® HP has
the highest 3P and 8H values (Table 5) due to the presence of two

Solid Lipid 8D op oft o ester and a hydroxyl functional group in addition to possessing the

Compritol® 888 ATO 16.5 1 1.2 16.6 shortest alkyl chain of all liquid lipids examined (Fig. 3).

Precirol® ATO 5 16.2 24 7.6 18

Gelucire® 48/16 15.9 4 8.3 18.4

Cetyl palmitate 16 14 1.8 16.1 3.2. Solubility parameter calculations

Geleol™ 16.2 42 10.3 19.7

Stearic acid 16.2 2.8 5.2 17.2 . 3 .

Liquid Lipid sD P sH ST The results of the solubility parameter estimation for the API

Lauroglycol “FCC 163 12 57 189 anq llplds_ tested and exh1b1t1r_1g the best solubilizing potentlal

Labrafac® PG 162 32 42 171 using HSPiP software are listed in Table 6. Although the difference

Transcutol® HP 16.3 74 12 21.6 between solubility parameters of API and polymer should be small,

Capryol™ 90 16.4 5.1 8.7 193 if components are miscible, it is difficult to establish a threshold for
the AST value below which components are considered to be mis-

Gelucire® 48/16

Compritol® 888 ATO

Cetyl palmitate

Geleol™

Stearic acid

Precirol® ATO 5

Fig. 2. Chemical structures of solid lipids tested.
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Transcutol® HP
®
Lauroglycol “FCC Capryol™ 90
Labrafac® PG
Fig. 3. Chemical structures of liquid lipids.
Table 6
Solubility parameters of API and lipidic excipients.

API- Lipid System 3D (MPa”) 5P (MPa"%) SH (MPa”) 8T (MPa”) AST (MPa'/?) Group*
EFV 184 8.9 5.6 211
Geleol™ 16.2 4.2 10.3 19.7 1.4 1
Transcutol® HP 16.3 7.4 12 21.6 0.5 1
MN~ 20.1 15.1 13.6 28.6
HCL 20 0.1 19.8 28.1
MNH Average 28.35
Geleol™ 16.2 4.2 103 19.7 8.65 2
Transcutol® HP 16.3 74 12 21.6 6.75 2
MF 19.6 9.4 3.6 221
Geleol™ 16.2 4.2 10.3 19.7 2.4 1
Transcutol® HP 16.3 74 12 21.6 0.5 1
DDN 19 124 9.4 24.6
Compritol® 888 ATO 16.5 1 1.2 16.6 8 2
Transcutol® HP 16.3 7.4 12 21.6 3 1
CLA 17.7 41 4.4 18.6

16.2 4.5 7.6 18.5
CLA Average 18.55
Stearic acid 16.2 2.8 5.2 17.2 135 Ng
Transcutol® HP 16.3 7.4 12 21.6 3.05 Ng "~

“ Group 1 lipids with best solubilization potential based on AST. Group 2 lipids likely to be miscible with API and require experimental confirmation.

" MN = Minocycline.
™ Not grouped.

cible. Greenhalgh et al. (1999) proposed limits for AST which indi-
cate components are likely be miscible if AST < 7.0 MPa'/?, while
AST > 10.0 MPa'/?, suggests the likelihood of components being
immiscible. However Forster et al. (2001) suggested more stringent
limits which predict materialization of a solid solution if
AST < 2.0 MPa'?, while immiscibility is anticipated for systems
with AST > 10.0 MPa'/2. API-polymer systems with a AST between
5.0 and 10.0 MPa'/? are likely to ensure an unreliable conclusion as

to whether the system would be miscible or immiscible. Our stud-
ies confirm alignment of API-lipid miscibility studies of systems
having AST < 4.0 MPa'/? (Group 1) as summarized in Table 6. For
API-lipid systems with a AST > 4.0 MPa'/? (Group 2), HSPiP was
unable to predict the lipid with the best solubilization potential
for the API and results for these are based solely on experimental
studies. This conclusion is based on a AST of 4.9 MPa'/? for the
DDN-Geleol™ system prediction which failed to align with experi-
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mental findings that suggested Compritol® 888 ATO was the solid
lipid with best solubilization potential for DDN with a AST of
8.0 MPa'/? for this API-lipid system. In addition, Y-MB fails to pro-
vide HSP values for molecules with more than 120 atoms, other
than H atoms, such as CLA. Consequently, the recommendation is
to split the molecule (into two parts) while finding an appropriate
functionality at the splitting point. The Y-MB of each structure is
then calculated and a conclusion as to how the combined molecule
is likely to behave then elucidated (Steven Abbott, 2015). This pro-
cedure resulted in inconsistent findings between HSP and experi-
mental procedures for the solubility predictions for CLA in the
lipids investigated thus preventing grouping of the system.

4. Conclusions

Evaluation of API-lipid miscibility and solubility is integral to
the rational design, formulation and manufacture of lipid nanocar-
rier technologies. The selection of lipids for production with a
specific API can be based on differences between calculated total
solubility parameters of API and lipid without having to conduct
lengthy and tedious laboratory experiments. When the difference
between API and lipid total solubility parameters is <4.0 MPa'/?,
the best solubilization of API is likely to result from that specific
lipid, when compared to other lipids. When the difference between
API and lipid total solubility parameters is >4.0 MPa'/2 HSP predic-
tions alone cannot be used to identify the lipid with the best solu-
bilizing potential for that API. Confirmation with experimental
studies is required in addition to an understanding of the physico-
chemical properties of the API and lipid. Furthermore the molecu-
lar weight of the API and/or lipid was found to have limitations
when predicting miscibility using HSP alone, as molecules with
more than 120 atoms other than H atoms require splitting prior
to using Y-MB, resulting in inaccurate predictions. Further studies
using a larger sample size of model API are required to determine if
the proposed model of solubility parameter use for lipid screening
in SLN and NLC manufacture is applicable to different BCS class API
and other lipids.
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ABSTRACT

Topical ophthalmic formulations are the preferred approach to treat the anterior segment of the eye as it is a non-
invasive therapeutic approach. The ocular bioavailability of drugs is generally limited, due to the presence of
impervious anatomical barriers and low residence time and contact with the target tissue. Optimization of
clarithromycin-loaded nanostructured lipid carriers using Design of Experiments was undertaken. Manufacture
of nanostructured lipid carriers was achieved using hot emulsification ultrasonication. Formulation and process
parameters were successfully identified following screening and subsequently optimized using Tween® 20, as a
stabilizer. Muco-adhesive properties that could potentially increase ocular residence time, in vitro clarithromycin
release and cytotoxicity against HeLa cells were evaluated. Short term stability studies of the optimized lipidic
formulations was assessed at 4 °C and 22 °C. The optimized formulation exhibited muco-adhesive properties
under stationary conditions assessed using Laser Doppler Anemometry, sustained release of API over 24 h under
in vitro conditions. In vitro cytotoxicity studies revealed that the NLC were less cytotoxic to HeLa cells in com-
parison to pure API. The results suggest that the optimized carriers may have the potential to enhance precorneal

retention, increase ocular availability and permit dose reduction or permit use of a longer dosing frequency.

1. Introduction

Non-tuberculous causing mycobacteria are environmental pathogens
that have gained recognition as a significant cause of different human
diseases. Mycobacterium fortuitum and Mycobacterium chelonae are
among these mycobacteria and are a leading cause of infectious keratitis
[1,2]. Development of ocular non-tuberculous mycobacterial (NTM)
keratitis has been primarily attributed to penetration trauma of the
corneal epithelium. Steroid use has been shown to suppress granulo-
matous inflammation facilitating the growth of non-tuberculous myco-
bacteria in the eye [2,3]. Outbreaks of NTM keratitis following
laser-assisted in situ keratomileusis (LASIK) has been reported in
Brazil, USA and Japan. These outbreaks are due to improper sterilization
of surgical fluids and instruments leading to the introduction of patho-
gens to the corneal stroma during surgical procedures [4-6]. NTM is a
common pathogen causing post-LASIK keratitis (47%) [7]. The causa-
tive agents of infectious keratitis vary by region and the incidence of
infections ranges between 0.0063% and 0.71% with higher rates
observed in developing countries [2,8].

Clarithromycin (CLA) is a macrolide antibiotic which is a structural
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analogue of erythromycin A [9]. CLA is mainly used in combination for
the treatment of Mycobacterium avium complex and Helicobacter pylori
[10]. Nie et al. [11], reported that CLA exhibited inhibition activity
against > 275 non-tuberculosis mycobacterium clinical isolates. A
comparative study in which the activity of four macrolides, viz. azi-
thromycin, erythromycin, CLA and roxithromycin against Mycobacte-
rium fortuitum and Mycobacterium chelonae was investigated revealed
that CLA demonstrated remarkable potency against these strains [1].
The treatment of NTM keratitis with topical CLA has been successful
[12] however, toxic reactions, intolerance and patient discomfort due to
frequent instillation of topical solutions of CLA have been reported [13].
Commercially available CLA dosage forms for ocular use are
non-existent and the in vivo efficacy of CLA for the treatment of NTM
keratitis has, to date, been determined by reconstitution and use of
lyophilized parenteral formulations administered via the ocular route
[12,14,15].

The eye is an intricate organ of unique anatomy and physiology.
Efficient protective mechanisms of the eye, such as the blinking reflex,
lachrymal secretion and nasolacrimal drainage make it difficult to
achieve the target concentration at the treatment site. Furthermore, the

Received 25 August 2020; Received in revised form 12 October 2020; Accepted 17 October 2020

Available online 22 October 2020
1773-2247/© 2020 Elsevier B.V. All rights reserved.

Please cite this article as: Pedzisai A. Makoni, Journal of Drug Delivery Science and Technology, https://doi.org/10.1016/j.jddst.2020.102171



mailto:r.b.walker@ru.ac.za
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2020.102171
https://doi.org/10.1016/j.jddst.2020.102171
https://doi.org/10.1016/j.jddst.2020.102171

P.A. Makoni et al.

anatomy and safeguard barrier of the cornea impede rapid absorption of
active pharmaceutical ingredients (API) into the organ [16-18]. A
number of ocular diseases are treated using either topical or systemically
delivered medicines [18,19]. Ease of administration and affordability
have made topical application of ocular medicinal products a preferred
method for treatment of disorders which affect the anterior segment of
the eye. Anatomical and physiological barriers hinder drugs from
reaching the posterior segment of the eye, specifically the choroid and
retina [19,20]. As much as topical instillation of eye-drops is
non-invasive and widely preferred for treating diseases affecting the
anterior segment of the eye, elimination of drops, irrespective of the
instilled volume, occurs rapidly, usually within five to 6 min following
administration, therefore, only a small amount (1-3%) of the instilled
drop reaches intraocular tissues. In order to maintain minimum inhibi-
tory anti-bacterial concentrations, ocular formulations need to be dosed
frequently often resulting in poor patient adherence [16,19,21]. It is
difficult to deliver and sustain sufficient concentrations of API in the
precorneal region and to enhance the amount of active substance
reaching target tissues. In order to exert an effective local effect, the
residence time of the compound in the tear film should be increased.
Furthermore, the use of once-a-day administered ocular formulations
may improve patient adherence. Consequently, numerous ophthalmic
dosage forms such as viscous solutions, suspensions, emulsions, oint-
ments, aqueous gels, and polymeric inserts have been evaluated in an
attempt to increase the bioavailability of API delivered via the
ophthalmic route, by prolonging the contact time between the formu-
lation and the corneal/conjunctival epithelium [17,21].

Micro- and nanoparticle-based delivery systems, formulated using
excipients with multifunctional surface groups, have been developed
with the intention of attempting to increase the retention and contact
time of API on ocular surfaces. The excipients used and systems devel-
oped possess bio-adhesive polymer chains, functional groups and/or
surface charges that interact with the mucin layer on ocular surfaces and
prolong interaction of the formulation with the corneal surface [22].
Furthermore encapsulation of API into nanoparticles has been shown to
protect the compound from enzymatic degradation, thereby permitting
the use of lower amounts to achieve a therapeutic effect whilst avoiding
adverse events [23]. Nanoparticles are colloidal carriers of 10-1000 nm
in dimension and have gained attention for ocular drug delivery with
numerous researchers attempting to develop nanoparticles for delivery
of API to both anterior and posterior ocular tissue(s) [24-29]. API
molecules loaded into lipid nanoparticles have the ability to cross the
corneal epithelium effectively, due to the lipophilic properties of these
carriers [30]. Lipid-based nanocarriers have properties similar to films
of tears. Following instillation, the continuous phase is able to enhance
the aqueous layer of the film and moisten the cornea. As oil droplets
disrupt, encapsulated API is released allowing the oil phase to merge and
enhance the natural lipid layer in the ocular region, reducing fluid loss
by evaporation. In addition, the use of generally regarded as safe (GRAS)
lipids for the production of the nanocarriers exhibits excellent ocular
biocompatibility [31]. The biocompatibility of lipids used for nano-
encapsulation is an important approach for enhancing the bioavail-
ability of encapsulated API and provides protection against natural and
processing effects. This in turn improves dosing outcomes, due to the
controlled delivery of API, administration of low doses and improved
shelf-life of encapsulated moieties, ultimately reducing the potential
emergence of side effects [32]. To date, state of the art lipidic formu-
lations of CLA have been formulated as solid lipid nanoparticles (SLN) in
an attempt to improve the antibacterial activity of the encapsulated API
against Staphylococcus aureus [33,34].

Many polysaccharides exhibit muco-adhesive properties at compar-
atively low viscosity, making them suitable for prolonging the contact
time of ocular technologies, thereby allowing for reduced dosing fre-
quencies and ultimately enhancement of patient adherence. The ocular
disposition, pharmacokinetics, efficacy and safety of nanoparticle-
formulations for ophthalmic drug use has been documented [35]
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revealing that the products were well tolerated, with enhanced corneal
and aqueous humor concentrations observed, when compared to
commercially available eyes drops, and also displayed improved ocular
bioavailability and therapeutic efficacy [35]. Polyethylene glycol (PEG),
chitosan and hyaluronic acid have been investigated as precorneal
residence time enhancers in nanoparticle products [35] and the
muco-adhesive properties of chitosan is well documented, with a variety
of mechanisms of activity such as formation of hydrogen bonds with
mucin and electrostatic interaction between positively charged amines
and negatively charged sialic acid residues of mucin, postulated. How-
ever, the limited solubility of chitosan, under physiological conditions,
is a major drawback for the successful translation of use into clinical
practice with researchers harnessing the chemical reactivity of the
polymer to overcome this challenge [36]. PEG coating of nanoparticles
has been found to enhance the transport of nanomaterials across the
ocular epithelium through imparting muco-penetrative properties to the
experimental technology [37]. The objectives of these studies included
optimization of PEG coated CLA-loaded NLC, investigation of the
muco-adhesive, in vitro release and biocompatibility properties of test
formulations to identify compositions that exhibited the potential to
increase ocular residence time. In addition, short term stability studies
of the optimized NLC formulation was assessed by measuring the critical
quality attributes (CQA) over 28 days storage at 22 °C and 4 °C.

2. Materials and methods
2.1. Materials

CLA was purchased from Skyrun Industrial Co. Limited (Taizhou,
China). Stearic acid, polyethylene glycol (PEG) 6000, Tween® 20
(polysorbate 20) and type II mucin from porcine stomach were pur-
chased from Sigma Aldrich Chemical Co. (Milwaukee, WI, USA).
Transcutol® HP (diethylene glycol monoethyl ether) was donated by
Gattefossé SAS (Gattefossé SAS, Saint-Priest Cedex, France). Glycerine
was purchased from Barrs Pharmaceutical Industries (Ndabeni, Cape
Town, South Africa). HPLC-grade water was produced using a RephiLe®
Direct-Pure UP ultrapure RO water system (Microsep®, Johannesburg,
South Africa). All excipients used have GRAS status and are non-toxic
and non-irritant [38]. All chemicals were used as received without
further purification.

2.2. CLA-excipient compatibility and selection of lipids

Prior to the development and optimization of CLA-loaded lipid
nanocarriers, an investigation into the solubility of the molecule in the
potential lipids must be undertaken. To reduce the amount of lipid
required and maximize nanocarrier product quality, it is necessary to
select lipid excipients that exhibit the highest loading capacity (LC) and
encapsulation efficiency (EE) for an API [39]. The solid lipid, stearic acid
(SA) and the liquid lipid, Transcutol® HP (THP) were selected to
manufacture NLC as previously reported [40]. SA and THP were mixed
in ratios of 50:50 to 95:5 (SA: THP % w/w) and melted at 85 °C which is
higher than the melting point of SA [40], in order to identify the best
composition for a binary mixture of the lipids to manufacture NLC
containing CLA. Binary mixtures exhibiting melting points >40 °C [41,
42] and were miscible were considered suitable for use. The miscibility
of the two lipids was established by differential scanning calorimetry
(DSC) using a Model DSC-6000 PerkinElmer differential scanning calo-
rimeter (PerkinElmer® Ltd, Connecticut, USA) and visual assessment.
The use of DSC to assess the miscibility of SA and THP was based on the
fact that a depression in melting point of the SA would be observed,
following incorporation of THP into the lamellar structure of the solid
lipid [42]. Visual assessment, to establish the presence of liquid lipid
droplets on filter paper used was considered a clear indication of poor
miscibility of the lipids and any binary mixture in which droplet for-
mation was observed was considered unsuitable for use and not
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investigated further.

Formulation of NLC dispersions requires the use of one or more
emulsifying agents, solid and liquid lipids and water to ensure stability
of the delivery system. The selection of a suitable surfactant is based on
the intended purpose of the formulation. The primary objective of these
studies was to develop muco-adhesive NLC for ophthalmic use. There-
fore, it was vital that the surfactant or combination of surfactants used
exhibit high ocular tolerability. Tween® 20 and Brij® 35 have been
found to be the most effective in increasing corneal permeability [43].
The cytotoxicity of surfactants to corneal epithelial cells of rabbits
revealed that nonionic surfactants are the least cytotoxic [44] therefore,
Tween® 20 was selected for the formulation development studies of
CLA-loaded NLC based on cost and availability.

When formulating new or re-formulating existing products, it is
important to use data relating to physical and chemical interactions
between the API and excipients used which may precipitate changes in
the chemical nature, stability, solubility, absorption and therapeutic
response of that API [45]. Fourier-transform infrared spectroscopy
(FT-IR) was used to investigate potential physical interactions between
the lipids and CLA using a PerkinElmer® Precisely FT-IR spectropho-
tometer Spectrum 100 (PerkinElmer® Pty Ltd, Beaconsfield, England). A
ternary mixture of CLA, solid and liquid lipids was analyzed prior to and
following exposure to a temperature of 85 °C for 1 h, so as to mimic the
manufacturing process of the nanocarriers, in order to establish the ef-
fects thereof.

2.3. Manufacture of clarithromycin-loaded NLC

CLA-loaded NLC were prepared by hot emulsification ultrasonication
(HEUS) [46,47]. Briefly, the lipid phase containing CLA was heated to
approximately 85 °C. An aqueous phase of Tween® 20 with or without
PEG 6000 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 6000 rpm for
1 min to produce a pre-emulsion. The resultant pre-emulsion was sub-
jected to ultrasound using a Sonoplus® HD 4200 probe sonicator
(Bandelin, Berlin, Germany) fitted with a titanium flat tip (Bandelin,
Berlin, Germany) at a predetermined amplitude for a set time. The
nano-emulsion formed was filled and sealed into 100 mL siliconized
glass vials (Lasec®, Port Elizabeth, South Africa) and cooled to room
temperature (22 °C) to permit recrystallization and formation of
CLA-loaded NLC in situ. All batches produced were characterized 24 h
after manufacture.

2.4. Particle size (PS), polydispersity index (PDI) and Zeta Potential (ZP)

The mean PS and PDI of NLC were measured using a Model Nano-ZS
Zetasizer (Malvern Instruments Ltd, Worcestershire, UK) with the in-
strument set to PCS mode. Approximately 30 pL of an aqueous disper-
sion of NLC was diluted with 10 mL HPLC-grade water prior to analysis.
The sample was placed into a 10 x 10 x 45 mm polystyrene cell and all
measurements were performed in replicate (n = 10) at 25 °C using a
standard 4 mW laser set at 633 nm at a scattering angle of 90°. 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.

For the measurement of ZP, the Nano-ZS Zetasizer (Malvern In-
struments Ltd, Worcestershire, UK) was set in the Laser Doppler
Anemometry (LDA) mode at a wavelength of 633 nm. The sample was
prepared as described for PS and PDI analysis 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
[48] was used, in situ, to calculate the ZP of each sample.

2.5. Encapsulation efficiency (EE) and loading capacity (LC)

The % LC and % EE of CLA in the NLC was investigated using a
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validated RP-HPLC-ECD method [49] following filtration of an aqueous
dispersion using Centrisart® filter tubes (Sartorius AG, Goettingen,
Germany). The filter tubes were fitted with a filter membrane of mo-
lecular cut-off of 200 kDa at the base of the sample recovery chamber.
Approximately 2.5 mL of the aqueous dispersion of NLC was placed into
the outer chamber of the tube after which the sample recovery chamber
was fitted. The unit was centrifuged at 2500 rpm for 20 min using a
Model HN-SII IEC centrifuge (Damon, Needham HTS, MA, USA) prior to
the amount of CLA in the aqueous filtrate being quantified using a
validated RP-HPLC [49]. The LC and EE of CLA in the formulations was
calculated using Equations (1) and (2) [49].

LC= ﬁ « 100% 1
W, — W, + W,

E=" =W 100 @)

where,

W, = weight of CLA added to formulation
W; = weight of CLA in supernatant after centrifugation
W, = weight of lipid added to the formulation

2.6. Screening and optimization of CLA-Loaded NLC

2.6.1. Screening of formulation parameters using box behnken design
(BBD)

Design of Experiments (DoE) specifically a BBD was used to inves-
tigate the impact of five input variables on the production of CLA-loaded
NLC. The variables tested were lipid, Tween® 20, PEG 6000, amplitude
and sonication time. The number of experimental runs for the BBD was
established using Version 12 Design Expert® statistical software (Stat-
Ease Inc., Minneapolis, MN, USA). The concentration range and level
including composition for the input variables are listed in Table 1.

HEUS was used to produce the NLC (Section 2.3). In total, forty-six
(46) formulations with an intended 10% w/w CLA loading in relation
to lipid content, were manufactured in batch sizes of 100 mL. When
analyzing the formulations in terms of the CQA viz., PS, ZP, PDI, EE and
LC, it was observed that some formulations had formed a gel-like
structure following storage for 24 h and were therefore not subject to
further analysis. BBD has been reported to be insensitive to outliers and
missing data [50,51] nevertheless, the experiments were continued in an
attempt to evaluate the target product attributes, as envisaged. Nu-
merical optimization was used in an attempt to optimize the formula-
tions however, the predicted formulation was manufactured and a
creamed gel-like structure formed after 24 h storage. Consequently, the
experimental data generated using the BBD were used to identify a
formulation with values that corresponded to the target CQA viz. a PS in
the nano-range, PDI <0.5, ZP > + 30 mV, and EE > 80%. The formu-
lation composition identified was then used for a subsequent

Table 1

Input variable and experimental design (BBD) values.
Variable Level
Input -1 0 +1
Lipids % w/w 1 3 5
Tween® 20 % w/w 1 3 5
Sonication time min 10 20 30
Amplitude % 10 55 100
PEG 6000 % w/w 0 1 2
Output Constraint
EE Maximize
LC % Maximize
zp % mV Minimize
PS Nm Minimize
PDI Minimize
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optimization process of the manufacturing parameters viz., sonication
time and amplitude. ZP values of +30 mV are targeted to ensure NLC
stabilized through electrostatic repulsion are produced, so as to prevent
aggregation [52]. Stable nanocarriers for which the ZP was <30 mV
have been manufactured using Tween® 80 [53]. Polysorbate surfactants
provide stability through both electrostatic and steric hindrance mech-
anisms mitigating the need for a ZP of £30 mV to ensure stability [53,
54].

2.6.2. Optimization of manufacturing parameters using central composite
design (CCD)

Following the identification of the most ideal formulation composi-
tion based on the CQA monitored, process optimization in relation to
manufacturing parameters was undertaken in an attempt to increase the
EE, further reduce the PS and PDI while producing a stable formulation.
Sonication time and amplitude of sound waves have been identified as
important parameters when fabricating nanoparticles of small size using
ultrasonication [52]. An increase in time and sonication amplitude re-
sults in a decrease in particle size [55]. However, high sonication am-
plitudes have also been shown to produce lipid nanoparticles of
increased size, due to the formation of aggregates [52,55,56]. Conse-
quently, the effect of sonication time and the amplitude of ultrasound on
the CQA of the NLC was investigated. The number of experimental runs
using CCD was established using version 12 Design Expert® statistical
software (Stat-Ease Inc., Minneapolis, MN, USA) and the input variables
and ranges tested are listed in Table 2.

2.7. pH and osmolarity

The human eye can tolerate formulations with an osmolality of be-
tween 250 and 450 mOsm/kg and a pH of 3.5-10.5 [57,58]. The os-
molarity of the optimized CLA-loaded NLC formulations was adjusted to
a physiological value with glycerin and was then determined by freezing
point depression using a calibrated Gonotec Osmomat 3000 osmometer
(Gonotec, Berlin, Germany). The pH of the nanocarrier suspensions was
monitored at 22 °C using a calibrated Model GLP 20+ Basic pH-meter
(Crison Instruments, Barcelona, Spain).

2.8. Muco-adhesion

Nanoparticles with a negative ZP exhibit reduced ocular residence
times since interactions between the nanocarriers and mucin, a nega-
tively charged glycoprotein, are unlikely to occur [52]. Consequently,
the incorporation of PEG into the NLC formulation was investigated, to
establish if muco-adhesive properties had been imparted to the test
technology. ZP measurements are a common approach used for the
investigation of muco-adhesive properties of biopolymers [59-62].

The muco-adhesive properties of the NLC was evaluated by moni-
toring changes in ZP following incubation of the NLC, with mucin [63]
following preparation of a 0.1% w/w stock dispersion of mucin in
HPLC-grade water. The dispersion was stirred for 30 min at 500 rpm
using a hotplate stirrer (VWR®,Batavia, IL, USA) prior to filtration
through a 0.45 pm Millipore® Millex-HV Hydrophilic PVDF filter

Table 2
Variables and experimental design values for CCD.
Variable Level
Input -0 -1 1 +o
Sonication time Min 5.86 10 30 34.14
Amplitude % 12.57 25 85 97.43
Output Constraints
EE % maximize
LC % maximize
zp MV minimize
PS Nm minimize
PDI minimize
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membrane (Millipore® Co., Bedford, MA, USA). A 60 pL aliquot of the
NLC dispersion was injected into 20 mL filtered mucin dispersion and
the mixture stirred at 200 rpm for 6 h at 32 °C, to simulate the tem-
perature of the ocular surface, using a digital hotplate stirrer (VWR®,
Batavia, IL, USA) in a glass cylinder [64]. The ZP of the mixtures was
measured at 0, 30, 60, 120, 240 and 360 min and the data analyzed as
described in Section 2.4. Aqueous dispersions of filtered mucin and NLC
were also monitored and analyzed over the 6-h period as controls.
Confirmation of PEG coating on the nanocarriers was determined using
DSC with a Model DSC-6000 PerkinElmer differential scanning calo-
rimeter (PerkinElmer® Ltd, Connecticut, USA).

2.9. Invitro release and kinetic modelling

In vitro release of CLA from the optimized NLC dispersion after
adjustment with glycerin was investigated using the dialysis bag
method. One milliliter of the nano-suspension was transferred into a
closed dialysis bag (MWCO 14000 Da, Sigma Aldrich Chemical Co.,
Milwaukee, WI, USA) and placed into 70 mL borosilicate vials. The
dissolution medium containing 20 mL HPLC-grade water (pH = 7.20)
was maintained at 32 °C, to simulate the temperature of the ocular
surface, and stirred using a shaking water bath using a LABOTEC®
shaking water bath (Laboratory Thermal Equipment, Greenfield NR.
Oldham) at 80 rpm. Sink conditions were maintained by replacing 1.0
mL of fresh dissolution medium at predetermined time intervals. The
studies were performed in triplicate (n = 3) for 24 h. The amount of CLA
in the receptor medium was determined using RP-HPLC [49].

The in vitro release data for optimized CLA-loaded NLC was fitted to
first-order, Higuchi, Korsemeyer—Peppas, Hixson-Crowell and Baker-
Lonsdale models using DDSolver, an add-in program for Microsoft
Excel [65]. The model that best fitted the data was selected based on the
adjusted coefficient of determination (Rsqr_adj), Akaike Information
Criterion (AIC) and Model Selection Criterion (MSC), which are the most
popular evaluation criteria in the field of dissolution [65]. The highest
Rsqr_adj and MSC values and the lowest AIC values were used to
determine the model that best fit the observed release [33,65].

2.10. Cytotoxicity assay

Many authors have demonstrated that the organ and species of origin
of cells used in cytotoxicity assays have a strong correlation to the results
observed in such studies [66,67]. As a general rule, it is crucial to select
an appropriate cell line for a study based on the expected target organ in
vivo and application of the carrier system used [68,69]. Nevertheless in a
study to assess the cytotoxicity of bio-active silica nanoparticles in 19
different cell lines representing all major organ types, the results
revealed reduced toxicity in all cell types investigated, thereby implying
the influence of the cell line characteristics on the final toxicity response
observed was minimal [70]. Consequently, in an attempt to assess the
biocompatibility of CLA-NLA for potential use in humans, a human cell
line viz., human cervix adenocarcinoma cells, available in our institu-
tion was selected for evaluating potential cytotoxicity of the test
technology.

HeLa (human cervix adenocarcinoma cells) (Cellonex) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) — (Lonza) supplemented
with 10% fetal calf serum and antibiotics (penicillin/streptomycin/
amphotericin B) at 37 °C in a 5% CO; incubator. HeLa cells were plated
in 96-well plates at a cell density of 1 x 104 cells per well in 150 pL
culture medium and grown overnight. A single concentration of 50 pg/
mL of the test compounds were incubated with the cells for an additional
48 h, and cell viability in the wells assessed by adding 20 pL of 0.54 mM
resazurin in phosphate buffered saline (PBS) for an additional 2-4 h. The
relative amount of cells surviving drug treatment were determined by
reading resorufin fluorescence readings (excitation 560 nm, emission
590 nm) in a SpectraMax® M3 plate reader (Molecular Devices San Jose,
CA, USA). Fluorescence readings obtained for the individual wells were
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converted to % cell viability relative to the average readings obtained
from untreated control wells (HeLa cells without test compounds), after
subtracting background readings obtained from wells without cells.

2.11. Statistical analysis

Statistical analysis was performed using version 12 Design Expert®
statistical software (Stat-Ease Inc., Minneapolis, MN, USA). The signif-
icance of relevant factors was calculated using Fisher’s statistical test for
Analysis of Variance (ANOVA) and models considered statistically sig-
nificant when a p value < 0.05 was observed at a 95% level of confi-
dence. Three-dimensional (3-D) surface plots were used to identify the
process parameters which resulted in the manufacture of CLA-loaded
NLC that exhibited the desired CQA.

2.12. Stability studies

The short term stability testing protocol strategy for the optimized
CLA-loaded NLC formulation was conducted based on existing global
stability guidelines [71]. For these studies, CLA-loaded NLC were
packed into 50 g clear glass ointment jars and tightly sealed prior to
being stored at room temperature (22 °C) and in the refrigerator (4 °C).
Formulations tested at each pull time were discarded and not returned to
the storage area. PS, PDI, ZP, EE, pH and osmolarity were evaluated
weekly for 28 days in triplicate (n = 3).

3. Results and discussion
3.1. CLA-excipient compatibility and selection of lipids

The influence of THP inclusion on the melting point and peak onset
of SA in terms of liquid lipid content is depicted in Fig. 1 and a summary
of the melting events observed for the binary mixtures tested are sum-
marized in Table 3.

The data plotted in Fig. 1 and summarized in Table 3 reveal that all
binary mixtures tested, produced mixtures for which the melting point
was >40 °C. However, the onset melting point and enthalpy for the
melting of SA appears to decrease gradually with an increase in the
amount of THP included in the mixture up to 20% w/w. The gradual
depression in onset of melting of SA when up to 20% w/w THP is added,
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Table 3
DSC events for binary mixtures of stearic acid and Transcutol® HP following
exposure to 85 °C for 1 h.

Ratio SA:THP Thermal event Melting point Onset Enthalpy
°C °C J/g

95:5 Endothermic 61.02 58.85 134.15
90:10 Endothermic 60.50 58.45 125.23
85:15 Endothermic 59.84 56.77 120.57
80:20 Endothermic 59.08 56.19 75.45
75:25 Endothermic 51.08 48.37 29.54
70:30 Endothermic 50.11 46.35 33.47
60:40 Endothermic 49.17 45.74 32.45
50:50 Endothermic 45.48 44.13 47.59

suggests that the two lipids are miscible when THP is used in amounts
between 5 and 20% w/w in the mixtures. The lack of miscibility was
confirmed by the presence of THP droplets on filter paper when the
amounts of THP used, was >20% w/w providing further evidence that
THP and SA are poorly miscible when mixed at these concentrations.
The results suggest that a liquid lipid content of <20% w/w would be
ideal and that concentrations >20% w/w are likely to result in the
production of immiscible mixtures of these lipids. Consequently, a 20%
w/w Transcutol® HP and 80% w/w SA binary mixture was considered
the most suitable composition for the formulation and manufacture of
CLA-loaded NLC.

The FT-IR spectra generated for CLA and SA prior to exposure to heat
and that of a 1:1:1 ternary mixture of CLA, SA and THP following
exposure to 85 °C for 1 h are depicted in Fig. 2. Evaluation of the FT-IR
spectrum for the ternary mixture reveals the presence of peaks (circled
in red) that are the same as those observed for SA alone, confirming that
neither THP nor CLA appears to interact with the crystalline structure of
SA. However, the presence of a peak representing molecular vibrations
for CLA (green) is most likely the result of CLA not being completely
included in a molecular dispersion in the ternary mixture.

3.2. Manufacture of clarithromycin-loaded NLC using DoE

3.2.1. Formulation screening parameters from box behnken design (BBD)
The BBD design matrix for the responses of formulations that did not
form a gel-like structure and were analyzed after 24 h is summarized in

Fig. 1. Impact of Transcutol® HP concentration on the melting point and peak onset for stearic acid.
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Fig. 2. FT-IR spectra of CLA and SA prior to exposure to heat and for a 1:1:1 ternary mixture of CLA, SA and THP following exposure to 85 °C for 1 h.

Table 4
Responses observed for stable NLC formulations following BBD experiments.

Run Input Variables Responses (CQA)
Lipid Tween® 20 Amplitude Time PEG400 EE LC ZP PS PDI
% w/w % w/w % min % w/w % % mV nm
1 5 3 55 20 2 76.67 7.12 —25.4 7095 0.716
6 3 1 55 20 2 76.06 7.07 -15.9 6196 0.963
7 3 1 100 20 1 78.7 7.3 -17 1568 0.846
9 3 3 55 30 2 67.83 6.35 —28 8306 0.762
10 3 1 55 20 0 82.13 7.59 -17.9 4053 0.721
11 1 3 100 20 1 58.99 5.57 —18.6 2483 0.866
12 5 3 55 10 1 79.47 7.36 —24.1 6864 0.614
13 3 3 10 20 0 79.85 7.4 —-21.2 8184 0.877
16 1 3 10 20 1 65.9 6.18 -16.9 10770 0.785
17 3 1 55 30 1 65.61 6.16 -16.3 4084 0.893
20 1 5 55 20 1 36.97 3.57 —26.2 2607 0.887
22 1 3 55 30 1 38.25 3.68 -17 13390 0.743
23 1 1 55 20 1 26.86 2.62 —20.9 14180 0.577
26 5 3 10 20 1 55.78 5.28 —25.3 6869 0.807
29 1 3 55 10 1 32.68 3.16 —20.3 35380 0.793
33 3 1 55 10 1 70.57 6.59 -17.3 2494 0.901
37 1 3 55 20 2 30.56 2.97 -23.7 5800 0.803
41 1 3 55 20 0 38.51 3.71 —-33.3 23910 0.878
43 3 3 55 10 0 66.49 6.23 -21.9 15710 0.738
*44 5 1 55 20 1 86.53 7.96 —-20.3 499.8 0.456
45 3 1 10 20 1 75.02 6.98 -15.7 6130 0.738
Table 4. mathematical models described the two independent factors. Significant

The data listed in Table 4 reveal that the formulation produced as run
44* (F 44) was the only formulation that met the desired CQA for EE, ZP,
PS and PDI. Consequently, batch F 44 was further optimized with
respect to process parameters in an attempt to assess the robustness of
the formulation composition, to changes in process conditions.

3.2.2. Optimization of process parameters using a central composite design
(CCD)

The input variables used to optimize the manufacture of CLA-loaded
NLC using CCD in addition to the observed responses are summarized in
Table 5.

The manufacturing parameters used for the production of CLA-
loaded NLC were optimized using a CCD. The data generated was
analyzed using version 12 Design Expert® statistical software (Stat-Ease
Inc., Minneapolis, MN, USA). Fisher’s test for Analysis of Variance
(ANOVA) was used to determine the significance of any difference(s)
between the factors investigated, with the error term set at p = 0.05. The
overall design summary revealed that three linear and two quadratic

model variables were identified during optimization and the best com-
bination of factors yielding the target CQA, elucidated.

The overall contribution of model factors used to produce nano-
particles with the target EE, LC, ZP, PS and PDI were statistically sig-
nificant and the models be used to navigate the design space. ANOVA
analysis revealed that the significant model term for the linear models
for EE, LC and ZP was amplitude of sonication (p < 0.05). The significant
model term(s) for the quadratic models, PS and PDI established at p <
0.05 were amplitude of sonication and the quadratic effect of amplitude.
The 3D response surface plots for these data are depicted in Fig. 3 (A-E).
The 3D surface plots are used to facilitate the examination of effect(s) of
experimental factors on the responses monitored. These graphical rep-
resentations illustrate the responses to different experimental values and
facilitate identification of major interactions between variables. When
using 3-D plots, one variable must be set at an arbitrary and fixed value
and the response surface plotted using the other two additional variables
displayed on the X and Y-axes. The response surface generated is
therefore a function of the selected value for the constant variable and
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Table 5
Responses observed for CCD experiments during optimization of process con-
ditions for NLC manufacture.

Run  Input Variables Responses (CQA)

Sonication time ~ Amplitude  EE LC ZpP PS PDI

Min % % % mV nm
1 10 85 87.1 8 -18.5 661 0.668
2 30 25 881 81 -17.6 1008 0.948
3 10 25 88.1 8.1 —18.6 1130 0.886
4 20 55 88 8.1 -19.1  477.8  0.545
5 20 55 86.4 8 -21.8 511.3  0.487
6 20 13 - - - - -
7 34.14 55 87.9 8 -26.1 4772  0.531
8 20 55 878 8 —21.8 4831  0.592
9 30 85 849 78 256 495 0.555
10 6.15 55 871 8 -21.7 4344  0.476
11 20 55 886 81 —23.8 4246  0.454
12 20 97 843 7.8 —-291 4194  0.392
13 20 55 86.5 8 —21.4  441.0 0.479

@ Formulation that was deemed unstable after 24 h storage.
will differ depending on the actual value used [72].

3.2.2.1. Encapsulation efficiency (EE) and loading capacity (LC). LC is an
essential parameter to monitor when establishing whether a novel car-
rier system is suitable for use and has an impact on the long term sta-
bility of systems in that the API remains entrapped in the carrier [73].
The optimization process for NLC must therefore include an investiga-
tion of the LC and EE [74]. The lipid core should shield the payload and
minimize degradation whilst ensuring a high EE and long term retention
in the lipid matrix [75]. The 3-D response surface plots (Fig. 3A and B)
depict an inverse relationship between amplitude of sonication and the
CQA monitored. Application of higher amplitudes during sonication on
previously formed lipid carriers resulted in expulsion of entrapped API
into the aqueous dispersion medium, resulting in a reduction in EE and
LC [55,76]. Consequently, high amplitudes are likely to lead to CLA-NLC
with a reduced payload, thereby exposing CLA to possible hydrolytic
degradation, which in turn requires the use of large amounts of the
compound to produce a therapeutic effect, which may lead to adverse
events.

3.2.2.2. Zeta Potential (ZP). The ZP for all formulations tested, ranged
between —17.6 and —29.8 mV. The 3-D response surface plot revealing
the effect of amplitude of sonication on ZP (Fig. 3C) reveals that stable
formulations exhibiting relatively high negative ZP values were pro-
duced at relatively high sonication amplitudes. Adsorption of non-ionic
surfactant steric stabilizers, decreases the ZP in colloidal systems
resulting in strong repulsive forces between particles thereby preventing
aggregation [55,73]. An increase in amplitude is likely to generate
increased temperatures during manufacture, which in turn result in a
reduction in adsorption and/or degradation of surfactant [46] and an
increase in ZP. However, the ZP is primarily affected by the type and
concentration of lipids and surfactants used and not the method of
manufacture [77] and this factor will have to be monitored during
long-term stability studies of CLA-loaded NLC intended for ophthalmic
use.

3.2.2.3. Particle size (PS) and polydispersity index (PDI). The mean PS of
CLA-loaded NLC ranged between 419.4 and 1130 nm. The particle size
of the NLC produced can be considered suitable for instillation into the
eye, since the human eye can tolerate particles of up to 10 pm in
diameter [78]. The PDI provides an indication of the width of the size
distribution of particles and completely monodisperse systems generally
have a PDI of 0, which increases to 0.500 for systems with a relatively
broad particle size distribution [79,80]. The PDI for all formulations
tested, ranged between 0.392 and 0.948. The 3-D response surface plots
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depicting the impact of amplitude of sonication on PS and PDI (Fig. 3E
and F) reveal an increase in PS and PDI when lower amplitudes are
applied to the process. It has been suggested that low processing tem-
peratures lead to the formation of nanoparticles of large particle size
[81]. High amplitudes of sonication lead to an increase in ultrasonic
wave energy and temperature, which in turn increases the shear cavi-
tation force with an ultimate breakdown of the oil droplets into nano-
metric sized droplets [52]. Consequently, a compromise in terms of
amplitude application and the target PS and PDI must be reached to
ensure the production of stable formulations.

3.2.3. Formulation optimization

Numerical optimization was undertaken using Design Expert® soft-
ware with the aim of identifying and selecting the optimum
manufacturing parameters that would ensure the production of stable
NLC formulations of CLA. Numerical optimization locates a point at
which the desirability function for a system is maximized, while the
characteristics of the target can be modified by adjusting the importance
of that target [82]. The instrumental parameters resulting in the highest
desirability viz. a sonication time of 26.33 min and amplitude of 59.7%,
were used to manufacture the optimized NLC formulation, which was
then characterized in terms of the target CQA. The responses generated
for the optimized CLA-loaded NLC are summarized in Table 6 and
include the experimental and predicted responses, with the corre-
sponding percent prediction error for the relevant parameters. The size
distribution curve depicted in Fig. 4 shows a Gausian distribution peak
with peak intensity between 400 and 500 nm, correlating to the
observed experimental value and PDI of <0.5.

The low magnitude of the calculated percent prediction error in-
dicates the robustness of the mathematical model used. The predictive
errors of ZP and PS are >10% implying that the model may have poor
predictive ability for these responses. However, the NLC produced car-
riers were considered stable and fell in the nanometer size range. The
high predictive ability of DoE has been demonstrated suggesting the
efficiency of DoE as a tool, for process optimization when developing
pharmaceutical dosage forms [83].

3.3. pH and osmolarity

The pH of the optimized CLA-loaded NLC formulation was 7.73 +
0.01 which suggests it would be tolerated when administered to the
human eye [57]. The osmolarity was adjusted to 250-450 mOsm/kg
with glycerine to ensure the formulation fell within the physiological
range to make it compatible for ophthalmic administration [58]. The
final pH and osmolarity of the optimized CLA-loaded NLC formulation
was 7.76 + 0.01 and 316 + 2 mOsm/Kg. It was established that the CQA
of the NLC did not change following the addition of glycerine to the
dispersion and the values for EE, ZP, PS and PDI were 88.62 + 0.23%,
—20.5 + 4.82 mV, 461.9 + 40.16 nm and 0.523 £ 0.104, respectively.
These are comparable to the EE, ZP, PS and PDI of 89.75 + 0.19%,
—20.4 + 5.21 mV, 489.1 + 41.62 nm and 0.486 + 0.097, prior to
adjustment. The ultimate impact of inclusion of glycerine into these
formulations would need to be monitored during long-term stability
studies.

3.4. Muco-adhesion

The interaction of NLC with mucin was investigated in addition to
the use of PEG in the formulation. The adsorption of PEG to the surfaces
of NLC due to its hydrophilic nature, was intended to promote a muco-
adhesive interaction with mucin which in turn would suggest an inter-
action with the ocular surface and result in enhanced precorneal
retention and a possible increase in ocular availability permitting dose
reduction and use of a longer dosing frequency.

Muco-adhesion can occur by different mechanisms viz. electrostatic,
adsorption, wetting, and diffusion that allow for polymer chains and
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Fig. 3. The 3-D surface plots portraying the effect of the sonication time and amplitude on encapsulation efficiency (A), loading capacity (B), Zeta potential (C),

particle size (D) and polydispersity index (E).

Table 6
Comparison of predicted and observed outputs for the optimized formulation.

Response Experimental value Predicted value % prediction error
EE % 89.75 + 0.19 86.93 3.14

LC % 8.24 £ 0.68 7.98 3.16

ZP mV —20.4 +5.21 —-23.19 —13.68

PS nm 489.1 + 41.62 419.4 14.25

PDI 0.486 + 0.097 0.493 —1.44

mucin to inter-penetrate and entangle to form interactive bonds [84,85].
Sequentially, the polymer swells during wetting, forms non-covalent
bonds at the mucus-polymer interface via electrostatic interaction and
adsorption and then the polymer and mucin interpenetrate and entangle
to form bonds [84]. A decrease in the magnitude of ZP for NLC following
incubation with mucin was observed (Fig. 5) suggesting that the NLC
with surface adsorbed/coated PEG would likely exhibit enhanced
muco-adhesion capabilities. The DSC thermograms depicted in Fig. 6
reveal the presence of melting endotherms consistent with those of PEG

in the thermogram of lyophilized NLC. This is further evidence sug-
gesting that the hydrophilic polymer is adsorbed and coated around the
nanocarriers, and is not molecularly dispersed within the core of the
NLC.

The adsorption interaction is the most likely mechanism of muco-
adhesion for the NLC produced in these studies, as these are nega-
tively charged particles that would be unlikely to exhibit electrostatic
interactions with the negatively charged mucin. However, it should be
noted that demonstration of muco-adhesive properties of nanoparticles
should be evaluated using multiple approaches in which particle diffu-
sion, attachment and aggregation are monitored in order to accurately
classify a system as being muco-penetrative or muco-adhesive [86].

3.5. Invitro release and kinetic modelling

The in vitro release profile of CLA from the optimized NLC formula-
tion is depicted in Fig. 7.

The in vitro release data show that the cumulative amount of CLA
released from the NLC over a 24-h period was 56.13 + 0.23%. A mass
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Fig. 4. Particle size distribution by intensity for optimized CLA-NLC (n = 10).

Fig. 5. Estimation of the Zeta Potential for NLC incubated in a 0.1% m/v aqueous dispersion of mucin (n = 10).

balance of the harvested lipidic formulations from the dialysis tubing
yielded an amount of 41.38 + 0.02% showing a controlled and sustained
release of CLA from the nanoparticles. Drug release from nanoparticles
have been shown to be affected by factors such as intrinsic solubility of
the API, movement of API across depleted layers of the formulation,
composition of lipid matrix and diffusion from interfacial barriers like
dialysis membrane [34]. Consequently, kinetic modelling of the release
profile was undertaken using DDSolver in order to ascertain the factors
that influence API release of the formulated lipid carriers.

Fig. 8 depicts the release kinetics obtained from DDSolver with
Table 7 showing the corresponding criteria used in evaluation of release.
The highest R?, R? adjusted and MSC values and the lowest AIC values
were used in evaluating First-order, Higuchi, Korsmeyer-Peppas, Hix-
son- Crowell and Baker-Lonsdale models [65].

Table 7 shows that the highest R? adjusted and MSC values and the
lowest AIC for the investigated models was obtained for the Baker-
Lonsdale model. The Baker-Lonsdale model describes a controlled
release mechanism of the API from spherical shaped lipid matrices,
involving diffusion and degradation as factors affecting release and is
derived from the Higuchi model [87].

3.6. Cytotoxicity

The effect of encapsulating CLA into NLC and the biocompatibility of
the lipids used in the production process was investigated. None of the
investigated samples produced a significant (reduced viability of HeLa
cells to below 50%) cytotoxic effect at a concentration of 50 pg/mL.
CLA-NLC exhibited improved cell viability when compared to that
observed for the API alone, which may be due to the shielding effect of
the encapsulating lipids, showing the protective technology of theses
nanocarriers. In addition, PEG is assumed to form a protective hydro-
philic layer on the surface of the nanoparticles thus opposing interaction
and ultimate uptake by HeLa cells [88,89]. Furthermore, the high %
viability of HeLa cells after exposure to blank NLC confirms that the
lipids used in these studies are of GRAS status. The summary of the in
vitro cytotoxicity is depicted in Fig. 9.

3.7. Stability studies

Table 8 shows the PS, PDI, EE, ZP, pH and osmolarity of NLC
generated following storage at 4 °C and 22 °C for 28 days. The
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6. DSC thermograms of an 80:20 binary mixture of SA and THP, PEG 6000 and lyophilized CLA-NLC.
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corresponding graphical representations of PS, PDI, EE and ZP are
provided as supplementary material.

Stability studies showed a fairly constant PS and PDI for NLC stored
at 4 °C in comparison to formulations stored at 22 °C which showed an
increase in both PS and PDI. Higher temperatures have been shown to
increase the kinetic energy of particles which in turn leads to collisions
between particles and thus particle size increase from particle agglom-
eration [53]. The PS for NLC stored at 4 °C remained within the nano-
meter range during the incubation period with those stored at 22 °C
increasing to approximately 1.8 pm. However, these formulations can be
considered suitable for ocular use as the human eye can tolerate parti-
cles of up to 10 pm in diameter [78].

An unexpected loss in API of up to 14.42% occurred at 4 °C in
comparison to 5.14% for NLC stored at 22 °C after storage for 28 days.
Heiati et al. [90] explained API leakage from SLN stored at 4 °C to be a
consequence of temporary non-homogeneity in phospholipid bilayers
coating the nanoparticles when stored at these conditions. Conse-
quently, DSC was carried out on lyophilized NLC after storage at 4 °C

10

In vitro release profile of CLA from the optimized NLC formulation (n = 3).

and 22 °C so as to ascertain the reason behind the observed anomaly.
The resultant thermograms are depicted in Fig. 10.

The generated thermogram of the NLC formulations stored at 4 °C
shows a change in the polymorphic form of PEG 6000 that was used to
coat and impart muco-adhesive properties to the nanoparticles. PEG has
been shown to have a depolarizing effect which alters the partition of
hydrophobic molecules between the interior and the exterior of lipid
bilayers [91].

The ZP for CLA-NLC generally indicate good physical stability of the
nanoparticles (>—30 mV) at days 14 and 28 following storage at 4 °C
and 22 °C. However, although the ZP values for the formulations were
lower than —30 mV between day 0 and day 7 and at day 21, the stability
of the nanoparticles could be inferred since the polysorbate surfactant
provides stability through both electrostatic and steric hindrance
mechanisms. The ZP values for the formulations were relatively higher
after storage for 28 days in comparison to when assessed 24 h after
manufacture. Furthermore, the increase in the negative charge on the
surface of the particles did not seem to enhance the stability to the
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Table 7

Release kinetic modelling and code evaluation criteria results for NLC.

Model and Equation

Code Evaluation Criteria

Rsqr_adj AIC MSC

First order (A) 0.6142 49.7717 0.6667
F = 100"[1-Exp (-k1°)]

Higuchi (B) 0.8954 40.6333 1.9722
F = kH't"0.5

Korsmeyer-Peppas (C) 0.9416 37.2827 2.4509
F = kKP’t'n

Hixson-Crowell (D) 0.5067 51.4924 0.4209
F = 100"[1-(1-kHC"t)"3]

Baker-Lonsdale (E) 0.9442° 36.2357" 2.6004"

3/2°[1-(1-F/100)"(2/3)]-F/100 = kBLt

@ Shows selected evaluation criteria.

11

Journal of Drug Delivery Science and Technology xxx (xxxx) xxx

Fig. 8. Release kinetics of CLA-NLC automatically generated from DDSolver.

formulations since particle growth was observed especially at storage
conditions of 22 °C. It is possible that the observed increase and decrease
in the negative potential was unrelated to the presence of the surfactant
but rather to an increase in the amount of the basic CLA molecule, either
in its ionized or unionized form, on the surface of the particles corre-
lating to the reduced EE over time. No agglomeration of formulations
was observed following storage for 28 days corresponding to failure to
attain the agglomeration threshold range of —20 to —11 mV [53] in
these studies.

The pH and osmalirity values of the NLC formulations stored at 4 °C
and 22 °C for 28 days were within 3.5-10.5 and 250-450 mOsm/kg,
respectively which is tolerable to the human eye [57,58].

4. Conclusions

CLA-loaded lipid carriers for potential use as an ocular delivery
technology have been successfully manufactured and characterized in
these studies. The results suggest that the optimized NLC have the
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Fig. 9. Cytotoxicity assay of CLA, blank-NLC and CLA-NLC (n = 3).

Table 8

Critical Quality Attributes monitored for CLA-NLC stored at 4 °C and 22 °C for 28 days.

Time (days) Storage Conditions PS (nm) PDI EE (%) ZP (mV) pH Osmolarity (mOsm/kg)
0 4°C 461.9 + 40.16 0.523 + 0.104 88.62 + 0.23 —20.5 + 4.82 7.75 £+ 0.01 314 + 2
22°C 461.9 + 40.16 0.523 + 0.104 88.62 + 0.23 —20.5 + 4.82 7.76 £+ 0.01 314 +2
7 4°C 581.6 + 84.47 0.504 + 0.129 83.18 £ 0.55 —27.4 + 5.46 7.58 £ 0.02 316 +£1
22°C 624.5 + 81.5 0.613 + 0.218 86.5 + 0.01 —14.7 + 2.10 7.65 + 0.01 312 + 2
14 4°C 466 + 32.8 0.331 + 0.126 NP —31.5 +2.01 7.30 £ 0.01 313+ 2
22°C 1148 + 60.4 0.919 +0.118 NP —23.1 +5.38 7.53 £0.01 310 £ 2
21 4°C 478.9 +£ 10.8 0.462 + 0.119 78.11 £ 0.13 —19.3 + 4.17 7.35 £ 0.01 318 £1
22°C 973.9 + 34.8 0.910 + 0.137 84.6 + 0.11 —23.4 + 6.20 7.47 £ 0.01 314 + 2
28 4°C 578.1 + 21 0.452 + 0.179 74.2 +0.14 —32.2 +3.90 7.42 £0.01 317 £1
22°C 1754 + 100 0.890 + 0.103 83.48 + 0.08 —33.7 £ 4.14 7.24 £+ 0.02 316 £ 2

NP=Not performed.

Fig. 10. DSC thermograms of lyophilized CLA-NLC 24 h after production (A) and storage for 28 days at 22 °C (B) and 4 °C (C).

potential to enhance precorneal retention and increase ocular avail-
ability, which in turn may be useful to reduce the dose and dosing fre-
quency when administering CLA.

Although stability studies revealed reduced encapsulation efficiency
over time at 4 °C and 22 °C, increased particle size into the pm range at
22 °C, the formulations were still deemed appropriate for ocular use, as
they were <10 pm in size. The CLA-NLC produced in these studies
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provide a useful foundation for the delivery of antibiotics to the eye and
need further evaluation to establish whether they would be effective
when used to treat ocular infections through sensitivity testing and
microbiological investigation. In this way the impact of use of this
formulation on CLA efficacy against Mycobacterium fortuitum and
Mycobacterium chelonae could be assessed. In addition, further studies
using cell lines from ocular organs would be necessary to fully evaluate
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the biocompatibility of the formulation in addition to facilitating an
accurate prediction of correlation, in vivo.
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