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ABSTRACT

Purpose The aim of this study was to formulate nano-
emulsions comprising natural oils and the active pharmaceu-
tical ingredients (APIs) clofazimine (CLF), artemisone (ATM)
and decoquinate (DQ)) in order to determine effectiveness of
the nano-emulsions for topical delivery of the APIs. The APIs
alone do not possess suitable physicochemical properties for
topical drug delivery.

Methods Nano-emulsions were formulated with olive and
safflower oils encapsulating the APIs. Skin diffusion and tape
stripping studies were performed. By using the lactate dehy-
drogenase (LDH) assay, in vitro toxicity studies were carried
out on immortalized human keratinocytes (HaCaT) cell line
to determine cytotoxicities due to the APIs and the nano-
emulsions incorporating the APIs.

Results The nano-emulsions were effective in delivering the
APIs within the stratum corneum-epidermis and the epider-
mis-dermis, were non-cytotoxic towards HaCa'T cell lines
(p <0.05) and inhibited Mycobacterium tuberculosis in vitro.
Conclusion Natural oil nano-emulsions successfully deliver
CLF, ATM and DQ) and in principle could be used as supple-
mentary topical treatment of cutaneous tuberculosis (C'TB).
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ABBREVIATIONS
7H9/ Middlebrook 7HP Broth Base and Middlebrook

OADC AODC growth supplement

ANOVA  Analysis of variance

API Active pharmaceutical ingredient

ATM Artemisone

attB Phage attachment site

CFU Colony-forming units

CLF Clofazimine

1B Cutaneous tuberculosis

DMEM  Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide

DQ Decoquinate

ED Epidermis-dermis

EDTA Trypsin-Versene®

EE% Entrapment efficiency

FBS Fetal bovine serum

GAST/Fe  Glycerol-alanine-salts containing iron

GFP Green fluorescent protein

HaCaT ~ Immortalized human keratinocyte cells

HPLC High performance liquid chromatography
Hyg™° Hygromycin B resistance gene

INH Isoniazid

LDH Lactate dehydrogenase

LoD Limit of detection

Log D Octanol-water distribution coefficient

LOQ Limit of quantitation

M.tb Mycobacterium tuberculosis

MDR-TB Multidrug-resistant tuberculosis

MICy 90% Minimum inhibitory concentration

NEAA Non-essential amino acids

O Olive oil

Ol Olive oil nano-emulsion containing clofazimine
02 Olive oil nano-emulsion containing artemisone
03 Olive oil nano-emulsion containing decoquinate
04 Olive oil nano-emulsion containing clofazimine,

artemisone and decoquinate
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05 Olive oil nano-emulsion placebo

OD¢oo Optical density reading taken at 600 nm

PBS Phosphate buffer solution

Pen/Strep  Penicillin/Streptomycin

PVDF Polyvinylidene fluoride

ROS Reactive oxygen species

S Safflower oil

Sl Safflower oil nano-emulsion containing
clofazimine

\Y Safflower oil nano-emulsion containing
artemisone

$3 Safflower oil nano-emulsion containing
decoquinate

54 Safflower oil nano-emulsion containing
clofazimine, artemisone and decoquinate

S5 Safflower oil nano-emulsion placebo

SCE Stratum corneum-epidermis

B Tuberculosis

INTRODUCTION

Tuberculosis (TB), caused principally by Mycobacterium
tuberculosis (Mtb) is one of the most prevalent and lethal
infectious diseases (1) and in 2016, 10.4 million people devel-
oped TB of which 1.3 million succumbed to the disease (2).
Although cutaneous tuberculosis (C'TB) involves only a minor
percentage (1-2%) of all TB cases, it is nevertheless apparent
that the numbers of cases involving C'TB in all countries is
substantial (3). Current drugs (Van Zyl ¢ al. (4) wrote a com-
prehensive review on CTB and the treatments presently used)
are not entirely effective against multidrug-resistant tubercu-
losis (MDR-TB), and thus there is an urgent need for novel
drugs coupled with a reexamination of treatment modalities
(5). Whilst various newer drugs may be available, there are
issues with effectiveness, as well as undesirable toxicity
profiles (6). As part of an investigation into new drug
combinations for treatment of TB, we have examined
the TB drug clofazimine (CLF), the new antimalarial
artemisinin derivative artemisone (ATM) and the old quino-
lone coccidiostat decoquinate (DQ)).

CLF is a riminophenazine antibiotic with hydrophobic
character (7) and possesses immune-pharmacological, pro-
oxidative and anti-inflammatory properties (8). This com-
pound has attracted interest over the years as an anti-
mycobacterial drug, and has had some success in treatment
of infections caused by Mycobacterium leprae, Mycobacterium avium
complex and Mycobacterium kansasui (9,10). Current m vitro and
in vivo regimes indicate good effectiveness and low toxicity
against MDR-TB strains (5,10). ATM is a semi-synthetic sec-
ond generation derivative of artemisinin, which does not show
any neurotoxicity in both i vitro and i viwo assays (11). The
physicochemical properties of ATM such as its aqueous
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solubility limit topical drug delivery (12). DQ) is a quinolone
(13) that is used as a veterinary drug for prevention of avian
coccidiosis (14). DQ may complement ATM and CLF, as its
mechanism of action involves the disruption of electron trans-
port within the mitochondrial cytochrome in the coccidian
system, leading to the suppression of resistance (15).

ATM, which we term an oxidant drug diverts electron
supply in flavin disulfide reductases that are otherwise impor-
tant for maintaining intracellular redox homeostasis; thus with
loss of redox homeostasis, oxidative stress is increased, leading
to a cytotoxic effect (16). CLF is a redox drug that scavenges
electron supply in the important respiratory enzyme NDH-2.
It 1s thereby converted into its reduced conjugate
dihydroclofazime (CLFHy) that is reoxidized by oxygen — with
the consequent increase in generation of reactive oxygen spe-
cies (ROS); hence resulting an increase in oxidative stress (17).
Therefore, the effect of the redox drug is to amplify the effect
of the oxidant drug. DQ) is a quinolone that exerts an affect the
respiratory pathway (18).

However, for topical delivery, use of these active pharma-
ceutical ingredients (APIs) may be problematic. The skin
serves as an active barrier against the penetration of exoge-
nous substances. The stratum corneum, which is the upper
layer of the skin, is mostly lipophilic and consists of macro-
phages, acids, lipids, hydrolytic enzymes and anti-microbial
peptides (19). Difficulty arises with APIs that have low pene-
tration abilities in overcoming the intrinsic barrier of the hu-
man skin, which leads to restricted drug uptake and low per-
meation rates (20). APIs should possess both lipophilic (to per-
meate the stratum corneum) and hydrophilic properties (to
permeate to the other hydrophilic layers of the skin to reach
the blood stream) (21-24). For successful skin penetration,
aqueous solubility should be >1 mg/mlL, the octanol-water
distribution coefficient (log D) <3 and > 1 and the molecular
weight < 500 g/mol (22—24). The log D values of CLF (7.66)
(25), ATM (2.49) (26) and DQ (7.80) (27) indicate that only
ATM possesses a favorable log D. In addition, with aqueous
solubilities of CLF (10 mg/L) (25), ATM (89 mg/L) (26,28)
and DQ (<60 pg/L), none of the APIs have suitable aqueous
solubilities. Consequently, nano-emulsions were selected as
the drug delivery system where natural oils, namely
safflower- and olive oil, would be used.

Natural oils promote the delivery of both lipophilic and
hydrophilic APIs (29). Natural oils and human skin (stratum
corneum) both contain linoleic acid (30), which can disturb
intercellular lipid packing that in turn increases penetration
(29). Nano-emulsions which have potential as delivery systems
for a variety of lipophilic and hydrophilic drugs are
shown to be effective for transdermal and topical deliv-
ery (31). Advantages of nano-emulsions include good
solubilization capacity for a variety of drugs, higher entrap-
ment with small droplet size, facile preparation, visual stability

and clarity (32).
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The aim of the study was to formulate eight different nano-
emulsions, containing either olive oil or safflower oil, with
CLF, ATM and DQ) as the APIs separately and in combina-
tion in order to investigate whether nano-emulsions were able
to deliver these APIs topically, since the epidermis-
dermis (ED) 1s the target site for CTB. The nano-
emulsion containing safflower oil consisted of CLF
(S1), ATM (S2) and DQ (S3), the combination of all
three APIs (S4) and without APIs (placebo: S5), while the
nano-emulsions containing olive oil comprised CLF (Ol),
ATM (02) and DQ (03), the combination of all three APIs
(04) and without APIs (placebo: O5).

MATERIALS AND METHODS
Materials

CLF was kindly donated by Cipla Mumbai Pty Ltd. (India) for
the South African MRC Flagship program (MALTB Redox),
ATS was prepared and purified as previously described (12),
and DQ was acquired from Hohance (Shanghai, China).
Safflower and olive oil were obtained from CJP Chemicals
(Johannesburg, South Africa). Absolute ethanol (99.7%) was
obtained from Associated Chemical Enterprises (South
Africa). Span® 60 and Tween® 80, and sodium hydroxide
and orthophosphoric acid used for the preparation of phos-
phate buffered solution (PBS), were supplied by Merck
Laboratory Supplies (Midrand, South Africa). Deionized high
pressure liquid chromatography (HPLC) grade water
(Millipore, Milford, USA) was used throughout this study.
The immortalized human keratinocytes (HaCa'l) cell line
used for the cytotoxicity studies was kindly provided by the
University of the Witwatersrand. Growth media was obtained
from HyClone™ (GE Healthcare Life Sciences, South Logan,
Utah), which included preparations such as non-essential ami-
no acids (NEAA), Dulbecco’s modified eagle medium
(DMEM), L-glutamine, phosphate buffered saline (1X) and
fetal bovine serum (FBS). Trypan Blue Solution was obtained
from Sigma-Aldrich® (St. Louis, Missouri), penicillin/
streptomycin (Pen/Strep) and Trypsin-Versene® (EDTA)
from Lonza™ (Basel, Switzerland) and the CytoTox 96®
Non-Radioactive Cytotoxicity Assay Kit from Promega™
(Madison, Wisconsin).

HPLC Analysis of Clofazimine, Artemisone
and Decoquinate

A HPLC method was developed and validated for the simul-
taneous analysis of CLF, ATM and DQ (33). The HPLC
(Agilent 1200 Series) was equipped with an Agilent 1200
pump, a diode array detector, an auto sampler injection
mechanism and ChemStation Rev. A.10.01 software for data

Table | Formulas for the Nano-Emulsion Containing Olive Ol

Formula Water phase Weight (v/v) Oil phase Weight (w/v)

ol Water 40.0 mL Olive oll 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
CLF 05¢

02 Water 40.0 mL Olive oll 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
ATM 05¢

o3 Water 40.0 mL Olive oll 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
DQ 05¢g

04 Water 40.0 mL Olive ol 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
CLF 05¢
ATM 05¢g
DQ 05¢g

o5 Water 40.0 mL QOlive ol 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g

analysis (Agilent Technologies, Palo, Alto, CA). The UV-
detector was set at two different wavelengths; 210 nm for
ATM and DQ) and 284 nm for CLF. Two mobile phases were
used 1n this study; mobile phase A consisted of 0.005 M sodi-
um octanesulfonic acid (pH 3.5) and mobile phase B of HPLC
grade acetonitrile using gradient elution. The injection vol-
ume was set at 20 pLL and the flow rate at 1.0 mL/min with
mobile phase A at 35% and mobile phase B at 65% for 2 min.
This was followed by a gradient which was 10:90% (mobile
phase Ammobile phase B) over a period of 4 min. The initial
gradient conditions were regained after 10 min to 35:65%
(mobile phase A:mobile phase B). The runtime was set
at 15 min and individual peaks were identified for CLF,
ATM and DQ at 6.3 min, 7.3 min and 9.8 min,

Table Il Formulas for the Nano-Emulsion Containing Safflower Oil

Formula Water phase Weight (v/v) Oil phase Weight (w/v)

S Water 40.0 mL Safflower oil 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
CLF 05¢

S2 Water 40.0 mL Safflower oil 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60  1.0g
ATM 05¢

S3 Water 40.0 mL Safflower oil 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
DQ 05¢g

S4 Water 40.0 mL Safflower oil 5% (4.6 mL)
Tween® 80 3.6mL Span® 60  10g
CLF 05¢
ATM 05¢g
DQ 05¢g

S5 Water 40.0 mL Safflower oil 5% (4.6 mL)
Tween® 80 3.6 mL Span® 60 1.0g
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respectively. Analytical tests were achieved in a labora-
tory with a measured setting of 25°C. Limit of detection
(LOD) values of CLF, ATM and DQ were determined
to be 0.04 pg/ml, 4.42 pg/mL and 0.70 pg/mL, re-
spectively. Limit of quantification (LOQ) was 0.05 pg/
mlL, 5.50 pg/mL and 4.00 pg/mL for CLF, ATM and DQ),
respectively (33).

Aqueous Solubility Study

Aqueous solubility was determined by pre-heating a water
bath to 32.0 + 0.5°C, corresponding to the temperature on
top of the skin during the diffusion studies. Water (5 mL)
was added to separate test tubes immersed in the water bath.
An excess of each of CLF, ATM and DQ) was added to each of
the test tubes and the resulting mixtures were stirred and reg-
ularly checked to ensure the supernatant solution was saturat-
ed. The solutions were collected after 24 h by filtration
through a 0.45 pm membrane filter. Ethanol (1 ml) was added
to each filtrate to prevent precipitation. Samples were trans-
ferred from each test tube to HPLC vials and analyzed by
means of HPLC. This experiment was repeated in triplicate
for each APL

Nano-Emulsion Preparation

In Tables I and II are indicated the quantities used for the
formulation of the nano-emulsions. The nano-emulsions were
prepared by mixing Span® 60 and the olive- or safflower oil
phase and Tween® 80 and water (water phase) at 60.0
+0.5°C in separate beakers using magnetic stirrer
hotplates. Each phase was stable after 15 min of mixing.
Thereafter the oil phase was added very slowly to the
water phase with continuous mixing at a constant stir-
ring speed. The temperature was maintained at 60.0 £
0.5°C. Subsequently the nano-emulsions were placed in
a beaker with ice and sonicated for 10 min at a power
of 40 W (34).

Characterization of the Nano-Emulsions

The eight nano-emulsions were characterized by measuring
viscosity, pH, entrapment efficiency, zeta-potential and drop-
let size.

Droplet Size, Distribution and Zeta-Potential

The droplet size and distribution, together with the zeta-
potential of the individual nano-emulsions, were determined
with the Zetasizer Nano ZS (Malvern® Instruments L'TD,
Worcestershire, UK). The eight dispersions were tested at
ambient temperature and samples were prepared in triplicate
and analyzed.
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pH

The pH of the eight different nano-emulsions was determined
with a Mettler Toledo SevenMulti pH meter (InLab® 410
NTC electrode 9823) (Greifensee, Switzerland). The pH of
each individual nano-emulsion was measured in triplicate at
the same temperatures (32°C).

Viscosity of the Nano-Emulsions

The viscosity of the eight nano-emulsions was determined
with a Brookfield® Viscometer (model DV II, Stoughton,
Massachusetts, USA). The individual nano-emulsions were
placed in a water bath, which was connected to the viscosity
meter by means of a Brookfield® temperature controller to
maintain the temperature at 25.0 £ 0.5°C. Each nano-emul-
sion was positioned in the apparatus and a CS-14 spin-
dle (Stoughton, MA) was inserted into each nano-emul-
sion. The Helipath stand (D20733) attached to the
equipment raised and lowered the rotating spindle at a
rate of 7/8 in./min. Over a period of 5 min, viscosity
readings were taken every 10 s. Once 30 readings were ob-
tained for each nano-emulsion, the mean viscosity value for
each was calculated.

Entrapment Efficiency (EE)

The EE% was determined by transferring 10 mL of nano-
emulsion dispersions into Eppendorf® tubes. Thereafter the
samples were centrifuged at 3000 g for 30 min at room tem-
perature using an Optima L-100 XP ultracentrifuge
(Beckman Coulter, USA). The resultant supernatant was ex-
tracted and diluted with 5 mL of absolute ethanol (99.7%).
The diluted supernatant (1 mL) was extracted and transferred
to vials for analysis by means of HPLC.

Diffusion Experiments
Skin Preparation

Full-thickness Caucasian abdominal skin (ethical approval ref-
erence number: NWU-00114-11-A5) was collected following
abdominoplastic surgery. Upon receipt, the skin was keptin a
refrigerator at —20°C for a period of no more than 24 h to
ensure the skin could be easily separated from the fatty layer.
The skin was dermatomed using a dermatome™ (Zimmer
TDS, UK) with a thickness of 400 um, then cut into circles
(+x15 mm 1in diameter) and placed on Whatman® filter
paper to dry. Aluminum foil was used to wrap the skin,
which was then kept at —20°C. The frozen skin samples
were thawed and visually examined for defects before
the diffusion studies, and thereafter mounted on the
diffusion apparatus.
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Skin Diffusion

To evaluate whether the different APIs permeated transder-
mally from the nano-emulsions, skin diffusion studies were
conducted for S1-84 and O1-04. The Franz cells consist of
a donor phase and a receptor phase, with a magnetic stirring
rod placed into the latter. To ensure no leaking took place,
vacuum grease was placed on both the donor and the receptor
phase. Dermatomed skin was placed on the lower half of the
Franz cells (receptor phase) with the stratum corneum facing
upwards; thereafter the phases were placed together and se-
cured with a horseshoe clamp. During the experiment, nine
Franz cells were used; two cells were used as the placebo
(control; 85 and O5) and the other seven consisted of the
nano-emulsions S1-S4 and O1-O4. The receptor phase was
filled with =2 mL PBS (pH 7.4) at a temperature of 37°C
corresponding to blood temperature, and the donor compart-
ment consisted of the nano-emulsions (+1 mL) at a tempera-
ture corresponding to that of the skin (32°C). To prevent any
loss of the constituents, the donor compartment was covered
with Parafilm®. The Franz cells were placed in a water bath,
which was maintained at a temperature of 37°C. After a pe-
riod of 12 h, the entire receptor compartment was withdrawn,
since no API concentrations were detected in the receptor
phase after the predetermined extraction times of 2, 4, 6, 8,
10 and 12 h. The API that permeated into the receiver fluid
(PBS) through the skin was determined by analyzing samples
by means of HPLC (35).

Tape Stripping

Tape stripping studies were conducted once skin diffusion
studies were completed, to determine the extent to which
CLF, ATM and DQ permeated into the different layers of
the skin. The process is as follows: all nine Franz cells were
dismantled after the skin diffusion studies and the skin samples

pinned onto a solid surface which was covered with
Parafilm®. Residual nano-emulsion on the skin was carefully
dabbed dry with paper towel (32). 3 M Scotch® Crystal Clear
Tape was cut into the same size as the diffusion area. The first
tape strip of fifteen was discarded due to the potential con-
tamination with the nano-emulsion that might have remained
on the skin samples. The remainder of the skin sample strips
were used to remove the stratum corneum-epidermis (SCE;
upper layer of the skin containing API) until the skin glistened,
after which the tape strips were transferred to separate
polytops filled with 5 mL of absolute ethanol (99.7%). The
remaining skin samples (ED) were cut into smaller pieces
and placed in separate polytops, which also contained 5 mL
of absolute ethanol. These polytops were left overnight at
+4°C so that the API was able to dissolve in the extraction
fluid (36). The solutions were filtered afterwards and analyzed
by means of HPLC.

Data and Statistical Analysis

A two-way analysis of variance (ANOVA) test was performed
on the tape stripping data to determine the statistical differ-
ence between the APIs (CLF, ATM and DQ)), the skin layers
(SCE and ED) and the natural oils (olive oil (O) and safflower
oil (S)). An acceptable significance level for the ANOVA is
illustrated by a p-value smaller than 0.05 (p70.05).

In Vitro Cytotoxicity
Cell Culture Cultivation

The cytotoxicity of the nano-emulsions was determined using
the mammalian epidermal cell line HaCa'T. The HaCaTT cell
line was cultivated with a growth medium of DMEM in a
humidified incubator at 37°C and 5% COZ2 in a 75 cm” flask,
where the cells were enriched with 10% FBS, 1% Pen/Strep,

Table Il Physicochemical Properties of Nano-Emulsions

Nano-emulsion pH Viscosity (cP) Droplet size (nm) Zeta-potential (mV) Drug entrapment efficiency (%)
ol 501 =0.10 2.59 +0.50 101.36 =2.05 —3330= I.10 94.12 +1.20
Si 5.10+0.05 291 +=0.08 12647 = 1.75 —30.00=0.10 91.35+ 1.38
02 5.15+0.07 2.60 +0.08 101.47 = 1.56 —36.60 +0.12 96.30 = 1.0
S2 5.08 +£0.02 2.62 +0.05 104.63 = 1.42 —37.90 +0.05 98.95 + 2.05
o3 530+0.08 272 +0.08 91.39 = 1.30 —35.40 £ 0.80 93.01 = 1.45
S3 524 +0.04 273 +0.03 83.61 £ 1.72 —34.40 + 1.33 91.90 = 0.99
0O4: CLF 5.19+0.08 2.63 +0.07 83.05 +0.90 —32.00+ 1.28 94.12 = 2.40
ATM 96.30 = 1.34
DQ 93.01 = 1.57
S4: CLF 526 +0.07 2.56 +0.08 88.14 = |.52 —30.10 = 0.05 9442 = 1.20
ATM 98.50 = 1.75
DQ 98.02 = 1.35
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Fig. I Concentration (ug/mL) of 24
S| (CLF), S2 (ATM) and S3 (DQ) 22 |
present in the SCE after tape 20 |
stripping. Concentration values are
indicated by the lines and squares, = 18 | o
respectively. % 16
2 14} [
5 12
s I O Outlier
s 10
§ 8 [J Median
[=
S 6l [ ] 2575%
41 I Non-outlier range
2t —
-+ Mean
O L
ATM CLF DQ

4 mM L-glutamine and 1% NEAA supplements. The cells
were fed each day with fresh growth media then split after a
confluence of 80% was reached (37).

Seeding of Cells for Toxicity Assay

To determine and visualize the cell viability, a hemocytometer
was used. The Trypan Blue dye 0.4% (w/v) exclusion ap-
proach was used to stain identical cell suspensions of 10 pL
each. The cells were stained for 3 min each then transferred to
an etched counting chamber (9 mm?) to be evaluated. The
process of dye takes place as dead (non-viable) cells take up the
dye; living (viable) cells do not take up any dye.

Determining Cell Death Using LDH Assay

To determine the cell death by means of lactate dehydrogenase
(LDH) assay, a CytoTox 96® Non-Radioactive Cytotoxicity
Assay Detection Kit was used. The measurement of cell death
was implemented with the following: i) a positive control with
100% LDH release (full cell damage), ii) a negative control,
which is a medium containing no API or nano-emulsion

dispersion and iii) samples of SI, S2, S3, S4, S5, Ol, 02,
03, 04 and OS5 (38). Instructions for use of the CytoTox
96® Kit were followed to determine the LDH-release for the
cells. The growth medium and cells were placed in the 96-well
assay plate and made up to volume (100 pL) with the samples at
the predetermined concentrations.

In Vitro Cytotoxicity on Mycobacterium Strains

Determination of the 90% Minimum Inhibitory Concentration
(MICs0)

The broth microdilution method (39) was used to assess the
MICyy (minimum concentration of API). The eight nano-
emulsions, together with their placebos, were tested in one
96-well microtiter plate. A culture of mutant Mycobacterium
tuberculosis (M.tb H37RvMA::g/p) strain expressing recombi-
nant green fluorescent protein (GFP) off a plasmid integrated
at the phage attachment site (a#tB) locus was grown to ODggq
(optical density reading taken at 600 nm) between 0.6 and 0.7.
This culture was diluted (1:100) in glycerol-alanine-salts con-
taining iron and Tween® 80 (GAST/Fe) medium. In row 1,

Fig. 2 Concentration (ug/mL) of 16
Ol (CLF), 02 (ATM) and O3
(DQ) present in the SCE after tape 14 t
stripping. Concentration values are o
indicate‘d by the lines and squares, ? 12 |
respectively. >
2
c 10
L
© O Outlier
£ o8y -
§ [J Median
8 6 1[ ] 2575%
al — I Non-outlier range
+ Mean
2 L
ATM CLF DQ
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Fig. 3 Concentration (ug/mL) of 30
CLF ATM and DQ present in S4 in 28 t
the SCE after tape stripping. 2% |
Concentration values are indicated o4 |
by the lines and squares,
. = 22 t
respectively. £
S 20 t
2
= 18 |
S 16 |
.g 14 | | o outlier
§ 12 ¢ [J Median
o 10 | |
(&) _ 7E9,
o | [ ] 25-75%
6 r I Non-outlier range
4 r = — _|_ Mean
2
ATM CLF

640 pm of the 10 nano-emulsions that were tested was added
in duplicate, and a total volume of 50 uL. of GAST/TFe medi-
um was added to rows 2 to 12 of the plate. In addition to the
test nano-emulsions in row 1, other wells contained GAST/Fe
medium, 5% dimethyl sulfoxide (DMSO), kanamycin and
rifampicin as a control. Two-fold serial dilution was followed
by transferring 50 pL of the nano-emulsion solution from each
preceding row to the following row ensuring that all the wells
contain 50 pL (not for control wells), thereafter plates were
incubated at 37°C (humid conditions) for 14 days. MICq,
values were scored using quantitative fluorescence at 7-days
and 14-days post inoculation by means of a FLOUstar®
Optima microplate reader (BMG Labtech). Consequently,
digital images were captured and stored. The efficacies of
the APIs are determined according to to the method of Van
der Ven et al. (40).

Intracellular Efficacy of Compounds against Mycobacterium
Tuberculosis H37Rv

The J774 macrophage cell line grown in DMEM was plated
on a 96-well plate (100 pL/well) and incubated overnight at

37°C in a GOy incubator. The plate was transferred to
Biosafety Level 3 for infection with the H37RvMA::gfp
(ODggp 0.4-0.6) and this culture was grown in 7H9/OADC
(Middlebrook 7HP Broth Base and Middlebrook AODC
growth supplement) and DMEM, ensuring 10° cells per mL.
J447 cells were washed with PBS-Tween® 80. Following the
aforementioned, the cells were infected with the
H37RvMA::gfp (100 nL) in DMEM, then H37RvMA::gfp in
7H9/0ADC was added in appropriate wells and incubated
for 4 to 6 h. Ten-fold serial dilutions of plated cells were plated
on the agar plates, which contained 7H10/OADC supple-
mented with hygromycin B resistance gene (Hyg’”) and incu-
bated at 37°C. Following successful bacterial-uptake by mac-
rophages, the medium was replenished with compound con-
taining medium. By means of the FLOUstar® Optima micro-
plate reader (BMG Labtech), the GFP signal was read and
images of representative wells were captured using the fluo-
rescent cell imager (ZOE Fluorescence Imager, BioRad). The
medium was replenished every second day and the GFP was
read daily. After GFP captured fluorescence image analysis,
the cells were lysed for enumeration of viable colony-forming
units (CFU) and compared with the GFP readouts on day 6.

Fig. 4 Concentration (ug/mL) of 24
CLF ATM and DQ present in O4 in
the SCE after tape stripping. 22 1
Concentration values are indicated
by the lines and squares, =3 20 ¢ @
respectively. ?2 18
<
2
Ju 167 O Outlier
c
g 14 ¢ [J Median
=
<]
S 4, | [ ] 2575%
10 | I Non-outlier range
i‘ -|— Mean
8
ATM CLF
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Fig. 5 Concentration (ug/mL) of 13
S| (CLF) and S3 (DQ) present in 12 |
the ED after tape stripping.
Concentration values are indicated 1}
by the lines and squares, =
. = 10 +
respectively. £ a
=
2 97
s
.‘é o I O Outlier
§ r [J Median
s O |:| 25-75%
© 5
I Non-outlier range
4 — " Mean
3
CLF DQ

To determine whether the combination of the APIs in the
nano-emulsions would have a synergistic effect on their effica-
cy or whether the combination will cause cell death, a combi-
nation of the APIs were done.

RESULTS AND DISCUSSION
Aqueous Solubility Study

The aqueous solubility for CLF, ATM and DQ were deter-
mined to be 0.00 mg/mL, 0.10 mg/mL and 0.00 mg/mlL,
respectively, at a temperature of 32°C. Thus, CLF and DQ
are practically insoluble in water, and ATM is slightly soluble.
Naik ez al. (22) reported that a solubility of more than 1 mg/
mL was required for an API to permeate through the skin;
thus all three APIs will not readily diffuse.

Formulation and Semi-Solid Products
All eight nano-emulsions were homogenous; the CLF nano-

emulsions had a distinct brown color, while the ATM and DQ
nano-emulsions were white; no phase separation or

sedimentation was present. In Tables I and IT are summarized
the ingredients used during formulation.

Characterization of Nano-Emulsions

In Table III is summarized the pH, viscosity, droplet size,
zeta-potential and %drug entrapment for each nano-emul-
sion. The pH of all eight nano-emulsions was in the ideal
range (pH 5-9) for topical drug delivery (22). All the nano-
emulsions had a zeta-potential ranging from —32.9 to
—26.1 mV, indicating no phase separation would take place
and were stable regarding the accepted range of zeta-poten-
tial, which should be more positive than +25 mV and more
negative than —25 mV (41). The viscosity of the nano-
emulsions was very low (2.56-2.73 cP) and could be attributed
to the fact that 80% of the nano-emulsion consisted of water.
The EE% of all eight nano-emulsions was between 91.35 and
98.95%.

Skin Diffusion

It was evident that no APIs permeated into the receiver fluid
after the 12 h diffusion study. This could be explained by non-

Fig. 6 Concentration (ug/mL) of 8.0
Ol (CLF)and O3 (DQ) present in
the ED after tape stripping. 75} -
Concentration values are indicated
by the lines and squares, E 7.0
respectively. E.’ 65
8 q
= 60 L
£ O Outlier
[=
§ 55t [ Median
<]
S 5ol [ ] 2575%
45| il I Non-outlier range
-+ Mean
4.0
CLF DQ
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Fig. 7 Concentration (ug/mL) of 1
CLF ATM and DQ present in $4 in
the ED after tape stripping. 10 ¢
Concentration values are indicated 9|
by the lines and squares, "_:: P
respectively. > 8¢
2
s 7T
E 6 I O Outlier
§ [] Median
5 °F
s [ | 25-75%
3 I Non-outlier range
+ Mean
2
CLF DQ

ideal physicochemical properties of CLF, ATM and DQ). As
noted before, the aqueous solubility of each API is unsuitable
for transdermal and topical drug delivery and only ATM has a
suitable log D value.

Tape Stripping
Stratum Corneum-Epidermis

The tape stripping results for the SCE are depicted in Figs. 1, 2,
3 and 4. For the nano-emulsions containing safflower oil with a
single API (S1, S2 and S3), it was evident that S2 (20.06 ng/
ml) had the highest median concentration of API, followed by
S3 (14.74 pg/mlL) and lastly, SI (2.42 pg/mL). For the nano-
emulsions containing olive oil with a single API (Ol, O2 and
03), 02 (13.36 pg/mlL) had the highest median concentration,
followed by Ol (4.30 pg/mL) and lastly, O3 (4.22 ng/mL). For
the nano-emulsion containing safflower oil with the combina-
tion of APIs (S4), ATM (27.76 pg/mlL) had the highest median
concentration followed by CLF (4.11 pg/mlL). The same was
noted for the nano-emulsion containing olive oil with the com-

bination of APIs (04), ATM (19.83 pg/mL) had the highest

median concentration followed by CLF (9.43 ug/mlL). Neither
S4 nor 04 delivered DQ within the SCE.

All the nano-emulsions containing a single API (S1, S2,
S3, 01, 02 and O3) delivered the API within the SCE, while
the nano-emulsions containing the combination of APIs (S4
and O4) only delivered ATM and CLF; DQ) was not delivered
in the SCE.

It cannot be said with certainty which oil improved the de-
livery of the APIs more, since the nano-emulsions containing
safflower oil with a single API (SI, S2 and S3) increased the
delivery of the APIs into the SCE more than the nano-
emulsions containing olive oil with a single API (Ol, O2 and
03), except for CLF (O was higher than S1), while O4 deliv-
ered CLF more than $4 and $4 delivered ATM more than O4.

Epidermis-Dermis

The ED results are depicted in Figs. 5, 6,7 and 8. For the
nano-emulsions containing safflower oil with a single API
(S1, S2 and S3), it was observed that 83 (9.66 pg/ml) had
the highest median concentration of API, followed by S|
(3.91 pg/mL). For the nano-emulsions containing olive oil

Fig. 8 Concentration (ug/mL) of 5.0
CLE ATM and DQ present in O4 in
the ED after tape stripping. 451
Concentration values are indicated
by the lines and squares, ’—é‘ 4.0 =
respectively. 5
pecvey 8 35}
8
E 30 ¢ O Outlier
g 25 | [J Median
o
O 90!t 25-75%
: []
151 I Non-outlier range
-+ Mean
1.0
CLF DQ
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Table IV LDH Results for the Nano-Emulsions Containing Saflower Oil
and Olive Oil Separately

Nano-emulsion %Cytotoxicity p-Value
Control 0.000 0.000
Lysis 100.000 -

Si I'1.857 0.010
S2 20.165 0.000
S3 ['1.699 0.016
S4 53.076 0.000
S5 20.047 0.000
ol 34.072 0.000
02 28.309 0.000
o3 15.378 0.001
04 38.580 0.000
o5 15.834 0.004

with a single API (O1, 02 and O3), O3 (6.24 ng/mL) had the
highest median concentration, followed by Ol (4.55 pg/mL).
Neither S2 nor O2 delivered ATM in the ED. For the nano-
emulsion containing safflower oil with the combination of
APIs (S4), DQ (8.36 pg/mL) had the highest median concen-
tration followed by CLF (2.81 ng/mlL). The same was noted
for the nano-emulsion containing olive oil with the combina-
tion of APIs (04), DQ (3.99 ng/ml) had the highest median
concentration followed by CLF (1.68 ug/mlL). Neither S4 nor
04 delivered ATM into the ED.

When the nano-emulsions containing a single API (S1, 2,
S3, Ol, 02 and O3) were compared in terms of the APL it
was observed that DQ had the highest concentration of API
within the ED compared to CLF and ATM. In the case of
DQ), it could possibly be due to other penetration routes being

followed other than that of direct skin permeation, i.e. the
annexial route (42). The annexial route (also known as the
sebaceous glands) is situated within hair follicles and is known
to secrete sebum (cholesterol, waxes, triglycerides, fatty acids
and cellular debris) and subsequently, lipophilic drugs can
tend to cross this route, due to their lipophilic nature (42). It
was apparent when the nano-emulsions containing the com-
bination of APIs (S4 and O4) were compared that a similar
trend was followed, as with the nano-emulsions containing a
single API (S1, §2, 83, Ol, 02 and O3), where DQ perme-
ated the ED more than CLF (ATM did not accumulate in the
ED for any of the nano-emulsions).

It was also observed that S4 enhanced the permeation of
the APIs more than the O4 for both DQ and CLF. In general,
it was apparent that the nano-emulsions containing safflower
oil (83 and S4) permeated better than those containing olive
oil (O3 and O4); a possible explanation might be the amount
of linoleic acid which is present in safflower (75.0%) and olive
oil (1.5%). Since the first layer of the skin, the stratum
corneum, also consists of linoleic acid, the increased amount
of linoleic acid found in the safflower oil, compared to the
olive oil, might cause an increased delivery of the APIs into
the stratum corneum from the nano-emulsions containing saf-
flower oil (43—45). Consequently, more API can permeate
through the stratum corneum (SCE) and in turn, the APT is
available to diffuse from the SCE to the ED (46).

Statistical Analysis
Tape Stripping

Results from tape stripping studies according to the two-way
ANOVA between the APIs (CLF, ATM and DQ), the skin

Table V Percentage Inhibition of

the Nano-Emulsions against M.tb Nano-emulsion CFU/mL STDEV %Inhibition (relative to control)

H37Rv Relative to Control Culture
SI1 (1% CLF) 6.67E + 07 I.6 60
S2 (1% ATM) 6.17E + 07 I.5 63
S3 (1% DQ) 8.00E + 07 29 52
S4 (1% CLF 1% ATM, 1% DQ) 6.67E + 07 I.6 60
Ol (1% CLF) 7.17E 4+ 07 1.9 57
02 (1% ATM) 7.50E + 07 37 55
03 (1% DQ) 7.67E 4+ 07 l.6 54
04 (1% CLF, 1% ATM, 1% DQ) 7.83E+ 07 0.8 53
S5 (No API) |.43E 4 08 [.6 14
O5 (No API) I.30E + 08 |4 22
INH (I ug/mL) 3.17E + 07 1.7 8l
CLF (1%) 9.33E + 07 2.0 44
ATM (1%) I.17E 4+ 08 3.4 30
DQ (1%) I.18E + 08 2.5 29
Control |.67E + 08 24 -
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layers (SCE and ED) and the natural oils (O and S) depicted
statistical significance (p <0.05). The one-way ANOVA be-
tween the oils (O and S) showed no statistical significance (p =
0.0531).

In Vitro Cytotoxicity

CLF, ATM and DQ encapsulated separately and in combina-
tion in the nano-emulsions were compared to a placebo. A non-
cytotoxic reference was used as a control sample, and cell cyto-
toxicity was evaluated using the following ranges: 1) below 40% -
non-cytotoxic, 2) between 60 and 40% - weak cytotoxicity, 3)
between 80 and 60% - moderate cytotoxicity and 4) between
100 and 80% - strong cytotoxicity (47). The nano-emulsions
were also analyzed statistically by comparing the nano-
emulsions with the control sample. By examining the p-value
results of all the nano-emulsions, it was evident there was a
statistical significance for all nano-emulsions (p < 0.05). The con-
trol has a cytotoxic effect of 0% (no effect on cells), whereas lysis
has a cytotoxic effect of 100% (complete cell death/cytotoxicity).

In Table IV are summarized the cytotoxicity profiles of all
eight nano-emulsions (S1-S4 and O1-04), and the placebos
(85 and O5). All eight nano-emulsions, including the place-
bos, were either non-cytotoxic (<40%) or weakly cytotoxic
(<40-60%) on the HaCaT cells.

M.Tb In Vitro

In Table V are depicted the %inhibition of each nano-
emulsion on M.th H37Rv. INH was used as the positive con-
trol within this study, as it is a known TB drug. It is apparent
that the nano-emulsions showed good inhibition. It is evident
that the nano-emulsions containing safflower oil were superior
to the nano-emulsions containing olive oil. The primary focus
of this part of the study was to determine if the nano-emulsions
containing the combination of APIs (S4 and O4) would give
better %oinhibition results against M.th H37Rv than those con-
taining a single API (S1, S2, S3, Ol, O2 and O3). However,
the extent of the inhibition was not significantly greater — thus
S4 (60%) had a slightly higher %inhibition than O4 (53%).
Notably, the placebos (85 and O5) containing the natural oils
depicted some degree of inhibition. The results are of suffi-
cient promise to continue the examination of the nano-
emulsions containing these APIs for possible use in topical
treatment of C'TB.

CONCLUSION

Eight nano-emulsions were formulated with either safflower or
olive oil; six nano-emulsions contained a single API (S1-83 and
01-03) and two contained the combinations of APIs (S4 and
04). Results of the skin diffusion studies indicated that none of

the nano-emulsions were successful in delivering the API (CLF,
ATM and DQ)) through the skin into the receptor fluid; as the
aim 1s to use nano-emulsions for topical delivery and not trans-
dermal delivery, this represents a satisfactory outcome..

Tape stripping studies, however, revealed that for the
nano-emulsions (S1-83 and O1-0O3) containing single APIs,
the APIs were delivered into the SCE and ED, except in the
case of ATM into the ED. It was observed that ATM when
compared to CLF and DQ) had a higher affinity for both the
safflower and olive oil (12). This may have contributed to the
higher ATM concentration delivered into the SCE when
compared to CLF and DQ). The lipophilic oil also has a high
affinity with the lipophilic stratum corneum, which in turn
may have led to the higher entrapment of ATM within the
SCE. Although ATM is relatively polar, it is possible that its
affinity for the safflower and olive oil phases may be higher
than the affinity for the hydrophilic ED; thus ATM remains
within the lipophilic SCE rather than permeating to the hy-
drophilic ED. CLF was the only API that was delivered from
all the nano-emulsions (either as single API or in combination
with the other APIs) into both the SCE and the ED. CLF and
DQ are very lipophilic and both were delivered to the SCE
and ED from the nano-emulsions containing single APIs (SI,
S3, Ol and O3). For the nano-emulsions containing the com-
bination of APIs (84 and O4), only DQ was delivered into the
ED and not in the SCE. This could possibly be ascribed to the
“saturation effect” which took place in the stratum corneum,
as described by Teichmann et al... (48); it was concluded that
even with prolonged application, the stratum corneum can be
readily saturated and subsequently no increase in concentra-
tions is possible. Before the nano-emulsions could deliver DQ)
mnto the stratum corneum, saturation may have occurred with
the delivery of ATM and CLF within the SCE. Therefore,
another route of penetration could have been followed by
DQ, such as the annexial route by permeating directly to the
dermis (48). In comparison with CLF and DQ, ATM has
better physicochemical properties, thus resulting in delivery
of ATM to the SCE first, followed by CLF; it 1s possible that
CLF and ATM followed the intracellular route to permeate
within the SCE, while no DQ) was found within the SCE (49).

The eight nano-emulsions did not elicit appreciable cyto-
toxicity, indicating that the nano-emulsions are likely to be
safe for human usage. A study by De Godoi ¢t al (50) depicted
similar results, where cytotoxicity decreased when using nano-
emulsions, since the nano-emulsions formed a barrier. Activity
displayed by the nano-emulsions against M.tb are promising,
with inhibition values for the API formulations ranging from
52 to 63%. The nano-emulsions containing safflower oil
depicted higher %oinhibition values than those containing ol-
ve oil. This may be ascribed to enhanced permeation of API
from the nano-emulsions containing safflower oil due to the
higher content of linoleic acid (75.0%) in safflower oil (43),
compared to olive oil (1.5%) (44).
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