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Abstract: Previously, it has been claimed that artemisinin derivatives, e.g., dihydroartemisinin, possess
very potent anti-inflammatory activity. The study aimed to formulate gels based on surface-modified
nanostructured lipid carrier (NLC) and contain dihydroartemisinin (DHA) to treat localized
inflammation. NLC was developed using Softisan®154 and Tetracarpidium conophorum oil and
structured using PEG 4000. Physicochemical characterization of NLC, including surface charge,
particle size, and encapsulation efficiency (EE%), was evaluated. NLCwas dispersed in hydroxypropyl
cellulose, and the resulting nanogels were evaluated for drug content, ex vivo permeation, and anti-
inflammatory activity. The surface charge and particle size of NLC ranged from -15.3 + 1.1t0 -25.5 +
2.1 mV and 85.5 + 8.6 — 108.7 £ 5.5 nm respectively. EE% of NLC was in the range of 90.0 + 1.21 —
99.3 + 1.60 %. NLC gels had high drug content (83 — 99 %). Ex vivo permeation study showed
sustained-release of DHA over 24 h. The gels produced a sustained-release reduction of egg albumin-
induced inflammation in rats up to 8 h for 7 days. Development of surface-modified lipid nanoparticles-
based gel containing DHA produced controlled release of the drug localized inflammation.

Keywords: anti-inflammation; dihydroartemisinin; gel; nanostructured lipid carrier; Tetracarpidium
conophorum oil; transdermal drug delivery.
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1. Introduction

Inflammation (generalized or localized) is a complex physicochemical reaction
involving enzyme activation, cell migration, tissue breakdown, and mediator release [1]. Itis a
response of living tissues to physical or chemical assault. It contributes to physiological and
pathological processes such as wound healing because tissue survival might be compromised
in the absence of inflammation [2]. Non-steroidal anti-inflammatory drugs (NSAIDs) are the
mainstay treatment for most inflammatory diseases. NSAIDs, e.g., diclofenac (DIC), ibuprofen
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(IBU), and acetylsalicylic acid (ASA), are the most consumed globally [3]. Unfortunately, the
clinical application of NSAIDs is undermined by limitations that threaten their ability to
achieve the best efficacy and safety outcomes. Precisely, NSAIDs produce very costly and
severe adverse events, including renal, cardiovascular, and gastrointestinal complications, with
serious economic and health impacts [4]. In the light of these challenges, it has become
important to seek alternative drugs which are safer and with minimal adverse effects for the
treatment of inflammation. Recently, artemisinin and its derivatives, including
dihydroartemisinin (DHA), have been reported to possess potent anti-inflammatory activity
[5-9]. The anti-inflammatory activity of DHA is not widely elucidated in literature, but in a
study, it was shown that DHA molecules attenuate nitric oxide synthase protein resulting in
inhibition of the mobilization and release of interleukin-6, tumor necrosis factor-o, and
inflammatory mediator nitric oxide from macrophages [8]. In another study, DHA effectively
inhibited Th-cells differentiation in vitro and reduced the onset of autoimmune
encephalomyelitis (EAE) and its clinical symptoms by modulating the mammalian or
mechanistic target of the rapamycin (mTOR) pathway [10]. However, DHA is limited by poor
aqueous solubility (<2 mg/ml at 30 °C) and low bioavailability (about 12 %), and short half-
life (34 — 90 min) [11-13], and these factors pose great challenges in the design of its dosage
forms. Since available literature has no report or claim of a nanotechnology-based formulation
containing DHA for the treatment of inflammation and coupled with its excellent safety and
efficacy profiles as an antimalarial agent, there is a need to develop a carrier system for DHA
that will improve its solubility and bioavailability as well as enhance its efficacy and safety as
an anti-inflammatory agent because DHA is lipophilic (log P = <3) with molecular weight <500
Da which endows it with a good potential for skin penetration. Furthermore, repositioning
DHA for the treatment of inflammatory conditions is important because it will increase the
clinical use of DHA and encourage further research in drug repurposing for enhanced drug use
[14].

Consequently, the most promising technique to improve the solubility, bioavailability,
dermal penetration, skin retention, and efficacy of DHA for resolution of skin inflammation is
the use of second-generation solid lipid nanoparticles called nanostructured lipid carriers
(NLC), which have numerous advantages compared to SLN and other nanoparticulate colloidal
drug delivery systems. The encapsulation of DHA in NLC would lead to high drug entrapment,
alteration of drug release profile with enhanced solubility and bioavailability, improved
stability, localized delivery and retention at the target site, reduced or no side effects,
administration of low dose and reduced dosing frequency, and improved patient compliance
[15, 16]. Furthermore, the profound lipid composition and small particle size of NLC will
facilitate increased penetration of a high amount of DHA into the skin through the stratum
corneum lipid bilayer. The nanoparticles can adhere tightly to the skin surface and produce
controlled drug release. NLC improves skin hydration after topical application and produces
an occlusive effect that promotes increased penetration of drugs across the dermal layers [17—
19]. Recently, several studies have reported using NLC as a viable carrier system for enhanced
transdermal delivery of some drugs following topical application [20-26]. More so, our
research group has reported the use of colloidal lipid dispersions that were surface modified
with polyethylene glycol (PEG 4000) or PEGylation for improved skin targeting and localized
delivery of drugs [27, 28]. Other researchers have reported similar findings [29, 30]. PEGylated
lipid carrier systems are tailor-made drug delivery systems that have been shown to improve
the aqueous solubility and penetration capacity of drugs, provide high local dermal levels with
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prolonged activity due to very close contact with dermal layers, and reduced exposure of tissues
to drug effects [28]. It was hypothesized that the successful design and entrapment of DHA in
PEGylated NLCwould favor enhanced solubility and bioavailability with improved trafficking
of the drug through the dermal layers and production of localized anti-inflammatory effect.

Therefore, the study aimed to develop DHA-loaded NLC using biomaterials including
Tetracarpidium conophorum oil and Softisan®154. The optimized DHA-NLC formulations
were matrixed in hydroxypropyl cellulose (HPC) to obtain a semisolid dosage form, and its
preclinical characteristics were evaluated for topical anti-inflammatory activity.

2. Materials and Methods

2.1. Materials.

Dihydroartemisinin was donated by Greenlife Pharmaceuticals Ltd, Lagos, Nigeria.
Mirapain® gel was bought from Miraflash Nigeria Limited, Ogun State, Nigeria. Softisan®154
was donated by Fa.Condea Chemie GmbH, Germany. Kolliphor®P188 was provided by BASF
SE, Ludwigshafen, Germany. Polyethylene glycol 4000 (PEG 4000) was a gift from Carl Roth
GmbH and Co. KG, Karlsruhe, Germany. Hydroxypropyl cellulose (HPC) powder was kindly
donated by Nippon Soda Chemical Company Ltd., Tokyo, Japan. Fused calcium chloride was
purchased from Xilong Scientific Co. Ltd Guangdong, China. Tetracarpidiumconophorum oil
used in the study was locally processed in our laboratory.

2.2. Methods.
2.2.1. Formulation of PEGylated lipid matrix.

Lipid matrix based on T. conophorum oil and a hydrogenated lipid from palm oil,
Softisan®154 (S154) at 0il:S154 ratio of 1:2 was prepared by fusion [28]. Appropriate
quantities of the lipids were weighed, melted together in a thermostatically controlled water
bath (Huanghua Instruments Co. Ltd., China) at 90 °C with stirring until a homogenous melt
of the admixtures was obtained. Thereafter, the lipid melt was treated with poly(ethylene
glycol) (PEG 4000, 10 %w/w) with adequate stirring using a magnetic stirrer at 1,000 rpm for
3 h (for 2 cycles) to yield a PEGylated lipid matrix, which was then stirred at room temperature
(27 £ 2 °C) until solidification. The lipid matrix was stored in a screw-cap and airtight plastic
container until needed.

2.2.2. Fabrication of nanostructured lipid carriers of dihydroartemisinin.

Batches of NLC loaded with DHA were prepared by hot homogenization technique
using a high-pressure homogenizer [24] with slight modification. PEGylated and non-
PEGylated lipid matrices were melted at 90 °C and loaded with increasing concentrations of
DHA (0.1, 0.2, 0.3 %w/w), respectively. Polysorbate 80 (Tween® 80, 5 %w/w) was added to
the lipid phase to enhance the solubilization of DHA. Then, Kolliphor®P188 (2 %w/w) was
solubilized in distilled water to prepare the aqueous phase, which was brought to the same
temperature as the lipid phase and added carefully to the drug-loaded molten lipid. The pre-
emulsion was immediately subjected to sonication for 5 min followed by high shear mixing
(JB-90S, Daica Scientific Co., Ltd, China) at 8,000 rpm for 15 min with cooling in ice and
thawing at room temperature to produce an oil-in-water nanoemulsion. The nanoemulsion was
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transferred into wide-mouthed plastic containers and dried in a desiccator containing fused
calcium chloride as the desiccant to obtain solid nanoparticles. NLC containing no drug was
also formulated using a PEGylated lipid matrix to serve as a negative control. The compositions
of the NLC are shown in Table 1.

2.2.3. Evaluation of surface morphology.

The morphological characteristics of the DHA-loaded NLCs were determined using a
PhenomProx scanning electron microscope (SEM) (PhenomWorld, Eindhoven, Netherlands).
The samples were placed on the sample holder of the SEM at 50 °C to freeze-fracture the
sample. After 5 min of instrument stabilization, surface imaging of the NLCs was carried out
at 15 kV, and images were focused using a digital NavCam mode and transferred to Phenom
suite software for image analysis.

Table 1.Composition of nanostructured lipid carriers of dihydroartemisinin (%w/w).

Batch LM DHA T80 SA KP188 Distilled water, g. s
F1 10.0 0.1 5.0 5.0 2.0 100.0
F2 10.0 0.2 5.0 5.0 2.0 100.0
F3 10.0 0.3 5.0 5.0 2.0 100.0
F4 10.0 5.0 5.0 2.0 100.0

Batches F1, F2, and F4 were prepared using PEGylated lipid matrix, while F3 was formulated using a non-
PEGylated lipid matrix. F1, F2, and F3 are dihydroartemisinin-loaded NLC, while F4 is unloaded NLC. Key: LM
— lipid matrix; DHA — dihydroartemisinin; T80 — Tween® 80; SA — sorbic acid; KP188 — Kolliphor® P188. [-]
indicates the absence of drugs.

2.2.4. Determination of particle size, polydispersity index, and surface charge.

The mean particle diameter and polydispersity index (PDI) of the nanoparticles were
determined by photon correlation spectroscopy (PCS) using a Zetasizer Nano ZS (Malvern
Instruments Ltd, Worcestershire, UK) equipped with a 10 mw He-NE laser at the wavelength
of 633 nm with the run time of 60s and a backscattering angle of 173° at 25 + 2°C. All samples
were diluted with distilled water to obtain a suitable scattering intensity before photon
correlation spectroscopy analysis was done. The nanoparticles' surface charge (zeta potential,
ZP) was determined by electrophoretic mobility measurements using a Zetasizer Nano ZS. The
measured electrophoretic mobility data obtained following dilution of samples in phosphate
buffer solution (PBS, pH 7.4) were converted into zeta potential using Helmholtz—
Smoluchowski equation. The processing and calculation were done using machine-based
software within the system. All measurements were done in triplicate.

2.2.5. Evaluation of entrapment efficiency and loading capacity.

The drug content of the drug-loaded NLC was determined using the method reported
with slight modifications [31]. Different standard concentrations of DHA were prepared using
a concentration range of 10-100 mg% for Beer-Lambert’s plot. To achieve this, an amount of
the drug was gently mixed with 10 ml ethanol and allowed to equilibrate for 15 min at ambient
temperature. After 15 min, the mixture was filtered using a millipore membrane filter (0.45
um, Mumbai, India), and the filtrate (stock solution) was diluted to 500 pg/ml using ethanol.
Then, aliquots of this solution were measured into two different glass test tubes and further
mixed with 1 M HCI. The test tubes were incubated at 90°C in the thermostatically controlled
water bath for 15 min. The reaction was quenched with 3 ml of ethanol and absorbance taken

spectrophotometrically (Cary 60 UV-Vis Spectrophotometer, Agilent Technologies, Malaysia)
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connected to a ProDisplay P202 bundle PC. The sample was poured into quartz cells (10 mm,
3500 pl; Agilent Technologies Life Sciences and Chemical Analysis, Waldbronn, Germany),
and analysis was done at a pre-determined wavelength of 371 nm using ethanol as blank. After
that, 0.1 g of the DHA-loaded NLC equivalent to 10 mg of DHA was soaked in 100 ml of
double-distilled water, shaken vigorously, and then left undisturbed for 48 h in a 100 ml
volumetric flask. After 48 h, the samples were centrifuged for 15 min at 4,000 rpm, and the
supernatant containing the free (unentrapped) drug in each formulation was filtered using a
disposable membrane filter (0.45 um), adequately diluted with ethanol and treated as described
above for estimation of drug content spectrophotometrically. The mean of triplicate
determinations was taken as the absorbance. The actual drug content of the NLC was calculated
considering the initial amount of drug-loaded in the formulations. Furthermore, the entrapment
efficiency (EE %) was calculated to compare the quantities of DHA theoretically loaded in the
NLC with the actual quantities obtained from the entrapment study using the following
equation:

Total amount of drug — Amountof drug in the sup ernatant

Total amount of drug

EE % = X100 ... Equation 1

The loading capacity expresses the ratio between the entrapped active pharmaceutical
ingredient (API) and the total weight of the lipid. It was determined using the equation:

Total amount of drug — free drug
Total weight of lipids X100

Loading capacity (LC %)= = "0 TR X100 ............ Equation 2

2.2.6. Differential scanning calorimetry.

Thermal properties of the lipid matrix, DHA, Softisan®154, T. conophorum oil, and a
representative DHA-loaded NLC were determined using a differential scanning calorimeter
(DSC) (Mettler-Toledo, Beaumont Leys, Leicester, UK) equipped with the rugged
multiSTARe sensor with 56 thermocouples and STARe Software option 13.0. About 10 mg of
each formulation was separately weighed into an aluminum-plated crucible, hermetically
sealed, and the thermal behavior determined in the range of 70 — 280 °C at a heating rate of 5
°C/min. The temperature was held at 80 °C for 10 min and, after that, cooled at the rate of 5 —
10 °C/min. Baselines were determined using an empty crucible, and all the thermograms were
baseline-corrected.

2.2.7. Fourier transform infrared (FT-IR) spectroscopy for compatibility evaluation.

FT-IR spectroscopic analysis was conducted on dihydroartemisinin (DHA) and
selected DHA-loaded and unloaded formulations using FT-IR M530 Spectrophotometer (Buck
Scientific, Connecticut, USA), and the spectrum was recorded in the wavelength region of 3500
to 1000 cm™ with a threshold of 1.303, the sensitivity of 50 and resolution of 2 cm™ range. A
smart attenuated total reflection (SATR) accessory was used for data collection. The potassium
bromated (KBr) plate used for the study was cleaned with a tri-solvent (acetone— toluene—
methanol at 3:1:1 ratio) mixture for baseline scanning. A 0.1 g of each sample was mixed with
0.1 ml nujul diluent. The solution was introduced into the KBr plate and compressed into discs
by applying a pressure of 5 tons for 5 min in a hydraulic press. The pellet was placed in the
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light path, and the spectrum was obtained. Spectra were collected in 60 s using Gram Al
spectroscopy software, and the chemometrics was performed using TQ Analyzerl.

2.2.8. X-ray diffractometry.

Wide-angle X-ray diffraction (WAXD) analysis was performed using an Xx-ray
diffractometer (Empyrean® Nano Edition diffractometer, Malvern Panalytical Ltd, Royston,
UK) to study the crystalline structures of DHA, Softisan®154, lipid matrix, and selected drug-
loaded formulation, which was placed in flat sample holders respectively. The diffractometer
is equipped with a camera length of 480 mm, a sealed high-resolution x-ray tube, temperature-
controlled capillary holder, low-noise, and hybrid pixel area detectors. The diffraction patterns
were measured using a Cu-based anode material (40 mA and 45 kV), and obtained data were
analyzed using NGRL® Flat Programme software and filtered using Ni filter with 20 angle of
10 - 70°.

2.2.9. Preparation of DHA-loaded NLC gels.

Hydroxypropyl cellulose (HPC) was used as the base for the nanostructured lipid
particles containing DHA to render it rheologically acceptable for dermal application. Briefly,
(HPC, 10 %w/w) was dispersed in water and allowed to hydrate overnight (24 h), after which
glycerol and propylene glycol were added. The dispersion was neutralized using
triethanolamine with gentle stirring until a suitable semisolid formulation (plain transparent
gel) was obtained. For the preparation of the gels, HPC was added to a dispersion of NLC (5
%w/w) with stirring, followed by the addition of triethanolamine. All products were kept at
ambient temperature for 24 h to ensure no entrapped air bubbles before they were dispensed in
transparent plastic containers, securely closed, and stored at room temperature until used.

2.2.10. Measurement of pH.

As the formulations are for topical application, pH measurement is essential to
guarantee the non-irritating nature of the nanogels. A digital pH meter (Labtech, India)
previously calibrated using buffer solutions with pH 4 and 8, was used with temperature
compensation at 25 * 2 °C, to determine the pH of the nanogels by direct immersion of the pH
meter electrode into samples immediately after formulation, and after 30, and 90 days of
storage in triplicate, and the average pH and standard deviation of each batch calculated.

2.2.11. Spreadability determination.

About 1 g quantity of the gel formulation was placed within a circle of 1.0 cm diameter
pre-marked on one side of a glass slide, and another glass slide was placed over it. A weight of
200 g was placed to rest on the upper glass slide for 5 min. The diameter occupied by the
spreading gel was noted, and spreadability was calculated in triplicate as follows:

Increase in diameter

Spreadability (%) =  'Mtial diameter 450 Equation 3
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2.2.12. Determination of in vitro occlusivity.

Distilled water (100 ml) was poured into a glass beaker (250 ml) and covered with a
filter paper (Whatman No. 1), which was tied in place with a rubber band. Then, 0.2 g of each
batch of the gel was distributed evenly on the filter paper covering the glass beaker, and the
setup was weighed. A similar beaker was filled with distilled water covered with filter paper
and weighed without applying the gel to serve as a control. Both glass beakers (gel-bearing and
non-bearing) were stored at 37 + 0.5 °C for 48 h, after which the weight differences due to
evaporation of water through the filter paper were obtained and used to calculate the occlusivity
factor ‘F’ at 24, and 48 as follows:

A-B
Occlusivity factor, F=100] A ] .oooiiiiiiiiciceeeeee e Equation 4
Where A (%) and B (%) are the water fluxes (% water loss) through the non-bearing and gel-
bearing filters, respectively.

Total water loss (g)

Water loss (%) = Net weight of water , 100 o Equation 5

2.2.13. Evaluation of drug content.

A 1 g of each NLC-based DHA gel preparation was weighed and placed in a 100 ml
volumetric flask. Then, 50 ml of ethanol was added, mixed thoroughly, and sonicated
continuously for 30 min. The volume was made up to mark with the solvent and then
centrifuged at 4,000 rpm for 15 min. This was filtered using a membrane filter (0.45 um,
Mumbai, India). The drug content of the filtrate was spectrophotometrically scanned at 371 nm
as earlier described, and drug content efficiency was calculated using the formula:

Actual drug content
Theoretical drug content 100

Drug content efficiency (%) = "~~~ =7 T FEEEEX100 v Equation 6

2.2.14. Nanogel viscometry.

The viscosity of each gel formulation was measured using a digital rotating viscometer
(NDJ5S, Searchtech Instrument, China) with spindle number 04 at different speeds (6, 12, 30,
and 60 rpm). The viscosity was measured with a dispersion of the gels in a solvent to simulate
the use condition. The spindle was immersed in the sample in a 50 ml beaker and attached to
the coupling nut such that the gel level was at the groove on the shaft. The test was run at
ambient laboratory temperature (27 £ 1 °C), and the viscosity (mPaS) and percent torque at
each rotation speed were recorded in triplicate.

2.2.15.1n vitro drug release study of drug-loaded nanogel.

The membranes technique [32] was adopted with slight modifications in evaluating in
vitro release of DHA from the gel. The membraneless method was used to allow the release
medium to be in direct contact with the surface of the gel, thereby simulating the use condition.
The gel (1 g) was transferred into a graduated test tube and was placed in a thermostatically
controlled water bath (Huanghua Instruments Co. Ltd., China) and maintained for 10 min.
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Phosphate buffered saline, PBS (pH = 5.5, 2.0 ml), which served as release medium and pre-
equilibrated at 37 + 0.5 °C, was layered over the surface of the gel. After removing the medium
at a pre-determined one-hour interval for 24 h, the test tube was cleared, weighted, and layered
with fresh PBS to maintain sink condition. The procedure was repeated until less than 10 % of
the gel was retained in each case, and withdrawn samples were analyzed using UV/Vis
spectrophotometer as earlier described. The test was repeated using DHA-loaded NLC (F3) for
the accuracy of the comparison. The amount of DHA in the samples was determined in
triplicate according to the formula:

Cumulativeamount of DHA released

Initial amount of DHA X100 %Equation 7

Cumulative DHA released rate =

The data obtained from the in vitro release study were used for kinetic modeling. Model
fitting into zero-order, first-order, Higuchi, and Korsmeyer Peppas was done to study the
mechanism behind the release pattern of the gels.

2.3. Animal care and use protocols.

Randomly selected white albino rats (BALB/c strain; males and females) weighing 200
— 240 g were procured from the animal breeding center, Department of Pharmacology and
Toxicology, Faculty of Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Nigeria.
Animals were treated according to the National Institute of Health (NIH Publications no. 8023,
as revised in 1978) guidelines for animal care. They were housed in a regulated environment
(25 + 2°C, 12 h light/dark cycle, light cycle starting at 7 am), acclimatized for 1 week before
the study, fed standard rodent pellets (Guinea feeds Ltd, Nigeria), and allowed free access to
clean, fresh water in glass water bottles ad libitum. Cage-side clinical observations of the rats
were made throughout the study period. All animal experiments complied with the ARRIVE
guidelines and were performed in accordance with the U.K. Animals (Scientific Procedures)
Act, 1986 and associated guidelines, EU Directive 2010/63/ EU for animal experiments. All
animal use protocols were approved by the Animal Care and Use Committee of the Faculty of
Pharmaceutical Sciences.

2.3.1. Ex vivo permeation study using murine skin.

The ex-vivo skin permeation studies were carried out using rat abdominal skin [33, 34]
procured from Wistar rats which were sacrificed through prolonged anesthesia. The hairs of
the skin were carefully shaved using a surgical blade, and the full skin was removed, exposing
the dermis, which was properly rinsed with normal saline to remove residual fat. The skin
(thickness 1.5 - 2.5 mm) was fixed on a Franz diffusion cell (PermeGear Inc., Hellertown, PA,
USA), having a permeation area of 3.14 cm? To maintain sink condition, the receptor
compartment was filled with 15 ml PBS (pH 7.4) stirred continuously at 500 rpm at 32 £ 0.5°C,
which is equivalent to human skin surface temperature. Weighed amount (~0.1 g equivalent to
10 mg of DHA) of DHA-loaded nanogels were applied carefully to the skin in the donor
compartment and evenly spread using the flat surface of a spatula to maintain intimacy with
the skin. At pre-determined time intervals up to 24 h, 0.5 ml of sample was withdrawn from
the receptor compartment and replaced with an equal volume of the fresh diffusion medium.
All samples were filtered through a 0.45 pm membrane filter, diluted appropriately, analyzed
spectrophotometrically as earlier described against the blank (PBS), and the cumulative amount
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of DHA permeated per unit area of rat skin was calculated and plotted against time. The test
was repeated using DHA-loaded NLC (F3) as a positive control in triplicate.

2.3.2. Skin tolerance test.

The evaluation of the skin tolerance potential of DHA nanogel was carried out
according to the method previously described [35] with slight modifications. In this study, four
rats (180 — 200 g) were used, and 24 h before the experiment, rat dorsal skin was shaved free
of hairs. DHA nanogels (1 g) was applied to the dorsal side of the animal (1 — 2) respectively
and uniformly spread within an area of 0.4 cm? and covered with adhesive tape. The dorsal
skin of the third rat was treated with 1 % formaldehyde solution as a positive control, while the
fourth animal was treated with placebo gel (plain gel) which served as a negative control. The
gel was applied once daily for 3 days, and the skin was observed for any visible change such
as redness, oedema, and skin rash.

2.3.3. Topical anti-inflammatory activity study.

Wistar rats (n = 36) were randomly selected and divided into six groups of six animals
per group. Group 1 received 0.2 g placebo gel (negative control), group 2 received 0.2 g DHA-
loaded NLC (F3) (positive control), and groups 3 — 5 received 0.2 g of batches LNG1 — 3
respectively; while group 6 received 0.2 g of a commercial anti-inflammatory gel (Mirapain®).
All tested samples and controls were massaged gently over 0.5 cm? of skin into the subplantar
region of the left hind paw of the rats. After 1 h, 0.1 ml of fresh undiluted egg albumin was
subcutaneously injected into the left hind paw, according to earlier reports [36, 37]. The paw
volume was measured before drug administration and then at 1, 2, 3,4, 5, 6, 7, and 8 h for 7
days after egg albumin injection using a digital plethysmometer (Basile, Comerio, Italy). The
percentage reduction of oedema was calculated as follows:

oedema (control) — oedema (test)
oedema (control) <100

Oedemareduction= 2SR X100 Equation 8

2.4. Storage stability study.

Storage stability study proceeded according to slightly modified ICH Harmonized
Tripartite Guidelines for stability testing of new drug substances and products Q1A (R2) [38].
DHA nanogels were stored under different conditions: 25 + 2 °C/60 + 5% RH and 40 + 2 °C/75
+ 5% RH. The stored products were visually examined for any signs of instability, including
discoloration and phase separation. In addition, the formulations were analyzed concerning
drug content efficiency after 90 days of storage according to the previously described procedure
and compared with data obtained from fresh nanogel formulations.

2.5. Statistical analysis.

Data obtained were presented as mean * standard deviation. SPSS 8.0 for Windows
was applied for the ANOVA-based technique, while a student t-test was used to determine any
significant differences between test samples and the control. Differences were considered
statistically significant when p < 0.05.
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3. Results and Discussion

3.1. Morphological profile of NLC.

SEM was used to evaluate the morphological principles of the nanoparticles, and the
observed microstructures are shown in Figure 1. A representative micrograph of NLC
containing DHA revealed particles with smooth surface morphology with a light-colored outer
layer which might be attributed to the PEG chains [30]. It also showed that the particles had
both spherical and non-spherical (anisometric) structures. This agrees with the light-colored
outer layer, which was observed in our previous report [39]. Thus, the representative
micrograph of the DHA-loaded NLC had multi-sized microstructures as confirmed by the
measured PDI. The smooth morphology of the NLC is a very important attribute that might
favor topical application as it might not lead to skin sensitization and irritation.

1O garr

Figure 1. Scanning electron microscope (SEM) image of representative dihydroartemisinin-loaded NLC
showing spherical and non-spherical particles.

3.2. Size, polydispersity index, and zeta potential.

The particle sizes and polydispersity indices (PDI) of NLC measured by PCS as shown
in Table 2 indicate that the nanoparticles had a relatively wide particle size distribution without
any significant (p<0.05) variations in their particle diameter. Generally, the results revealed
that drug loading influenced size distribution as particle size increased with increased drug
loading [39]. Batch F3 (non-PEGylated) containing 0.3 %w/w DHA gave the largest particle
size of 108.7 £ 1.5 nm, whereas the placebo NLC (PEGylated) recorded a small size of 85.5 +
8.6 nm. The overall small particles sizes of the NLC might be due to increased surfactant
concentration in the formulations as it has been shown that surfactant concentration >4 %w/w
yields smaller sizes by reducing the oil-water interfacial tension to a limit below that of the
surfactant [14]. PDI is applied in measuring the size distribution of the particles of the NLC in
a sample. It has been shown that nanoparticles with uniform particle size distribution have a
PDI range from 0.1 to 0.7, whereas those with broad size distribution have a PDI > 0.7 [24].
The PDI values of the NLC ranged between 0.24 and 0.77, indicating that most of the batches
had uniform particle size distribution. Zeta potential (surface charge) defines the stability of
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colloidal particles as it indicates the degree of repulsion between similarly charged particles.
Generally, nanoparticles with high zeta potential profiles experience strong repulsion and
enhanced stability in dispersion. The values of zeta potential obtained from the study indicate
that the nanoparticles will counter aggregation because they have sufficient charge and charge
mobility. Table 2 showed that the measured zeta potential (ZP) values of the nanoparticles
ranged from -15 to -22 mV for PEGylated NLC (F1, F2, and F4), while the non-PEGylated
NLC (F3) had a surface charge of -25 mV. This is consistent with an earlier report that surface
modification using PEG lowers surface charge due to the ethylene oxide (EO) chain of PEG,
which induces shifting of the shear plane of the nanoparticles into the aqueous phase resulting
in decreased ZP [30, 40]. However, the recorded zeta potential profile of the nanoparticles will
facilitate prolonged physical stability since the NLC were fabricated using surfactants, e.g.,
Tween®80, which have been reported to stabilize colloidal dispersions by electrostatic and
steric stabilizations [41]. The larger particle sizes and the negative zeta potential values confirm
the successful coating of the surfaces of the NLC using PEG 4000 due to its shielding effect at
the surface of the nanoparticles.

Table 2. Some physicochemical properties of the NLC.

Batch Particle size Polydispersity index Zeta potential EE (%) LC (%)
(hm) (mV)

F1 71172 0.43+0.12 -20.1£0.2 90.0+1.21 10.38+ 3.1

F2 87827 0.64 £0.02 -153+£1.1 98.0 +0.95 11.85+2.2

F3 108.7+15 0.77 £0.11 -2565+2.1 99.3+1.60 227215

F4 85.5+8.6 0.24 £0.05 -222+1.0 -

Batches F1, F2, and F4 were prepared using PEGylated lipid matrix, while F3 was formulated using non-
PEGylated lipid matrix. F1, F2, and F3 are dihydroartemisinin-loaded NLC, while F4 is unloaded NLC. EE —
entrapment efficiency; LC — loading capacity. Data were presented as mean + standard deviation (SD) at n = 3.

3.3. Entrapment efficiency and loading capacity.

The result of the study shown in Table 2 revealed that NLC had excellent EE% ranging
from 90.0 £ 1.21 — 99.3 £ 1.60 %, and LC% ranging from 10.98 + 3.1 — 22.72 + 1.5. The
recorded data showed that increased drug loading resulted in increased EE%. Precisely, NLC
loaded with 0.3 %w/w DHA gave the highest EE% of 99.3 + 1.60 % while NLC loaded with
0.1 %w/w DHA recorded the least EE% of 90.0 + 1.21. This observation was in agreement
with the trend of LC% data. The increased EE% and LC% attained by the DHA-loaded
formulations might be due to the high entrapment of DHA molecules within the various
distortions produced in the matrix followed by their solubilization surfactants. This observation
was in agreement with earlier reports [42, 43]. These excellent results also highlight the strong
affinity of the lipophilic DHA molecules with T.conophorum oil and Softisan® 154 molecules
as well as due to the high solubility of DHA within the lipid matrix*. These values are
considerably higher than the EE% measured in the DHA-loaded LNE in our previous study
[39], which could be attributed to the highly disordered PEGylated solid lipid core with
numerous imperfections which encapsulated more drug molecules solubilized in the oily core.
Furthermore, surface decoration of the lipid matrix using PEG 4000 might have contributed to
the high drug entrapment of the DHA-loaded NLC since it has been reported that PEGylated
lipids favor increased drug encapsulation due to the formation of mixed micelles [28, 30].
Moreover, the high LC% proves that DHA was adequately entrapped into the lipid matrix
following its interaction with the molecules of the lipid matrix and the surface modifier.

https://nanobioletters.com/ 3755


https://doi.org/10.33263/LIANBS113.37453769
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS113.37453769

3.4. Thermal analysis.

Thermal analyses of DHA, Softisan®154, T. conophorum oil, lipid matrix, and a
selected optimized formulation were determined using DSC, and the obtained thermograms are
shown in Figure 2 (a — d). Softisan®154 thermogram gave an endothermic melting peak at
51.69 °C and enthalpy of — 0.82 Jg. T. conophorum oil exhibited two endothermic peaks,
corresponding to melting (89.61 °C) and decomposition (257.47 °C) events, respectively, with
enthalpy of — 3.22 Jg*. When the lipid matrix was prepared using the solid and liquid lipids,
the thermal properties of the matrix included an endothermic melting peak at 85.22 °C and
enthalpy of — 8.56 Jg* with the total disappearance the decomposition peak of the oil. The
implication is that the molecular interaction between the lipid materials resulted in
rearrangement leading to high disorderliness in the lattice structure of the lipid matrix with
improved drug encapsulation and holding capacity. It is considered that the PEG chains in the
matrix might have lowered the glass transition temperature, Tg of the lipids, probably due to
its plasticizing effect and molecular rearrangements in the lipids lattice structure [44]. DHA
thermogram showed no endothermic melting peak but an exothermic onset melting point at
179.5 °C which peaked at 189.5 °C with enthalpy of —13.58 Jg™* showing its crystallinity and
purity. Incorporation of DHA in the lipid matrix did not show the melting exotherm of DHA
but recorded an endothermic melting peak at 87.46 °C with an enthalpy of — 8.63 Jg™*.
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Figure 2. DSC thermograms of (a) Softisan®154 (b) Tetracarpidium conophorum oil (c) PEGylated lipid matrix
(d) thermograms of dihydroartemisinin (dark color), placebo NLC (bright-red color), representative PEGylated
DHA-NLC (blue color), and non-PEGylated unloaded NLC (dark-red color) in superposition.
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A similar outcome was observed for the non-PEGylated NLC, indicating adequate
entrapment of DHA within the matrix core in amorphous form; in other words, DHA was
properly solubilized and encapsulated in the NLC. The absence of the exothermic peak of DHA
in the loaded NLC, indicates profound stability, compatibility, and solubilization of the drug
in the formulation. This is in agreement with an earlier report [28]. Furthermore, amorphization
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of DHA in the nanoformulations would likely promote its controlled release from the NLC
without any burst effect.

3.5. FT-IR analysis.

FT-IR spectroscopy is used to analyze distortions in atomic distances, molecular
interactions, and detect the presence of functional groups through a comparison of measured
stretching or bending vibrations between standard and test spectra [45]. Therefore, any changes
in the absorption bands of functional groups due to chemical shift, disappearance, or formation
of entirely new bands suggest possible molecular interaction. Figure 3 (a-c) shows the FT-IR
spectra of DHA and representative NLC. In the DHA spectrum, high wavenumbers of 3718.5,
3446.5, 3348, 3248.0 cm™ which correspond to —OH stretching vibration, mid-wave numbers
of 2990.0, 2847.0, 2663.3 cm™ correspondings to symmetric C—H stretch with methyl bending
modes overtones, 1396.9, 1643.2 cm™ correspondings to C-O stretching vibration, and 792.0,
918.4 cm™ correspondings to C-O-O-C stretching vibration characteristic for endoperoxide
ring in artemisinins, were detected. In comparison, the FT-IR spectrum of F1 (representative
NLC batch) revealed —OH stretching, symmetric C-H, C-O, and C-O-0O-C bending vibrations
with high wave and mid-wave numbers 3805.2, 3521.8, 3318.6; 2933.9, 2806.6, 2693.1;
1935.0; 1165.2 cm™ as already described for DHA. This proves that the endoperoxide ring of
DHA was not tampered with in the nanoformulation, thereby ensuring that its bioactivity was
retained. Conversely, these wavenumbers were not present in the unloaded NLC (batch F4),
indicating that the formulation does not contain DHA.

0 2000 1500 1m

(©
Figure 3. FT-IR spectra of (a) Dihydroartemisinin (b) Batch F1 DHA-loaded NLC formulation, which is

PEGylated (c) Batch F4 unloaded NLC formulation which is PEGylated.
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Generally, the FT-IR spectra from the study suggest no incompatibility between DHA
and other formulation excipients used in the NLC. Furthermore, the result of the study revealed
that PEGylation did not result in molecular interaction since there was no shift, disappearance,
or appearance of novel fingerprints in both PEGylated and non-PEGylated NLC.

3.6. X-ray diffraction (XRD).

XRD is a technique applied in evaluating changes in the polymorphic profile and
molecular orientation of drug and lipid molecules which may affect the biopharmaceutical
properties of biomolecules [46]. DHA is a crystalline drug and showed characteristic crystalline
peaks. Therefore, XRD could be used to study any changes in its crystallinity or its precipitation
in an amorphous form, which is necessary for improved solubility [47]. The x-ray
diffractograms are shown in Figure 4 (a — d). The X-ray diffractogram of Softisan®154 revealed
characteristic high-intensity diffraction fingerprints at (20) 21°, 22° and 24°. X-ray
diffractogram of the lipid matrix recorded sharp fingerprints at (20) 19°, 23°, and 24°
respectively. The characteristic high-intensity diffraction peaks observed in Softisan® 154
might be due to the presence of esters of low chain fatty acids (C1i0 — C1g) and the absence of
polymorphic forms in the solid lipid. In addition, there was the presence of other medium and
low-intensity reflections indicating the crystalline nature of Softisan® 154. The high-intensity
diffraction fingerprints recorded in the x-ray diffractogram of Softisan®154, which were
missing in the XRD profile of the lipid matrix, might be due to the molecular integration of the
fatty acid chains in the solid lipid and T. conophorum oil resulting in a disordered and widened
crystal lattice structure of the lipids [14]. The XRD structures of pure DHA presented several
strong, sharp peaks at (20) 7.5°, 9.5°, 11.5°, 12.5°, 17.0°, 18.0°, 19.5°, 20.0°, 25.0°, and 30.0°
in addition to the presence of minor reflections of medium and low intensities, indicating that
DHA used was crystalline, and in conformity with an earlier report [48]. X-ray diffractograms
of the DHA-loaded formulations showed low intensity and diffused peaks without the
identified sharp characteristic fingerprints of DHA. This could be attributed to the
amorphization of DHA within the molecules of the lipid matrix, indicating that DHA was
completely entrapped and solubilized in the matrix system [49, 50]. Amorphization of DHA
ensured that it was retained or entrapped within the lipid matrix milieu, and this proves that
DHA attained sufficient solution stability in the PEGylated lipid matrix system.

3.7. pH measurement.

To determine that the nanogels were suitable for application to the skin, their pH values
were ascertained. Measured pH values of the nanogels shown in Figure 5 revealed that all the
gels had pH in the range of 4.40 — 5.25 after 24 h, with insignificant (p>0.05) flip-flops
observed following reassessment after 30 and 90 days of storage indicating good storage
stability property. The plain gel also gave a normal pH range of 4.0 — 4.7. However, the pH of
the nanogels is within the range of the pH of normal skin (4 — 5.5). This means that the gels
have pH values within acceptable limits for topical application and might maintain normal skin
homeostasis without producing any cutaneous reactions on long-term skin application. The
obtained pH values will also maintain drug stability as it has been shown that DHA has
maximum stability within the pH range of 2 — 6 and is highly unstable at alkaline pH values
[51]. DHA is chemically fragile at high pH values and undergoes ring-opening and
rearrangement, yielding deoxyartemisinin, an inert end product [52].
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3.8. Spreadability.

Placing load (weight) on the nanogels increased the spread area of all the gels' batches.
Spreadability measurement is vital for enhanced adherence to a formulation and to ensure

uniform dose application on the skin.
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Figure 4. X-ray diffractograms of (a) Softisan® 154 (b) lipid matrix (c) pure dihydroartemisinin, DHA, and (d)
DHA-loaded nanostructured system

u24h
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LNG1 LNG2 LNG3 LNG4 Plaingel
Figure 5. pH of nanostructured systems and plain gels recorded within 24 hours, 30, and 90 days after
formulation. Data shown as mean pH = standard deviation (SD) where n = 3. LNG1, 2, and 3 are lipid nanogels
(LNG) containing 0.1, 0.2, and 0.3 %w/w DHA-loaded NLC, while LNG4 was formulated using placebo NLC.
The plain gel does not contain NLC.

The result of the spreadability analysis shown in Table 3 indicates that the nanogels
generally have excellent spreadability values. This might be due to the good gelling property
of the gelling agent, hydroxypropyl cellulose (HPC), used in the formulations.
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HPC is a hydroxy-substituted cellulose derivative that has been reported to be a good
excipient in pharmaceutical, food, cosmetic and topical formulations such as transdermal
patches and ophthalmic preparations. In addition, it is nonionic, nonreactive, and non-toxic [53,
54]. The result showed that the spreadability of the nanogels ranged from 400 + 0.18 % to 520
+ 0.14 %. This is not quite comparable with the plain gel with a high spreadability value of 660
+ 0.05 %, probably due to the DHA-nanoparticles content of the nanogels. In addition, the
excellent spreadability recorded indicates that HPC is very compatible with the oil and other
excipients used in the formulations, and the gels are easily spreadable in the presence of
minimal shear. Therefore, the result satisfies the hypothesis that the gels will be suitable for
skin application and might favor improved topical anti-inflammatory activity of DHA since
they could be easily spread on the skin.

Table 3. Physicochemical properties of the NLC-engrossed gels.

Formulation Drug content Drug content (%) | Spreadability (% | Occlusivity (F)

(%) +SD)

24 h 90 days 24 h 48 h
LNG1 83.87£0.0 81.71+1.2 400.0 £0.18 55 60
LNG2 92.01+£0.1 90.21 £3.1 520.0 £ 0.24 65 64
LNG3 99.41+£0.1 96.08+1.1 450.0 £ 0.06 68 69
LNG4 *NAPI *NAPI 620.0+0.14 40 42
Plain gel *NAPI *NAPI 660.0 £ 0.05 50 51

LNG1, 2, and 3 are lipid nanogels (LNG) containing 0.1, 0.2, and 0.3 %w/w DHA-
loaded NLC, while LNG4 was formulated using placebo NLC. The plain gel does not contain
NLC. *NAPI means no active pharmaceutical ingredient

3.9. Occlusivity measurement.

For the nanogels to have satisfactory topical anti-inflammatory performance, they must
have the ability to create thin films with very narrow interspaces between their molecules,
which will prevent transepidermal water loss and promote skin hydration. Improved skin
hydration leads to opening corneocytes tight junctions with better drug permeation of the skin
[46]. 1t could be seen from the result in Table 3 that after 24 h, the F-value of plain gel was 50
%, the F-values of the DHA-NLC loaded nanogels ranged from 55 — 68 %, while the F-value
of unloaded nanogel was 40 %. Similar, DHA-NLC loaded nanogels recorded F-values ranging
from 60 — 69 %, the F-value of unloaded nanogel was 42 %, while the F-value of the plain gel
was 51 %, after 48 h. The result showed that the gels maintained a reliable semisolid
consistency which might lead to reduced transepidermal water loss from the skin surface on
application leading to increased hydration and satisfactory deposition of DHA into the skin
[28]. This essential attribute will also be of immense benefit in alleviating some adverse effects
on the skin, such as itching, dryness, and scaling [55, 56].

3.10. Drug content.

The percentage drug content for DHA-loaded NLC-based gels shown in Table 3
revealed that drug entrapment of the nanogels increased with increased drug loading. The drug
content efficiency ranged from 83 % (for nanogel containing 0.1 % w/w of DHA) — 99 % (for
nanogel containing 0.3 % w/w DHA). This corroborates our earlier observation on the primary
nanostructured systems. It indicates that the HPC-based gel system provided enough space for
solubilization and entrapment of the drug-loaded nanocarrier system without any leakage
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resulting in excellent overall percentage drug content. In addition, the result showed that the
high solubility of DHA in the liquid lipid tended to increase the drug entrapment as a result of
favorable molecular interaction between DHA and T. conophorum oil; and thus, influenced
drug content efficiency.

3.11. Viscometry.

Since flow behavior influences drug release from topical delivery systems as well as
affects patient acceptance and compliance [57], the viscosities of the nanogels were screened
to ascertain their extrudability or pourability from the container, and flowability, which was
hinted by the measured spreadability values. Deposition and/or penetration of DHA across the
skin could also be determined through viscometry. The DHA nanogels should possess
appropriate viscosities, facilitating drug release for enhanced establishment and maintenance
of contact with the skin [37]. The result of the viscometric evaluation of the nanogels and the
plain gel shown in Figure 6 indicates that generally, the semisolid preparations are viscous with
values ranging from approximately 3000 - 7000 mPa.s. This is probably due to the high
viscosity of the gelling agent. However, it was observed that the gels are strongly pseudoplastic
(they exhibited decreased viscosity from 7000 — 3000 mPa.s with increased shearing from 6 —
60 rpm). Thus, the applied shearing force caused molecules of the gels to align themselves in
the direction of flow, leading to destabilization and alteration of their network structures. The
alignment will result in reduced internal friction between the molecules themselves with the
ability to spread easily on the skin and ultimately leading to shear-thinning and probable
significant thixotropy, which is a desirable characteristic of non-Newtonian systems [24,
58,59].
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Figure 6. Viscosity of lipid nanogels of dihydroartemisinin. Key: LNG 1, 2, 3 are lipid nanogels (LNG)
containing 0.1, 0.2, and 0.3 %w/w DHA-loaded NLC. LNG 4 is a lipid nanogel containing placebo NLC.
Values represent Mean + standard deviation (n = 3).

The recorded viscosity profile is not a disadvantage to the nanogels because it will favor
better and prolonged skin adhesion and retention of the gels [60]. It was obvious from Figure
6 that increased shearing yielded consistently decreased viscosities of the plain gel and
nanogels (PEGylated and non-PEGylated) with insignificant (p>0.05) difference in the
recorded data but significant (p<0.05) increase in the recorded torques. However, the minor
differences observed could be attributed to the diverse formulation compositions of the non-
Newtonian structures.

3.12. In vitro release and kinetic mechanism of release.

The membraneless model was adapted in this study because it allows the release
medium to be in direct contact with the gels to mimic use conditions and predict the actual
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amount of DHA released from the nanogels in the medium. The in vitro release profile is
presented in Figure 7a. From the result, it is clearly seen that the DHA-loaded NLC (F3)
showed an initial burst in the first 2 h exhibiting faster release of drug (90.53 + 0.95 % in 24 h)
compared with the nanogels, which released much more slowly in 24 h. This could be attributed
to the high rate of hydration, solubilization, non-PEGylation, and diffusion of free DHA into
the release medium without encountering any diffusion barrier provided by either the PEG4000
chains or the network-like matrix structure of HPC [30, 61, 62]. However, it is exciting to note
that all the nanogel systems (LNG1 — LNG3) exhibited a slow release profile of the drug (LNG1
—45.01 £ 1.2 %, LNG2 — 56.52 + 0.33 %, and LNG3 — 64.29 £ 1.1 %) throughout 24 h
indicating sustained-release effect. The sustained release of DHA from the nanogels could be
attributed to the slow hydration and diffusion of DHA from the nanostructured systems due to
the presence of the hydroxypropyl cellulose matrix. It could also be attributed to PEGylation,
which extends the residence time of the drug before it is released in the medium. This result
indicates that the nanogels can better reservoir systems for DHA than the NLC with a prolonged
release profile [63]. The advantage of the sustained release profile of the DHA-NLC gels is
that it would prevent rapid drug exposure to the skin, thereby evading possible toxicity effects,
especially when applied on open or exfoliated skin. The gradual drug release indicates that the
drug was not localized on the gel surface as it was properly entrapped in the core of the
polymeric gelling material and dispersed in the gel matrix. Furthermore, it was found out that
the controlled release property of the nanogels was not influenced by the increase in drug
content as LNG1 containing > 80 % of DHA showed the best-controlled release profile than
LNG3, which contains about 99 % of DHA. Thus, LNG1 gel was found to have the best in
vitro release profile and displayed the best sustained-release property than LNG2 and 3 gels.
However, since it has been known that drug release from lipid nanodispersions is influenced
by several parameters, including nature of lipids, drug solubility in lipids, partition coefficient,
and surface modification [30, 64], it is possible that PEGylation might be responsible for the
excellent controlled release of DHA from the nanogels, especially LNG1 and LNG2 which
were formulated using PEGylated DHA-NLC in comparison to LNG3 which contains non-
PEGylated NLC.
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Figure 7. Release curves showing (a) cumulative in vitro release for the DHA-loaded NLC gels (LNG1-LNG3)
and DHA-loaded NLC (F3), and (b) ex vivo skin permeation of DHA from nanogels (LNG1 — 3) against DHA-
loaded NLC (F3). Values are expressed as Mean + standard deviation (n = 3).

The kinetic study revealed that the nanogels and the DHA-loaded NLC followed the
Higuchi square root of the time model of release. When the correlation coefficients (r?) of all
the test samples were measured as shown in Table 4, the Higuchi model recorded higher r? than
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the r? of zero and first-order models. Analysis of the drug release mechanism applying the
Korsmeyer-Peppas showed that the release exponent ‘n’ values (which characterize the drug
release mechanism) were within the range of 0.6723 — 0.7915. Therefore, it could be inferred
that the nanogels and the NLC underwent a non-Fickian (anomalous) diffusion mechanism
controlled mainly by diffusion rate and corrosion or erosion of the matrix system of the samples
for sufficient drug release.

Table 4. Drug release kinetics of DHA-loaded NLC gels and DHA-loaded NLC.

Formulation Zero order First order Higuchi Korsmeyer-Peppas
r r’ r r N
LNG1 0.675 0.967 0.988 0.898 0.791
LNG2 0.752 0.853 0.997 0.467 0.650
LNG3 0.876 0.885 0.991 0.729 0.672
F3 0.910 0.951 0.980 0.775 0.710

LNG1 — 3 are DHA-loaded NLC gels; F3 is non-PEGylated DHA-loaded NLC; r? is squared correlation
coefficient; ‘n’ is drug release exponent in the Korsmeyer-Peppas release model

3.13. Ex vivo skin permeation.

Figure 7b shows ex vivo skin permeation profiles of the DHA-loaded NLC gels and the
representative DHA-loaded NLC (F3). An equivalent amount of the formulations containing
known concentrations of DHA was used in this study to more closely simulate use conditions.
After topical application, interpersonal differences in drug permeation are affected by the
physicochemical characteristics of the drug and biological factors of the skin, such as degree
of hydration and age [65]. DHA permeated the skin throughout 24 h from all the test samples
at varying degrees. From the result, drug flux was faster from the DHA-NLC (F3) (10.98 +
0.11 pg/cm?/h) with time than from the NLC-engrossed gels (5.12 + 0.1, 7.23 + 0.92, and 8.85
+ 0.5 pg/cm?h for LNG1, LNG2, and LNG3 respectively). In addition, the amount of
permeated drug from F3 was slightly higher than the nanogels at a particular time point, in line
with earlier observation already described for in vitro release study. This could be due to the
liquid lipid (T. conophorum oil) used in the formulation, which further solubilized and
enhanced drug permeation into the skin. Furthermore, it could be inferred that drug permeation
from DHA-NLC was far greater than from the DHA-NLC gels due to the absence of
PEGylation and gelation of the test DHA-NLC. These characteristics (PEGylation and
gelation) might have extended the residential time and provided an extra trafficking interface
for the nanogels resulting in prolonged drug release that will make it possible, acceptable, and
meaningful for the intervals of therapy using DHA nanogels to be extended. This is in
agreement with literature that indicates that the flux and permeability of drugs from nanogels
are affected by membrane properties such as effective surface area, pores, thickness, and the
properties of the nanoparticles and the gel [66]. The substantial amount of drug permeated
could be due to the small particle size of the nanostructured systems, which might have created
an increased surface area for enhanced drug transportation into the skin aided by improved skin
partitioning [67]. These results confirm that DHA-NLC gels can penetrate the skin.

Interestingly, there was an insignificant difference (p>0.05) in the amount of drug
permeation between the nanogels (though drug permeation progressed as follows:
LNG1<LNG2<LNG3), demonstrating that the encapsulation of the lipid nanoparticles of DHA
using HPC polymer was successful. Therefore, DHA nanogels were successfully developed as
a novel formulation for topical application and suitable for therapy. From the result, it could be
concluded that formulation of DHA-NLC as nanogels might be vital in improving DHA
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trafficking into the skin, producing targeted sustained release activity, without bolus access to
internal tissues and toxicity compared to plain NLC.

3.14. Skin tolerance test.

The skin tolerance test is an important study for topical formulations, and topical
formulations should possess a high degree of skin tolerability for enhanced compliance during
use [67, 68]. Thus, it is very vital to determine the skin tolerance potential of the formulated
DHA-NLC and plain gels. The result showed that both the DHA-NLC gel and the plain gel
samples produced no marked or signs of morphological changes on the normal rat skin such as
erythema, papules, wrinkling, and dermatitis after 72 h of application, indicating no potential
to induce irritation, hypersensitivity, or toxicity reactions. However, the rat that received the
irritant formaldehyde solution produced obvious skin disruptions with severe erythema and
possible inflammatory cellular infiltrations. The good skin tolerability of the nanogels could be
due to the biocompatibility of the excipients used in preparing the NLC and the gels, especially
Softisan®154, T.conophorum oil, the nonionic surfactants, PEG 4000, and HPC, which are
generally regarded as safe (GRAS) excipients. The study showed that rat skin tolerated the
DHA-NLC gels without any weeping surface and, thus, safe to be applied topically. In addition,
the result of this study supports the hypothesis that PEGylated lipid matrix can be used to
develop nanostructured lipid carriers containing T. conophorum oil, which, when engrossed in
a biocompatible polymer like hydroxypropyl cellulose (HPC), gives nanogels for safe and
effective dermal delivery of dihydroartemisinin (DHA).

3.15. Topical anti-inflammatory activity.

Paw swelling is an important indicator in an experiment to evaluate the degree of
inflammation. An anti-inflammatory study aimed to evaluate the formulations' ability to
resolve localized inflammatory conditions in comparison with the controls and commercial
anti-inflammatory gels, and the result is presented in Figure 8. Following induction of paw
inflammation using egg albumin, group 1 rats treated with placebo gel produced a slight
reduction in oedema (90 + 0.1 %) within the 5" h of the first day, which gradually increased
on day 2, then remained unchanged at 95.1 £ 0.18 % throughout the remaining study duration.
The slight reduction might be due to the initial transient delay of the inflammatory mediators
to produce a full response at the target site, and the non-reduction of oedema indicated the
inefficiency of the placebo gel. Group 2 rats treated with batch F3 NLC produced sustained
and better anti-inflammatory activity than the placebo gel. The anti-inflammatory effect of this
group emerged slowly at the 2" h (82.2 + 0.3 %) of day 2. This effect was maintained
significantly (p<0.05) until the last hour of day 7 when 40.3 £ 0.7 % oedema reduction was
recorded. This confirms that DHA can produce anti-inflammatory activity, and the PEGylated
NLC carrier system might be a desirable vehicle for topical and sustained drug delivery. For
experimental rats in groups 3, 4, and 5 that received LNG1 — 3, a significant (p<0.05) anti-
inflammatory effect was recorded from the 1% h of day 1 post-induction of inflammation and
progressed steadily to the last day of the study. While LNG1 recorded 28.3 = 0.2 % reduced
paw oedema, LNG 2 and 3 recorded 19.1+ 1.1 and 17.0 £ 0.5 % respectively, oedema reduction
at the 8" h of day 7 of the study. The sustained anti-inflammatory effect consolidates the
outcomes of the in vitro release and ex vivo permeation studies of the gels. It was observed that
reduction of paw oedema of the gels was dependent on drug loading, and even more interesting
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was the observation that LNG3 formulated from batch F3 NLC produced better (p<0.05)
resolution of inflammation than the parent nanoformulation, perhaps this discrepancy might be
related to its better occlusivity and consistency resulting in higher permeation and retention of
DHA in the skin. Reduced paw inflammation produced by group 6 rats that received the market
brand was similar and comparable to the LNG1 — 3 though the former did not follow a sustained
release pattern. These results have shown that DHA-loaded NLC gel could be effectively used
for the treatment of inflammation.

Number of days post injection

~#—=Placeho —S=NLC F3 LNGI ~#=LNG2 ==LNG3 —#= Mirapain

Figure 8. Effects of different treatments on paw volume of rats after topical application: Placebo (formulated
using unloaded NLC), NLC F3 (nanostructured lipid carrier loaded with 0.3 % w/w of DHA), LNG1 — 3 (gels
formulated using DHA-loaded NLCs loaded with 0.1 — 0.3 %w/w of DHA), Mirapain® (commercial brand).
Values are expressed as mean + standard deviation (n = 3).

3.16. Storage stability study.

In the design of novel dosage forms, storage stability study is vital because it provides
very useful data regarding the ability of the formulation to retain its quality and efficacy
throughout its shelf-life [38, 69]. When the nanogels were visually examined, they were stable
without any sign of phase separation, precipitation, or discoloration. In addition, there were
insignificant changes (p>0.05) in drug content as presented in Table 3 when the nanogels were
stored at ambient (25 + 2 °C/60 £ 5% RH) and elevated (40 £+ 2 °C/75 + 5% RH) temperatures,
suggesting that the nanogels could be stored optimally at room or elevated temperatures and
will retain their integrity when used in tropical conditions (30 —40 °C and 60 — 75 % humidity).
There is also a very high level of confidence that the nanogels will maintain their integrity by
retaining a minimum of 90 — 95 % of DHA throughout their shelf-lives as prescribed by the
current international pharmaceutical law [70].

4. Conclusions

For the first time, this study reports the systematic development of surface-modified
DHA-loaded NLC engrossed gels for topical treatment of inflammation. The NLC was
formulated using a lipid matrix comprising Softisan®154 and T. conophorum oil mix, which
was surface modified using PEG4000. The hot homogenization technique was successfully
used to formulate the DHA-loaded NLC with good and reliable physicochemical properties.
DHA-loaded NLC gels were physically stable at ambient and elevated temperature and
humidity conditions and showed efficient occlusion, pH, spreadability properties. DHA-loaded
NLC gels showed sustained and enhanced skin permeation, deposition, and retention, thus
giving the nanogels the potential to form drug reservoirs in the skin from which DHA could be
docked in deeper layers of the skin for resolution of inflammation. In addition to good skin
tolerability, these excellent preclinical properties provide the basis for the need for clinical
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trials on human volunteers and possible scale-up. Thus, it can be concluded that PEGylated
NLC has proven to be an ideal nanocarrier system with controlled release properties and may
benefit the formulation of gels containing DHA for topical treatment of localized inflammation.
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