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Abstract

Transdermal delivery of active pharmaceutical ingredients (APIs) can be challenging, since the skin possesses a rate-limiting
barrier, which may be overcome when APIs possess certain ideal physicochemical properties. The lack thereof would require
that APIs be included in drug delivery vehicles to enhance skin permeation. Hence, diclofenac was incorporated into various
drug delivery vehicles (i.e., nano-emulsions, nano-emulgels, and a colloidal suspension containing drug-loaded nanoparti-
cles) to investigate the transdermal delivery thereof, while nano-emulsions and nano-emulgels had varying concentrations
of evening primrose oil (EPO). The aim of the study was to compare the topical and transdermal diclofenac delivery from
the different types of vehicles and to investigate the influence the different EPO concentrations had on diclofenac delivery.
After characterization, membrane release studies were performed (to determine whether the API was successfully released
from the vehicle) followed by in vitro skin diffusion studies and tape stripping (to establish whether the vehicles assisted
the API in reaching the target site (transdermal delivery)). Lastly, cytotoxicity studies were conducted via methyl thiazolyl
tetrazolium (MTT) and neutral red (NR) assays on human keratinocyte (HaCaT) cells. Results showed minimal cytotoxic
effects at concentrations equivalent to that which had permeated through the skin, while the membrane release and in vitro
skin diffusion studies indicated that the nano-emulsions and the 10% EPO vehicles increased API release and diffusion when
compared to the other vehicles. However, the colloidal suspension had the highest concentrations of API within the skin.
Hence, all the vehicles were non-toxic and effectively delivered diclofenac through the transdermal route.

Keywords Colloidal suspension - Diclofenac - Evening primrose oil - Nano-emulgel - Nano-emulsion - Transdermal drug
delivery

Introduction [3, 4]. Non-steroidal anti-inflammatory drugs (NSAIDs) are
the leading approach for the treatment of pain [5]. The anti-

Inflammation is crucial for health, as it initiates the healing  inflammatory effects of NSAIDs are due to the inhibition

process [1]. Inflammation aggravates pain sensation, and the
mismanagement thereof can negatively affect an individual’s
quality of life [2]. Symptomatic treatment of these condi-
tions is achievable by inhibiting the inflammatory process
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of prostaglandin by blocking the cyclooxygenase (COX)-2
enzymes [6]. Non-selective NSAIDs (nsNSAIDs) also bind
to the COX-1 enzyme that is responsible for gastrointestinal
protection [7]. Diclofenac is a nsNSAID with a fast onset
and long duration of action. However, extended oral admin-
istration often leads to adverse gastrointestinal effects due
to the inhibition of COX-1 enzymes [8], which stresses the
need for an alternative route of drug delivery, such as the
transdermal route, for the administration of NSAIDs [5].
The skin is the largest, most accessible organ of the
human body [9], but drug delivery proves challenging due
to the rate-limiting outermost layer (stratum corneum) that
functions as a barrier [10-13]. To overcome the stratum
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corneum hindrance during transdermal drug delivery, active
pharmaceutical ingredients (APIs) require certain ideal
physicochemical properties [14], i.e., molecular weight
(<500 Da), aqueous solubility (>1 mg/ml) [14], partition
coefficient (log P between 1 and 3) [9, 15], pH (3-9) [14]
and melting point (<200 °C) [14, 16]. It became evident
that diclofenac did not possess all these ideal physicochemi-
cal properties. Hence, penetration enhancers (i.e., evening
primrose oil (EPO)) and/or the inclusion of the API into
a drug delivery vehicle (i.e., nano-emulsions (NEs), nano-
emulgels (NGs), and a colloidal suspension (CS) containing
drug-loaded nanoparticles (NPs)) can be used to improve
drug delivery transdermally [17].

NEs are dispersions of two immiscible phases (oil
and water) that form droplets with sizes ranging between
20-500 nm [18]. The nanometric-sized droplets offer
increased skin permeation and stability [19], while the
hydrophilic and lipophilic characteristics, attained from the
two phases, allow for numerous applications in drug delivery
through the stratum corneum [20]. Oil-in-water (o/w) NEs
are mainly used to deliver lipophilic APIs, such as diclofenac
[21], and can subsequently be formulated by means of a
high-energy emulsification method that allows for the for-
mation of ultra-small/nanometric droplets [22].

NGs possess all the ideal properties associated with NEs,
as they are formulated by adding a gelling agent to the aque-
ous phase of the optimized NEs [23], which increases the
viscosity of the NEs to allow for easy topical application and
extended contact time between the drug delivery vehicle and
the surface of the skin [24—26]. Carbopol® Ultrez 20 is a fast
absorbing and easy wetting gelling agent, well known for its
increased reproducibility and enhanced stability over a large
pH range [26, 27].

CS containing suspended drug-loaded NPs have gained
significant interest in recent years due to its various uses in
the field of nanotechnology [28]. NPs are synthesized by
means of an emulsion-solvent evaporation technique that
results in nanometric-sized particles (1-100 nm) with a large
volume-to-surface area ratio that enhances API release [29].
Drug-loaded NPs have enhanced stability, improved skin
permeation, and decreased adverse effects and, depending
on the type of NP, can have high solubility for either lipo-
philic or hydrophilic (double emulsion method) APIs [29,
30]. To produce a CS, NPs are suspended into a continuous
aqueous phase, which acts as a carrier to assist in the trans-
dermal delivery of the drug-loaded NPs [28].

The aim of this study was to formulate different drug
delivery vehicles (like NEs, NGs, and a CS including drug-
loaded NPs) containing diclofenac, while the NEs and NGs
comprised of different EPO concentrations (natural oil act-
ing as a penetration enhancer) to assist with transdermal
delivery of diclofenac by altering the skin’s protective bar-
rier [31]. The drug delivery vehicles containing diclofenac

were investigated and compared during membrane release,
in vitro skin diffusion, and tape stripping studies. The
in vitro cytotoxicity of the NE (presenting with the highest
skin diffusion results), a placebo, and the NPs was deter-
mined by methyl thiazolyl tetrazolium (MTT) and neutral
red (NR) assays using human keratinocytes (HaCaT).

Materials and methods
Materials

Diclofenac (2-[(2,6-dichlorophenyl)amino]phenyl]acetic
acid) (LEAPChem, HangZhou, CN) had a purity of 99.97%.
Associated Chemical Enterprises (ACE) (Johannesburg,
SA) provided analytical grade formic acid, chromatography
grade acetonitrile, and methanol. A Direct Pure® Ultrapure
laboratory water purification system (Merck-Millipore, Mid-
rand, SA) supplied ultrapure water throughout the study.
Formulation and phosphate buffer solution (PBS) excipients
(sodium hydroxide (NaOH), potassium dihydrogen phos-
phate (KH,PO,), Span® 60 (lipophilic surfactant), Tween®
80 (hydrophilic surfactant), Carbopol® Ultrez 20, polycapro-
lactone (PCL), polyvinyl alcohol (PVA) and sucrose) came
from Sigma-Aldrich (Johannesburg, SA), who also supplied
dimethyl sulfoxide (DMSO), MTT, NR solution, non-essential
amino acids (NEAA), and Triton™ X-100 for the cytotox-
icity studies. CJP Chemicals (Johannesburg, South Africa)
provided EPO, while LabChem (Johannesburg, SA) supplied
the dichloromethane (DCM). Vertical Franz diffusion cells
(2 ml) were sourced from PermeGear (Hellertown, PA, USA).
Whatman® filter paper, Parafilm®, Dulbecco’s Modified
Eagle’s Medium (DMEM) with high glucose (HyClone), and
Dow Corning® high vacuum grease were procured from Sepa-
rations (Randburg, SA). L-glutamine (200 mM), Trypan blue
solution (0.4%), penicillin/streptomycin (pen/strep) (10,000
U/ml each), non-essential amino acids (NEAAs), and Trypsin-
Versene® (EDTA) were purchased from Whitehead Scientific
(Pty) Ltd. (Cape Town, South Africa). Fetal bovine serum
(FBS) was acquired from Thermo Fisher Scientific (Gibco™,
Johannesburg, South Africa).

Quantification of diclofenac

A Shimadzu® Nexera-i LC-2040C 3D Plus analytical instru-
ment consisting of a quaternary pump, a wavelength detector,
and an autosampler validated the analytical high-performance
liquid chromatography (HPLC) method. The HPLC was
operated with LabSolutions CDS software and fitted with a
Venusil® XBP Ci3(2), 2.1x150 mm; 5 pm; 100 A column
(Agela Technologies, Newark, DE). The isocratic system
utilized 50% of both mobile phases, which consisted of (A)
ultrapure water and 1.0% (v/v) formic acid and (B) chromatog-
raphy grade acetonitrile with 0.1% (v/v) formic acid. A flow
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rate of 1.0 ml/min was maintained throughout the analysis,
with wavelengths detected at 230 nm. The total run time was
set to 6.0 min, as diclofenac had a retention time of +5.4 min.
The limit of detection (LOD) and limit of quantification (LOQ)
of diclofenac were determined as 0.33 and 0.99 pg/ml, respec-
tively. Before each experiment, a linear regression curve was
obtained to quantify diclofenac.

Physicochemical properties of diclofenac
Solubility of diclofenacin PBS

Four test tubes were filled with 5 ml PBS (pH 7.4); three
had an oversaturation of diclofenac, and the remaining test
tube was a control (no API). The test tubes were left to stir
for 24 h in a Grant® JB series water bath (Grant Industries,
UK) fitted with a Variomag® magnetic stirring plate (Vari-
omag, USA) and preheated to ~ 32 °C (temperature on the
surface of human skin) [32]. Thereafter, the solutions were
centrifuged at 11,000 rpm for 15 min. A 0.45-um polyte-
trafluoroethylene (PTFE) filter was used to filter 1 ml of
the supernatant into HPLC vials, and each analysis was
done in duplicate.

Solubility of diclofenac in n-octanol

The solubility of diclofenac in n-octanol was determined
with the same method stated in “Solubility of diclofenac in
PBS”; however, the test tubes were filled with 5 ml n-octanol
instead of PBS (pH 7.4). The supernatant (1 ml) was diluted
with methanol (24 ml), filtered, and analyzed with HPLC.

Log D determination of diclofenac

Establishing the n-octanol solubility of diclofenac occurred
prior to the log D (octanol-water distribution coefficient)
determination thereof. The PBS (pH 7.4) and n-octanol were
co-saturated by transferring equal amounts into a separat-
ing funnel, which was left to equilibrate for 24 h, forming
two layers (bottom: PBS (pH 7.4) and top: n-octanol). After
separating the two layers, pre-saturated n-octanol (20 ml) was
used to dissolve the diclofenac (229 mg), in accordance with
the solubility determined in “Solubility of diclofenac in PBS
and n-octanol”. Three test tubes were filled with diclofenac/n-
octanol solution (3 ml) and pre-saturated PBS (3 ml) and
placed in a preheated (~32 °C) shaker water bath for 8 h,
whereafter the test tubes were removed and left to equilibrate
for 2 h. PBS (1 ml) from each test tube was extracted and
filtered into HPLC vials. The diclofenac/n-octanol solutions
(1 ml) were diluted with methanol (9 ml), filtered into HPLC
vials, and analyzed. Lastly, a logarithmic ratio of the concen-
tration of diclofenac detected in both the n-octanol and PBS
(pH 7.4) phases established the log D of diclofenac.
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Formulation of drug delivery vehicles

Different drug delivery vehicles containing diclofenac
were formulated for transdermal delivery investigation.
These drug delivery vehicles included NEs, NGs, and a
CS containing drug-loaded NPs. Different concentrations
of EPO were used during the formulation of the NEs and
the NGs to establish whether the EPO concentration had an
influence on drug delivery, which included an optimized
NE-containing diclofenac and 10% EPO (NE10), 15% EPO
(NE15), and 20% EPO (NE20). The placebos of NE10,
NEI1S5, and NE20 were NE10P, NE15P, and NE20P, respec-
tively. The three NGs included an optimized NG containing
diclofenac and 10% EPO (NG10), 15% EPO (NG15), and
20% EPO (NG?20). Table 1 lists the composition of each
drug delivery vehicle (CS (containing the NPs), NE10,
NE15, NE20, NG10, NG15, and NG20).

Formulation of NEs containing diclofenac

The NEs were formulated at different EPO concentrations of
10, 15, and 20% (w/w) with a method adapted from Mduduzi
et al. [33]. Diclofenac was added to EPO (oil phase) and
stirred on a magnetic hot plate at ~90°C until fully dis-
solved, after which Span® 60 was added. Tween® 80 was
added to ultrapure water (water phase) and stirred on a mag-
netic hot plate at~90°C. Once the surfactants had fully dis-
solved, the oil phase was added dropwise into the continu-
ously stirred water phase. This formed a coarse emulsion,
which was left to stir for an additional 5 min. Thereafter, the
coarse emulsion was placed in an ice bath and ultrasonicated
for 6 min to form the NE [33].

Formulation of NGs containing diclofenac

The formulas of the optimized NEs were used to formulate the
three NGs. The preparation of the oil phase was identical to that
of the NEs (see "Formulation of NEs containing diclofenac"
section). A concentration of 0.40% v/v of Carbopol® Ultrez 20
was added to the water phase after the dissolution of Tween® 80
in the ultrapure water. The water phase was sonicated for 1 min
to remove any entrapped air bubbles and clamped to an over-
head stirrer, and the oil phase was added in a dropwise man-
ner, while stirring the mixture for 15 min to produce a coarse
emulgel. The coarse emulgel was ultrasonicated for 3 min to
form a NG [33]. The pH of the NGs were adjusted with NaOH
(similar to the pH values of their respective NEs).

Formulation of a CS containing diclofenac-loaded NPs
An emulsion-solvent evaporation technique was used to syn-

thesize the diclofenac-loaded NPs and required an organic and
aqueous phase. The preparation of the aqueous phase involved
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Table 1 Composition of the
different drug delivery vehicles

Phase Excipients

Drug delivery vehicle (% w/v)

Oil Diclofenac
Evening primrose oil
Span® 60
Organic PCL
DCM
Solid
Aqueous  Ultrapure water
Tween® 80
Carbopol® Ultrez 20
PVA

PBS (pH 7.4)

Diclofenac-loaded NPs

NEIO NEI5 NE20 NGI0 NGI5 NG20 NPs CS
130 1.30 1.30  1.30 1.30 1.30  0.075*% -
10.00 15.00 20.00 10.00 15.00 20.00 - -
652 840 750 @ 6.52 840 750 - -
- - - - - - 0.025 -
- - - - - - 24.90 -
- - - - - - - 4.38%
80.00 7320 66.20 80.00 7320 66.20 74.625 -
217 210 5.00 217 210 5.00 - -
- - - 040 040 040 - -
- - - - - - 0.375 -
- - - - - - - 95.62

CS colloidal suspension, NE nano-emulsion, NG nano-emulgel, NP nanoparticle

*Instead of an oil phase, the NP has an organic phase, while the CS has a solid phase; diclofenac was

included in these phases

dissolving PVA in ultrapure water and agitating the mixture
on a magnetic hot plate at~60 °C. To produce the organic
phase, 0.075% w/v of diclofenac and 0.025% w/v of PCL were
dissolved in 24.90% v/v of DCM. While the aqueous phase
was sonicated, the organic phase was added dropwise with a
syringe. The solution was sonicated for 12 min to form a milky
solution. A rotary evaporator (Rotavapor® Biichi RIT) was used
to evaporate the DCM over a period of 20 min. Thereafter, the
dispersion was centrifuged at 11,000 rpm for 30 min, and the
supernatant was removed, leading to the formation of a pellet.
Ultrapure water was added to the remaining pellet and placed
in an ultrasonic bath for 15 min to re-disperse the pellet. Cryo-
protectant (10 mg/ml sucrose solution) was added in a 1:2 ratio
(protectant:ultrapure water), and the dispersion was placed in
a—80 °C freezer for 12 h, followed by freeze-drying for 72 h.
The NPs were placed in a desiccator for 72 h to remove excess
moisture, prior to their suspension in PBS (pH 7.4) and subse-
quent diclofenac quantification with HPLC [34, 35].

Characterization of the drug delivery vehicles

The visual appearance, pH, droplet/particle size, polydisper-
sity index (PDI), and the zeta-potential of all the drug deliv-
ery vehicles were investigated. Other characteristics were
exclusively determined on certain drug delivery vehicles,
such as viscosity (NEs and NGs) and morphology (NEs and
dry NPs). X-ray powder diffraction analysis (XRPD) was
conducted on the dry NPs.

Visual inspection
The formulated drug delivery vehicles underwent visual

inspection for possible signs of flocculation, sedimentation,
or aggregation.

pH

The pH measurements of the drug delivery vehicles were
performed in triplicate by inserting a Mettler Toledo®
InLab® 410 electrode into the drug delivery vehicle and
recording the pH values displayed. The Mettler Toledo® pH
meter (Mettler Toledo, CU) was calibrated beforehand at pH
values of 4, 7, and 10 [33].

Droplet/particle size and PDI

Droplet/particle size and PDI measurements were done by
means of a Malvern Zetasizer Nano ZS (Malvern Instru-
ments, Worcestershire, UK) at a temperature of ~25 °C.
Only a droplet of each NE and NG was transferred to a 100-
ml volumetric flask and made up to volume with ultrapure
water. The CS was ultrasonicated beforehand to disperse the
particles. Clear disposable polystyrene cuvettes were filled
with 2 ml of each dispersed solution and analyzed in tripli-
cate [33, 35].

Zeta-potential

The same method and equipment described in “Droplet/par-
ticle size and PDI”, were used to determine the zeta-potential
of the drug delivery vehicles in triplicate. However, 2 ml of
each of the dispersed solutions were transferred into clear
disposable capillary zeta-cells [33, 35].

Viscosity
The NEs and NGs were placed in a preheated water bath

(~25 °C) an hour before measuring their viscosity. A
Brookfield viscometer DV2T LV Ultra (Middleboro,
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Massachusetts, USA) fitted with a TB-92 and a TF-96 spin-
dle for the NEs and NGs, respectively, was used to meas-
ure the viscosity. Each preheated drug delivery vehicle was
placed on the sample stand, and the Rheocalc T1.2.19 soft-
ware was used to set the spindle rotation speed to 160 rpm
and 100 rpm for the NEs and NGs, respectively. Multipoint
data readings at 30-s intervals were performed over a period
of 3 min and expressed in centipoise (cP) [33].

Morphology

The NEs were investigated by means of a transmission
electron microscope (TEM) that utilized a FEI Tecnai G2
20S-Twin 200 kV HRTEM (Czech Republic, EU), equipped
with an Oxford INCA X-Sight EDS System. During sample
preparation, each NE (1 ml) was diluted with ultrapure water
(49 ml). A small volume of the dilution was transferred onto
a microscopic carbon-coated 300 mesh copper grid and left
to dry whereafter, it was stained with osmium tetroxide and
examined at+200 kV on the TEM. A Gatan bottom mount
camera captured the micrographs, which were used to inves-
tigate the structural form of the NEs [33].

The dry NPs were investigated by means of a scanning
electron microscope (SEM). The formulated dry NPs were
attached to a small carbon tape that was mounted to a metal
stub and coated with a gold—palladium film. Visualization of
the NPs was done using a FEI Quanta 200 FEG SEM, with a
10 kV-accelerated voltage. The X-Max 20 EDS system (FEI,
USA) captured the micrographs to investigate the surface
texture, smoothness, and shape of the NPs [35].

XRPD analysis

XRPD identified the crystalline molecules or amorphous
forms in the NPs and the compounds used during formula-
tion. A PANalytical Empyrean diffractometer (PANalytical,
Almelo, Netherlands) was used under the following meas-
urement conditions: target, Cu; voltage, 40 kV; current,
30 mA; divergent slit, 2.0 mm; anti-scatter slit, 0.6 mm;
detector slit, 0.2 mm; and monochromator scanning speed,
2°/min (step size, 0.025°; step time, 1.0 s). The samples
(diclofenac, PCL, PVA, sucrose, and the formulated NPs)
were spread evenly onto the zero-background sample holder
and analyzed.

Skin experiments

Membrane release, followed by in vitro skin diffusion and
tape stripping, was used to investigate the release, trans-
dermal, and topical drug delivery of the formulated drug
delivery vehicles, respectively each containing 1.3% (w/w)
diclofenac. Prior to each diffusion study, the drug delivery
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vehicle and its placebo were freshly formulated. PBS (pH
7.4) and the drug delivery vehicles were placed in separate
water baths, preheated to~37 °C (temperature of blood)
or ~ 32 °C (temperature of the skin’s surface), respectively,
to ensure close replication of in vivo conditions. A total
of 12 vertical Franz cells, each consisting of a donor and
receptor chamber, were used: 10 cells for the drug delivery
vehicles and two cells for the placebos.

Membrane release

A magnetic stirring rod was placed in the receptor com-
partment, while the donor and receptor compartments of
the Franz cells were divided with polyvinylidene fluoride
(PVDF; 0.45 pm) membranes. Vacuum grease was applied
to the Franz cells, before being assembled and fastened
with a horseshoe clamp to prevent any leakage. The recep-
tor compartment was filled with 2 ml of PBS (pH 7.4),
while ensuring no air bubbles formed. The Franz cells
were placed in a preheated water bath (~ 37 °C) fitted with
a magnetic stirring plate (Variomag, USA). The donor
compartments received 1 ml of the respective drug deliv-
ery vehicle and were covered with a piece of Parafilm® to
prevent moisture evaporation. Extraction and refilling of
the receptor compartments with PBS (pH 7.4) occurred
at hourly intervals for 6 h, followed by HPLC analysis of
each extracted sample [33].

Skin preparation

Female Caucasian skin obtained after abdominoplasty was
used during the skin studies. Skin donors gave informed
consent before the skin was attained. Ethical approval
from the North-West University Health Research Ethics
Committee (NWU-HREC) was granted (ethics no.: NWU-
00111-17-A1-10) prior to commencing with experiments.
The skin was inspected for any abnormalities that could
affect the results of this study. Dermatomed skin (400 pm
in width) was attained using a Zimmer™ electric dermat-
ome (Zimmer 201 TDS, UK), placed on Whatman® filter
paper, wrapped in aluminum foil, and stored at —20 °C.
The skin was thawed on requirement, cut into circular
pieces, and used during the skin diffusion studies [33].

In vitro skin diffusion

The Franz cells were prepared as explained in “Membrane
release” except for the use of dermatomed skin (with the
stratum corneum facing toward the donor phase) instead
of membranes. After a pilot study was conducted, it was



Drug Delivery and Translational Research (2023) 13:1372-1389

1377

observed that no diclofenac was detected in the first 20 min
(0.33 h) after the extraction; hence, the extraction and refill-
ing of the receptor phase occurred every 20 min, starting at
0.67 h up to 2 h, followed by two hourly intervals up until
12 h. Analysis occurred after transferring the extracted sam-
ples into HPLC vials [33].

Tape stripping

Tape stripping determined the amount of API that remained
within the stratum corneum-epidermis (SCE) and epidermis-
dermis (ED) after each skin diffusion study. The skin was
dabbed with a paper towel to remove any remaining drug
delivery vehicle. A strip of 3 M Scotch® Magic™ tape was
cut into 12 pieces (+2 cm). Each tape was pressed onto the
diffused area of the skin and immediately removed. After
discarding the first piece to avoid possible contamination,
the remaining 11 pieces of tape containing the API and SCE
went into a polytop-containing methanol (5 ml). After cut-
ting the diffusion area of the residual skin sample (ED) into
small pieces, it was placed in a separate polytop filled with
methanol (5 ml); this was repeated for all 12 Franz cells,
whereafter the polytops were stored in a refrigerator at~4 °C
for + 8 h. Subsequently, the samples were filtered into HPLC
vials and analyzed [33].

Data analysis for skin experiments

Samples from the membrane release, in vitro skin diffu-
sion, and tape stripping studies were analyzed by HPLC
after a linear regression curve was obtained to quantify the
diclofenac concentration in the samples. For the membrane
release and in vitro skin diffusion studies, the cumulative
amount of diclofenac per area released and diffused (pg/
cm?), respectively were plotted against time (h), and the
slope of the linear regression curve represented the flux
(pg/cm? h). The average and median flux values were deter-
mined for both the membrane release and in vitro skin dif-
fusion studies. During the membrane release studies, the
steady-state flux for each drug delivery vehicle was from 3
to 6 h. Furthermore, during the in vitro skin diffusion stud-
ies, it was observed that there was a consistent flow at two
varying time intervals; consequently, two steady-state fluxes
were obtained for each drug delivery vehicle, namely flux
1 from 0.67 to 2.00 h and flux 2 from 6.00 to 12.00 h. The
average % released from the drug delivery vehicles was also
determined [33].

For the analysis of the topical data (tape stripping), the
average and median concentration (pg/ml) of diclofenac that
permeated the SCE and the ED from the drug delivery vehi-
cles were determined [33].

Cytotoxicity experiments
Cell-culturing conditions

The HaCaT cells were donated by Prof. Joana Miranda from
the Department of Toxicological and Bromatological Sci-
ences, Faculty of Pharmacy, University of Lisbon, Portugal.
DMEM enhanced with 1% pen/strep (10,000 U/ml each),
1% NEAAs, 2 mM L-glutamine, and 10% FBS was used
for the culturing and maintenance of the HaCaT cells. An
ESCO CelCulture CO, incubator (Esco Technologies, Inc.,
USA) at~37 °C, 5% CO,, and 95% humidity was used for
the incubation of the cells. Every 48 h, the cells were visu-
ally inspected under an inverted light microscope for con-
fluency estimation and unwanted contamination, whereafter
the culture medium was replaced. Sub-culturing occurred
at~80-90% confluency by measuring the concentration of
viable cells in the cell suspension with trypsinization (EDTA
and a 0.4% Trypan blue exclusion method) [36]. A seed-
ing solution with a concentration of 75,000 cells/ml was
prepared, of which 200 ul was transferred into each well of
a 96-well plate to obtain a density of 15,000 cells/well, as
required for the cytotoxicity assays. The seeded well plates
were incubated for 24 h to allow cell recovery before initiat-
ing treatment.

Once the cells were recovered, they were exposed
to the various treatment solutions for 12 h. The treat-
ment concentrations were as follows: diclofenac solution
(6.25-125.00 pg/ml), NE10 (6.50-130.00 pg/ml), NE10P
(6.50-130.00 pg/ml), and NPs (1.25-25.00 pg/ml). Cyto-
toxicity studies were only performed on the NE with the
highest diffusion results, the placebo thereof, and the NPs.
The NE and its placebo were dissolved in methanol, fol-
lowed by culture medium to obtain the desired treatment
concentrations and to ensure that the methanol concentration
that the cells were exposed to never exceeded 5%. The NPs
were firstly diluted in phosphate-buffered saline and then in
culture medium.

MTT assay

The MTT assay was done according to the method pub-
lished by Fouché et al. [37]. After 12 h exposure, the treat-
ment was extracted, the cells was washed in duplicate with
100 ul phosphate-buffered saline, and 200 ul of MTT solu-
tion (0.5 mg/ml in non-supplemented DMEM) was added
to each well. The plate was covered with aluminum foil
and incubated for 4 h at~37 °C, 5% CO,, and 95% humid-
ity. Thereafter, the MTT solution was removed, and 200 ul
DMSO was added to each well. The plate was placed on
an orbital shaker for 1 h, followed by the measurement
of absorbance at 560 and 630 nm with a SpectraMax®
Paradigm® multi-mode microplate reader (Molecular
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Devices, CA, USA). Additionally, the three control groups
were included on the well plates: an untreated group (cells
left untreated), a DMSO blank, and a dead cell group
(10-15 min treatment of cells with phosphate-buffered
saline containing 0.2% Triton™ X-100).

NR assay

The method published by Wentzel et al. [38] was modified
for the purpose of the NR assay. Extraction and rinsing
of the cells were done as stated in “MTT assay” whereaf-
ter 200 ul of NR solution (0.033% in non-supplemented
DMEM, filtered through a 0.45 pum syringe filter) was
added to each well. The plates were wrapped in aluminum
foil and incubated for 2 h at~37 °C, 5% CO,, and 95%
humidity, followed by the addition and immediate extrac-
tion of 100 pl of fixative (1% calcium chloride in 0.5%
formaldehyde). Lastly, 150 ul NR-solubilization solution
(1% acetic acid in 50% ethanol) was added and left on the
orbital shaker for 10 min after covering the plate. Using
the same microplate reader as for the MTT assay, the
absorbance was measured at 540 and 690 nm. A solubili-
zation blank was added instead of the DMSO group, while
the other control groups remained the same.

Calculation of the IC;, values

The in vitro cytotoxicity results were used to calculate
the half-maximum inhibitory concentration (/Cs, value)
of each treatment group. The assays were performed in
two independent experiments, and each plate contained
three wells with the same treatment concentration (hence,
investigated six times per treatment group). The following
equation was utilized to calculate the %cell viability [37]:

(A Sample — A blank)

%Cell viability =
of-ell viabriity (A Untreated control — A blank)

% 100
6]

where A represents the difference between measured
absorbance values with the MTT (560-630 nm) or NR
(540-690 nm) assays. The calculated %cell viability was
subtracted from 100% to determine the %cell inhibition. The
calculation of the ICs, value (x-value) was done by means of
a linear regression curve, where (y) represents the cell viabil-
ity, (m) the slope of the curve, and (c) the y-intercept [39].

Statistical data analysis
Interferential statistical data analysis was conducted by

using STATISTICA® 13.3 (StatSoft, TIBCO® Software
Inc., USA) software.
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One-way analysis of variance (ANOVA) was done on
the diffusion data, whereas two-way ANOVA was per-
formed on the tape stripping data. The data violated the
assumptions of ANOVA, and consequently, log trans-
formations were required as remedial [40]. An ANOVA
omnibus F-test, followed by a Bonferroni adjustment, was
done for multiple comparisons between the different drug
delivery vehicles. A p-value of < 0.05 was considered sta-
tistically significant [41].

Results and discussion
Physicochemical properties of diclofenac
Solubility of diclofenac in PBS and n-octanol

An API is required to have an aqueous solubility above
1 mg/ml for transdermal drug delivery [14]; however, the
experimentally calculated solubility of diclofenac in PBS
(pH 7.4) was 0.913 +2.044 mg/ml. Although the solubility
in PBS (pH 7.4) is close to the required value, diclofenac
might have difficulty diffusing through the skin due to
its low aqueous solubility. The solubility of diclofenac in
n-octanol was determined as 11.451 +0.412 mg/ml, which
may indicate that diclofenac might prefer to stay in the
lipophilic SCE. Despite all this, PBS (pH 7.4) should suf-
fice as receptor medium during the membrane release and
skin diffusion studies, as it is recommended that lipophilic
compounds, such as diclofenac, must partition freely into
the receptor phase during diffusion studies [42]. Therefore,
no other excipients or solubilizers were included with PBS
(pH 7.4) in the receptor fluid of the Franz diffusion cells.

Log D of diclofenac

A log D higher than —1 indicates a lipophilic nature, con-
trary to a hydrophilic nature indicated by a log D lower
than —1 [40, 43]. An API should possess both lipophilic
and hydrophilic characteristics with a log D between 1
and 3 to ideally permeate through the skin [9]. The log
D of diclofenac was calculated as 1.365 +0.003, indicat-
ing that diclofenac is a more lipophilic in nature (higher
than —1), and it might be ideal for transdermal diffusion
(log D between 1 and 3) [11, 40, 43].

Characterization of the drug delivery systems
Table 2 summarizes the characterization results of the

drug delivery vehicles. Figure 1 displays the visual appear-
ance of the formulations, Fig. 2 displays the TEM and
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Table 2 Characterization results obtained for each drug delivery vehicle

Drug delivery pH Droplet/particle size (nm) PDI Zeta-potential (mV) Viscosity (cP)
vehicle

NE10 5.925+0.048 108.40+3.020 0.246+0.042 -359+2.85 31.17+0.19
NE15 6.145+0.003 88.61+1.750 0.247+0.019 -33.3+0.55 38.63+0.20
NE20 5.518£0.008 85.07+1.102 0.175+0.029 —36.6+2.68 37.69+0.26
NG10 5.940+£0.040 113.40+2.130 0.261+£0.035 —41.1+3.72 7,650.00 +115.67
NG15 6.054 +0.009 93.20+0.967 0.420+0.028 -53.1+£0.90 5,750.80+211.30
NG20 5.671+£0.020 93.21+1.847 0.472+0.087 -31.7+1.55 3,950.80+19.46
CS 7.048+0.010 225.10+£1.200 0.318+0.067 =73+0.42 -

CS colloidal suspension, NE nano-emulsion, NG nano-emulgel

SEM micrographs for the NEs and NPs, and Fig. 3 dis-
plays the XRPD results.

Each drug delivery vehicle underwent visual inspection
after formulation (Fig. 1). The NEs had a white, milky
liquid with no signs of aggregation, sedimentation, or any
oil droplets. The NGs visibly portrayed a higher viscosity
with a smooth, gel-like appearance and no signs of floc-
culation, sedimentation, or aggregation of droplets. The
CS had a slightly white watery appearance and showed
signs of sedimentation after + 1 h (which may be due to
oversaturation).

Transdermal drug delivery vehicles are required to have
a pH value between 3 and 9 to prevent skin irritation [44];
hence, all the drug delivery vehicles displayed pH val-
ues between 5.518 and 7.048, which were well within the
required range. It is however known that an API in its union-
ized form will permeate the lipid stratum corneum more

Fig. 1 Visual inspection of a
CS, b NEIO, ¢ NE15, d NE20, e
NG10, f NG15, and g NG20

efficiently than its ionized form [45], and therefore, a lower
pH value would result in a higher %unionized drug due to
the pKa of diclofenac being 4.15 [46], which may lead to
increased skin permeation [45], since the %unionized range
is 93.3886-0.0014% for pH range of 3-9.

Nanometric droplets intended for transdermal delivery
should ideally possess a droplet size < 500 nm [20, 47], which
was achieved for all drug delivery vehicles. Generally, an
increase in oil phase leads to an increase in droplet size [48];
nevertheless, during this study, the opposite was observed for
both the NEs and NGs, where the 10% drug delivery vehi-
cles (NE10 and NG10) displayed larger droplet sizes than the
20% drug delivery vehicles (NE20 and NG20). The afore-
mentioned may be due to the inclusion of more surfactants
(Span® 60 and Tween® 80) in the drug delivery vehicles con-
taining more oil; hence, Hanafy et al. [49] reported that an
increase in Tween® 80 concentration can result in a decrease

g) NG20
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Fig.2 TEM micrographs of the
oil droplets within a NE10P, b
NEI15P, and ¢ NE20P, together
with SEM micrographs of the
diclofenac-loaded NPs (d, e, and f)

in droplet size. It was also noticeable that the NGs in com-
parison to the NEs counterparts had slightly higher droplet
sizes, which may be due to the inclusion of Carbopol® Ultrez
20 (gelling agent). Eid et al. [50] explained that addition of
Carbopol® Ultrez 20 causes the viscosity of a formulation to
increase, due to a higher degree of cross-linking, which suc-
cessively results in a larger droplet size. From the HRTEM
micrographs (Fig. 2a—c), it is clear that the oil droplets were
spherically shaped and that the oil phase was successfully
dispersed to form nano-metric droplets between 50 and
200 nm [51]; although, Uchechi et al. [47] found that droplet
sizes below 500 nm were still acceptable. Figure 2a—c also
demonstrates that the data obtained with Malvern Zetasizer
Nano ZS for the NEs containing diclofenac (NE10, NE15,

and NE20) did not differ much when compared to its placebo
counterpart (NE10P, NE15P, and NE20P).

A monodispersed or a formulation that is homogenous
will present with a PDI value closer to 0, whereas a poly-
dispersed or a formulation that is heterogenous will have a
PDI value closer to 1 [52]. Hence, the PDI values of the drug
delivery vehicles were closer to 0, indicating a monodis-
persed sample, which may result in increased stability [53].

A zeta-potential value ranging above +30 mV or
below —30 mV is necessary for increased stability [54];
hence, as observed in Table 2, all the drug delivery vehi-
cles will have enhanced stability except for the CS, which
showed a zeta-potential value closer to O (this corresponds
with the sedimentation observed during visual inspection).

Fig.3 XRPD overlay for a
diclofenac, b PCL, ¢ PVA, d
sucrose, and e formulated NPs
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A gelling agent (Carbopol® Ultrez 20) was added to
increase the viscosity of the NEs [54], which was success-
fully achieved when investigating the viscosity results of
the NGs in Table 2; low viscosity could cause organolep-
tic problems during topical/transdermal application. An
increase in the EPO concentration also resulted in a viscos-
ity increase for the NEs when looking at NE10 vs NE15 and
NE20 (Table 2), since water is less viscous than EPO.

Figure 2d—f depicts SEM micrographs obtained, at differ-
ent magnifications, for the synthesized, dried NPs. The SEM
micrographs showed a lack of crystallinity and a fused parti-
cle morphology. From this visual observation, the crystalline
habit of both sucrose and diclofenac could not be identified,
and the fused morphology suggested that the NPs existed in
the amorphous state.

From the diffraction patterns obtained for the individ-
ual compounds, it was possible to identify distinguishing
diffraction peaks. For PCL, two distinguishing diffraction
peaks at 21.85 and 24.17, PVA at 19.67, and sucrose at
25.55°20 were identified. Although not as intense, these
diffraction peaks were subsequently also identified in the
diffraction pattern obtained for the NPs. With regard to
the diffraction pattern of diclofenac, it was concluded to
be a highly crystalline compound exhibiting several strong,
unique diffraction peaks with the most significant diffraction
peaks at 19.21, 23.81, 24.66, 24.74, and 28.83°20. These dif-
fraction peaks were not unequivocally identifiable in the NP
sample, but this may be explained by the fact that the NPs
are nano-sized particles consisting of all the individual com-
pounds (Fig. 3). It was therefore not possible to conclude on
the presence of diclofenac in the NPs using PXRD analysis,
but what could be confirmed was the overall lack of crystal-
linity of the NPs, which correlates with the SEM results.

Diffusion experiments

Only the median values (center values of distributed data)
are discussed during this study since they present a more
accurate description of the data, which are unaffected by
outliers [55].

Membrane release

Table 3 and Fig. 4 illustrate the results from the membrane
release studies.

As observed from Fig. 4, it is evident that NG15 had the
lowest median flux, followed by NG20, NG10, NE15, NE20,
CS, and lastly NE10 (highest median flux). It is noticeable
that the NGs displayed lower median flux values when com-
pared to that of the NEs. When the viscosity (see Table 2)
of the NEs and NGs are compared, it is evident that the
NGs presented with increased viscosity values, which is due
to the inclusion of Carbopol® Ultrez 20 (polymer/gelling
agent) in the NGs. Bolla et al. [56] found that an increase in
viscosity may negatively affect API release, consequently
causing lower median flux values. It is also believed that
NGs may display controlled release of an API, due to its
adhesive properties from the inclusion of a polymer, which
may subsequently cause a slow, prolonged release rate
that may contribute to lower median flux [57, 58]. While
all the NEs demonstrated higher median flux values than
their NGs counterparts, it should be remarked that the CS
had the second highest median flux value when all the dif-
ferent drug delivery vehicles were compared with each
other. When the median flux values of the different %EPO
drug delivery vehicles (10, 15, and 20%) are compared, it
is detected for both the NEs and NGs that the 10% EPO
drug delivery vehicles (NE10 and NG10) had the highest
median flux values, followed by the 20% EPO drug deliv-
ery vehicles (NE20 and NG20), and lastly, the 15% EPO
drug delivery vehicles (NE15 and NG15). It is uncertain
why a trend was not observed with regard to median flux
and the %EPO in the drug delivery vehicle. Nevertheless,
from the aforementioned, it was evident that the purpose
of the membrane release studies was achieved, since all the
drug delivery vehicles successfully released diclofenac from
each respective drug delivery vehicle over the 6 h period;
therefore, in vitro skin diffusion studies could be performed.

One-way ANOVA indicated a statistically significant dif-
ference in the flux values between the groups. Consequently,
the Bonferroni post-hoc test investigated the differences

Table 3 Average and median

; Drug delivery n Average released (%) Average flux (ug/cm2 h) Median flux

flux values obtained frgm vehicle (pg/cmz h)

membrane release studies

(n=number of Franz cells) cs 11 6.509 +1.082 258.680+40.616 256.089
NE10 10 11.494 +1.139 366.970 +£46.059 384.670
NEI15 10 5.023+0.510 171.410+12.927 176.611
NE20 9 5.787+0.701 229.180+41.112 239.087
NGI10 10 3.030+0.607 107.390+20.202 111.560
NGI15 10 2.228+0.079 61.974+3.344 62.313
NG20 10 2.984+0.428 107.610+£13.016 110.005

CS colloidal suspension, NE nano-emulsion, NG nano-emulgel
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Fig.4 a Average cumulative
amount of diclofenac released
per area (ug/cm?) over a period
of 6 h and b boxplot show-

ing the median and average
flux (ug/cm? h) of diclofenac
released during the membrane
release studies with all the drug
delivery vehicles

between each of the drug delivery vehicles and showed sta-

a)
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tistically significant differences (p <0.001) for all the pair-

wise comparisons, except for NG10 and NG20 (p =1.000),
together with CS and NE20 (p =0.633), which showed no

statistically significant difference.

Table 4 Average and median
values of flux 1 and flux 2
obtained from skin diffusion
studies (n=number of Franz
cells)

@ Springer

In vitro skin diffusion

Table 4 and Fig. 5 illustrate the data obtained from the skin
diffusion studies, which presented two median flux values

with flux 1 from 0.67 to 2 h and flux 2 between 6 and 12 h.

Drug delivery n

Average flux 1 (pg/

Average flux 2 (pg/cm? h)

Median flux 1 Median flux

vehicle cm?® h) (pg/cm2 h) 2 (pg/cm2 h)
CS 10 0.3822+0.236 2.2308+0.272 0.310 2.273
NE10 8 6.9035+2.405 5.2006 +0.902 5.663 4.831
NE15 10 0.3884+0.093 1.3756 +0.209 0.372 1.355
NE20 10 0.4505+0.101 1.0768 +£0.136 0.442 1.058
NG10 10 2.9430+1.340 4.3370+0.742 2.334 4.307
NG15 7 0.0832+0.022 0.7128 +£0.053 0.085 0.729
NG20 10 0.4425+0.128 0.9588 +0.098 0.428 0.932

CS colloidal suspension, NE nano-emulsion, NG nano-emulgel
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Fig.5 a Average cumulative amount of diclofenac diffused per area
(pg/cmz) over a period of 12 h and b—e boxplots showing the median
and average flux (ug/cm? h) of diclofenac, where b is flux 1 (ug/cm?
h) at 0.67-2 h, and c is an extraction of b flux 1, while d is flux 2

The results indicated that NE10 obtained the highest
median flux 1 followed by NG10, NE20, NG20, NE15, CS,
and lastly, NG15. A similar trend was observed for median
flux 2, except for CS and NE15, which showed improved
transdermal diffusion after 2 h.

For both median flux 1 and median flux 2, the NEs
obtained enhanced skin diffusion when compared to their NG
counterparts. The inclusion of a gelling agent when formulat-
ing NGs increases viscosity, and though very controversial,
it may appear that the increase in viscosity may have slightly
decreased skin diffusion when the NEs are compared to the
NG counterparts; however, the inclusion of a polymer/gelling
agent (such as Carbopol® Ultrez 20) may result in a film-
forming effect that allows for a slow and constant controlled
permeation of the API through the skin [57, 58], which may
cause a lower median flux (rate of diffusion) than its NE
counterpart during the first 12 h of diffusion.

Drug delivery vehicle

(ug/cm?® h) at 6-12 h, and e is an extraction of d flux 2 that diffused
during the in vitro skin diffusion studies with all the drug delivery
vehicles

A trend is observed when the different %EPO vehicles
(10, 15, and 20%) are compared, since the 10% EPO vehi-
cles (NE10 and NG10) achieved the highest median flux,
followed by the 20% EPO vehicles (NE20 and NG20), and
lastly, the 15% EPO vehicles (NE15 and NG15), except for
NE15, which presented with a higher median flux than the
20% EPO vehicles at flux 2 (between 2.00 and 12.00 h).
According to literature, formulations with lower oil con-
centrations (i.e., NE10 and NG10) have improved skin
permeation [54, 59], while formulations with increased
surfactant and high oil concentrations (like NE15, NG15,
NE20, and NG20 in comparison to NE10 and NG10) may
result in decreased transdermal delivery due to irritation
caused by the surfactants [60]. Surfactants also influ-
ence skin permeation in a concentration-dependent man-
ner, where low surfactant concentrations increase skin
permeability, and the opposite is true for high surfactant
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concentrations [61]. Hence, it is observed that this is not
true when the 15% EPO vehicles (NE15 and NG15) and
20% EPO vehicles (NE20 and NG20) are compared, except
if the amount of Span® 60 (more than the total amount of
surfactants or the amount of Tween® 80) included during
formulation had a greater influence on skin permeation. If
low oil and low surfactant concentrations are not taken into
account and formulations with higher oil and higher sur-
factant concentrations are compared, there is a possibility
that pH may have an influence on drug delivery, since (in
the case of diclofenac) a lower pH (see Table 2) will result
in a higher %unionized drug, leading to improved skin per-
meation [45]. Therefore, in this study, it seems that the
film-forming effect has an influence on median flux (skin
diffusion) when the NEs and NGs are compared, while the
oil and surfactant concentrations in the drug delivery vehi-
cles had a greater influence than the pH when the %EPO
vehicles are compared.

Focusing on the CS, it should however be noted that the
CS contained no penetration enhancers, gelling agents,
or stabilizers, yet still successfully delivered diclofenac
through the skin. The CS initially had a low median flux
1 (0.67-2 h), which improved after 2 h (flux 2), indicat-
ing the slow and controlled release of diclofenac, com-
monly found in NPs [62, 63]. The NPs are reportedly
transported through the hair follicles [64], where it accu-
mulates within the lower region of the infundibulum [65]
and causes a depot effect [66, 67], which may explain the
observed increase in median flux from flux 1 to flux 2.
Since diclofenac is readily available from the saturated
infundibulum, the hair follicle can deliver it into the sys-
temic circulation (due to the middle vascular plexus sur-
rounding the hair follicles), which will lead to increased
API delivery [68, 69]. The low-median flux 1 value can
thus possibly be due to the ongoing accumulation of the
NPs that have not yet saturated the hair follicle.

The one-way ANOVA performed on the groups of the
two fluxes indicated the differences were statistically sig-
nificant (p <0.001 for flux 1 and flux 2). The Bonferroni

post-hoc test was for multiple comparisons of the different
groups and indicated statistically significant differences
at both the flux 1 and flux 2 groups, except for the fol-
lowing groups, which showed no statistically significant
differences at flux 1: CS and NG20 (p =1.000), CS and
NE20 (p =1.000), CS and NE15 (p =1.000), NE15 and
NG20 (p=1.000), NE15 and NE20 (p =1.000), together
with NE20 and NG20 (p =1.000) and at flux 2: NE10
and NG10 (p =0.140), together with NE20 and NG20
(p=0.891).

Tape stripping

Table 5 displays the concentrations of diclofenac obtained
within the SCE and ED from the different drug delivery
vehicles.

The CS had the highest median concentration of
diclofenac in the SCE, followed by NE10, NG10, NE20,
NE15, NG15, and lastly, NG20, while a similar trend was
observed for the ED, except for NG15 and NG20.

The CS had the highest concentration within the SCE
and ED indicating that a large concentration of diclofenac
resided in the skin (topically). Apart from following the
transfollicular route [64], the hydration of the skin during
skin diffusion studies [70] could have allowed the CS (which
is more hydrophilic in nature in comparison to the other drug
delivery vehicles containing an oil phase) to accumulate in
the skin once the hair follicles became oversaturated, and
the NPs had to seek alternative pathways for the permeation.

The NEs showed higher API concentrations within the
skin than their NG counterparts, which may be ascribed to
the larger droplet sizes of the NGs that decrease permea-
tion into the stratum corneum. The inclusion of a gelling
agent (which may have a film-forming effect) during the
formulation of the NG can further decrease permeation due
to a slower release of the API caused by a more structured
packing of the oil droplets in the NGs in comparison to the
NEs [54, 57, 58].

Table 5 Tape stripping data
of the different drug delivery

Drug delivery Average concentration Median concentration Average concentration Median concentration

. vehicle in SCE (pg/ml) in SCE (pg/ml) in ED (pg/ml) in ED (pg/ml)
vehicles
CS 50.434 +17.244 45.641 29.231+13.275 28.072
NE10 3.275+1.233 3.103 8.837+£8.536 5.663
NEI15 1.479+0.315 1.481 1.463+0.181 1.474
NE20 1.913+1.025 1.695 2.013+0.562 1.821
NG10 2.916+0.709 2.798 5.450+3.750 4.855
NG15 1.098 +£0.163 1.079 1.039+0.486 0.903
NG20 0.443+£0.267 0.373 1.201+0.609 0.961

CS colloidal suspension, ED epidermis-dermis, NE nano-emulsion, NG nano-emulgel, SCE stratum corneum-

epidermis
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The 10% EPO drug delivery vehicles also showed
increased skin (topical) permeation when compared to those
with higher %EPO. It should be noted that the 15 and 20%
EPO drug delivery vehicles consist of a smaller water phase
due to their larger concentration of EPO. Hence, the drug
delivery vehicles with lower viscosity and lower oil concen-
trations demonstrated improved skin permeation [54, 59, 71].

It is clearly observed that the API permeated the hydro-
philic ED and did not remain in the SCE indicating that
the lipid matrix barrier of the SCE was successfully over-
come. Furthermore, the increased API concentration within
the SCE observed for the 10% EPO drug delivery vehicles
could have increased API concentrations within the ED, due
to the concentration gradient acting as a driving force [72].
Of note, the lipophilic nature of diclofenac contributes to the
permeation of the API into the lipophilic SCE [73].

There were two variables considered during the statisti-
cal analysis of the tape stripping data, which included the
drug delivery vehicles and the tape stripping data (SCE and
ED). The F-test showed statistically significant differences
for the drug delivery vehicles (p <0.001) and the tape strip-
ping data (p =0.002). The F-test p-value for the interaction
effect between the two variables also proved statistically sig-
nificant (p <0.001). The p-values between the drug delivery
vehicles were determined and indicated no statistically sig-
nificant difference between the following groups within the
SCE: NE10 and NG10, NE10 and NE20, NE15 and NG15,
NE15 and NE20, NE20 and NG15, together with NE20
and NG10, or within the ED: NE20 and NE15, NG10 and
NE10, NG15 and NE15, NG20 and NG15, NG20 and NE20,
together with NG20 and NE15. A comparison between the
concentrations in the SCE and the ED within each delivery

vehicle showed no statistically significant difference for
NE15, NE20, and NG15. All the other pairwise compari-
sons proved to have statistically significant differences [74].

Cytotoxicity

Figure 6a and b shows the regression curve for the diclofenac
solution, NE10, and NE10P, while Fig. 6¢ and d depicts the
regression curve obtained for the NPs from the cytotoxicity stud-
ies. Table 6 lists the IC5, values obtained from MTT and NR
assays of the diclofenac solution, NE10, NE10P, and the NPs.

The IC values of the MTT assays indicated that the NPs
had the most cytotoxic effect, as a lower concentration is
required to inhibit the growth of 50% of the cells; contra-
rily, diclofenac (solution) requires a higher concentration to
inhibit 50% of the cells and is therefore less cytotoxic. The
ICs values of the NR assay indicated that NE10 had the
highest cytotoxic effects and diclofenac (solution) the lowest.

The level of cytotoxicity can be indicated by the %cell
viability, where strong cytotoxic effects are observed with
a cell viability below 40%, moderate cytotoxicity between
40 and 60%, weak cytotoxicity between 60 and 80%, and
no cytotoxicity above 80% [75]. During the MTT assay,
the diclofenac solution and NE10P only showed moderate
cytotoxicity at the highest treatment concentrations, whereas
NE10 showed strong cytotoxic effects. These concentrations
were, however, above the concentrations detected during the
in vitro skin diffusion studies.

NE10 and NEI1OP displayed strong cytotoxic effects at
high treatment concentrations during the NR assay. There
was weak cytotoxicity observed at the high treatment con-
centrations of the diclofenac solution.

Fig.6 %Cell viability of the a) b)
HaCaT cells after a 12-h expo- 140 4 140 1
sure period with the different $120 A 120 + @é\ﬁ\
conce.:ntrations of the diclofenac 2100 100 §é\o > N N —O— Diclofenac
solution, NE10, and NE]OB ;..E 80 - 80 {F\ NE10
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Table 6 ICy, values for the various treatment groups obtained by
using the MTT and NR assays

Treatment group ICs value (ug/ml)

MTT assay NR assay
Diclofenac 114.917 174.790
NEI0 78.801 72.297
NEI1OP 97.845 75.331
NPs 43.200 Inconclusive

MTT methyl thiazolyl tetrazolium, NE nano-emulsion, NP nanoparti-
cle, NR neutral red

The conclusion is that the treatment groups showed
minimum cytotoxic effects at the treatment concentra-
tions equivalent to those that permeated through the skin
during diffusion studies. The increased cytotoxicity of the
NE10 and NE10P, compared to the diclofenac solution,
may be due to the inclusion of other excipients within
the drug delivery vehicles (such as EPO, Tween® 80, and
Span® 60). These excipients may lead to increased cyto-
toxicity by hindering the gas diffusion of cells [60]. Place
et al. [76] have shown that cells experience restricted gas
exchange in a thick medium, of which nano-emulsions
have this characteristic.

Conclusion

All the drug delivery vehicles successfully permeated the
skin to deliver diclofenac systemically at concentrations
proven to be non-cytotoxic.

Overall, the CS had the highest concentrations in the
SCE and ED, the second-highest API release, and the
third-highest median flux 2 value despite having a low
significant median flux 1. The accumulation of NPs in the
hair follicle over time may have produced a depot effect,
which allowed for a more regulated release of diclofenac.
This depot effect may have contributed to the enhanced
delivery of diclofenac over time. Furthermore, the NEs
outperformed the NGs during the release, topical, and
transdermal delivery of diclofenac. When NEs are com-
pared to gel-like formulations, research shows that the NEs
exhibit enhanced diffusion with steady-state fluxes. This
might be due to the addition of a gelling agent in NGs that
produces a film-forming effect which slows the release
of the API. The 10% EPO drug delivery vehicles (NE10
and NG10) were found to be superior in all cases in com-
parison to the other EPO drug delivery vehicles. The 20%
EPO drug delivery vehicles (NE20 and NG20) showed
improved results compared to the 15% EPO drug delivery
vehicles (apart from the NG20 in the SCE and NE15 dur-
ing the median flux 2 results).

@ Springer

It could be concluded from the topical and transdermal
results that the type of drug delivery vehicle and the %EPO
incorporated into the drug delivery vehicles can have a defi-
nite effect on the skin permeation and diffusion of diclofenac.

For future, researchers could consider adding a gel-
ling agent to the CS to produce a hydrogel. Furthermore,
diclofenac salts with increased solubility can be used and
compared to diclofenac acid (2-[2-(2,6-dichloroanilino) phe-
nyl] acetic acid).
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