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Abstract
Thymoquinone (TQ) is a phytochemical compound present in Nigella sativa and has potential benefits for treating derma-
tological conditions such as psoriasis. However, its clinical use is limited due to its restricted bioavailability, caused mainly 
by its low solubility and permeability. To overcome this, a new transdermal drug delivery system is required. Nanoparticles 
are known to enhance material solubility and permeability, and hence, this study aimed to synthesize TQ-loaded L-arginine-
based polyamide (TQ/Arg PA) nanocapsules incorporated into transdermal patches for prolonged delivery of TQ. To achieve 
this, Eudragit E polymer, plasticizers, and aloe vera as penetration enhancer were used to develop the transdermal patch. 
Furthermore, novel TQ/Arg-PA was synthesized via interfacial polymerization, and the resultant nanocapsules (NCs) were 
incorporated into the matrix transdermal patch. The Arg-PA NCs’ structure was confirmed via NMR and FTIR, and optimal 
TQ/Arg-PA NCs containing formulation showed high entrapment efficiency of TQ (99.60%). Molecular and thermal profiling 
of TQ/Arg-PA and the transdermal patch revealed the effective development of spherical NCs with an average particle size of 
129.23 ± 18.22 nm. Using Franz diffusion cells and synthetic membrane (STRAT M®), the in vitro permeation profile of the 
prepared patches demonstrated an extended release of TQ over 24 h, with enhanced permeation by 42.64% when aloe vera 
was employed. In conclusion, the produced formulation has a potential substitute for corticosteroids and other drugs com-
monly used to treat psoriasis due to its effectiveness, safety, and lack of the side effects typically associated with other drugs.
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Introduction

Psoriasis is a chronic inflammatory skin disorder that affects 
around 1–3% of the world’s population. The primary goal of 
pharmacological management of psoriasis is to reduce the 
side effects that could hinder the patient’s day-to-day activi-
ties, social life, or overall health, and ultimately enhance 
their quality of life [1]. Psoriasis triggers the skin to thicken 
due to excessive growth of epidermal cells, resulting in epi-
dermal hyperproliferation. Additionally, it can cause changes 
in the microvasculature of the upper layer of the dermis, 
including elongation and dilation of skin capillaries [2].

Psoriasis patients can be treated in three ways—topical, 
systemic, and phototherapy, depending on the severity of 
the disease. However, there is currently no single effective 
treatment available to manage psoriasis for several reasons, 
including nonadherence to therapy, drug toxicity, and tol-
erability [3]. Therefore, other therapies could be explored 
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to maximize the response [4]. Topical treatments, such as 
topical corticosteroids, are used to manage mild to moderate 
psoriasis [1]. However, the use of steroids is limited due to 
the occurrence of systemic or local side effects [5].

There are several natural compounds with potent bioac-
tive properties that are known to have anti-psoriatic effects, 
such as curcumin, resveratrol, and thymoquinone. However, 
the clinical applications of these natural bioactive com-
pounds are limited due to their poor water solubility and 
low skin permeability [6, 7]. Thymoquinone (TQ) is a phy-
tochemical compound found in the seed oil of black cumin, 
Nigella sativa. It has been associated with several health 
benefits such as analgesic, anti-diabetic, anti-hypertensive, 
anti-oxidative, anti-inflammatory, anti-hyperlipidemic, anti-
microbial, anti-cancer, and anti-psoriatic activity [8–13]. 
Furthermore, TQ has a high safety profile, even at a dose of 
90 mg/kg [14]. TQ targets inflammatory cytokines, molecu-
lar signaling pathways, and oxidative agents, in addition to 
controlling inflammation, regulatory T cells, and epigenetic 
alterations. These characteristics make TQ a potential can-
didate for the treatment of autoimmune diseases such as 
psoriasis [5, 10]. However, the clinical application of TQ 
is limited due to its low bioavailability caused by its low 
solubility, permeability, and stability. Some studies have also 
shown that TQ had a slight irritant effects [15].

Aloe vera (AV) is a botanical ingredient that has shown 
promise in topical applications. It has been reported that 
the use of AV as a penetration enhancer can improve the 
permeability of poorly permeable actives, in addition to 
providing soothing, hydrating, and wound-healing benefits 
[16]. Moreover, AV has been found to suppress bacteria, 
fungi, and viruses; act as an anti-inflammatory agent; reduce 
pain and itching; and moisturize the skin [17–19]. Therefore, 
investigating the use of AV with TQ formulation could prove 
to be effective in enhancing the permeation for TQ and act-
ing as a soothing agent.

Transdermal drug delivery system (TDDS) is a method 
of delivering an active pharmaceutical ingredient (API) 
through the skin over an extended period of time [20]. Com-
pared to other routes of administration, like oral and paren-
teral, TDDS is more preferred as it promotes patient compli-
ance and avoids first-pass metabolism. TDDS is designed 
using specific membranes that control the release rate of 
the API over an extended period, therefore reducing dosing 
frequency [20–24].

There are numerous types of polymeric nanocarri-
ers, including nanocapsules [7, 11], nanoemulsions [25], 
oleoethosomes [26], liposomes [27], solid lipid nanoparti-
cles [28], and niosomes [25], that have been shown to sig-
nificantly enhance the bioavailability and bioactivity of TQ. 
When TQ is loaded into a nano-sized polymer, it is expected 
to improve many of its properties, such as poor skin pen-
etration, low permeability, solubility, and stability [7]. For 

instance, a recent study by Bruno et al. demonstrated that 
encapsulating TQ within oleoethosomes nanovescicles 
enhanced its photostability and anti-inflammatory activity 
[26]. Therefore, a well-formulated TQ product could poten-
tially replace or become an adjuvant to corticosteroids or 
other topical drugs, as it is effective, safe, affordable, and 
free of the common side effects associated with steroids [15].

Polymers play a crucial role in controlled drug delivery, 
including nanoparticles. These polymers can either be natu-
ral or synthetic, biodegradable, or nonbiodegradable [29, 
30]. Biodegradable synthetic polymers have several advan-
tages over natural polymers, such as avoiding microbial 
contamination and batch-to-batch variability [31]. Biode-
gradable polymers made using amino acid are highly val-
ued in biomedical applications. These polymers are made 
from natural amino acids, which are the building blocks 
of proteins. Therefore, they are considered biocompatible, 
biodegradable, and have a high metabolism rate for their 
products [32].

L-arginine is an amino acid that has been extensively 
researched for its multiple applications. Polymers based 
on L-arginine have been reported. For example, L-arginine 
poly(ester amide)s, which are biodegradable polymers, have 
gained particular relevance in the biomedical field due to 
their favorable mechanical and thermal properties, as well 
as low toxicity of their degraded by-products [7, 33, 34]. 
These polymers have been used as carriers to facilitate 
insulin transdermal delivery, improve medication diffusion 
and distribution via the skin [35], and successfully deliver 
high doses of TQ into the lungs using dry powder inhalers 
[7]. Additionally, L-arginine-based polyamide was used to 
encapsulate promethazine HCl and produce taste-masked 
nanoparticles [36], while unsaturated L-arginine-poly(ester 
amide)s in an aqueous solution were used to create cationic 
hydrogels [37]. In recent studies, L-arginine-based polymers 
were found to be effective in gene transportation, gene con-
densation, and release [38]. Scientists have also investigated 
the bioactivity of L-arginine and found that it has excellent 
biosafety, antibacterial capabilities, and positive impact on 
wound healing [39]. For these reasons, L-arginine was cho-
sen as the amino acid of choice in this study.

Poly(amide) polymers can be synthesized using various 
methods. The most used method is ring-opening polym-
erization. Another method is solution polycondensation, 
where monomers are dissolved in a nonreactive solvent with 
a catalyst to produce a soluble polymer. Melted polycon-
densation is a solvent-free technique that does not require 
post-treatment after the polymerization reaction, making it 
ideal for industrial manufacturing. Interfacial polymerization 
is another approach, which involves a condensation reac-
tion between two quickly reacting monomers dissolved in 
immiscible solvents. Water is usually the preferred immis-
cible solvent, comprising the first phase with diamine or 
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diol compounds as well as an inorganic base. The other 
phase includes dichloromethane, toluene, or hexane, along 
with diacid chloride. When the two solutions are mixed, 
the polymer forms at or around the liquid-liquid interface 
[40–42]. Interfacial polymerization is simple and widely 
used approach in many disciplines, such as pharmaceutical 
encapsulation of APIs and preparation of conductive poly-
mers [43].

In this study, a novel drug delivery method was investi-
gated to improve the permeability, solubility, and stability 
of TQ. Nanoparticles have proven effective in delivering 
different APIs due to their small size and unique surface 
characteristics. They can also enhance solubility, modify 
permeability, and improve pharmacokinetic effects while 
preventing degradation and retaining encapsulated mole-
cules [11]. Therefore, the aim of this study was to use nano-
technology to design and evaluate transdermal patches that 
can provide sustained delivery of TQ. L-arginine-based pol-
yamide nanocapsules (NCs) containing TQ were developed 
using interfacial polymerization and embedded in a bi-layer 
transdermal patch that contained aloe vera. The produced 
NCs and transdermal patches were characterized.

Materials and Methods

Materials

Thymoquinone powder was obtained from Biosynth Car-
bosynth Ltd. (Compton, UK), L-arginine was purchased 
from Acros Organics (Geel, Belgium), and glycerin was 
obtained from LabChem Inc. (NJ, USA). Eudragit E100 was 
obtained from Evonik GmbH (Krefeld, Germany). Ethylene 
vinyl acetate (EVA) was obtained from Polysciences, Inc. 
(Warrington, Pennsylvania, USA), and Span 60 (Sorbitan 
monostearate)  (C24H46O6) was obtained from Hangzhou 
Soy MedTech Company Ltd. (Hangzhou, China). Sodium 
chloride (NaCl) and sodium hydroxide were purchased 
from Fisher Scientific (Hampton, NH, USA). Ethyl acetate 
 (C4H8O2) was obtained from Carbon Group Company (Lon-
don, UK). Acetonitrile for HPLC  (CH3CN) and 2-6-pyridine 
dicarboxylic acid chloride (2,6-pyridinedicarbonyl chloride) 
were obtained from Honeywell Specialty Chemicals (Seelze, 
Germany). Dichloromethane  (CH2Cl2) was obtained from 
Carlo Erba Reagents Srl (Cornaredo, Italy). Dimethyl sulfox-
ide (DMSO) and dimethylformamide (DMF) were obtained 
from Acros Organics (Geel, Belgium). Chloroform  (CHCl3), 
diethyl ether  (C2H5)2O, trifluoroacetic acid (TFA), and ace-
tone  (C3H6O) were obtained from Alpha Chemika (Mumbai, 
India). Methanol  (CH3OH), isopropyl alcohol  (C3H8O), and 
HPLC-grade distilled  (H2O) were obtained from Tedia high-
purity solvents (Fairfield, CT, USA). Ethanol was obtained 
from E&C Chemicals, Inc. (Carrollton, GA, USA). Aloe 

vera  (C16H13NO3) was donated from Natural Glow Ltd. 
(Amman, Jordan). All chemicals were used as supplied.

Synthesis of Polyamide Based on Arginine (Arg‑PA)

L-arginine amino acid (0.87 g, 5 mmol), sodium hydrox-
ide (NaOH) (0.40 g, 10 mmol), and 1 g of sodium chloride 
(NaCl) were added in a round-bottomed flask and dissolved 
in 5 mL of distilled water. The solution was stirred at a tem-
perature between 0 and 5 °C. In a separate flask, 1.00 g (5 
mmol) of 2,6-pyridinedicarbonyl dichloride was dissolved 
in 5 mL chloroform. The resulting solution was then added 
dropwise to the aqueous solution with continuous stirring 
until a yellow polyamide precipitate was formed. The pre-
cipitate was filtered using suction filtration and washed 
three times with distilled water. It was then filtered again 
and dried in a freeze dryer (Virtis benchtop Pro with Omni-
tronics™ from SP Scientific (Warminster, PA, USA)) for 8 
h to remove all residual solvents. The freeze-dried powder 
(Arg-PA) was stored at room temperature until used later 
for further analysis.

Synthesis of Polyamide Based 
on Arginine‑Thymoquinone Nanocapsules (TQ/
Arg‑PA) NCs

L-arginine amino acid (0.87 g, 5 mmol) and sodium hydrox-
ide (0.40 g, 10 mmol) were added to a round-bottomed flask 
with 1 g of NaCl and dissolved using 5 mL of distilled water. 
The solution was stirred at 0–5 °C. Then, 1 g (5 mmol) of 
2,6-pyridinedicarbonyl dichloride and 0.5 g of thymoqui-
none were dissolved in 20 mL chloroform and added to the 
aqueous solution drop by drop with continuous stirring until 
the yellow thymoquinone-loaded polyamide (TQ/Arg-PA) 
precipitate was formed. The TQ/Arg-PA precipitate was fil-
tered with suction filtration, then washed three times with 
distilled water, filtered again by suction filtration, and dried 
in a freeze dryer for 8 h to remove all residual solvents. The 
freeze-dried powder (TQ/Arg-PA) was stored at room tem-
perature for further analysis.

Preparation of the Double‑Layered Transdermal 
Patches

The transdermal patches consisted of two layers: the 
backing layer (EVA-based layer) and the medicated layer 
(made of an extended release matrix using Eudragit 
E100). To prepare the backing layer, a 3% (w/v) EVA 
solution was used. The solution was made by adding 3 g 
of EVA to 100 mL of dichloromethane and stirring on a 
magnetic hotplate (25 °C, 500 rpm) until fully dissolved. 
The resulting solution was then cast onto a glass Petri 
dish with a diameter of 8 cm (50.24  cm2) in amounts 
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of 25.5 mL/dish (0.51 mL/cm2). The layer was allowed 
to dry at room temperature for 2 days. The transdermal 
patches were prepared according to the method described 
in Assaf et al. [44].

The second layer of the transdermal patch was created 
using different concentrations of Eudragit E that were 
dissolved in a mixture of 40% acetone and 60% isopropyl 
alcohol. Glycerin was added as a plasticizer at varying 
concentrations (see Table I). Aloe vera was used as a pen-
etration enhancer, and Span 60 was used as an emulsifier. 
The second layer was then poured over the dried EVA 
layer and left to dry. Table I provides a summary of the 
composition of all prepared formulations and their respec-
tive drying conditions.

Arg‑PA and TQ/Arg‑PA NC Characterization

Several profiling techniques were used to characterize the 
synthesized polyamide (Arg-PA) and the thymoquinone-
polyamide (TQ/Arg-PA) NCs.

Solubility Test

To determine the solubility of (Arg-PA) and (TQ/Arg-PA) 
NCs, 10 mg of each was separately dissolved in 2 mL 
of ten different solvents including water, ethyl acetate, 
methanol, ethanol, chloroform, acetone, diethyl ether, 
DMSO, DMF, and acetonitrile at 25 °C. The solubility 
was evaluated visually, and the results were categorized 
as completely dissolved (+), partially dissolved (−/+), or 
not dissolved (−).

Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The PerkinElmer FTIR spectrometer (OH, USA) was used to 
operate the FTIR spectra of TQ, Arg-PA, and TQ/Arg-PA NCs, 
with the assistance of Spectrum 10 software. A few milligrams 
of each sample was loaded onto a sample holder, placed above 
a laser lens, and held in place by screwing down the relevant 
adaptor. The FTIR spectrum scans of each sample were obtained 
over the range of 450–4000  cm−1 with a resolution of 2  cm−1.

Nuclear Magnetic Resonance (NMR) Spectroscopy

The 1H-NMR and 13C-NMR spectra of the Arg-PA were 
recorded on a Bruker Avance 500 MHz spectrometer 
(Bruker DPX-500) using tetramethylsilane (TMS) as the 
internal standard.

Differential Scanning Calorimetry (DSC) Analysis

Using a DSC Q200-TA instrument (USA), Arg-PA and TQ/
Arg-PA NCs were subjected to DSC analysis. A 3 mg sam-
ple was placed on an aluminum pan and heated at a rate of 
10 °C/min while being continuously purged with nitrogen 
at a rate of 50 mL/min.

Particle Size Analysis, Polydispersity Index, Zeta Potential, 
and Transmission Electron Microscopy (TEM)

The average particle size, polydispersity index (PDI), and 
zeta potential of TQ, Arg-PA, and TQ/Arg-PA NCs were 
measured at 25 °C using a Zeta Sizer Nano ZS90 (Malvern 
Instrument, UK). Samples were diluted with deionized water 
and put through a 1-min sonication bath before analysis. 
The analysis was carried out three times. The results were 

Table I  Composition and Processing Conditions used in the Preparation of the Double-layered Transdermal Patch (Patch Area = 50.24  cm2)

Patch no. Backing layer (first) Medicated layer (second layer) Drying conditions

EVA (mg) Eudragit 
E100 (mg)

Glycerin (µL) Aloe vera (µL) Span 60 (mg) TQ/Arg-PA 
(mg)

P1 - 560 115 - - - 5 h 40 °C
P2 765 - - - - - 5 h 40 °C
P2 - 560 115 - - - 24 h RT
P3 765 560 115 - - - 24 h RT
P4 765 960 190 - - 24 h RT
P5 765 1275 190 - - 24 h RT
P6 765 1912 190 - - 24 h RT
P7 765 1912 300 200 - - 24 h RT
P8 765 560 300 100 150 24 h RT
P9 765 560 300 100 70 - 24 h RT
P10 765 560 300 100 70 500 24 h RT
P11 765 560 300 70 500 24 h RT
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presented as mean and standard deviation (SD). The TEM 
analysis of (TQ/Arg-PA) NCs was tested using JSM-IT300 
(JEOL, Japan).

X‑ray Diffraction (XRD) Analysis

TQ, Arg-PA, and TQ/Arg-PA NC physical characteristics 
were investigated using X-ray diffractometry on a MiniFlex 
600 benchtop diffractometer from Tokyo, Japan’s Rigaku. 
The XRD studies used Cu K radiation (1.5148227 Å) over 
a range of 2θ from 5 to 99°, at a voltage of 40 kV and a 
current of 15 mA. Data was gathered at a 5°/min scanning 
rate. OriginPro® software was used to evaluate the scans 
(OriginLab Corporation, USA).

Quantification of TQ Using High‑Performance Liquid 
Chromatography (HPLC)

Dionex Softron HPLC System from Thermo Fisher Scien-
tific Inc. was used for the quantification of TQ. It included 
an ultraviolet (UV) detector set at 250 nm, and a Fortis-C18 
(Fortis Technologies Ltd. C 18. 250 × 4.6 mm) analytical 
column. A mixture of acetonitrile (ACN) and 0.125% v/v 
trifluoracetic acid (TFA) water at a ratio of (80:20% v/v) 
constituted the mobile phase. The column temperature was 
set at 20 °C, the injection volume for the sample was 20 
µL, and the flow rate was 1 mL/min. The HPLC method’s 
validity, accuracy, precision, linearity, limits of detection 
(LODs), and limit of quantification (LOQ) were all con-
firmed in accordance with International Council for Harmo-
nization (ICH) criteria [45]. A 100 mg of TQ was dissolved 
in 100 mL of ACN to prepare a stock solution which was 
further diluted to produce concentrations between 3.90 and 
1000 µg/mL.

Entrapment and Loading Efficiencies

The entrapment efficiency (EE %) and loading efficiency 
(LE %) of TQ in the produced formulations were calculated 
using Eqs. (1) and (2), respectively.

where TQi is the total initial amount of added TQ in the 
preparation of the nanoparticles, TQf is the amount of TQ 
not entrapped into the formula and removed in the filtrate, 
and (TQ∕Arg − PA)

t
 is the total amount of the produced for-

mula after drying (yield). The filtrate was collected upon 

(1)EE (%) =
TQi − TQf

TQi

× 100

(2)LE (%) =
TQi − TQf

(TQ∕Arg − PA)
t

× 100

the synthesis of the TQ-loaded NPs and utilized to perform 
HPLC-based analysis for TQ content..

Characterizations of the Transdermal Patch

The transdermal patches were characterized for their physi-
cal properties, drug content, and release studies. Measure-
ments were done in triplicates and reported as mean ± stand-
ard deviation (SD).

Thickness and Weight Uniformity

Each patch’s thickness was measured at five different points 
with a digital micrometer. A 1-cm2 piece was cut from each 
patch and weighed using a digital scale to assess the weight 
uniformity. Results were reported as mean ± SD.

Drug Content

Three patches each measuring 1  cm2 were cut-off. Then, 
each patch was added to a 50 mL solution of acetonitrile and 
stirred on magnetic stirrer until fully dissolved. The drug 
content was then assessed using HPLC after sample filtration 
using syringe filter with 0.45-µm aperture size.

Folding Endurance

The patch was folded repeatedly in the same location until 
it broke as a folding endurance test. The number of times it 
took to break the patch was recorded.

Solvent Residue

To determine the solvent residue in representative patches 
(P6, P8, P9, P10), 5 samples of each formula were placed in 
a desiccator with silica gel (0% relative humidity (RH)) at 
room temperature. The initial weight (W1) of each patch was 
recorded before putting it in the desiccator (see Table IV). 
The weight of each patch was measured every 2 h until a 
stable value was obtained (W2) and maintained for 4 h, as per 
Assaf et al. [44]. The difference between the initial and final 
weights of the patch (W1 and W2, respectively) in relation 
to its final weight was used to calculate the solvent residue 
(SR).

Moisture Uptake

To measure the moisture absorption of each patch using 
representative patches (P6, P8, P9, P10), 5 samples of each 
formula’s initial weight (W1) were recorded after 24 h of 

(3)SR(%) =
(

W1 −W2

W2

)

× 100
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storage at room temperature in a desiccator containing silica 
gel with 0% RH. The patches were then transferred to des-
iccators containing distilled water with 100% RH at room 
temperature and weighed every 2 h until a stable weight 
was achieved (W2) and maintained for 4 h. The percentage 
of moisture absorption was calculated using the difference 
between the final weight (W2) and the initial weight (W1), in 
relation to the starting weight (Eq. 4).

Stability of Transdermal Patches

Produced patches were stored in the refrigerator at 4 °C, 
ambient room temperature (~ 25 ± 2 °C), and oven at 40 °C 
(75% RH), for 3 months; the stability of the selected opti-
mum patches was assessed. The patches were maintained 
in a closed container, covered in aluminum foil, and given 
a monthly visual inspection for physical appearance. The 
patches’ physical characteristics and TQ content were evalu-
ated after 3 months.

In Vitro Release and Permeation Studies

An in vitro release study of TQ from the transdermal patches 
was conducted using a 6-station Franz diffusion appara-
tus (Maharashtra, India) with a diffusion area of 4.91  cm2 
(25-mm-diameter orifice). Each receptor compartment 
had 20 mL of phosphate buffer (pH 6.8) at 32 ± 1 °C. The 
reported TQ aqueous solubility is 1–1.8 g/L [7, 46], and 
using 20 mL of buffer solution enabled the maintenance of 
sink conditions. The transdermal patch P10 or P11 (25-mm 
diameter) was installed between the donor and receptor com-
partments of the diffusion cell, with the backing layer facing 
the donor compartment. The receptor medium was stirred 
using magnetic stirrer. At regular intervals (0.5, 1, 2, 3, 4, 
6, 12, 18, 24 h), 0.5 mL samples were collected through 
the sampling port from the receptor medium and promptly 
replaced with an equal volume of fresh buffer solution. The 
samples were stored at 25 °C in tightly covered amber HPLC 
vials until the drug content was determined by HPLC. The 
experiments were performed in triplicate, and the cumula-
tive TQ release per  cm2 against time was obtained. Addi-
tional patches with a similar formulation to P10 were pre-
pared but without aloe vera (P11) to compare the effect of 
aloe vera on the release and permeation behavior of TQ. The 
release profiles for the patches were fitted according to five 
mathematical models (zero order, first order, Higuchi, Hixon 
Crowell, and Korsmeyer-Peppas) [7, 47].

For the permeation study, a STRAT M® synthetic pol-
ymeric membrane (Merck, UK) was used to simulate the 

(4)Moisture uptake (%) =

(

W
2
−W

1

W
1

)

× 100

skin. The membrane was soaked in phosphate buffer for 
24 h before use and placed between the donor and receptor 
compartments. To conduct the study, TQ-loaded transdermal 
patches (P10 and P11) were installed between the donor and 
synthetic membrane of a receptor compartment of the diffu-
sion cell. The diffusion cell was firmly fastened in place with 
an O-ring. The same procedure for the release study was 
carried out. The steady-state flux (Jss) was calculated from 
the slope of the regression line, which represents the linear 
portion of the curve. The lag time was calculated from the 
intercept of the steady state line and the x-axis [44].

Statistical Analysis

The data was analyzed using Microsoft Excel software. Sta-
tistical analysis was performed using Minitab software ver-
sion 21.10.1, with a significance level of 0.05. The analysis 
of variance (ANOVA) and a t test were conducted to com-
pare the formulations. The results of the statistical analy-
sis are presented as mean ± standard deviation (SD) for all 
formulations.

Results and Discussion

Synthesis of Arg‑PA and TQ/Arg‑PA NCs

In order to synthesize arginine-based polyamide (Arg-PA) 
and TQ/Arg-PA NCs, the interfacial polycondensation 
method was utilized. This involved dissolving the amino acid 
in the aqueous layer and pyridinedicarbonyl dichloride in the 
organic layer. At the interface between these two layers, the 
polyamide formation occurred, as illustrated in Fig. 1. The 
reaction required vigorous stirring to increase the surface 
area available for the reaction and to form fine particles.

Solubility Test

The solubility of the Arg-PA and TQ/Arg-PA NCs was 
assessed for the ability to dissolve in different solvents 
experimentally. The assessment was in the following sol-
vents: water, ethyl acetate, methanol, ethanol, chloroform, 
acetone, diethyl ether, DMSO, DMF, and acetonitrile at 25 
°C. The results demonstrated that the two materials were sol-
uble in chloroform and acetone, slightly soluble in DMSO, 
DMF, and acetonitrile, while insoluble in water, ethyl ace-
tate, ethanol, and diethyl ether.

FTIR Analysis

The FTIR spectra (Fig. 2) exhibited characteristic absorp-
tion bands for all organic functional groups of the TQ, Arg-
PA, and TQ/Arg-PA NCs. The FTIR spectra of TQ (Fig. 2a) 
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showed a characteristic band at 2915  cm−1 which represents 
the CH stretching. Additional band at 1718  cm−1 belongs to 
the C=O stretch of the ketone [48]. Arg-PA (Fig. 2b) and 
TQ/Arg-PA NCs (Fig. 2c) showed the same characteristic 
bands. The most important bands are the stretching vibration 
for the amide carbonyl group around 1640  cm−1; this ensures 
the formation of the polymer. The CH-stretch band of TQ 
was still appearing in Fig. 2c; this may indicate the loading 
of TQ within the Arg-PA polymer.

NMR Spectral Analysis

Figure 3 presents the NMR analysis of ARG-PA. The sam-
ples showed characteristic chemical shifts in their spectra, 
which corresponded to the different atoms present. Please 
refer to Fig. 3a, b for details. The 1H-NMR and 13C-NMR 
chemical shifts for the various atoms have been summarized 
in Fig. 3c. The carbonyl carbon atoms in the Arg-PA are 
particularly important, as they highlight the formation of 
the polyamide. The carbon signals of the C=O groups of the 
formed amide groups were found to appear between 166.2 
ppm, as shown in Fig. 3b.

Thermal Profile Analysis Using DSC

In Fig. 4, the results of the DSC analysis are presented. The 
thermogram of TQ in Fig. 4a indicates a sharp endothermic 

peak at 46.8 °C, which implies the melting point of TQ 
and confirms its crystalline nature. A shallow and broad 
peak at around 129.23 °C was represented, which could be 
either solvent residual or decomposition of the material, as 
reported by previous studies [7]. Figure 4b shows the ther-
mogram of the L-arginine. It clearly displays an endother-
mic peak at 229.01 °C, which corresponds to the melting 
temperature of arginine and confirms its crystalline nature. 
However, the L-arginine-based polymerization produced 
amorphous ARG-PA-NCs, as demonstrated by Fig.  4c, 
which showed two broad and shallow peaks. The first one at 
69.73 °C might represent the glass transition of the Arg-PA 
polymer. The second shallow broad peak at 120.39 could 
represent the evaporation of the residual solvent (water). 
Apparently, the polymer possesses an amorphous nature.

Finally, Fig. 4d presents the thermograms of a physical 
mixture made of the polymer (Arg-PA) and TQ blend (that 
is exactly similar to the content of the TQ-/Arg-PA NPs). 
The results show a sharp endothermic peak of the TQ melt-
ing process and a broad peak at around 179.31 °C. How-
ever, the TQ-loaded Arg-PA-NCs’ thermogram in Fig. 4d 
did not reveal any endothermic peak of TQ while the shal-
low peaks of the glass transition and evaporation are still 
present. It is proposed that TQ may have transformed into 
an amorphous material, hence an improved solubility, or 
the drug is encapsulated within the polymer as reported by 
other researchers [36, 49].

Fig. 1  Synthesis process of 
polyamide based on L-arginine 
and pyridinedicarbonyl dichlo-
ride using interfacial polycon-
densation to form L-arginine 
polyamide (Arg-PA)
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Particle Size Analysis, Zeta Potential, and TEM 
Analysis

Particle size analysis was conducted using a zeta sizer, and 
the findings are presented in Table II. TQ powder demon-
strated nano-sized particles within the range of 390 ± 32.3 
nm. However, after encapsulation and loading within the 
polymer using the interfacial polycondensation method, the 
final formula’s size reduced to an average of 153 ± 13 nm. 
There was a slight but insignificant increase in the particle 
size after TQ was added to the polymer (t test p > 0.05), 
which was attributed to the encapsulation of TQ within the 
polymeric chains. Similar results were reported earlier [7, 

49, 50]. According to the zeta potential, L-arginine had a 
positive charge, while TQ as a powder showed aggregated 
fine powder with a negative charge [51]. The formed poly-
mer carried a positive charge which was attributed to the 
presence of L-arginine [52, 53]. The TQ/Arg-PA NCs again 
have a positive charge which is significantly less than that 
of the naked polymer due to the presence of TQ within it (t 
test, p = 0.023). However, the reduction in the surface charge 
resulted in a higher level of aggregation as can be seen from 
the PDI for the Arg-PA and the TQ/Arg-PA.

TEM images of TQ-loaded ARG-PA-NCs as can be seen 
in Fig. 5 revealed spherical NPs with sizes ranging from 
80 to 180 nm. ImageJ software was used to calculate the 

Fig. 2  FTIR spectra: a TQ, b 
(Arg-PA), and c (TQ/Arg-PA) 
NCs
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average particle size, and it was 129.23 ± 18.22 nm. Such 
nanoscale particles will offer a significant surface area for 
the release of the encapsulated TQ and are advantageous for 
medication delivery. The zeta-sizer produced larger particles 
than what the TEM could produce. The high PDI and low 
charge indicate that the particles have aggregated, which 
may be the cause of this. However, because the polymer is 
biodegradable, it is anticipated that the polymer will pro-
gressively break down and release TQ upon application. It is 
worth mentioning that the particle size of the (TQ/Arg-PA) 
NCs using the zeta sizer was larger than that of the TEM 
which could also be attributed to the presence of a hydration 
layer around the particles in the zeta sizer technique [54].

XRD Analysis

XRD analysis of TQ as depicted in Fig. 6a showed a typical 
crystalline material with a sharp peak at 8.38° 2θ. Similar 
results were reported earlier [7]. L-arginine demonstrated 
crystalline nature with characteristic sharp peaks at 17.88°, 
20.82°, 23.59°, 25.28°, and 26.78° 2θ (Fig. 6b). However, the 
polymer did not show characteristic sharp peaks, apart from 
two small peaks at 2θ 31.65° and 45.39° (Fig. 6c), and this 
follows the results obtained from the DSC analysis. The poly-
mer is amorphous to semi-crystalline in nature. However, the 
TQ-loaded formula did not show any characteristic peaks for 
TQ (Fig. 6e), and this could be justified in two aspects. First, 

Fig. 3  NMR spectra of Arg-PA: 
a 1H NMR, b 13C NMRm and c 
chemical shift table
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Fig. 4  DSC thermograms for a TQ powder, b L-arginine, c ARG-PA NCs, d the physical mixture (ARG-PA and TQ) as well as the TQ-loaded 
Arg-PA NCs

Table II  Particle Size, PDI, 
and Zeta Potential for TQ, 
L-arginine, Arg-PA-NCs, and 
TQ/Arg-PA NCs (Mean ± SD, 
n = 3)

Parameter Material

TQ L-arginine ARG-PA-NCs TQ-ARG-PA NCs

PSA (nm)
  Mean (n = 3) 389.30 540.47 145.93 153.83
  SD 32.3 215.6 21.6 13.0

PDI
  Mean (n = 3) 0.57 0.69 0.43 0.44
  SD 0.09 0.09 0.13 0.02

Zeta potential (mV)
  Mean (n = 3) − 47.13 + 29.07 + 33.27 + 19.1
  SD 1.22 2.10 1.37 0.56

Fig. 5  TEM images of TQ-loaded L-ARG-PA NC scales: a 2000 nm, b 1000 nm, and c 200 nm
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TQ changed its nature from crystalline to amorphous, which 
is in concordance with the DSC results. Second, the inclusion 
or encapsulation within the polymer may result in the disap-
pearance of the peak and that was reported in several studies 
[49]. The Arg-PA and TQ physical mixture showed results 
similar to the formula, and this could be attributed to the small 
quantity of TQ in the physical mix. The blank film (Fig. 6f) 
showed amorphous nature with no high intensity peaks.

HPLC Analysis

HPLC was employed for TQ quantification and was validated 
according to the ICH guidelines [45]. TQ demonstrated a 
retention time of 6.257 ± 0.056 min, while the solvent front 
was eluted at 2.031 ± 0.062 min. The method showed linear-
ity within a concentration range of 3.9 to 62.5 µg/mL that 
produced a regression equation of y = 1.2798x − 2.647 (R2 
0.9996). The method was specific to TQ where solution of 

Arg-PA, and other components of the transdermal patch, did 
not reveal any interference with the peak of TQ. The LOD 
and LOQ were 3.407 µg/mL and 10.324 µg/mL, respectively. 
Ten samples of 31.25 µg/mL TQ solution were tested using 
HPLC technique to check the equipment precision, and the 
average was 99.5% (RSD = 1.76%). Results showed that the 
used method is precise due to the low RSD, which was less 
than 2%. The recovery method’s inter- and intra-day repeat-
ability and accuracy were evaluated using 5 concentrations. 
The findings in Table III demonstrated the method’s high 
repeatability and accuracy.

Entrapment Efficiency and Encapsulation Efficiency

The filtrate was collected upon the synthesis of the TQ-
loaded NCs and utilized to perform HPLC-based analysis for 
the quantification of TQ. The entrapment efficiency (EE %) 
was 99.6%, and the loading efficiency (LE %) was 25.97%.

Fig. 6  XRD patterns for a TQ, b L-arginine, c ARG-PA NCs, d ARG-PA NCs + TQ physical mix, e TQ-loaded ARG-PA-NCs (formula), and f 
the blank film

Table III  Precision and 
Reproducibility of TQ Analysis 
and HPLC Method for 
Assessing Inter- and Intra-day 
Reproducibility (Mean ± SD, 
n = 3)

TQ concentration (µg/mL)

62.5 31.75 15.625 7.813 3.906

Intra-day % 
recovery 
(mean ± SD) 
(n = 3)

98.04 ± 1.64 99.49 ± 1.09 102.28 ± 2.01 99.03 ± 1.68 102.75 ± 0.98

Inter-day % 
recovery 
(mean ± SD) 
(n = 9)

96.45 ± 1.98 100.07 ± 1.87 101.56 ± 2.04 100.76 ± 1.88 101.98 ± 1.23
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Characterization of the Transdermal Patch

Initial attempts to dry the EVA backing films and the 
Eudragit second layer in the oven for 5 h at 40 °C resulted in 
cracked and rough film (P2 and P1, respectively) because of 
over-drying (see Fig. 7). Therefore, the patches were dried at 
ambient room temperature (RT) over 2 days. The produced 
films were transparent, flexible, and easy to peel (P3). How-
ever, it separated from the backing layer when casted over it 
and dried. TQ patches with an EVA backing layer and a layer 
containing the drug and Eudragit® E were optimized by 
varying several parameters as depicted in Table I. Increasing 
the polymer and plasticiser concentrations (P4–P6) produced 
thick medicated layer that separated from the backing layer 
upon drying. The addition of 200 µL of aloe vera to the sec-
ond layer in P7 produced patches that are sticky and could 
not dry even after 1 week. Therefore, lower Eudragit E100 
and aloe vera content and the use of Span 60 as an emulsi-
fying agent were employed (P8). The produced films were 
transpaernt, flexible, and smooth. Further reudction of Span 
60 contnet was examined (P9), and the produced transdermal 
patch was excellent in terms of flexibility transparency and 

smoothness. The final patch (P10) was produced using P9 
formula with additional content of the TQ/Arg-PA NPs. P10 
was dry, clear, flexible, and easy to peel which was used for 
further characterization techniques. Representative patches 
are presented in Fig. 7. The selection of Span 60 as nonionic 
surfactant was based on research findings that Eudragit did 
not interact with nonionic surfactants [55]. P11 was a rep-
licte of P10 but without aloe vera, which was prepared to be 
used as a negative control in release and permeation studies.

Thickness, Weight Variation, Drug Content, Folding 
Endurance, %Solvent Residue, and Moisture Uptake

Table  IV displays the thickness, weight uniformity, TQ 
content uniformity, folding endurance, and solvent residue 
of a few different Eudragit® patches that have been plasti-
cized using glycerin and aloe vera. The uniformity of the 
patches’ weight, thickness, and drug content suggested that 
their production process was effective. Different aloe vera 
concentrations used as penetration enhancers caused varia-
tions in folding endurance. The optimal patches according 
to the results of folding endurance were patches (P9 and 

Fig. 7  Representative transder-
mal patches highlighting the 
quality of the produced patches

Table IV  Properties of Blank and TQ-Loaded Transdermal Patches (Patch Area = 1  cm2; Mean ± SD; n = 5)

Patch Thickness (mm) Weight (mg) Drug content (mg/cm2) [%] Folding endurance %Solvent residue %Moisture uptake

P6 0.791± 0.56 61.02 ± 2.7 NA 52 ± 7.2 4.86 ± 0.71 4.6 ± 0.32
P8 0.475 ± 0.31 39.96 ± 0.6 NA 233 ± 0.4 7.16 ± 0.61 4.5 ± 0.55
P9 0.422± 0.11 39.02± 0.3 NA More than 235 6.62 ± 0.74 3.9 ± 0.14
P10 0.475 ± 0.09 49.02 ± 0.7 2.47 ± 0.21 [95.74 ± 8.50] More than 235 6.46 ± 0.62 4.1 ± 0.11
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P10) because patches did not crack, had the best flexibility, 
and would be able to keep their integrity throughout general 
application into the skin, according to the folding endurance 
values, which were adequate. Patch P6 had high polymer 
concent with no aloe vera or emulsifier, produced cracked 
films that did not withstand the folding endurance test.

In order to evaluate the integrity of the patches in dry 
circumstances, solvent residue experiments were carried out. 
The range of solvent concentration was 4.86 ± 0.71% and 
7.16 ± 0.61%, which demonstrated a asignificant difference 
(one-way ANOVA, p = 0.0003). However, this diference 
was only between P6 versus P8 and P6 versus P9 (Tukey 
post test p = 0.003 and 0.0039, respectively), while insignifi-
cant among others. This may preserve the patches’ structural 
integrity, lessen their brittleness, and keep their formulas 
steady over an extended period of storage. However, higher 
solvent residue content was observed in P8, which contains 
the highest concentration of emulsifier. However, some 
water content will maintain the flexibility of the patch and 
prevent it from becoming brittle, while high moisture con-
tent or uptake may affect the quality of the film as well as 
its microbial burden [56]. Therefore, the properaed patches 
had an acceptable elevel of moisture content.

To evaluate the stability of the patches under very humid 
circumstances, moisture absorption experiments were 
conducted. When the samples were kept at 100% RH, all 
patches showed low moisture absorption rate and water 
uptake, but this low water uptake affects the bi-layer system 
by separating the two layers from each other. As a result, 
all patches must be kept at room temperature because the 
produced transdermal patches were affected by highly humid 
conditions. The low moisture uptake of the films could be 
attributed to the hydrophobic nature of Eudragit E100 [57, 
58]. Upon compasirion, there was no statistically signifi-
cant difference bwtween formulations in terms of moisture 
uptake (one-way ANOVA, p = 0.0951). The key component 
is Eugragit E100, and it is a hydrophobic polymer, and there-
fore, water uptake was not high.

Stability of the Transdermal Patch

The final produced patches (P10) were stored at 4 °C, 25 
°C, and 40 °C. The patches’ morphology changed after 3 
months, according to a visual evaluation. Furthermore, there 
were significant differences in the thickness, weight, and 
absolute medication content of each patch. All the patches 
that were placed in the oven at 40 °C melted and became 
liquid which confirms that the patches were temperature 
sensitive. While patches that were kept in the refrigerator at 
4 °C became rigid and had rough surfaces, it was not easy 
to peel and crack. As a result, the optimum temperature to 
store this transdermal patch is room temperature (25 °C). 
(Table V summarizes the findings).

Drug Release and Permeation Studies

A good candidate drug for transdermal drug delivery is a 
drug with a molecular weight ˂ 500 Da, a melting point ˂ 
200 °C, an aqueous solubility ˂ 1 mg/mL, and a partition 
coefficient between 1 and 4 [59]. Therefore, TQ is a poten-
tial candidate for transdermal drug delivery owing to its 
low molecular weight of 164.2 Da, melting point of around 
47 °C, low aqueous solubility of 1–1.8 mg/mL, and parti-
tion coefficient of 1.7 [7, 46]. The next set of investigations 
focused on the TQ’s in vitro release and permeation profiles 
(Fig. 8). The release profile as depicted in Fig. 8a revealed 
the sustained release of TQ from the transdermal patches. 
Upon comparison, the release of TQ from aloe vera-contain-
ing patches demonstrated higher release at each data point; 
however, the difference is not significant (p > 0.05). The 
release kinetics of TQ was modeled, and the results are sum-
marized in Table VI. From the table, the release profile of 
TQ from P10 and P11 patches followed the Higuchi model 
(R2 of 0.9839 and 0.9846, respectively), suggesting that the 
release of the drug from the transdermal patches was domi-
nated by the diffusion mechanism [56, 60]. However, for a 
better understanding of the diffusion pattern and whether 
it is Fickian or non-Fickian diffusion, the Korsmeyer -Pep-
pas model was used. The results showed a high correlation 
(R2 = 0.9825 and 0.9822 for P10 and P11, respectively), 
where the release pattern is governed by the value of “n.” 
If the n value was above 1, this implies supercase transport, 
which represents macromolecular relaxation of the poly-
meric chains [7]. It is expected as the transdermal patches 
are made of a polymeric material and the TQ-loaded nano-
aggregates are also included in another polymeric material. 
Such barriers can support the non-Fickian diffusion profile. 
The extended-release profile of TQ is expected to mitigate 
the irritant effect of TQ.

The permeation of TQ through the transdermal patches 
and STRAT-M® membrane over time was determined 
(Fig. 8b). After 24 h, almost 775.38 ± 62.03 µg/cm2 and 
588.27 ± 83.74 µg/cm2 of P10 and P11, respectively, were 

Table V  Properties of TQ Transdermal Patches (P10) Stored at Dif-
ferent Temperatures for 3 Months

4 °C 25 °C 40 °C
Physical state Rigid Dry but not rigid Melt

Cracked and breakable ✓ × ×
Mixed layers × × ✓
Smooth × ✓ ×
Rough surface ✓ × ×
Easy to peel and use × ✓ ×
Flexible × ✓ ×
Transparent × ✓ ✓
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released. A sustained release pattern was observed over 24 
h. It is worth mentioning that Eudragit E100 would dissolve 
at a pH below 5 [61]. The average healthy adult skin pH is 
within the range of 5.6 ± 0.5, while it will be lower with pso-
riasis patients (5.2 ± 0.5) [62]. Therefore, it is expected that 
Eudragit E100 will have better solubility, which will favor 
the release profile of TQ [59]. The flux value of TQ from 
aloe vera-containing transdermal patch (P10) was higher 
than that of a transdermal patch without aloe vera (P11), 
with values of 20.64 and 14.47 µg/cm2 h, respectively. The 
presence of aloe vera enhanced the flux by 42.64%. There-
fore, the use of aloe vera contributed to enhancing the per-
meation of TQ through the membrane. It is worth mention-
ing that aloe vera contributed to the increase in permeation 
rather than the enhancement of the release of TQ from the 
patches.

Conclusions

This study demonstrated the potential of nanostructured 
L-arginine-based polyamide (Arg-PA) embedded in bi-lay-
ered transdermal patches to enhance the skin delivery of 
thymoquinone. The TQ-Arg-PA was produced by an inter-
facial polycondensation technique. Nanoaggregates with 

a high percentage of EE (99.6%) and LE (25.97%) and 
good colloidal stability in terms of size, surface charge, 
and particle distribution were obtained. The release of 
thymoquinone was extended after incorporation into the 
Arg-PA, which could have helped mitigate thymoquinone’s 
slight irritant effect. The TQ-Arg-PA nanocapsules were 
incorporated into transdermal patches containing EVA, 
Eudragit E100, glycerin, Span 60, and aloe vera—as pen-
etration enhancer. The patches containing aloe vera pro-
vided good penetration enhancement with an increase in 
thymoquinone flux (Jss) of 42.64%. Therefore, the results 
suggest that transdermal delivery of TQ could be a promis-
ing approach for optimal targeting for skin conditions such 
as psoriasis, as well as for reducing systemic exposure. 
However, clinical studies need to be carried out to assess 
its suitability in clinical practice for the management of 
psoriasis and other skin conditions.
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Fig. 8  a In vitro release profile of TQ from the transdermal patches 
(with and without aloe vera P10 and P11, respectively) in phosphate 
buffer (pH 6.8). b In vitro permeation profile of TQ from the trans-

dermal patches (with and without aloe vera P10 and P11, respec-
tively) through STRAT M® membrane in phosphate buffer (pH 6.8) 
(mean ± SD, n = 3)

Table VI  Summary of the 
Modeling the Release Profiles 
of P10 and P11 Parameters 
(Constant, Coefficient of 
Determination (R2), and the “n” 
Value) for Each Mathematical 
Model

Mathematical model P10 patch with aloe vera P11 patch without aloe vera

R2 Constant n R2 Constant N

Zero order 0.9302 75.47 - 0.9261 66.828 -
First order 0.9426 211.00 - 0.9411 187.1038
Higuchi model 0.9839 442.50 - 0.9846 392.84
Hixon Crowell model 0.9690 0.2382 - 0.9678 0.1829
Korsmeyer-Peppas model 0.9825 172.89 1.842 0.9822 171.333 1.8844
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