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Purpose: The inherent chemical instability of ramipril (RMP) can lead to reduced therapeutic efficacy and safety, emphasizing the 
need for innovative formulation strategies for increased stability and bioavailability. This study aims to develop RMP-loaded liquid 
and solid self-nanoemulsifying formulations (SNEDDSs) that incorporate cardioprotective black seed oil (BSO) as a natural source of 
bioactive thymoquinone (THQ) for comprehensive chemical stability and pharmacokinetic evaluation.
Methods: A systematic approach was employed to transform liquid SNEDDSs into both single-layer (Single-SNEPs) and multilayer 
(Multi-SNEPs) self-nanoemulsifying pellets through fluid bed coating technology. Extensive characterization encompassing morpho
logical analysis, dissolution studies, chemical stability assessments, and pharmacokinetic profiling, was conducted.
Results: In vitro dissolution studies demonstrated that the multilayered 5L-SNEPs formulation exhibited the highest dissolution 
efficiency compared with that of pure RMP (p > 0.05) and pure THQ (P < 0.05). Notably, the 5-layer pellets (5L-SNEPs) exhibited 
superior chemical stability of RMP (p < 0.05) compared with the liquid SNEDDS and other pellet variants. In-vivo pharmacokinetic 
analysis in rats revealed that liquid SNEDDS showed a numerically greater maximum plasma concentration (Cmax = 106 ± 34 ng/mL) 
and area under the curve (AUC = 454 ± 265 ng·h/mL) compared to pure RMP (Cmax = 90 ± 17 ng/mL; AUC = 308 ± 213 ng·h/mL), 
indicating a 1.5-fold higher AUC from the liquid SNEDDS. However, the difference was not statistically significant. Interestingly, 5L- 
SNEPs resulted in the lowest RMP exposure among the tested formulations, with a Cmax of 60 ± 18 ng/mL and an AUC of 155 ± 59 
ng·h/mL, although the differences were not statistically significant compared to the other groups. The time to maximum concentration 
(Tmax) was 0.8 hours for liquid SNEDDS, 0.6 hours for the 5L-SNEPs, and 0.5 hours for pure RMP.
Conclusion: While liquid SNEDDSs exhibit promisingly greater oral bioavailability than crystalline drugs do, the performance of 
multilayer solid SNEDDSs necessitates further refinement. Nonetheless, this comprehensive investigation establishes a robust 
foundation for continued research on multifunctional bioactive oil-based SNEDDSs to enhance the bioavailability of drugs with 
limited water solubility.
Keywords: ramipril, solid self-nanoemulsifying formulations, SSNEDDSs, self-nanoemulsifying pellets, hypertension, oral 
bioavailability

Introduction
Ramipril (Figure 1), an angiotensin-converting enzyme (ACE) inhibitor, plays a pivotal role in the therapeutic landscape 
for hypertension and congestive heart failure. As an ethyl ester prodrug, ramipril undergoes enzymatic conversion to its 
active form, ramiprilat, which is crucial for its therapeutic effects.1 Maintaining chemical stability is crucial for ensuring 
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effective systemic drug concentrations are achieved.2 Ramipril is unstable under acidic, neutral, and alkaline hydrolysis 
conditions, indicating significant degradation in solvents of varying pH, particularly under alkaline conditions.3 This 
instability highlights the need to develop effective formulation strategies that can provide appropriate protection.

Liquid SNEDDSs typically offer enhanced solubility and oral bioavailability. This is attributed to their capacity to 
form nanoemulsions upon dispersion, which can facilitate improved in vivo drug absorption.4–7 However, solid 
SNEDDSs may provide superior chemical stability8 and better patient compliance.9,10 In contrast, while liquid 

Graphical Abstract

Figure 1 Chemical Structure of Ramipril, which represents an ethyl ester prodrug. Marvin JS was used for drawing and displaying the structure, Chemicalize, ChemAxon 
(https://chemicalize.com, accessed on 13 Feb 2025).
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formulations provide immediate solubilization benefits, they may pose limitations such as lower stability and higher 
production costs, which can limit their practical application.4

Both liquid and solid SNEDDS formulations significantly enhanced RMP solubility and stability. Liquid SNEDDS 
maintained thermodynamic stability, with optimized formulations exhibiting nanoscale droplet sizes, preventing drug 
precipitation and phase separation.11,12 In addition, nanoemulsions have been shown to increase ramipril stability by 
reducing degradation rates, particularly at a pH of 5.0, which resulted in the lowest degradation over 180 days.13,14 Solid 
SNEDDS (S-SNEDDS) formulations further improved RMP stability by curtailing its degradation in liquid SNEDDS 
formulations during storage.8,12

Research indicates that BSO and its bioactive component thymoquinone (THQ) exhibit significant antihypertensive 
effects, primarily through its antioxidant and anti-inflammatory properties.15–17 Clinical trials have reported that supple
mentation with BSO can lead to significant reductions in both systolic and diastolic blood pressure, as well as improvements 
in lipid profiles, further supporting its role in cardiovascular health.15 These findings prompted the investigation of 
incorporating these compounds into the fabrication of ramipril-loaded self-nanoemulsifying drug delivery systems 
(RMP-SNEDDSs) to potentially synergize with the antihypertensive and cardioprotective effects of the formulations. A 
recent RMP BSO-loaded SNEDDS study showed good dissolution performance. However, the study also revealed 
significant RMP degradation in the SNEDDS formulation after 8 days of storage under accelerated conditions.18 

According to recent studies, the degradation mechanism was suggested to involve amide hydrolysis, alkyl ester hydrolysis, 
and lactamization of the amino acid or derivative.19 These stability limitations represent a critical challenge for current 
RMP formulations that warrant further investigation. In this regard, the current study introduces a novel multi-layer 
SNEDDS system. This approach involved a RMP-free SNEDDS layer, which was separated from the RMP layer by a 
protective layer. The unique advantage of this approach is isolating the RMP from the lipid-based excipients of the 
SNEDDS, potentially enhancing the stability of the drug during storage.The noteworthy potential for ramipril to degrade 
into multiple impurities highlights the necessity of having accurate and specific analytical methods that can reliably 
quantify the active drug in presence of these degradation products.20,21 In the present study, researchers developed 
UPLC and LC-MS/MS methods to accurately quantify RMP and THQ in the presence of their degradant impurities within 
the formulation,19 along with the quantifying RMP and its active metabolite (ramiprilat) in plasma. This achievement marks 
a pivotal milestone toward precise drug quantification throughout in vitro and in vivo characterization.

Understanding the pharmacokinetics of Ramipril, including its absorption, distribution, metabolism, and excretion, is 
vital for evaluating formulation effectiveness.1 A thorough evaluation of both chemical stability and pharmacokinetics 
can guide the fabrication of optimal Ramipril formulations. The current study embarks on the development of RMP- 
SNEDDSs, incorporating BSO as the oil phase and utilizing fluid bed coating techniques, with a focus on comprehensive 
chemical stability and pharmacokinetic evaluation in rat models. Liquid SNEDDSs, single-layer pellets, and multilayer 
pellets incorporating both drug-free and protective layers were manufactured via fluid bed coating. Extensive character
ization, spanning morphological analysis, dissolution studies, chemical stability assessments, and pharmacokinetic 
profiling were subsequently performed, ensuring a comprehensive understanding of formulation behavior.

Materials and Methods
Materials
Chemicals and Reagents
Ramipril (RMP) was sourced from Jai Radhe Sales (Ahmedabad, India), the active metabolite Ramiprilat of RMP and 
Thymoquinone (THQ) from Sigma‒Aldrich (St. Louis, MO, USA), and other chemicals were obtained from the following 
suppliers: Imwitor 988 (I988), Imwitor 308 (I308), Kolliphor EL (KrEL), Kolliphor ELP high purity (KrEL (HP), Kolliphor 
RH40 (Kr-RH40) and Kollicoat® Smartseal 30 D from BASF, (Ludwigshafen, Germany), Hydrogenated castor oil 
(HCO30) from Nicole chemical co., (Tokyo, Japan), Tween 20 (T20) from BDH, England, Tween 85 (T85) from Merck- 
Schuchardt OHG, Germany, Transcutol® P (TCP) from Gattefossé (Lyon, France), Super refined Tween 80 (SR-T80) from 
CRODA (Dusseldorf, Germany), Vcaps Plus® HPMC and fish gelatin capsules from Capsugel (South Carolina, USA).
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Black Seed Oil (BSO) Extraction
The seeds of Nigella sativa (also known as black seeds), weighing approximately 500 grams, were procured from Kaligonj Bazar 
(Kaligonj, Gazipur, Bangladesh). The black seed oil (BSO) was then extracted from the seeds using a cold pressing method at 
Masum Oil Mill. The extracted oil was later stored in a sealed amber glass bottle for future use.22 A voucher specimen (#15966) 
of the Nigella sativa seeds was previously deposited in the Herbarium of the College of Pharmacy, King Saud University, Saudi 
Arabia, and its identity was confirmed by the taxonomist, Dr. Mohammed Yusuf, College of Pharmacy, King Saud University.

Black Seed Oil (BSO) Standardization
Thymoquinone (2-isopropyl-5-methylbenzo-1, 4-quinone, THQ) is one of the principal bioactive constituents of N. sativa 
and was, therefore, used to standardize the BSO. Standard Thymoquinone (THQ) was purchased from Sigma‒Aldrich 
(St. Louis, MO, USA). A THQ stock solution (500.0 μg/mL) was used as a reference solution for the standardization of 
BSO. Serial THQ concentrations (0.5–50.0 μg/mL) were prepared, and the actual THQ amount in BSO was calculated 
based on the THQ calibration curve. The amount of thymoquinone (THQ) present in the currently used black seed oil 
was approximately 11.7 ± 1.2 mg/g, which is consistent with the previously reported THQ amounts in BSO.23,24

Preparation of Liquid Self-Nanoemulsifying Drug Delivery Systems (L-SNEDDSs) and 
RMP Loading
RMP-free liquid SNEDDSs were initially prepared using bioactive oil (BSO) with a nonionic surfactant, cosolvent, and/ 
or cosurfactant at the BSO/TCP/HCO-30 ratio (32.25/27.75/40), as described previously.25 The resulting mixture was 
vigorously homogenized (vortexed for approximately 1 min) to achieve maximum miscibility. For drug-loaded 
SNEDDSs, RMP was loaded into the formulation at 10 mg per gram w/w ratio. The components were then thoroughly 
mixed and sonicated for 1 h to ensure complete drug solubilization and homogenization. The prepared mixtures were 
finally transferred and stored in 1.5 mL Eppendorf tubes for further characterization.26

Fluid Bed Coating: Transforming Liquid SNEDDSs into Solid Single-SNEPs
Single-layer self-nanoemulsifying pellets (Single-SNEPs) were prepared via a bottom-spray fluid-bed coater (GPCC 1.1 
fluid bed processor lab model, ACG Pharma Technologies Pvt. Ltd., Maharashtra, India), as illustrated in Figure 2A and 
Table 1.27–29 The coating solution was precisely prepared in three sequential steps. First, a 20% aqueous solution of the 
coating polymer was prepared. Second, freshly prepared RMP-loaded SNEDDSs and/or an anti-tacking agent were 
incorporated into the polymer solution while under mechanical stirring. Third, distilled water was added to accomplish 
the desired coating solution concentration. Preheated nonpareil sugar spheres were introduced into the fluid bed chamber 
10 minutes prior to coating. Subsequently, the coating solution was bottom-sprayed onto the fluidizing spheres via a 
peristaltic pump. Finally, the coated pellets were dried for a minimum of 10 minutes.26,28

Optimizing Solid Multi-Layer SNEPs (Multi-SNEPs) Preparation
Multi-SNEPs were prepared via a bottom-spray fluid-bed coater (GPCC 1.1 fluid bed processor lab model; ACG Pharma 
Technologies Pvt. Ltd., Maharashtra, India), as illustrated in Figure 2B and Table 1.26,30 Each layer’s coating solution 
was freshly prepared, blending appropriate components via mechanical stirring. The final volume was adjusted with the 
necessary neutral/alkaline solution under continuous stirring. Ten minutes prior to coating, sugar spheres (800–1000 µm) 
were introduced into the preheated fluid bed chamber. Subsequently, the coating solution was sprayed onto the fluidizing 
spheres via a peristaltic pump. Generally, the optimum operating conditions include batch size (450–500), airflow (45–55 
cfm), atomizing air pressure (1.2–2.5 bar), column height (25–40), and product temperature (23–38 °C). Following 
coating, the pellets were dried for a minimum of 10 minutes.26,28

The fluid bed coating process aimed to fabricate multilayered pellets in which a drug-free SNEDDS layer was shielded 
from RMP by a protective layer (Figure 2B, Table 1).29,31 Optionally, moisture sealing and anti-adherent layers were 
applied to safeguard against drug hydrolysis and pellet adherence during storage (Figure 2B, Table 1).32 Consequently, 
various multilayered pellets were prepared were developed by altering the number and composition of the coating layers.
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Formulation of Coating Layers
The formulation for drug-free SNEDDS layer followed the refined protocol for RMP solid lipid self-nanoemulsifying 
pellets (Single-SNEPs) but without RMP (Table 1).26,29 The optimum coating solution comprised liquid SNEDDS: 
HPMC E3:Plasacryl T20 at ratios of 40/54.5/5.5, achieving a total concentration of 10%. The protective layer was 
constructed using HPMC E3 at a concentration of 5%, aiming to balance structural integrity and permeability. Through 
systematic experimentation, the concentration was fine-tuned to ensure effective protection while facilitating the desired 
release kinetics.3 For the drug layer, the coating solution was prepared following Sun et al’s (2008) methodology, using 
HPMC E3 at a (4/1) polymer/drug ratio and a total concentration of 3.5% at pH 8.33

Additional moisture-sealing and anti-adherent layers were also formed to shield RMP from moisture exposure and 
pellet agglomeration. Kollicoat® Smartseal 30D was chosen to shield RMP from moisture exposure, with a meticulously 
set total concentration of 15%. This approach aims to increase stability and shelf-life, safeguarding therapeutic efficacy 

Figure 2 Schematic diagram of (A) Single-SNEPs and (B) 5L-SNEPs.

Table 1 Layer Composition of the Single-SNEPs and Multi-SNEPs Formulations

Formulation RMP-Loaded 
SNEDDS Layer

RMP-Free 
SNEDDS Layer

Protective 
Layer

RMP- 
Layer

Moisture- 
Sealing Layer

Anti-Adherent 
Layer

Single-SNEPs 

(RMP-loaded

√ - - - - -

Single-SNEPs 

(RMP-free)

- √ - - - -

3L-SNEPs - √ √ √ - -
4L-SNEPs - √ √ √ √ -

5L-SNEPs - √ √ √ √ √
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and quality. On the basis of the insights of Kablitz et al (2006),34 the coated pellets were dry mixed with silicon dioxide 
at 1% w/w to mitigate pellet agglomeration during storage.

In vitro Dissolution Studies of L-SNEDDSs, Single-SNEDDSs and ML-SNEDDSs
These studies were conducted to assess the dissolution performance of optimized L-SNEDDS, Single-SNEPs, and Multi- 
SNEPs formulations.18,30 The dissolution tests were performed using a USP dissolution apparatus II (Model: UDT-804, 
LOGAN Inst. Corp., USA) equipped with a paddle stirrer operating at a speed of 50 rpm. The dissolution medium 
comprised using simulated gastric fluid (500 mL), 0.1M HCL with no enzymes, maintained at 37 ± 0.5 °C. Samples were 
collected at intervals of 5, 10, 15, 30, 45, and 60 minutes and subsequently filtered using a filter syringe. The filtered 
samples were then appropriately diluted in solvent and analyzed using a validated UPLC method.19 Dissolution profiles 
were evaluated in terms of dissolution efficiency (DE%).35

Accelerated Stability Studies
The chemical and physical stabilities of the L-SNEDDS, Single-SNEPs, and Multi-SNEPs were evaluated under 
accelerated storage conditions. Both the liquid SNEDDS and solid SNEPs (packaged in airtight amber glass vials) 
were subjected to storage in climatic stability chambers Walk-in Chamber, Thermolab, India) maintained at 40 °C ± 2 °C 
and a relative humidity (RH) of 75% ± 5%.2,29 Samples were collected after a minimum of 2 and 6 months and allowed 
to equilibrate to room temperature prior to conducting the required investigations.

The chemical RMP and THQ stabilities were evaluated on the basis of the percentage of intact drug remaining in the 
formulation. Liquid SNEDDS samples were directly dissolved in acetonitrile and assayed via UPLC.2,19,29 While solid 
SNEPs were initially crushed via a mill, an aliquot was subsequently dissolved in acetonitrile, sonicated for at least 15 
minutes, and assayed via UPLC.19,36 All stability assessments were conducted in triplicate. Additionally, the formulation 
physical appearance was visually inspected to record any changes in turbidity, color, or pellet agglomeration.

In vivo Study in Rats
Analysis of Ramipril and Ramiprilat in Plasma
Sample Preparation 
The plasma samples were processed via the protein precipitation method. Briefly, 100 µL of the plasma sample was 
combined with 50 µL of the internal standard prednisolone (50 µg/mL) and 3.5 mL of methanol and then vortexed for 
approximately 20 sec. After centrifugation at 10,000 rpm for 10 min, 350 µL of the supernatant was transferred to an 
Eppendorf tube and placed under hued for evaporation. The residue was dissolved in 100 µL of methanol and sonicated 
for 5 minutes to ensure complete drug solubilization. Then, the samples were centrifuged for 10 min, the filtrate was 
removed and placed into UPLC vial inserts, and 5 µL was injected into the LC‒MS/MS for quantitative analysis.

Chromatographic Conditions 
In this study, a UPLC‒MS/MS method (UPLC: Waters Acquity, Milford, MA, USA) was employed to calculate the 
concentrations of ramipril and ramiprilat in rat plasma. The method involved using a BEH HILIC column (50 mm × 
2.1 mm, 1.7 µm) with a mobile phase of acetonitrile and 0.1% formic acid (50:50 v/v) in an isocratic elution running at a 
flow rate of 0.25 mL/min over a total run time of 2 min. Prednisolone was employed as the internal standard. The eluted 
analytes were detected and quantified using a tandem mass spectrometer (TQ detector, Waters Corp., Milford, MA) 
equipped with an electrospray ionization (ESI) source, which was operated in the positive ionization mode. The 
quantification was performed in the multiple reaction monitoring (MRM) mode.

Pharmacokinetic Study in Rats
Study Design and Animal Handling 
The oral bioavailability of the optimized RMP solid SNEPs was compared with that of its liquid counterpart (liquid SNEDDS), 
the raw ramipril powder and the marketed product Ramipril® Sandoz (2.5 mg). Male SD rats (Sprague–Dawley rats, 180–220 g) 
were obtained from the Laboratory Animal Center of Pharmacy College, KSU. The rats were randomly allocated to four groups: 
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the liquid formulation (liquid SNEDDS) (group A), the leading RMP solid SNEPs formula (group B), the Ramipril® Sandoz 
tablet (2.5 mg) (group C) and the pure ramipril powder (Group D). The animals were fasted for 12 h prior to the oral 
administration of RMP formulations. The study was conducted without any pretreatment of the animals. The experimental 
procedures were conducted under the approval of the KSU Animal Ethical Committee and in compliance with the National 
Institutes of Health Guide for Care and Use of Laboratory Animals (Reference no#: KSU- SE- 23-04).

In the current study, the “resource equation method” could be an alternative approach to sample size determination. 
As recommended in the published guidelines, the error degrees of freedom (X) should be maintained within the 
recommended range of 10 to 20 (Equation 1).37

X ¼ N � T � Bþ 1
Where N = total observations count, T = treatments number, B = number of blocks and X = the error degrees of 

freedom (should be between 10–20).
To maximize statistical power, and in alignment with the above “resource equation method” along with the guide

line’s recommendation of a minimum of 5 independent observations per group for datasets undergoing statistical 
analysis, 5 animals were considered per each treatment group.37

Sampling Procedure 
The freshly prepared formulations were dispersed in normal saline (0.9% NaCl) and administered to the animals via oral 
gavage. Blood samples were collected at the following time points: 0 (prior to dose administration), 15 minutes, 30 
minutes, 1, 2, 4, 6, 8, 12, and 24 hours. Approximately 0.3 mL of blood was collected into heparinized tubes at each time 
point. The blood samples were then centrifuged at 3000 × g for 15 minutes to separate the plasma, which was 
subsequently stored at −80 °C until analysis. The key pharmacokinetic parameters, including Cmax, Tmax, and AUC, 
were determined from the plasma concentration data.

Pharmacokinetic Data Analysis 
Microsoft Excel was used to calculate the pharmacokinetic parameters from the experiments. The area under the plasma 
concentration-time curve (AUC) was calculated via the trapezoidal method. The relative bioavailability of the represen
tative SNEDDS to the control was calculated as follows: relative bioavailability % =100 * AUCSNEDDS/AUC control. The 
maximum plasma concentration (Cmax) and time to maximum concentration (Tmax) after oral administration were 
determined directly from the concentration versus time curve.

Computational and Statistical Analyses
The dataset was analyzed via Python 3.9.13 in a Jupyter Notebook environment. Normality was assessed via the 
Shapiro‒Wilk test and homogeneity of variance was evaluated with Levene’s test.38,39

The statistical analyses were conducted via Python libraries, including Scipy.stats, pingouin, and statsmodels. The 
significance level was set at a p-value less than 0.05. For data with a normal distribution and homogeneous variances, 
one-way ANOVA with Tukey’s post hoc test was used to compare multiple group means. When the assumption of 
homogeneity was violated, Welch’s ANOVA was performed, followed by the Games–Howell post hoc test. For 
nonnormally distributed data, the Kruskal‒Wallis test, followed by Dunn’s post hoc test, was employed to assess 
differences in medians across groups.

Certain parts of the manuscript text were composed and/or refined with the assistance of a Claude AIbot (Anthropic/Poe). 
Nonetheless, the authors maintained full accountability for the overall conceptualization and findings.

Results
Fluid Bed Coating of Liquid SNEDDSs into Single-Layer (Single-SNEPs) and Multilayer 
Self-Nanoemulsifying Pellets (Multi-SNEPs)
Microscopic analysis of single-layer (Single-SNEPs) and multilayer (Multi-SNEPs) self-nanoemulsifying pellets 
revealed their structural integrity and morphological characteristics. Both Single-SNEPs and Multi-SNEPs exhibited 
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spherical shapes with smooth surfaces, indicative of uniform coating and encapsulation. The pellets displayed well- 
defined boundaries, suggesting thorough and consistent coating of the liquid SNEDDS within the polymeric matrix. 
Notably, the pellets exhibited a solidified appearance, indicating successful fluid bed coating and subsequent solidifica
tion of the encapsulated SNEDDS.

In vitro Dissolution Studies
RMP Release Findings
The dissolution profiles of all SNEDDS formulations, including L-SNEDDS, Single-SNEPs, and 5L-SNEPs, were not 
significantly different from pure RMP (p > 0.05). Notably, among these formulations, 5L-SNEPs showed the highest 
dissolution efficiency percentage (DE%) for RMP. This finding suggests that the multilayered structure of 5L-SNEPs 
could enhance RMP release, resulting in improved drug dissolution characteristics. A graphical representation of these 
results can be found in Figure 3A and its corresponding detail, Figure 3A.

THQ Release Findings
The dissolution efficiency (DE) of all SNEDDS formulations, namely, L-SNEDDS, Single-SNEPs, and 5L-SNEPs, was 
significantly greater (p < 0.05) than that of pure THQ (Figure 4A and its detailed view, Figure 4A). Remarkably, among 
these formulations, 5L-SNEPs demonstrated the most notable enhancement in THQ DE%, surpassing pure THQ by a 
four-fold increment in DE%. This substantial increase underscores the efficacy of the multilayered structure of 5L-SNEPs 
in facilitating the release of THQ, highlighting its potential as a promising formulation for enhanced drug delivery.

Accelerated Stability Study
RMP Chemical Stability Findings
RMP exhibited substantial degradation across all formulations, which was evident in both the 2-month and the 6-month 
samples (Figure 5). By the 6-month mark, complete degradation of RMP occurred in the L-SNEDDS, Single-SNEPs, and 
even 3L-SNEPs. In stark contrast, 4L-SNEPs and 5L-SNEPs significantly enhanced RMP stability, with improvements of 

Figure 3 In vitro dissolution of RMP formulations at acidic environment (0.1N HCl) represented by (A) along with their corresponding DE%, as represented by (A’). The 
data are presented as the means ± SDs, n = 3.
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Figure 4 In vitro dissolution of thymoquinone (THQ) formulations at acidic environment (0.1N HCl) represented by (A), along with their corresponding DE%, as 
represented by (A’). The data are presented as the means ± SDs, n = 3. While some formulations showed a nonnormal distribution, parametric tests were implemented 
within all the studies because the nonparametric tests showed very little power and failed to detect significant differences between very different group means.

Figure 5 Accelerated chemical stability data of RMP formulations. Only group pairs that were significantly different (p < 0.05) were annotated. ANOVA followed by Tukey’s 
post hoc test for 2 m and Welch ANOVA followed by the Games post hoc test for 6 m were performed.
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30% and 37%, respectively, compared with the other formulations. Notably, silicon dioxide incorporation into the Multi- 
SNEPs demonstrated a beneficial stabilization effect on RMP within the formulation, further enhancing its stability. 
These findings underscore the potential of the moisture sealing layer and anti-adherent layer in improving the stability of 
RMP-containing formulations upon storage.

While data was not collected at the 4-month time point, the degradation pattern observed between the 2-month and 6- 
month time points for the 5L-SNEP formulation suggests a consistent reduction of around 20% of intact RMP every two 
months under the accelerated storage conditions for this particular formulation. The observed trend in the stability data 
lends support to the hypothesis of a potential linear reduction in RMP stability, within 5L-SNEPs, over time.

THQ Chemical Stability Findings
Compared with RMP, THQ had a better stability profile in all formulations (Figure 6). In contrast to RMP, liquid 
SNEDDS maintained the highest intact THQ, with a significant (p < 0.05) difference from most of the other formulations. 
By the end of the study, the L-SNEDDS maintained 70% intact THQ within the formulation.

Physical Stability Findings
By the study end, the physical appearance of liquid SNEDDS had not changed (Table S1, Figure 7A). Single-SNEPs 
showed significant pellet agglomeration and adherence to the container wall, as shown in Figure 7B. Neither RMP-free 
Single-SNEPs nor 3L-SNEPs significantly changed the pellet appearance (Figure 7C and D). Interestingly, 4L-SNEPs 
showed significant pellet agglomeration and adherence to the container wall, which was reversibly deagglomerated by the 
spatula (Figure 7E). In contrast, 5L-SNEPs maintained good pellet flowability until the end of the study (Figure 7F). These 
findings reveal the beneficial effect of the addition of silicone dioxide as an anti-adherent layer on top of the pellets.

In vivo Study in Rats
Analysis of Ramipril and Ramiprilat in Plasma
Method Performance and Assay Validation 
The optimum ionization parameters were as follows: Ramipril: ionization pairs (m/z) 417.09→234.4 (cone voltage 40 V, 
collision energy 20 V) (Figure 8A); Ramiprilat: 389.25→206.06 (cone voltage 34 V, collision energy 52 V) (Figure 8B); 
and prednisolone: 403.09→220.35 (cone voltage 42 V, collision energy 13 V) (Figure 8C). Several combinations of 

Figure 6 Accelerated chemical stability data of THQ formulations. Only group pairs that were significantly different (p < 0.05) were annotated. Welch ANOVA followed by 
Games-Howell post hoc tests for 2 m and 6 m.
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acetonitrile and 0.1% formic acid were evaluated as possible mobile phases. The combination of acetonitrile and 0.1% 
formic acid in an isocratic elution program (50:50 v/v) was found to be the most suitable for resolution of the peaks of 
ramipril, ramiprilat and the internal standard prednisolone. Under the described chromatographic conditions, the retention 
times were approximately 0.61, 0.57 and 0.56 min for ramipril, ramiprilat and prednisolone, respectively (Figure S1).

Good linearity (r2>0.999) was observed for ramipril over the range of 10–500 ng/mL and for ramiprilat over the range of 
20–1000 ng/mL in an aliquot amount as low as 50 µL of rat plasma, which could be described by the following regression 
equations: Y = 0.0571x + 0.4815 (Ramipril, Figure S2), and Y = 0.0052x + 0.9755 (ramiprilat, Figure S2), in which Y was 
the peak area ratio of the drug to the internal standard, and X was the analyte concentration in ng/mL in the plasma.

Pharmacokinetic Study in Rats
The pharmacokinetic study involved four formulations: liquid SNEDDS, multilayer SNEPs (Multi-SNEPs), marketed 
RMP tablets, and pure RMP. The AUC (ng/h/mL) reflects the total exposure, Cmax (ng/mL) is the peak plasma 
concentration, and Tmax (h) is the time to reach Cmax. The investigation into the pharmacokinetics of liquid SNEDDSs 
[BSO/TCP/HCO-30] has yielded substantial enhancement of drug bioavailability, as illustrated in Table 2 and Figure 9.

In the context of raw RMP powder administered orally, the maximum concentration (Cmax) was measured at 90 ng/ 
mL, with a corresponding time to reach the maximum concentration (Tmax) of 0.5 hours. In contrast, when representa
tive Liquid SNEDDSs of RMP were orally administered, the Cmax substantially improved to 105.5 ng/mL (p > 0.05), 
and the Tmax was 0.8 hours (p > 0.05). On the other hand, Multi-SNEPs showed a substantial decrease in the C max to 
59.5 ng/mL, and the t max was 0.6 hours.

Figure 7 Physical appearance of (A0, A6) L-SNEDDS, (B0, B6) RMP-loaded Single-SNEPs, (C, C0) RMP-free Single-SNEPs, (D0, D6) 3L-SNEPs, (E0, E6) 4L-SNEPs, and (F0, 
F6) 5L-SNEPs at 0 and 6 months.
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Figure 8 Ionization pairs (m/z) of (A) ramipril, (B) ramiprilat, and (C) prednisolone.
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Moreover, the area under the concentration-time curve from time zero to the last measurable concentration (AUC0–t) 
of RMP was notably greater in the liquid SNEDDS group than in the RMP powder-treated group (147%, P > 0.05). 
Specifically, the AUC0–t increased from 307.6 ± 212.7 ng h/mL to 454.2 ± 264.9 ng h/mL. This increase in relative 
bioavailability for RMP was also consistent with that of the RMP-marketed tablet Sandoz. In contrast, compared with 
pure RMP, Multi-SNEPs substantially decreased the AUC to 155 ng/mL, which was an approximately 50% reduction in 
the AUC (p > 0.05).

The observed overlapping ± values reported for pharmacokinetic parameters could be attributed to inherent biological 
variability between individual subjects, small sample sizes, and/or potential heterogeneity within the study population. 
This variability may have impacted the clarity of the statistical conclusions and the ability to reliably detect differences 
between the formulations.

Discussion
The development of stable and bioavailable RMP formulations, a widely prescribed ACE inhibitor, is of significant 
clinical importance in hypertension and congestive heart failure management. The inherent chemical instability of 
ramipril, which can lead to diminished therapeutic efficacy and safety, emphasizes the need for innovative formulation 
strategies to protect the drug until it is absorbed and converted into the body.40

The current study embarked on a comprehensive evaluation of liquid and solid self-nanoemulsifying drug delivery 
systems (SNEDDSs) for ramipril, incorporating cardioprotective black seed oil (BSO) as the oil phase. Researchers have 
utilized fluid bed coating techniques to transform liquid SNEDDSs into both single-layer (Single-SNEPs) and multilayer 
(Multi-SNEPs) self-nanoemulsifying pellets, with a focus on assessing formulation chemical stability and pharmacoki
netic profiles.

Table 2 Comparative Pharmacokinetics of Ramiprilat After the Oral Administration of 
Solid SNEDDS Pellets, Liquid SNEDDSs, and Marketed Capsules in Rats

Formulation AUC (ng.h/mL) a,b Cmax (ng/mL) b Tmax (hour) b

Liquid SNEDDS 454.2 ± 264.9 105.5 ± 34.3 0.81 ± 0.80

5L-SNEPs 155.1 ± 59.2 59.5 ± 17.9 0.60 ± 0.38

RMP 2.5 mg (Marketed drug) 308.8 ± 194.9 117.1 ± 53.0 0.55 ± 0.27
Pure RMP 307.6 ± 212.7 90.3 ± 16.6 0.50± 0.31

Notes: aOnly extreme outliers at K values > 2.5 were removed at each time point. b No significant difference was 
found between any pair of groups.

Figure 9 Pharmacokinetic study of ramiprilat in rat plasma. The data are shown as the means ± SDs; n = 4–5.
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The fluid bed coating process successfully transformed the liquid SNEDDSs into both Single-SNEPs and Multi- 
SNEPs, as evidenced by the spherical shape and acceptable morphological characteristics of the pellets. The solidified 
appearance of the pellets suggested that the liquid SNEDDS was effectively transformed into a solidified state through 
the fluid bed coating technique.

The in vitro dissolution studies provided a valued understanding of the drug release profiles of the different SNEDDS 
formulations. Compared with those of pure RMP, the dissolution profiles of the liquid SNEDDS, Single-SNEPs, and 
multilayered 5L-SNEPs were not significantly different. Notably, 5L-SNEPs exhibited the highest dissolution efficiency 
percentage (DE%) for RMP, suggesting that the multilayered structure could increase RMP release and improve its 
dissolution characteristics.

In the case of THQ, all SNEDDS formulations (L-SNEDDS, Single-SNEPs, and 5L-SNEPs) demonstrated statisti
cally significant improvements in dissolution efficiency (DE%) compared with that of pure THQ. Remarkably, 5L- 
SNEPs showed the most substantial increase in THQ DE%, surpassing pure THQ by a four-fold increase. This significant 
increase in THQ release underscores the effectiveness of the multilayered structure of 5L-SNEPs in enhancing the release 
of this bioactive compound.

The stability study provided crucial insights into the formulation chemical stability. RMP exhibited substantial 
degradation across all formulations, with complete degradation observed in L-SNEDDS, Single-SNEP, and even 3L- 
SNEPs groups by the 6-month mark. The depletion of RMP in these formulations is very crucial, as it imparts a 100% 
loss of medication efficacy and raises significant safety concerns with respect to the formed degradation products.

For the L-SNEDDS, the RMP degradation was likely driven by a combination of amide hydrolysis, alkyl ester 
hydrolysis, and lactamization of the amino acid or derivative, as suggested by the literature.19 In the case of the Single- 
SNEP formulation, a combination of the above-mentioned mechanisms, along with hydrolysis facilitated by atmospheric 
humidity, may have contributed to the complete degradation of RMP observed by the 6-month time point. For the 3L- 
SNEP formulation, the isolation between the RMP layer and the SNEDDS layer may have diminished the likelihood of 
SNEDDS-related degradation mechanisms. However, the lack of sufficient protection against hydrolysis by atmospheric 
moisture appears to be the primary driver of the rapid depletion of RMP in this formulation.

In contrast, compared with the other formulations, 4L-SNEPs and 5L-SNEPs significantly increased RMP stability, 
with improvements of 30% and 37%, respectively. The incorporation of moisture-sealing and silicon dioxide layers into 
the Multi-SNEPs formulations was found to have a beneficial stabilization effect on RMP, further enhancing its stability 
under accelerated storage conditions.

In the case of THQ, the compound exhibited better stability than RMP across all formulations. Notably, the liquid 
SNEDDS maintained the highest intact THQ, with a significant difference from most other formulations. By the end of 
the study, the L-SNEDDS retained 70% of the intact THQ within the formulation.

The physical stability assessment revealed that 5L-SNEPs maintained good pellet flowability until the end of the 
study, indicating the beneficial effect of the silicon dioxide anti-adherent layer added on top of the pellets.

These data demonstrate that by carefully selecting such protective polymers, the degradation of sensitive drugs such 
as RMP can be further minimized. Most specifically, the use of multifunctional taste masking and moisture-protective 
polymers, such as Kollicoat Smartseal, further enhanced the performance of the coated pellets. By fine-tuning the 
processing parameters outlined above, one can achieve the desired coating levels with maximum drug loading and 
improved stability of highly moisture-sensitive drugs such as RMP. Taken together, the results of this study open avenues 
for several other drugs that are insoluble, sensitive to moisture, and highly bitter. Using innovative polymers such as 
Kollicoat Smartseal can help increase API stability by acting as a moisture barrier to prevent hydrolysis or degradation.

The pharmacokinetic study in rats provided important insights into the in vivo performance of the different ramipril 
(RMP) formulations. While the liquid SNEDDS group presented a numerically greater Cmax (105.5 ng/mL) and AUC 
(454.2 ng·h/mL) with a 1.5-fold increase in the AUC compared with the raw RMP powder group (AUC: 307.6 ng·h/mL), 
these differences were not statistically significant. Interestingly, the multilayered 5L-SNEPs formulation, which demon
strated the highest in vitro dissolution efficiency for RMP, did not show greater in vivo bioavailability than the raw RMP 
powder. In fact, 5L-SNEPs presented a lower Cmax (59.5 ng/mL) and AUC (155.1 ng·h/mL) than RMP powder did. 
However, statistical analysis revealed no significant differences between any of the formulations for the parameters AUC, 
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Cmax and Tmax. The high variability in the data, as evident from the large standard deviation values, could have 
contributed to the lack of significant differences between the formulations. Therefore, while numerically, the liquid 
SNEDDS showed greater exposure, the high intersubject variability masked the statistical significance of this difference 
compared with the other groups.

Some factors can be suggested to anticipate the discrepancy between the superior in vitro dissolution but lower in 
vivo exposure of Multi-SNEPs than that of the pure drug:

● Digestion and Absorption: In vitro tests lack the complex digestive dynamics of the gastrointestinal tract. Factors 
such as emulsification, the digestion of excipients, the precipitation of drugs from nanoemulsions, and interactions 
with intestinal transporters influence in vivo absorption but are not reflected in simple dissolution tests.

● Excipient Effects: Certain excipients in Multi-SNEPs may interact negatively with intestinal transporters and reduce 
permeation, an effect not observed in vitro.

Accordingly, further optimization is needed to bridge the gap between the enhanced in vitro characteristics and the in 
vivo performance of the multi-SNEPs. This includes:

● Investigation of the impact of changing the polymers used for SNEDDS solidification, drug layering, moisture- 
sealing, and/or anti-adherent layers on the in vivo performance of Multi-SNEPs. This can help identify the most 
suitable excipients to improve the in vivo absorption and pharmacokinetic behavior of RMP.

● Evaluation of the effect of changing the order and number of coating layers in Multi-SNEPs on the in vivo 
pharmacokinetic profile. This can provide more insights into the optimal multilayer structure that can enhance RMP 
bioavailability.

● Inclusion of drug-loaded single SNEPs in the in vivo study to compare its in-vivo performance against 5L-SNEPs. 
This can help elucidate whether the isolation of between RMP and SNEDDS layer in Multi-SNEP poses any 
challenges in vivo that may inhibit the drug from migrating into the formed nanoemulsion droplets.

The observed enhancement in the bioavailability of RMP from the liquid SNEDDS could be attributed to the 
improved solubility and dissolution profiles of the drug. The liquid SNEDDS could have facilitated better uptake of 
the nanoemulsion by enterocytes at the absorption site, as proposed by Elgart, Cherniakov et al (2013).41 This finding 
aligns with previous reports supporting the notion of improved bioavailability through enhanced solubility and absorp
tion, as documented by previous publications.42–44

In this study, the AUC ratio of the liquid SNEDDS to pure RMP was 1.47, suggesting that the bioavailability of the 
liquid SNEDDS was approximately 47% greater than that of the pure drug, although the difference was not statistically 
significant. Overall, the lack of significant improvement in exposure from SNEDDS formulations could be attributed to 
the high variability, complex in vivo performance of lipid-based systems and/or dependence on the digestion process. The 
pharmacokinetic results highlight the need to evaluate the in vivo performance of solidified SNEDDS formulations 
carefully, as the additional processing steps and coating layers may not always translate to improved bioavailability, 
despite the enhanced in vitro characteristics.

Limitations of the Study
While this investigation provided valuable insights into the development and performance of liquid and solidified 
SNEDDS formulations for ramipril, several limitations should be acknowledged:

● The high variability observed in the pharmacokinetic data may have masked potentially significant differences 
between the formulations. Increasing the sample size or exploring alternative animal models could help elucidate 
the in vivo performance more robustly.

● The study focused on the oral bioavailability of ramipril but did not evaluate the pharmacodynamic effects or 
clinical outcomes associated with the different SNEDDS formulations. Incorporating such assessments, particularly 
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related to the potential blood pressure reduction effects of the incorporated bioactive black seed oil, could provide a 
more comprehensive understanding of the therapeutic implications of the developed delivery systems.

The results of this comprehensive investigation highlight the need for further optimization and evaluation of solidified 
SNEDDS formulations to fully harness their potential for improving the oral bioavailability of poorly water-soluble 
drugs. Future studies could involve the following:

● Conducting in vitro lipolysis studies to better understand the behavior of the SNEDDS formulations under 
simulated gastrointestinal conditions, including the effects of digestive enzymes and surfactants on drug release 
and absorption mechanisms.

● Performing pharmacokinetic evaluations in higher-order animal species to validate the findings and potentially 
uncover any species-specific differences in the in vivo performance of the SNEDDS formulations.

● The interaction of the formulation components with intestinal transporters and their impact on drug permeation 
should be investigated to elucidate the reasons for the discrepancy between the in vitro and in vivo results.

● The use of alternative moisture-protective polymers, such as Kollicoat Protect, to further enhance the chemical 
stability of sensitive drugs such as ramipril within solidified SNEDDSs.

Overall, this study marks a significant milestone in the pursuit of enhanced drug delivery strategies for poorly water- 
soluble drugs. While liquid SNEDDSs have demonstrated remarkable promise in enhancing oral bioavailability, the 
transition to multilayer solid SNEDDSs poses challenges that demand careful refinement. Nonetheless, this comprehen
sive investigation lays a robust foundation for continued research and development of multifunctional bioactive oil-based 
SNEDDSs, promising to revolutionize poorly water-soluble drug delivery and improve patient outcomes.

Conclusion
This comprehensive investigation represents a significant stride in the development of innovative delivery strategies for 
poorly water-soluble drugs such as ramipril. The fluid bed coating technique successfully transformed liquid SNEDDS 
formulations into both single-layer (Single-SNEPs) and multilayer (Multi-SNEPs) self-nanoemulsifying pellets, as 
evidenced by the acceptable morphological characteristics of the resulting pellets.

The in vitro dissolution studies demonstrated that the multilayered 5L-SNEPs exhibited the highest dissolution 
efficiency percentage (DE%) for both ramipril and the incorporated bioactive compound, thymoquinone. This finding 
suggests that the multilayered structure can effectively improve the release and dissolution of these active ingredients.

The accelerated stability study revealed a critical difference in the chemical stability of ramipril across the various 
formulations. While the L-SNEDDS, Single-SNEP, and 3L-SNEP groups exhibited complete degradation of ramipril by 
the 6-month timepoint, the 4L-SNEPs and 5L-SNEPs formulations significantly improved ramipril stability, with 30% 
and 37% intact ramipril remaining, respectively. This enhanced stability achieved with the multilayered SNEP formula
tions can be attributed to the incorporation of moisture-sealing and silicon dioxide layers, which effectively shielded the 
drug from degradation mechanisms such as hydrolysis.

In contrast to the improved in vitro performance, the pharmacokinetic study in rats did not demonstrate a significant 
enhancement in the oral bioavailability of ramipril from the solidified SNEDDS formulations compared to the raw drug 
powder. This discrepancy between the in vitro and in vivo results highlights the need for further optimization to bridge 
the gap between the enhanced physicochemical characteristics and the in vivo performance of the solidified SNEDDS.

Potential strategies to address the bioavailability gap in solidified SNEDDSs may include investigating the impact of 
alternative polymers, coating layers, and their order on in vivo performance. Additionally, a direct comparison of drug- 
loaded single SNEPs and multi-SNEPs in vivo could provide insights into the potential limitations of physical separation 
between the drug and the SNEDDS layer. These targeted investigations can help identify the optimal multilayer structure 
and formulation composition to maximize the in vivo performance of solidified SNEDDS.
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