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Abstract: Chronic stable angina pectoris is the primary indication for ranolazine (RZ), an anti-
anginal drug. The drug has an anti-ischemic action that is unaffected by either blood pressure or
heart rate. Due to the first-pass effect, the drug has a reduced bioavailability of 35 to 50%. The
study emphasized developing a novel transdermal drug delivery system of nanostructured lipid
carriers (NLCs) for delivering RZ. Many pharmaceutical companies employ lipid nanoparticles as
biocompatible carriers for medicinal, cosmetic, and biochemical uses. These carriers are appropriate
for many applications, such as topical, transdermal, parenteral, pulmonary, and oral administration,
because of the large variety of lipids and surfactants that are readily available for manufacturing. RZ
NLCs were made using high-pressure homogenization. Statistical analysis was utilized to find the
best formula by varying the concentrations of Precirol ATO 5 (X1), oleic acid (X2), and Tween 80 (X3).
Variables such as entrapment effectiveness (EE) (Y1), particle size (Y2), polydispersity index (PDI)
(Y3), and zeta potential (Y4) were tested. A variety of tests were performed on the new formulation
to ascertain how well it would be absorbed in the body. These tests included in vivo absorption
studies, skin permeability assessments, in vitro drug release assessments, and physicochemical
analyses. The particle size of RZ-NLCs was shown to be very small (118.4 ± 5.94 nm), with improved
EE (88.39 ± 3.1%) and low ZP and PDI (−41.91 ± 0.38 and 0.118 ± 0.028). SEM and TEM analysis
confirmed the structure of the NLCs and showed a smooth, spherical surface. Improved RZ-NLCs
were used to create NLC gel, which was then tested for elasticity both physically and rheologically.
The formulation’s elasticity was investigated. Optimized RZ-NLCs and NLCG were found to have
transdermal fluxes of 48.369 g/cm2/h and 38.383 g/cm2/h, respectively. These results showed that
the transdermal delivery of RZ distribution through NLC’s transdermal gel had more significant
potential. According to in vivo experiments, the drug’s bioavailability in Wistar rats increased when
it was delivered through NLCs. The findings demonstrated that NLCs loaded with RZ successfully
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transported the RZ to the designated site with no interruptions and that a quadratic connection
existed between the independent and dependent variables.

Keywords: ranolazine; nanostructured lipid carrier; transdermal; in-vivo absorption; Box-Behnken
design; permeation

1. Introduction

A drug condition known as angina pectoris develops when the heart obtains less
oxygenated blood [1]. Potassium channel openers remain an important therapeutic class
for angina pectoris and hypertension [2]. Angina pectoris is a chronic illness that affects
many people and is linked with significant morbidity and mortality. It often results from
heart muscle ischemia brought on by coronary artery spasm or occlusion [3]. Nitrates,
calcium channel blockers, beta-blockers, and other anti-anginal drugs treating angina
pectoris relieve symptoms and control heart rate [4,5].

Ranolazine (RZ), a piperazine acetamide derivative, acts as an anti-anginal drug. It
works by partially inhibiting fatty acid oxidase, which boosts the myocardium’s ability
to produce adenosine triphosphate from glucose. As a result, it has anti-ischemic effects
that are not dependent on hemodynamic factors like blood pressure or heart rate. The
issues above and other co-morbidities will not substantially impact its efficacy. This benefit
makes it sound like an efficient anti-ischemic or anti-anginal drug for treating myocardial
infarction, cardiac arrhythmias, and unstable chronic angina pectoris [6,7].

The Food and Drug Administration (FDA) approved RZ for angina pectoris therapy
in 2006. It is a unique anti-anginal drug with anti-ischemic and metabolic actions. Bio-
pharmaceutical classification places RZ as a class II agent. The first-pass effect on RZ is
enormous and erratic. Half-lives of RZ range from 1.4 to 1.9 h, and doses of 500 to 1000 mg
twice a day are efficacious [8,9], but the t1/2 of the extended-release (ER) formulation is
7 h. First-pass metabolism, gastrointestinal (GI) side effects, poor absorption, insufficient
bioavailability, and the need for a large dosage are all problems with orally administered
RZ. Transdermal drug delivery is excellent for treating angina pectoris because of its re-
duced drug dose, avoidance of the first-pass impact, higher bioavailability, controlled
drug administration, and 100% patient compliance. To make RZ more easily administered
topically, a nanovesicular drug delivery system composed of nanostructured lipid carriers
(NLCs) was created [10].

Many drugs cannot be absorbed via the skin because of the barrier function of the
stratum corneum (SC) [11]. Several strategies have been explored to improve transdermal
permeability across the SC barrier. The sustained impact that may be achieved with these
methods gives them hope for the treatment of chronic illnesses like hypertension [12,13].
The transdermal administration of anti-hypertensive drugs has been extensively researched
and developed to overcome the shortcomings of conventional drug delivery methods [14].

Some of the ways that anti-anginal drugs are delivered are through liposomes [15],
biodegradable particles [16], micelles [17], dendrimers [18], nanoparticles [19], and nanogels [20].
Lipid-based delivery methods are more biocompatible with skin lipids, making them an
attractive carrier for transdermal administration [21]. To create NLCs, solid lipid, liquid
lipid, and an aqueous emulsifier solution are combined. Adding liquid lipids to NLCs gives
them a crystalline shape comparable to solid lipids, expanding the NLCs’ space for drug
storage [22]. Their low cytotoxicity and systemic toxicity come from the physiological and
biodegradable lipids they contain, making them ideal for systemic distribution over the
skin [23]. A higher surface area is available for skin absorption of the drug in the nano-size
range, improving therapeutic effectiveness [24]. A reduction in transepidermal water loss
results from the skin sticking to it, forming a thin layer, and exerting an occlusive effect.
H2O may help expand the SC’s inter-corneocyte spaces, improving drug penetration into
deeper layers.
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Statistical experimental designs have been popular in recent years for their ability to
speed up the creation of novel formulations with fewer trials and better quantify the influ-
ence of factors [25]. Response surface methods (RSM) [26] include the central composite
design (CCD), the D-optimal design (D-optimal), and the Box-Behnken design (BBD), all of
which can help improve different formulations. The three variables used in the experimen-
tal design of BBD are located in the central region, the periphery, and the extremes of the
process space, respectively. Since there are no hidden areas to explore, doing BBD trials that
could involve a significant outlier is a breeze to avoid. In addition, fewer runs are required
for BBD than for other models based on the three-level response surface design approach.
As a result, BBD has been touted as a tool for improving a wide variety of nanocarriers.

In this study, we used design expert software to create a nanosized lipid carrier
that could transport RZ. Different aspects of the optimized NLC formulation were ana-
lyzed, including its %EE, particle size (PS), shape, in-vitro release, in-vivo absorption, and
skin contact.

2. Results and Discussion
2.1. Selection of Solid and Liquid Lipids

The log p value of 2.07 ± 0.06 for RZ indicates it is not water-soluble. This drug has
high lipophilicity. Figure 1A,B depict the results of studies into the solubility of RZ in solid
and liquid lipids, respectively. Precirol ATO 5 was the best option for dissolving the drug,
and it was followed by Compritol 888, Stearic Acid, Geleol, Cetyl Palmitate, and Dynasan
118. The oils with the best solubility in water were coconut oil, olive oil, and Labrafil®

M2125 CS, followed by oleic acid and glyceryl monooleate (GMO). As a result of this, oleic
acid and Precirol ATO 5 were chosen as the solid and liquid lipids in RZ-NLCs.
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Figure 1. Solubility studies of RZ (A) solid lipids, (B) liquid lipids, and (C) surfactant. Values are
expressed in mean ± SD, n = 3. * p > 0.05, ** p > 0.02, *** p > 0.001.

When testing the miscibility of oil and a hydrophilic filter paper, we observed no
droplets when the solid: liquid lipid ratio was 85:15. The anticipated melting temperature
of this lipid combination for RZ-NLCs is 58.5 ± 2 ◦C (solid:liquid: 85:15). The inclusion
of a surface-modifying agent, stearyl amine, at a concentration of 0.1% w/v improved
its bioavailability. It has been proposed that stearyl amine be included in the NLC for-
mulation to enhance the interaction of RZ-NLCs with the negatively charged mucosal
cells [27]. Positively charged nanoparticle surfaces would be produced by the presence of
amine groups.

2.2. Selection of Surfactants

Since stable nanoparticles, effective entrapment, and strong lipid-drug interaction
were the objectives for the formulation of NLCs, surfactants, including Polysorbate 20,
Polysorbate 80, Cremophor RH 40, and Poloxamer 188, were preferred to reduce the
solubility of RZ (Figure 1C). In a microscopic analysis, pre-emulsion batches consisting
of Poloxamer 407, Poloxamer 188, and Cremophor RH 40 showed moderate sphericity
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and high to moderate aggregation. Polysorbate 20 was used as a surfactant to achieve
reduced accumulation and non-sphericity in the batches. Using polysorbate 80, the resultant
particles were round and showed no evidence of aggregation. Polysorbate 80 was employed
for further investigations.

2.3. Experimental Design Optimization

Table 1 displays the statistical strategy, which classified the study’s 17 formulations
into four variables based on EE, PS, PDI, and ZP. Finding the quadratic coefficients in the
second-order polynomial equations for EE, PS, PDI, and ZP helped us understand how the
independent and dependent variables are related mathematically. When the R2 value was
between 0.9437 and 0.9824, a robust connection existed between the polynomial coefficients
and the data. In a polynomial equation, a variable with a negative sign suggests an inverse
relationship between the component and the response. Optimization is more effective for
positive values of the variable in polynomial equations and vice versa. EE, PS, PDI, and
ZP were all significantly impacted by each of the three factors (liquid lipid [oleic acid],
solid lipid [Precirol], and surfactant [tween 80]). We were able to quantitatively explore the
effects of each independent variable and their interactions using an analysis of variance
(ANOVA). The Design-Expert® software was used to determine the polynomial coefficient
for each dependent variable and to quantify the impact of each independent variable in
the development of Equations (1)–(4). We only considered the equations’ most important
variables and how they interacted.

Table 1. Optimization of RZ-NLC formulation by Box-Behnken statistical design.

Std X1 X2 X3 Y1 Y2 Y3 Y4

1 187.5 22.5 25 65.81 ± 2.3 264.3 ± 5.39 0.394 ± 0.043 −29.6 ± 1.26
2 187.5 22.5 25 65.81 ± 2.3 264.3 ± 5.39 0.394 ± 0.043 −29.6 ± 1.26
3 187.5 15 20 74.39 ± 4.9 215.4 ± 6.5 0.291 ± 0.012 −31.4 ± 1.05
4 187.5 22.5 25 65.81 ± 2.3 264.3 ± 5.39 0.394 ± 0.043 −29.6 ± 1.26
5 187.5 22.5 25 65.81 ± 2.3 264.3 ± 5.39 0.394 ± 0.043 −29.6 ± 1.26
6 225 22.5 20 82.34 ± 2.6 159.7 ± 6.4 0.218 ± 0.028 −35.4 ± 2.15
7 187.5 22.5 25 59.37 ± 2.3 264.3 ± 5.39 0.394 ± 0.043 −29.6 ± 1.26
8 225 30 25 88.39 ± 3.1 159.3 ± 3.1 0.168 ± 0.033 −38.7 ± 0.61
9 187.5 30 20 78.43 ± 2.4 173.4 ± 8.6 0.235 ± 0.152 −30.2 ± 0.98
10 187.5 30 30 80.19 ± 6.3 194.2 ± 3.33 0.198 ± 0.032 −39.4 ± 2.15
11 150 22.5 30 76.38 ± 1.8 182.3 ± 2.84 0.167 ± 0.051 −41.9 ± 1.38
12 187.5 15 30 82.16 ± 4.5 118.4 ± 5.94 0.135 ± 0.038 −39.4 ± 1.52
13 225 22.5 30 74.52 ± 1.9 182.9 ± 3.51 0.184 ± 0.015 −38.4 ± 0.68
14 225 15 25 69.31 ± 8.3 238.6 ± 6.25 0.326 ± 0.102 −35.2 ± 1.53
15 150 22.5 20 60.28 ± 6.4 215.3 ± 3.38 0.314 ± 0.038 −28.4 ± 0.75
16 150 15 25 76.18 ± 5.2 153.1 ± 5.13 0.158 ± 0.028 −36.4 ± 2.38
17 150 30 25 59.43 ± 7.3 294.8 ± 2.49 0.372 ± 0.125 −34.6 ± 3.24

2.3.1. Effects of Independent Variables Different Types of Lipids (A): Solid Lipids
(B): Liquid Lipids (C): Surfactant on Polystyrene

According to Table 1, PS ranged from a low of 118.4 ± 5.94 nm to a high of 294.8 ± 2.49 nm.
PS is a function of the three independent variables shown in three dimensions in Figure 2A–F.
PS changes with changes in total lipid concentration in the model’s plot. PS increased with
increasing solid lipid to liquid lipid concentrations. More extensive lipid-drug crosslinking
yields a giant molecule. As the concentration of lipids rises, more space opens between the
bilayers of solid and liquid lipids, allowing for more drug delivery. As the concentration of
tween 80 increases, the emulsion droplets shrink, and the interfacial tension between the
two phases falls [28]. A steric barrier on the surface of a substance with a high surfactant
concentration prevents the smallest particles from adhering to one another [29]. Notable
model designations were AB, BC, B2, and C2. The values for “Predicted R2”(0.7498) and
“adjusted R2” (0.9319) were quite similar (the difference was less than 0.2). The S/N
(signal-to-noise) ratio is calculated using Adeq Precision.
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PS = +270.34 − 13.13A − 12.03B − 10.75C − 55.25AB + 14.05AC + 29.45BC − 24.60A2 − 34.29B2 − 60.70C2 (1)
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According to the PS equation, A, B, and C all have zero influence on PS. The PS of
NLCs was shown to be dramatically attenuated by increasing their solid lipid (factor A)
content (p ≤ 0.05). Similar outcomes were observed when measuring the PS of NLCs before
and after a rise in liquid lipid content (B). Since oleic acid and precirol ATO® may reduce
system viscosity and surface tension, this may increase the PS of the resultant NLCs. It has
been shown [30] that mixing the liquid lipid with the solid lipid while forming a solid lipid
nanoparticle (SLN) dispersion may reduce the system’s viscosity. Researchers demonstrated
that shifting from a lipid matrix composition containing 15% liquid lipids to one containing
30% successfully decreased particle size. Similar to how a higher concentration of surfactant
(C) can quickly emulsify the whole lipid contents of the formulation, producing smaller
nanoparticles with a narrower particle size distribution (PS).

Factor interactions (AB, BC, and CA) have a substantial (p ≤ 0.05) effect on the NLC’s
PS, as shown in Figure 2. The summative effect of two variables (AC and BC) and the
multiplicative effect of a third (degree of freedom (DF)) had a significant impact on NLC
size (AB interaction). The fact that PS decreased with increasing concentrations of solid
and liquid lipids (AB) demonstrated Factor X’s detrimental effects. The AC interaction
between the solid lipid and surfactant, which is receiving increasing attention in the NLC
formulation, has a significant impact on the size of the particles. Contrarily, at higher
concentrations, the interaction between a liquid lipid and a surfactant had a negative effect
on particle size (BC interaction).

2.3.2. Effect of Independent Variables on EE

It is tabulated in Table 1 that EE ranged from a low of 59.37 ± 2.3 to a high of
88.39 ± 3.1%. Three-dimensional plots of the impact of these independent factors on EE are
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shown in Figure 3A–F (Y1). Precirol has been shown to improve the entrapment efficiency
of NLCs. Mixing liquid and solid lipids may have disrupted the crystal arrangement,
which enhanced EE and improved drug entrapment efficiency. Raising the surfactant
concentration increases EE, and doing so in the external phase might make it easier for
the drug to be partitioned out of the internal phase and into the external one. Now that
partitioning has been fine-tuned, the drug is more soluble in the external aqueous phase.
As a result, more of the drug might be dissolved within that time. The model terms A, C,
AB, AC, B2, and C2 are included. The calculated R2 of 0.9503 agreed with the modified R2

of 0.9382.

EE = +64.52 + 5.29A + 0.5500B + 2.23C + 8.96AB − 5.98AC − 1.50BC + 1.70A2 + 7.11B2 + 7.16C2 (2)
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Figure 3. The plot of the response surface shows the substantial (p < 0.05) influence of independent
factors and interactions between dependent variables of RZ-NLCs ((A,C,E) 2D counter plots for
Independent Variables effect on Entrapment Efficiency) ((B,D,F) 3D Response surface plots on
entrapment Efficiency).

The %EE of the drug was found to decrease considerably (p < 0.05) when the solid
lipid content was increased. Contrarily, when surfactant concentration was raised, the
drug’s %EE was in the NLCs. A higher surfactant concentration may cause the particle to
develop a thicker coating of NLCs on its outside, entrapping some drugs. Zhuang and Das
postulate that sufficient surfactant is needed to solubilize drug molecules within the lipid
lattice structure and on the outer surface of nanoparticles [31,32].

Reducing the amount of surfactant used and lengthening the homogenization time
leads to a significant (p ≤ 0.05) rise in the drug %EE in the RZ-NLCs. In contrast, the
proportion of effective drugs increased due to the interaction between solid and liquid lipid
concentrations (AB interaction). Increasing the concentration of the solid and liquid lipid
components of the RZ-NLCs may improve the drug’s %EE. Since more solid lipids are in
the system, more drug molecules can fit, resulting in a higher percentage of the drug’s %EE
in the RZ-NLCs.
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2.3.3. Effect of Independent Variables on PDI

The PDI values found to fall in the range of 0.118 ± 0.028 to 0.394 ± 0.043 are shown
in Table 1. This three-dimensional graph shows how many variables influence the perfor-
mance growth index (Figure 4A–F). The PDI is positively correlated with the surfactant
amount present and the overall lipid content. As can be seen, the “Adj R2” of 0.8713 was
quite close to the “Predicted R2” of 0.8578. This model may help you navigate the design
space, and its precision is expressed as a ratio of signal to noise. In this scenario, all of the
individual and combination variables were represented by significant model terms.

PDI = +0.3744 − 0.0144A + 0.0079B − 0.0468C − 0.0930AB + 0.0282AC + 0.0298BC − 0.0562A2 − 0.0622B2 −
0.0975C2 (3)
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plots on PDI).

If you increase the proportion of oleic acid, the PDI will decrease. The NLC particles
will be more evenly dispersed, as demonstrated in Equation (3). Earlier studies [33] showed
that oleic acid had a similar impact on NLCs. Figure 4 shows the relationship between
surfactant and lipid content in a liquid (AC interaction). The PDI was significantly lowered
due to this interaction. This suggests that the PDI values would drop with increasing
solid and liquid lipid concentrations. The interaction (CD interaction) between the liquid
lipid and surfactant concentrations was also shown to be synergistic by the PDI values.
Consequently, the PDI values would rise, and the RZ-NLC particles would be less uniform if
the liquid lipid and surfactant concentrations were increased concurrently. Above-optimal
concentrations may cause surfactant deposition on the nanoparticles’ outer surfaces, raising
the PDI values. Similarly, the PDI values of NLCs increased as the surfactant content
increased [34].

2.3.4. Effects of Variables on ZP

The RZ-NLC formulations’ negative charge was achieved by the ionization of fatty
acids (such as glyceryl palmitostearate, which may be found in oleic acid, and Precirol
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ATO®) and dextran sulfate residue. As seen from Equation (4), increasing the quantity
of oleic acid had a detrimental effect on the nanoparticles, leading to a more significant
negative charge and, hence, a higher ZP of RZ-NLCs. Over-ionization of carboxylic groups
in oleic acid (a kind of liquid lipid) might be responsible [35]. Glyceryl palmitostearate, a
solid lipid, similarly reduced ZP values; increasing glyceryl palmitostearate concentration
decreased the ZP of nanoparticles. Glyceryl palmitostearate’s carboxylic acid contributes to
a more significant accumulation of negative charges on the nanoparticles’ surface.

ZP = −30.06 − 0.8000A − 0.0625B − 4.21C − 1.33AB + 2.63AC − 0.3000BC − 3.55A2 − 2.62B2 − 2.42C2 (4)

Considerably beneficial effects of the AC interaction on NLCs’ ZP and significantly
adverse effects of the CA interaction were observed (Figure 5). By raising the solid lipid
content and lowering the surfactant concentration, the negative charge on the nanoparticles
may be decreased, and ZP values can be lowered. The ZP for RZ-NLCs is reduced because
a lower surfactant concentration cannot ionize the whole quantity of solid lipid, resulting in
a lower negative charge on the nanoparticles’ surfaces. Further, the ZP value of RZ-NLCs
would rise dramatically if the concentrations of liquid lipids and surfactants were raised
simultaneously (BC interaction). A higher surfactant concentration in the formulation
would result in a more significant ionization of the carboxylic acid.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 29 
 

 

 
Figure 5. The response surface plot revealed that the ZP of RZ-NLCs was strongly influenced by the 
liquid lipid and surfactant concentrations (p ≤ 0.05), as well as by the interactions between BC, AB, 
and AC. ((A,C,E) 2D counter plots for Independent Variables effect on Zeta potential) ((B,D,F) 3D 
Response surface plots on zeta potential). 

2.4. Point Prediction  
By changing the amounts of liquid lipid (30 mg oleic acid), solid lipid (207.2 mg 

GMS), and surfactant (20 mg tween80), the best formulation (RZ-NLCs) was made. Parti-
cle size (118.4±5.94 nm and 117.438 nm), encapsulation efficiency (88.39 ± 3.1 and 89.946), 
and PDI (0.118 ± 0.028 and 0.150) were all found to be within a small margin of error of 
the experimentally determined value of the RZ-NLCs optimized formulation. The validity 
of the anticipated importance of replies was found to be 98.23%, 99.51%, and 100.08%, 
respectively, proving that the optimal formulation was selected. Based on the perturbation 
plots and desirability plots, the optimized formulation was selected (Figure 6). The 
ANOVA analysis confirmed the significance of all model variables, including those re-
sponsible for interaction effects. This conclusion was reached as a result of the fact that the 
model variables were significant. Following further optimization via point prediction, the 
RZ-NLC was verified by applying carbopol as the gelling agent before being evaluated for 
additional parameters. The optimized formulation is shown in Table 2 with predicted and 
experimental values.  

Table 2. Point prediction assessed RZ-NLCs optimized with their observed and predicted values. 

Optimized Formula 
Optimized Con-

centration Responses Predicted Value 
Experimental 

Value 
Solid Lipid (X1) 187.5 EE (%) 89.749 88.39 ± 8.1 
Liquid Lipid (X2) 15 PS (nm) 118.4 118.4 ± 5.94 

Surfactant (X3) 30 
PDI 0.1525 0.135 ± 0.038 

ZP (mV) −34.13 −29.6 ± 1.26 

Figure 5. The response surface plot revealed that the ZP of RZ-NLCs was strongly influenced by the
liquid lipid and surfactant concentrations (p ≤ 0.05), as well as by the interactions between BC, AB,
and AC. ((A,C,E) 2D counter plots for Independent Variables effect on Zeta potential) ((B,D,F) 3D
Response surface plots on zeta potential).

2.4. Point Prediction

By changing the amounts of liquid lipid (30 mg oleic acid), solid lipid (207.2 mg GMS),
and surfactant (20 mg tween80), the best formulation (RZ-NLCs) was made. Particle size
(118.4 ± 5.94 nm and 117.438 nm), encapsulation efficiency (88.39 ± 3.1 and 89.946), and
PDI (0.118 ± 0.028 and 0.150) were all found to be within a small margin of error of the
experimentally determined value of the RZ-NLCs optimized formulation. The validity
of the anticipated importance of replies was found to be 98.23%, 99.51%, and 100.08%,
respectively, proving that the optimal formulation was selected. Based on the perturbation
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plots and desirability plots, the optimized formulation was selected (Figure 6). The ANOVA
analysis confirmed the significance of all model variables, including those responsible for
interaction effects. This conclusion was reached as a result of the fact that the model
variables were significant. Following further optimization via point prediction, the RZ-
NLC was verified by applying carbopol as the gelling agent before being evaluated for
additional parameters. The optimized formulation is shown in Table 2 with predicted and
experimental values.
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Table 2. Point prediction assessed RZ-NLCs optimized with their observed and predicted values.

Optimized Formula Optimized Concentration Responses Predicted Value Experimental Value

Solid Lipid (X1) 187.5 EE (%) 89.749 88.39 ± 8.1

Liquid Lipid (X2) 15 PS (nm) 118.4 118.4 ± 5.94

Surfactant (X3) 30
PDI 0.1525 0.135 ± 0.038

ZP (mV) −34.13 −29.6 ± 1.26

2.5. Effects on Particle Size, PDI, and ZP

Vesicle diameters for the prepared RZ-NLCs ranged from 118.4 ± 5.94 (F10) to
294.8 ± 2.49 (F17). The PDI was measured to be 0.168 ± 0.033, below the cutoff value
of 0.5 and suggesting a normal distribution (Figure 7). When the concentration of liquid
lipids was raised from 15 to 30 mg, solid lipids were kept at 187.5 mg, and the size and PDI
of the formulations shrank while the ZP rose. Perhaps this is because there is less solid lipid
to help direct the drug. The ZP decreased and the size altered when the quantity of solid
lipids was raised from 150 to 225 mg while the amount of liquid lipids was held constant.
The NLCs grew in size when solid lipid content increased.
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Extremely negative zeta potential values (−29.6 ± 1.26 mV) were measured, showing
that the produced RZ-NLCs were very stable and that the vesicles had not coagulated or
aggregated. Strong evidence of the RZ’s orientation in the lipid metric was found to be an
opposing surface charge in RZ-NLC compositions. The surface charge is essential if you
wish to create a stable colloidal preparation. It is a surrogate for NLCs’ physical stability
and may influence their environmental and cellular fates. A ZP of 30 mV is necessary for
the electrostatic stability of a nanoformulation. In contrast, a ZP of 20 mV is optimal for the
combined stabilization of electrostatic and steric effects. The research was conducted by a
group of scientists [36].

2.6. Measurement of EE and Drug Concentration

The drug concentration of NLC formulations was between 96.89± 0.18 and 98.97 ± 0.20 mg.
The calculated %EE for the NLC formulations was between 59.37 ± 2.3 and 88.39 ± 3.1%.
Considering RZ is very lipophilic, it was discovered that %EE contains a lot of lipid
nanoparticles (Table 1). Long-chain fatty acids covalently bound to the glyceride may
be to blame for this enhanced capacity to accommodate lipophilic drugs. Liquid lipid,
which has a less structured lipid matrix, leads to defects that generate vacuum regions
where drug molecules may get stuck [37]. The drug was dissolved in molten lipids at
temperatures higher than the threshold at which solid lipids could melt. Neither the
drug nor its metabolites leaked or precipitated throughout the manufacturing process.
The solubility of the drug in the lipid phases, the nanoparticle crystallinity index and,
by extension, the diffusion coefficient of the drug, the manufacturing method, and the
circumstances utilized all have an impact on the release properties of NLCs, which in turn
are impacted by the EE. The lipidic nanoparticles in NLCs immobilize the administered
drug by remaining in a solid form, which increases EE. Encapsulating a substantial dosage
of the medicine in lipid nanoparticles and having it delivered via the lymphatic system is
one way to avoid first-pass metabolism.

2.7. Characterization of Optimized RZ-NLCG
pH, Viscosity, Spreadability, and Drug Content Estimation

When applied topically to the skin, the optimized RZ-NLCs-based topical gel had a pH
of 6.35 ± 0.26. 38513 ± 0.59 cps and 16.84 ± 0.32 g-cm/s were calculated for consistency and
dispersibility, respectively. RZ = 98.37 + 0.23% is the figure derived for the number of drugs
found. The created topical gel was found to have a shear thinning property (pseudoplastic
flow) and a viscosity of 35,000–40,000 cps, making it ideal for topical use, according to
rheological experiments. Several aspects of textural examination were considered, including
stability, reliability, hardness, cohesion, and viscosity index. Hardness is 0.158 ± 0.01,
toughness is 0.492 ± 0.15, consistency is 1.486 ± 0.23, cohesiveness is −0.08 ± 0.58, and the
index of viscosity is −1.068 ± 0.21. Below is Table 3, including the assessment parameters
used to assess the enhanced RZ-physicochemical NLCGs and mechanical properties.
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Table 3. Evaluation criteria for the RZ-NLCG optimized for various physicochemical and
mechanical qualities.

Physicochemical Properties Mechanical Properties.

Viscosity
(cps)

Spreadability
(g-cm/s) pH Swelling Index Firmness

(g) Toughness Consistency
(g/s)

Cohesiveness
(g)

Index of
Viscosity (g.s)

38513 ± 0.59 16.84 ± 0.32 6.35 ± 0.26 3.642 ± 0.005 0.158 ± 0.01 0.492 ± 0.15 1.486 ± 0.23 −0.08 ± 0.58 −1.068 ± 0.21

2.8. Solid-State Characterization
2.8.1. Drug-Excipient Compatibility Studies by DSC

The lipids in NLCs had the lowest melting point of any pure drug, lipid, RZ-NLC,
Carbopol-940, or RZ-NLCG formulation. In the DSC thermogram of pure RZ, the en-
dothermic peak at 166.4 ◦C and the 545.84 J/g enthalpies show that the material is entirely
crystalline. For the pure substance, an endothermic peak was recorded at 64.38 ◦C. When
the drug was combined with oleic acid and tween 80, the calculated enthalpy values were
173.7 J/g, with the drug’s peak temperature being 0 ◦C and the lipids’ peak temperature
being 72.86 ◦C (Figure 8). The percentage of crystals decreased to 89.34% as a consequence.
The drug’s melting endotherm was maintained with a slight shift due to temperature.
Both the peak shape and enthalpy may be affected by the drug-to-excipient ratio. Small
deviations in the melting endotherm of the medicine may not always indicate incompat-
ibility since the combination of the drug and the excipient can affect the purity of either
component. In RZ-NLC and RZ-NLCG formulations, the drug is converted from its crys-
talline state to an amorphous form, as shown by the disappearance of the endotherm peak.
The crystallinity of NLCs was estimated at 23.64%, whereas that of NLCG was measured
at 29.28%.

2.8.2. Powder X-ray Diffractometry

Figure 9 shows the PXRD analyses of the optimized RZ-NLCs formulation, the pure
drug, the pure lipid, the physical drug mixtures, the lipids, and the surfactant at a 1:1 ratio.
Powder X-ray diffraction (PXRD) showed that pure RZ was crystalline because it had clear
peaks at 3.34◦, 10.79◦, 18.61◦, 21.85◦, 24.26◦, 25.50◦, 31.57◦, and 42.29◦. The drug peaks
were almost eliminated from the adjusted RZ-NLCs sample. In contrast, the RZ peaks were
kept at a lower intensity. This result was no surprise after confirming the drug was not
crystalline using RZ-NLCs and RZ-NLCG. There was a reduction in both the overall and
lipid peak intensities in the optimized sample. The lower crystallinity of the lipids explains
the diminished intensity. The degree of crystallinity between the lipid and drug determines
how quickly RZ is released from nanoparticles. DSC examination of the samples confirmed
this loss of crystallinity.

2.8.3. Morphology of NLCs Using Scanning Electron Microscopy

Scanning electron microscopy analysis of RZ-NLC and RZ-NLCG surfaces is shown
in Figure 10. Micrographs of the particles show that their increased size and polydispersity
due to the sonication have led to an incredible agglomeration phenomenon. The drug-
loaded NLC formulations were smooth on the surface. They were evenly distributed
throughout, according to the SEM findings (Figure 10). The TEM images of RZ-NLC and
RZ-NLCG revealed that NPs were spherical in nature, discrete, and nonaggregate. The
TEM image showed that the RZ-NLC and RZ-NLCG particles had a size range between
150 and 200 nm and were spherical. The measurement made with Zetasizer (photon
correlation spectroscopy) only estimates the nanoparticles’ size based on the intensity and
scattered light. TEM examination is helpful to verify the outcomes of photon correlation
spectroscopy and learn more about the morphology of RZ-NLC and RZ-NLCG. According
to the TEM image, the developed RZ-NLC and RZ-NLCG had smooth surfaces and no
surface drug crystals.
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2.9. In Vitro Drug Release

The optimized RZ-NLC (94.17%) and RZ-NLCG (68.31%) exhibit different drug release
profiles, as shown in Figure 11. The enhanced RZ-NLCG displayed a biphasic release
pattern with a rapid initial and sustained 24-h release. Although Carbopol forms a thick
gel matrix structure, the release of RZ is delayed for many hours after it is dispersed.
Significant difficulties arise when treating patients with drugs entrapped in a gel matrix for
long periods of time. This release feature helps achieve the target, which is necessary for
transdermal drug administration to be effective [38]. Many other kinetic models were tried
to explain the drug release data. Still, the Higuchi model was determined to be the most
appropriate (0.981). The n value of 0.396 obtained from the Peppas model suggests that
drug release was regulated by Fickian diffusion.

2.10. Ex Vivo Permeation Studies

Rat skin penetration of RZ-NLCs and the RZ-NLCG formulation was studied using
Franz diffusion cells. The rate of RZ penetration per unit area was calculated for the whole
surgically removed section of rat skin (Figure 12). The time-dependent permeation curves
for the drug showed behavior consistent with typical penetration. Slope analysis of the linear
area allowed us to calculate the steady-state flux value, as shown in Figure. The improved
RZ-NLC produced 48.369 g/cm2/h of RZ flux, much higher than the 38.383 g/cm2/h
produced by the RZ-NLCG. As dermal retention is crucial in formulating RZ nanoparticles,
1% Carbopol gel was used to disperse the lipid carriers. Therefore, the homogeneity,
viscosity, pH, and drug concentration of the synthesized NLCG were analyzed to see how
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these factors would affect the transdermal skin permeability rate and the aesthetic value of
the formulation. Transdermal delivery was shown to be most effective in these settings.
The created gel increased in vitro penetration into rat skin and had a high flux to transport
RZ to therapeutic concentrations in the biological system.

2.11. Pharmacokinetic Study

Figure 12 shows the plasma concentration profiles of RZ in Wistar rats after they were
given optimized RZ-NLCG and Ranozex, a commercially available tablet. The Cmax and
Tmax of Ranozex Tab were 1039.68 ± 5.48 ng/mL and 2.05 h, respectively, whereas those
of RZ-Cmax NLCG were 986.52 ± 8.45 ng/mL and 4.09 ± 0.48 h.
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The transdermal gel formulation’s lower Cmax and longer Tmax may be attributed to
the stratum corneum’s role as a barrier in this delivery method. The AUC0-t and AUMC
t-values for the RZ-NLCG optimized formulation were 702.3659608 ± 14.52 and
3928.505246 ± 18.94 g.h/mL, respectively. While AUC0-t and AUMC t-∞ following oral
Ranozex Tab treatment were 779.585782 ± 13.24 and 1437.72977 ± 10.34 µg.h/mL, respec-
tively (Table 4). According to the pharmacokinetic analysis, the NLCG gel formulation
of RZ is absorbed more thoroughly than the commercially available tablet. Compared to
oral dosing, the substantially higher AUC value seen with RZ-NLCG suggested greater
bioavailability of the RZ (Figure 13). Higher absorption was seen with the NLCs-based gel,
which may result from the formulation’s effective permeability enhancers (surfactant and
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lipid). Additionally, the RZ-NLCG formulation may have achieved higher bioavailability
(1.64 times) than the oral formulation since it bypassed the liver’s first-pass metabolism.
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Table 4. The pharmacokinetic absorption parameter of the transdermal formulation of Rz-NLCG
compared to the oral version sold (Ranozex tablet).

Pharmacokinetics Parameter Marketed RZ-NLCG

Intercept −0.033964629 −0.020708832
Slope 2.891306469 2.845944685
C0 (mcg/mL) 778.585782 ± 25.36 701.3659608 ± 13.47
K(h−1) 0.07822054 ± 0.02 0.04769244 ± 0.002
Dose (mg) 100 100
Vd (mL) 128.437999 ± 8.34 142.5789183 ± 6.48
Vd (L) 0.128438 ± 0.24 0.142578918 ± 0.002
t1/2 (h) 8.85956546 ± 0.05 14.53060491 ± 0.59
Clearance (L/h) 0.01004649 ± 0.02 0.006799936 ± 0.004
AUC0-t (µg.h/mL) 779.585782 ± 13.24 702.3659608 ± 14.52
AUC1-t (µg.h/mL) 8820.125 ± 16.58 11,155.465 ± 20.46
AUCt-inf (µg.h/mL) 1437.72977 ± 10.34 3928.505246 ± 18.94
AUCTotal (µg.h/mL) 11,037.4406 ± 13.49 15,786.33621 ± 18.73
Cmax 1039.68 ± 5.48 986.52 ± 8.45
Tmax 2.05 ± 0.13 4.09 ± 0.48
Relative Bioavailability - 1.64 ± 0.13

2.12. In Vivo Pharmacodynamic Studies
2.12.1. DOCA Salt Model for Hypertension

When animals were treated with DOCA salt, the blood pressure significantly increased
after 28 days, indicating hypertension induction. The effect of RZ-NLCs and RZ-NLCG on
the systolic pressure for up to 4 days is shown in Figure 14A,B. It was seen from the figure
that the blood pressure reached the expected value (150 mm Hg) after administration of RZ-
NLCs on the second day. However, the RZ-NLCs could sufficiently control blood pressure
thereafter. RZ-NLCG maintained the blood pressure in the normal range (150 mm Hg) for
up to 3 days, indicating their ability to sustain the drug release and maintain therapeutic
drug concentration for a prolonged period.
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Figure 14. (A) Effect of RZ-loaded NLCsG on increase in systolic blood pressure in comparison to
that of NLCs on days 1 to 4. Values expressed as mean ± SD. (B). Effect of RZ-loaded NLCsG on ST
segment normalization on vasopressin-induced ST segment elevation in comparison to that of NLCs
on days 1 to 4. Values expressed as mean ± SD, n = 3. * p > 0.05, ** p > 0.02, *** p > 0.001.

2.12.2. Vasopressin Model for Angina

Vasopressin causes the small coronary artery to narrow and raises overall coronary
resistance. Following the administration of vasopressin, the ECG alterations (ST-segment
elevation) were thought to show the existence of myocardial ischemia, which may be caused
by coronary vasoconstriction [21]. The ECG would return to normal after the injection of a
coronary vasodilator, which would lessen coronary constriction. The established coronary
vasodilator effect of RZ would restore a normal ECG. In a typical ECG, the ST segment
measured 0.0142 mV. The vasoconstrictor effect of vasopressin caused the ST segment to rise
to 0.1203 mV after being intravenously administered (1 IU/kg). As observed in Figure 12
[ECG 3(A, B, C)], the RZ-NLCs could not sustain an effective drug concentration over an
extended period since they failed to normalize the ST segment elevation after the first day
appreciably. ECG 4 (A, B, C, and D) demonstrates that RZ-NLCG successfully maintained
the impact of normalization of the high ST segment for three days in a row. Figure 13B
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depicts the outcome of topically applying NLC gel before delivering vasopressin. The
vasopressin-induced ST segment elevation was normalized by NLCs gel for up to 3 days,
and there was no discernible difference in the ST segment on any of the 3 days (p ≤ 0.05).
This shows that the coronary vasodilator effects of RZ-loaded NLCsG were present for a
considerable time.

2.12.3. Histopathological Analysis

The effects of RZ-NLCs and RZ-NLCsG on the histopathological changes in skin
tissue in rats treated with vehicle and drug are shown in Table 5. The light micrograph of
skin exposed to a vehicle in Figure 15 shows the usual architecture without any fraying
or infarction. The light micrograph of the vasopressin-control group reveals red blood
cell extravasation, myophagocytosis, edema, inflammatory cell infiltration, and localized
confluent necrosis of muscle fibers. (Figure 16A). A small amount of edema and a significant
decrease in infarction are shown in a rat’s skin given RZ-NLCs and RZ-NLCsG treatment,
showing standard myocardial architecture. Blinded histological evaluation using severity
grading produced a similar outcome. In the vasopressin-control group, extensive skin tissue
damage was discovered (Figure 16B). (Myonecrosis, Inflammatory cells, Emphysema). The
group that received NLCsG treatment was shown to have the most minor damage overall,
demonstrating the efficiency of the cardioprotective.

Table 5. Effect of RZ-NLCsG on histopathological changes.

Group Myonecrosis Inflammatory Cell Edema

Control - - +

Vasopressin +++ +++ +++

RZ-NLCs ++ + +

RZ-NLCsG - - -
(-) Nil; (+) mild; (++) Moderate; (+++) Severe.
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Figure 15. ECG Changes showing the ST segment normalization of (1) control group, (2) vasopressin
control group after i.v. administration of vasopressin, (3) group after RZ-NLCs administration on
days 1, 2, and 3, and (4) group after RZ-NLCsG administration on days 1, 2, 3, and 4.
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are expressed in mean ± SD, n = 3 * p > 0.05, ** p > 0.02, *** p > 0.001. 
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Figure 16. (A) Histopathological alterations are affected (10×) by RZ-NLCs and RZ-NLCsG. Normal
architecture is seen in the vehicle-treated group, but myonecrosis, inflammation, and edema are seen
in the vasopressin-control group. When compared to those treated with the RZ-NLCsG group, it
exhibits considerable skin protection by reducing myonecrosis, edema, and inflammation. (B) Severity
score for blinded histological evaluation in comparison to RZ-NLCsG-treated group. Values are
expressed in mean ± SD, n = 3 * p > 0.05, ** p > 0.02, *** p > 0.001.

2.13. Stability Study

RZ-NLCs with the improved formulation were stable for 6 months when kept at
5 ± 3 ◦C (refrigerated) (Table 6). Six months of stability testing at 5 ± 3 ◦C showed no
statistically significant changes in PS, PDI, ZP, or %EE. The improved formulation, however,
degraded after being held for a month at 25 ± 2 ◦C, 40 ± 2 ◦C/75 ± 5% RH. PS and
PDI were significantly increased, but EE decreased considerably. After just one month of
stability testing, the samples were useless for measurement due to nanoparticle aggregation
and stickiness.

Table 6. RZ-NLCs’ PS, PDI, ZP, and drug content stability profiles under various storage conditions
(n = 3).

Stability Parameters 0 month 1 month 3 months 6 months

Storage conditions (5 ± 3 ◦C)
PS (nm) 118.4 ± 5.94 125.28 ± 2.31 129.32 ± 3.52 135.67 ± 5.94
EE (%) 88.39 ± 8.1 85.37 ± 1.05 82.46 ± 1.29 76.49 ± 0.95
PDI 0.118 ± 0.028 0.135 ± 0.025 0.139 ± 0.038 0.153 ± 0.051
ZP (mV) −41.9 ± 1.38 −43.68 ± 0.29 −41.26 ± 0.83 −48.92 ± 0.61
Storage conditions (25 ± 2 ◦C/60 ± 5%RH)
PS (nm) 118.4 ± 5.94 294.35 ± 18.23 457.22 ± 0.00 958.34 ± 0.00
EE (%) 88.39 ± 8.1 69.38 ± 5.64 NM NM
PDI 0.118 ± 0.028 0.85 ± 0.35 NM NM
ZP (mV) −41.9 ± 1.38 −49.35 ± 2.35 NM NM
Storage condition (40 ± 2 ◦C/75 ± 5% RH)
PS (nm) 118.4 ± 5.94 356.49 ± 25.34 NM NM
EE (%) 88.39 ± 8.1 59.43 ± 6.49 NM NM
PDI 0.118 ± 0.028 0.94 ± 1.23 NM NM
ZP (mV) −41.9 ± 1.38 −45.32 ± 2.11 NM NM
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3. Materials and Methods

Dr. Reddy’s Laboratories in Hyderabad, Telangana, generously provided a sample of
RZ. We ordered the methanol and HPLC-grade liquid from Merck in Mumbai, India. From
“Gattefosse India Pvt. Ltd. (Mumbai, India)”, we ordered Glyceryl monostearate (GMS),
“Labrafil M 2125, Peceol” (oil), and Labrafil M 1944. Every other chemical and solvent used
were of analytical purity and purchased only from reliable sources. SD Good Compounds
(Mumbai, India) supplied Tween-80 and Carbopol 940.

3.1. Selection of Lipids (Solid and Liquid)

The effects of various lipids on the solubility of the drug (RZ) (solid and liquid) All
lipids (solid or liquid) were weighed to the nearest gram and then placed in amber-colored
glass vials. When the RZ was raised and the lipids were melted in at a concentration
of 2 mg/mL, the result was a much-improved product. Twenty-four hours were spent
incubating the RZ/lipids combination at 100 rpm and 10 ◦C above the solid wax’s melting
point [39,40].

3.2. Collection of Solid-Liquid Lipid Ratio/Miscibility Study

Different combinations of liquid and solid sterols (50:50, 40:60, 30:70, 20:80, 15:85,
10:90, and 5:95) were tested for their miscibility. One gram of lipids was carefully measured,
then melted at a temperature slightly above the solid lipid melting point in an incubator
with a water bath stirred at 100 revolutions per minute for about an hour. By spreading the
cooled, solidified melt over filter paper and visually analyzing it for oil streaks or droplets,
the researchers could determine whether or not the lipids were miscible in both the solid
and liquid states (if any). After further developing RZ-NLCs [41] using a lipid mixture, it
was shown that neither oil staining nor droplet formation occurred at temperatures higher
than 40 ◦C.

3.3. Development of RZ-NLCs

The RZ-NLCs were created using the HPH (high-pressure homogenization) method.
Briefly, we added RZ to a mixture of Precirol® ATO 5, stearyl amine, oleic acid, and
Phospholipon® 90H that had been heated to a temperature of 10 ◦C over the soft argument
of each lipid. Aqueous surfactant solutions (conductivity 0.058 S/cm) were obtained from
triple-distilled water. The lipid mixture and the heated aqueous surfactant solution were
blended using a “high-shear homogenizer” (IKA® T-25 digital Ultra-Turrax®, IKA-Werke,
Staufen im Breisgau, Germany) at a speed of 13,000 rpm. The lipid liquid was heated to
the same level as the surfactant solution in water. The RZ-NLCs were made by creating a
pre-emulsion and then homogenizing the mixture under high pressure. The drug-loaded
NLCs were cryoprotected with mannitol before being freeze-dried at −80 ◦C [27]. The
lyophilization process took approximately an hour and thirty minutes at room temperature
(25 ◦C). In contrast, the secondary drying took four hours at zero degrees Celsius. A final
moisture content of around 0.2% was achieved via lyophilization at 1 Pa pressure and a
−70 ◦C cold trap temperature.

3.4. Statistical Optimization of the RZ-NLCs

Producing pilot lots allowed us to test out different chemical compositions and dial
in the processing variables that would ultimately impact RZ-NLCs’ growth potential.
The total amount of solid-liquid lipids, the concentration of surfactant and emulsifier,
the rate at which the homogenization process is carried out, and other factors appear
to have a significant impact on the final product’s “particle size” (PS), “Polydispersity
Index” (PDI), “zeta potential”, and “entrapment efficiency” (EE). Particle size distribution
is susceptible to homogenization rate. Other characteristics, such as the amount of lipids
and emulsifier concentration, may also impact the PS and EE of drug-loaded NLCs. This
being the case, we used a BBD consisting of three phases and three components to create
NLCs [42]. Table 7 displays the relationships and differences between the dependent and
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independent variables. The following equations were derived from the mathematical
model, illuminating the relationship between the independent and dependent variables:

Y = B0 + B1X1 + B2X2 + B3X3 + B12X1X2 + B13X1X3 + B23X2X3 + B11X12 + B22X22 + B33X32 eq. (5)

where “X1”, “X2”, and “X3” are independent variables; “B0” stands for the total number of
observations; “B1”, “B2”, and “B3” are regression values; and “Yi” is the dependent variable
of interest. Response surface plots (RSPs) were generated in “Design Expert Software”
version 12.0.3 using the equations (Stat-Ease, Inc., Minneapolis, MN, USA).

Table 7. Experimental settings and design parameters for a Box-Behnken study.

Parameter Low (−1) Medium (0) High (+1)

Independent Variables
Solid Lipid (X1) 4 6 8

Liquid Lipid (X2) 1 2.5 5
surfactant (X3) 1 5.5 10

Dependent variables
Y1: Entrapment Efficiency (%) 59.37 ± 2.3 88.39 ± 8.1

Y2: Vesicle Size (nm) 118.4 ± 5.94 294.8 ± 2.49
Y3: polydispersity index 0.118 ± 0.028 0.372 ± 0.125
Y4: zetapotential (mV) −41.9 ± 1.38 −29.6 ± 1.26

The optimal formulations were established using the notion of desire functions. The
desirability function aggregates the results into a single metric, allowing more accurate
forecasting of the optimal values for the elements under investigation. As a result, it was
decided that the optimal formulations should be chosen based on their small PS, high ZP,
and high EE. The popularity function controls all replies to the range to optimize the overall
measure. Acceptable (most desirable) response values are denoted by the desirability value
1, whereas unsatisfactory values are represented by the desirability value 0.

3.5. Characterization of RZ-NLCs
3.5.1. Determination of PS, PDI, and ZP

Dynamic light scattering (DLS) and a “Malvern nano zeta sizer” (Malvern, UK)
were used to determine the NLCs’ standard PS (Z-Ave) and polydispersity index (PDI).
1.330 flush value, 1.46 refractive index, and 0.001 phospholipid absorption index. The
master (water) was opened with this set of keys. The electrical surface charge of the NLCs
was determined using laser Doppler electrophoresis and their ZP data [43]. After dilu-
tion with ultrapure water, the program used the Helmholtz-Smoluchowski equation to
determine the ZP. The program determines that a temperature of 25.1 degrees Celsius is
ideal. Each sample was repeated five times, and the result (SD) and the “mean standard
deviation” were displayed. Microparticle absence was verified by laser deflection analysis
using a “Malvern Mastersizer 3000E” to control PS (Malvern, UK). A water dispersant with
a 1.33-index refractive, 1.4-index particle refractive, and 0.001-index “absorption index”
was used to conduct the tests. PS was determined by utilizing the volume distribution data
(D50 and D90) to determine the fraction of particles with diameters in this range or less. We
calculated the mean and standard deviation from the results of five different trials (n = 5).

3.5.2. Measurement of EE and RZ Content

We could calculate the RZ concentration and EE of the final RZ-NLCs with HPLC.
In Centrisort tubes (Sartorius, Gottingen, Germany), the ultrafiltrate was separated by
spinning them at 10,000 rpm for 30 min over a filter membrane with a molecular mass
cutoff of 20,000 Da [32]. Its EE was calculated using HPLC analysis of the free drug content
in the dispersion medium.
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EE =
Total amount of drug (W)− free drug

Total amount of drug
× 100

where W represented the entire amount of drug given, the concentration RZ was calculated
by dissolving roughly 0.1 mL of each formulation in a 50:50 methanol: chloroform solution
(1:1). The mobile phase allowed the solution to be diluted. The levels of RZ were measured
using high-performance liquid chromatography. In terms of the HPLC equipment, we had:
Using a Shimadzu SPD-20A UV-visible variable wavelength detector with deuterium lamp,
an SPD-20AD solvent delivery system with double reciprocating plunger pump, and a
solvent combination of methanol and water, a Merck (250 mm 4.6 mm i.d., 5 m) Reverse
Phase C18 analytical column was constructed (60:40). At a peak wavelength of 237 nm, the
drug’s concentration was determined. The method was linear from 5 to 100 ng/mL, with
an R2 of 0.999. As the results demonstrate, the technique has a limit of detection (LOD) of
2 ng/mL and a limit of quantification (LOQ) of 4 ng/mL.

3.6. Formulation of RZ-NLCG

A longer residence time of a transdermal formulation in the epidermis may result
in more efficient drug delivery. It was decided that RZ-NLCs would be more effective
as gels because of their better formulation, which could be readily rinsed off the skin.
The gelling agent used in the RZ-NLCG and the control gel was Carbopol 940 (1% w/v).
Carbopol and distilled water were combined to make the polymer dispersion, which was
then left to rest in the dark to swell. Finally, adding 15% w/w polyethylene glycol and
0.1% chlorocresol while stirring resulted in a uniform suspension. Triethanolamine (TEA)
was used to neutralize the gel formulation, and a moderate stirring rate produced the best
Carbopol-based gel (control gel). RZ-NLCG was prepared for characterization by adding
the individualized formulation of RZ-NLCs to the already-prepared gel while stirring [44].

3.6.1. Evaluation of RZ-NLCG

Different aspects of the prepared RZ-NLCG formulation, including color, homogeneity,
consistency, and phase separation, were assessed. The homogeneity was examined visually
after the gels had been placed in the container. We observed any aggregates, and their ap-
pearance was noted. A digital pH meter (Mettler Tolledo, Japan) and a glass microelectrode
were used to determine the pH of the gel after it had settled for one minute.

3.6.2. Viscosity and Spreadability

The viscosity of our RZ-NLCGs was measured using a rheometer (Anton Paar’s
MCR101 Rheoplus) in a thermostatically controlled circulating water bath. A gel sample
was extracted from RZ-NLCG and confined within a 2 cm-diameter circle drawn on a glass
plate to assess the compound’s spreadability. For five minutes, a weight was rested on
the top glass plate while the bottom plate was kept in place (n = 3) [45]. The diameter
increased as a result of the application of weight. Calculate as follows to find the percentage
dispersion by area: Two square centimeters (A1) and the total size (A2) after the spread. In
a nutshell, the formula is

% Dispersion by Area = A2 × A1 × 100

3.6.3. Texture Analysis

The prepared gel’s many textural features were evaluated by measuring its stability,
adhesiveness, force of adhesion, and gel strength. Its enhanced formulation, RZ-NLCG,
was assessed at a constant sample height in glass jars with a 55 mm diameter and a 40 mm
height to a fixed sample height of 30 mm. Preventing the trapping of gas bubbles in
the material and maintaining the testing surface as flat as possible helped delay the test
activation [28]. Compression mode picture analysis was accomplished using a TA.XT2 plus
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texture analyzer (Stable Micro System, UK). The mechanical properties of the gels were
determined by analyzing the force-time curves generated.

3.7. Solid-State Characterization
3.7.1. Drug-Excipient Compatibility Studies by DSC

In the US city of New Castle, DE, differential scanning calorimetry (DSC) tests were
done on RZ, Precirol, RZ-NLCs, and RZ-NLCG to see how the drugs interact with each
other and how the crystallinity changes when the drugs are added to NLCs. It was indium
that was first used to calibrate the device. Heating rates of 20 ◦C/min were used to rapidly
increase the temperature of 8 mg of aluminum in each sample from 20 to 300 ◦C. Dry
nitrogen was used as the effluent gas for this procedure [39].

3.7.2. Powder X-ray Diffraction Characterization of Crystallinity (PXRD)

The crystallinity of RZ was evaluated, and diffraction studies were carried out using
PXRD. PXRD studies were monitored using materials subjected to “nickel-filtered CuK
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radiation” (40 kilovolts, 30 milliamps) and a range of 2◦ to 70◦ in 0.5-s increments (step size,
0.045◦). Precirol, RZ-NLC, RZ-NLCG, and pure RZ were all employed as samples in the
PXRD study [46].

3.7.3. Morphology by SEM

SEM analysis of RZ-NLCs and RZ-NLCG morphologies (Hitachi, Tokyo, Japan)
One drop of a nanoparticle formulation consisting of RZ-NLCs and RZ-NLCG diluted
100 times in double-distilled water was added to a sample container and left to dry in the air.
The platinum covering was mechanically sputtered on (JFC-1600 Auto Fine Coater, JEOL,
Tokyo, Japan). Using a scanning electron microscope, the sample was then accelerated at
15,000 volts and seen at different magnifications. The SEM imaging process often uses a
high vacuum [15].

3.7.4. Transmission Electron Microscopy (TEM) Studies

Using a TEM apparatus (Hitachi 7100S; Hitachi, Tokyo, Japan), the produced RZ-NLCs
and RZ-NLCG formulations’ shape and surface appearance were assessed. A drop of the
diluted formulation was applied to a copper grid coated with carbon before being stained
with an aqueous solution of 2% uranyl acetate and TEM-ed.

3.8. In Vitro Drug Release

The in vitro release test used a diffusion cell outfitted with 20 mL receptor chambers
and a 1.5 cm2 diffusion surface. Specifically, a pretreatment membrane with a 0.2-mm pore
size was used in the study. The receptor compartment was filled with a 9:1 PBS/ethanol
solution. In contrast, the donor compartment contained both samples (RZ-NLC and RZ-
NLCG, each corresponding to 5 mg of RZ). Researchers investigated the leak at 37 degrees
Celsius with constant stirring. At predetermined intervals, the 0.5-mL sample was removed
from the sampling port and replaced with a fresh medium. UV spectrophotometer testing
used materials that had been filtered and diluted. Higuchi’s matrices, zero-order, first-order,
and kinetic models were used to simulate the release data from the inquiry [47,48]. With the
help of the appropriate correlation coefficients, the optimal model was chosen. The drug
release mechanism was determined by fitting the data to the Korsmeyer-Peppas model and
then selecting the release exponent (n) from the slope of the straight line [49].

3.9. Skin Permeation Studies

Stomach skin from the rats was put between the donor and receptor compartments of
the diffusion booths, with the stratum corneum side facing the donor compartment and the
dermis side facing the “receptor compartment” (area 1.5 cm2). The donor compartment of
the removed skin contained the enhanced RZ-NLC and RZ-NLCG formulations (equiv-
alent to 5 mg of RZ), whereas the receptor compartment had the PBS: ethanol solution
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(9:1; 10 mL). During the experiment, a magnetic stirrer running at 100 rpm was used to
maintain constant mixing in the receptor compartment. At set intervals, 1 mL samples were
taken from the receptor compartment and replaced with fresh media. A further dilution
was made before the samples were analyzed by high-performance liquid chromatography
(HPLC) to establish the drug concentration. The entire amount of medicine that could flood
through the crust was strategized as a purpose for the period, and the covering infusion
degree (Flux) was designed after the stable state was achieved [50].

3.10. Pharmacokinetics Study

In vivo investigations were performed on male and female “Wistar rats” weighing
200 to 250 g. After the “Institutional Animal Ethics Committee of Nalanda College of
Pharmacy” approved the study (Approval No. I/IAEC/NCP/011/2022 WR), the animal
housing facility provided the fauna. The rats were housed in a 252 ◦C environment with
a relative humidity of 75–80% and a 12-h light/dark cycle. They were given a tablet
diet (Lipton, Kolkata, India) to eat. After the procedure, rats were given RZ dosages of
2.5 mg/kg body weight [51]. The animals were fasted overnight before being divided into
two groups of six individuals each. Oral administration of 1.25 g of optimized RZ-NLCG
was given to rats in Group A; in contrast, those in Group B received oral administration
of a commercially available tablet (Ranozex). The rat abdomens were shaved and used
to examine the effects of RZ-NLCG on the skin of the abdomen. The tail vein of rats
was used to draw the blood samples, which were then placed in “Eppendorf tubes with
disodium EDTA” as an anticoagulant and preserved for dissimilar time pauses (0, 1,
2, 4, 8, 12, 24 h). To examine the plasma samples for the presence of drugs using the
HPLC method, they were centrifuged at a speed of 5000 rpm for 15 min. The maximum
“plasma concentration”, “Cmax”, and the amount of time it takes to spread the supreme
plasma focus, Tmax, are two parameters of biopharmaceutical assessment metrics that
may be derived directly from a kinetic plot showing “plasma concentration” vs. time.
The trapezoid rule stayed in use to estimate the AUC0–48 h and AUC0-inf values. The
LC-10 ATVP (Shimadzu, Tokyo, Japan) (SPD-10A) is a binary pump and UV detection
system HPLC instrument. A 250 mm i.d. × 4.6 mm i.d. × 5 m PS C-18 chromatographic
separation column was utilized. There is 0.2% triethylamine in the water portion of the
mobile phase, which is a 70:30 combination of acetonitrile and water (pH 4). A 10-min
trial run was possible with the setup at 272 nm, a flow rate of 0.8 mL/min, and a recycled
injection capacity of 20 µL.

3.11. In Vivo Pharmacodynamic Studies

RZ’s anti-hypertensive and antianginal actions can be directly connected with the
amount of medicine entering systemic circulation because it is prescribed for treating
hypertension and angina. In other words, a rise in pharmacodynamic impact can indicate
improved bioavailability. Since they are straightforward, quick, accessible, and simple
to carry out in the lab, the DOCA salt (deoxycorticosterone acetate) model was chosen
for examining the anti-hypertensive impact. The vasopressin-induced angina model was
selected to research the antianginal effect in rats [52].

3.11.1. DOCA Salt Model

In uni-nephrectomized rats, hypertension was induced using DOCA salt.

3.11.2. Uni-Nephrectomy

The intraperitoneal injection of ketamine (100 mg/kg) was used to anesthetize male
Sprague-Dawley rats weighing 250–300 g. A flank incision was made to remove the left
kidney. A suture was used to connect the ureter and renal arteries. The incision was stitched
shut using a chromic, sterile, absorbable suture [53].
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3.11.3. Induction of Hypertension

The rats received subcutaneous injections of DOCA (20 mg/kg) in olive oil twice a
week for four weeks. The 1% NaCl solution was used as drinking water in its place. After
one week, the blood pressure began to increase, and after four weeks, it was between
160 and 180 mm Hg.

3.11.4. Experimental Design

Treatment with a simple drug suspension, RZ-NLCs, and RZ-NLCG was started after
a 28-day induction of hypertension. The creatures were separated into four groups, each
with six rats. With no therapy, group one acted as the control group. Group 2 received the
DOCA dose of 20 mg/kg for the 28-day hypertensive control group. Rats in groups three
and four were hypertensive. They were given oral doses of 2.5 mg/kg of RZ-NLCs and
topically applied amounts of RZ-NLCG.

3.11.5. Measurement of Blood Pressure

Using a pressure transducer on an MP30 data collection system (BIOPAC Systems Inc.,
Goleta, CA, USA), the systolic blood pressure was measured with a noninvasive tail cuff,
and a digital display panel was used. Initial BPs of the rats were recorded, and hypertension
was induced by injecting 1% NaCl desoxycorticosterone acetate (DOCA) (20 mg/kg/week
subcutaneously for two weeks). Later, rats with a minimum mean BP of 150 mmHg
were selected. A tracheotomy was made, the trachea was cannulated, and intraperitoneal
ketamine injections (100 mg/kg) were used to anesthetize the rats. A cannula was placed
in the carotid artery. To prevent thrombus from occluding the cannula, the cannula was
attached to a disposable tubing system that continuously infused 0.9% heparinized saline
at a rate of 24 mL/h. To ensure a consistent flow into the arterial system, the infusion fluid
was maintained under pressure. After a 20-min stabilization period, the systolic blood
pressure was measured by attaching the carotid cannula to the pressure transducer [54].

3.11.6. Vasopressin-Induced Angina Model

Following vasopressin administration, the ECG alterations (ST segment elevation)
were taken into consideration as a metric to show the presence of myocardial ischemia,
which may be caused by coronary vasoconstriction [55]. ST segment elevation was defined
as the difference in ST segment amplitude following and immediately before vasopressin
delivery [56]. Four groups of six male Sprague-Dawley rats, each weighing 250–300 g, were
used. With no therapy, group one acted as the control group. Vasopressin, 1 IU/kg i.v.,
was used for group two. Rats in groups three and four were hypertensive and were given,
respectively, oral doses of 2.5 mg/kg of RZ-NLCs and topically applied doses of RZ-NLCG.
Ketamine (100 mg/kg) was injected intraperitoneally to anesthetize the rats. After the
administration of vasopressin (1 IU/kg) i.v., an electrocardiogram (ECG) was captured
using a Biopac system (BIOPAC, Goleta, CA, USA). Vasopressin was proven to elevate the
ST segment after intravenous injection. One hour before the delivery of vasopressin, the
formulation was administered topically and orally to the animals at a dose of 2.5 mg/kg of
RZ-NLCs and RZNLCG. Following the intravenous administration of vasopressin, ECG
changes were recorded at the appropriate intervals.

3.11.7. Histopathology

The slices of tissues immobilized in formalin were stained with hematoxylin and eosin
(H&E). Afterward, the pieces were soaked in paraffin and serially cut (3 mm thick) using a
microtome (Leica RM 2125, Wetzlar, Germany). The microscope inspected the above slides,
and images were captured. Illustrative area images were further analyzed through Image
Pro Plus (Media Cyberneties, Rockville, MD, USA) image analysis software. For light
microscopy research, at least four excised skin samples were examined from each group,
and each microscopic slide was examined for at least ten fields. The photomicrographs
were scrutinized and classified as per the skin’s alterations using scores by scaling as
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severe (+++), moderate (++), mild (+), and nil (−). All histopathological assessment was
carried out under strict blinding by the concerned pathologist to the different research
groups’ treatment assignments. Using a semi-quantitative scoring system, the blinded
histopathological examination was accomplished under a light microscope (BX50, Olympus
Corporation, Tokyo, Japan). The severity and extent of cardiac histological parameters were
examined separately according to the three layers of the heart (Myonecrosis, Inflammatory
cells, and Edema). The assessment of severity for each of the layers of the skin tissue was
scaled from 5 to 30 to represent (1) no change, (2) mild, (3) moderate, and (4) severe [57,58].

3.12. Short-Term Stability Study

The Q1A stability testing technique proposed by the ICH was used to assess the
robustness of the new RZ-NLC formulations. Six months were spent storing these freshly
manufactured RZ-NLCs at 53 ◦C, 252 ◦C/60% RH, and 402 ◦C/75% RH. PS, PDI, ZP,
and EE were measured at 0, 1, 3, and 6 months to assess the durability of the RZ-NLCs’
new formulation.

3.13. Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey’s significant difference (HSD) test
were used as post hoc procedures for comparisons. IBM’s Statistical Product and Service
Suite (SPSS) was utilized to analyze the data (Version 22, Armonk, NY, USA). The data
were presented as Mean S.D. at the p ≤ 0.05 significance level.

4. Conclusions

With the help of high-pressure homogenization, RZ-encapsulated NLCs were made
into an effective transdermal formulation. In both in vitro drug release trials and Ex vivo
research, the most efficient lipid carriers were found to be in a size range that allowed
them to permeate the skin. The final product’s consistency, drug concentration, pH, and
rheological characterization were enhanced by incorporating the nanolipid formulation
into a gel matrix. Therefore, the nanoparticle size of the novel formulation is encouraging
for its therapeutic potential. The NLC’s formulation included lipid carriers, which slowed
the RZ’s release. In vivo pharmacokinetic studies show that RZ-NLCG has significantly
higher relative bioavailability than commercial formulations. Therefore, RZ-NLCs and
RZ-NLCG may be an appropriate alternative to the traditional formulation for treating
angina pectoris, providing the same advantages with less drug administration and less
frequent dosing.

Author Contributions: Conceptualization, A.K.C.; data curation, A.U., B.A.E. and O.A.M.; formal
analysis, W.A. and J.B.; investigation, A.K.C., R.S.A., A.M.B. and P.R.A.; methodology, R.S.A., P.R.A.
and S.B.J.; resources, W.A., J.B., S.B.J., B.A.E. and T.H.; validation, A.M.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received funding from the deanship of scientific research at the University of
Hail with the grant number RG 21015.

Institutional Review Board Statement: The “Institutional Animal Ethics Committee of Nalanda
College of Pharmacy” approved the study protocol with application No. I/IAEC/NCP/011/202 WR.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the relevant data has been provided in the manuscript itself.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maton, A. Human Biology and Health; Prentice Hall: Hoboken, NY, USA, 2022. Available online: https://my.clevelandclinic.org/

health/diseases/21489-angina (accessed on 1 May 2023).

https://my.clevelandclinic.org/health/diseases/21489-angina
https://my.clevelandclinic.org/health/diseases/21489-angina


Pharmaceuticals 2023, 16, 1151 26 of 28

2. Fuster, V.; Kelly, B.B. (Eds.) Committee on Preventing the Global Epidemic of Cardiovascular Disease: Meeting the Challenges in
Developing Countries Board on Global Health. In Promoting Cardiovascular Health in the Developing World: A Critical Challenge to
Achieve Global Health; National Academies Press: Washington, DC, USA, 2010.

3. Pizzorno, J.E.; Murray, M.T.; Joiner-Bey, H. The Clinician’s Handbook of Natural Medicine, 3rd ed.; Elsevier: Amsterdam, The
Netherlands, 2016.

4. Jolicoeur, E.M.; Henry, T.D. Chronic Coronary Artery Disease; Elsevier: Amsterdam, The Netherlands, 2018.
5. Rouhana, S.; Virsolvy, A.; Fares, N.; Richard, S.; Thireau, J. Ranolazine: An Old Drug with Emerging Potential; Lessons from

Pre-Clinical and Clinical Investigations for Possible Repositioning. Pharmaceuticals 2022, 15, 31. [CrossRef] [PubMed]
6. Balla, C.; Pavasini, R.; Ferrari, R. Treatment of Angina: Where Are We? Cardiology 2018, 140, 52–67. [CrossRef]
7. Jitendra, G.; Govind, M.; Prabakaran, L.; Reena, G. Formulation Development and Characterization of Modified Release

Microspheres of Antianginal Drug. Int. J. Drug Dev. Res 2014, 6, 252–265.
8. Goodwill, A.G.; Dick, G.M.; Kiel, A.M.; Tune, J.D. Regulation of Coronary Blood Flow. Compr. Physiol. 2017, 7, 321–382.
9. Tardif, J.-C.; Ford, I.; Tendera, M.; Bourassa, M.G.; Fox, K. Efficacy of Ivabradine, a New Selective I f Inhibitor, Compared with

Atenolol in Patients with Chronic Stable Angina. Eur. Heart J. 2005, 26, 2529–2536. [CrossRef] [PubMed]
10. Chauhan, I.; Yasir, M.; Verma, M.; Singh, A.P. Nanostructured Lipid Carriers: A Groundbreaking Approach for Transdermal Drug

Delivery. Adv Pharm. Bull. 2020, 10, 150–165. [CrossRef] [PubMed]
11. Peña-Juárez, M.C.; Guadarrama-Escobar, O.R.; Escobar-Chávez, J.J. Transdermal Delivery Systems for Biomolecules. J. Pharm.

Innov. 2022, 17, 319–332. [CrossRef]
12. Qadri, G.R.; Ahad, A.; Aqil, M.; Imam, S.S.; Ali, A. Invasomes of Isradipine for Enhanced Transdermal Delivery against

Hypertension: Formulation, Characterization, and in Vivo Pharmacodynamic Study. Artif. Cells Nanomed. Biotechnol. 2017, 45,
139–145. [CrossRef]

13. Imam, S.S.; Aqil, M.; Akhtar, M.; Sultana, Y.; Ali, A. Formulation by Design-Based Proniosome for Accentuated Transdermal
Delivery of Risperidone: In Vitro Characterization and in Vivo Pharmacokinetic Study. Drug Deliv. 2015, 22, 1059–1070.
[CrossRef]

14. Kamran, M.; Ahad, A.; Aqil, M.; Imam, S.S.; Sultana, Y.; Ali, A. Design, Formulation and Optimization of Novel Soft Nano-Carriers
for Transdermal Olmesartan Medoxomil Delivery: In Vitro Characterization and in Vivo Pharmacokinetic Assessment. Int. J.
Pharm. 2016, 505, 147–158. [CrossRef]

15. Olusanya, T.O.B.; Haj Ahmad, R.R.; Ibegbu, D.M.; Smith, J.R.; Elkordy, A.A. Liposomal Drug Delivery Systems and Anticancer
Drugs. Molecules 2018, 23, 907. [CrossRef] [PubMed]

16. Garg, T.; Bhandari, S.; Rath, G.; Goyal, A.K. Current Strategies for Targeted Delivery of Bio-Active Drug Molecules in the
Treatment of Brain Tumor. J. Drug Target. 2015, 23, 865–887. [CrossRef] [PubMed]

17. Garg, T.; Kumar Goyal, A. Iontophoresis: Drug Delivery System by Applying an Electrical Potential across the Skin. Drug Deliv.
Lett. 2012, 2, 270–280. [CrossRef]

18. Chauhan, A.S. Dendrimers for Drug Delivery. Molecules 2018, 23, 938. [CrossRef]
19. Garg, T.; Goyal, A.K. Liposomes: Targeted and Controlled Delivery System. Drug Deliv. Lett. 2014, 4, 62–71. [CrossRef]
20. Huang, C.-C.; Liao, Z.-X.; Chen, D.-Y.; Hsiao, C.-W.; Chang, Y.; Sung, H.-W. Injectable Cell Constructs Fabricated via Culture

on a Thermoresponsive Methylcellulose Hydrogel System for the Treatment of Ischemic Diseases. Adv. Healthc. Mater. 2014, 3,
1133–1148. [CrossRef]

21. Chourasia, M.K.; Kang, L.; Chan, S.Y. Nanosized Ethosomes Bearing Ketoprofen for Improved Transdermal Delivery. Results
Pharma. Sci. 2011, 1, 60–67. [CrossRef]

22. Pradhan, M.; Singh, D.; Singh, M.R. Influence of Selected Variables on Fabrication of Triamcinolone Acetonide Loaded
Solid Lipid Nanoparticles for Topical Treatment of Dermal Disorders. Artif. Cells Nanomed. Biotechnol. 2016, 44, 392–400.
[CrossRef]

23. Jaiswal, P.; Gidwani, B.; Vyas, A. Nanostructured Lipid Carriers and Their Current Application in Targeted Drug Delivery. Artif.
Cells Nanomed. Biotechnol. 2016, 44, 27–40. [CrossRef]

24. Ghasemiyeh, P.; Mohammadi-Samani, S. Potential of Nanoparticles as Permeation Enhancers and Targeted Delivery Options for
Skin: Advantages and Disadvantages. Drug Des. Devel. Ther. 2020, 14, 3271–3289. [CrossRef]

25. Hao, J.; Fang, X.; Zhou, Y.; Wang, J.; Guo, F.; Li, F.; Peng, X. Development and Optimization of Solid Lipid Nanoparticle
Formulation for Ophthalmic Delivery of Chloramphenicol Using a Box-Behnken Design. Int. J. Nanomed. 2011, 6, 683.

26. Thomareis, A.S.; Dimitreli, G. Processed Cheese Science and Technology; Elsevier: Amsterdam, The Netherlands, 2022.
27. Chokshi, N.V.; Khatri, H.N.; Patel, M.M. Formulation, Optimization, and Characterization of Rifampicin-Loaded Solid Lipid

Nanoparticles for the Treatment of Tuberculosis. Drug Dev. Ind. Pharm. 2018, 44, 1975–1989. [CrossRef] [PubMed]
28. Amarachinta, P.R.; Sharma, G.; Samed, N.; Chettupalli, A.K.; Alle, M.; Kim, J.C. Central composite design for the development of

carvedilol-loaded transdermal ethosomal hydrogel for extended and enhanced anti-hypertensive effect. J. Nanobiot. 2021, 19, 100.
[CrossRef] [PubMed]

29. Beg, S.; Al Robaian, M.; Rahman, M.; Imam, S.S.; Alruwaili, N.; Panda, S.K. (Eds.) Pharmaceutical Drug Product Development and
Process Optimization: Effective Use of Quality by Design; CRC Press: Boca Raton, FL, USA, 2020.

https://doi.org/10.3390/ph15010031
https://www.ncbi.nlm.nih.gov/pubmed/35056088
https://doi.org/10.1159/000487936
https://doi.org/10.1093/eurheartj/ehi586
https://www.ncbi.nlm.nih.gov/pubmed/16214830
https://doi.org/10.34172/apb.2020.021
https://www.ncbi.nlm.nih.gov/pubmed/32373485
https://doi.org/10.1007/s12247-020-09525-2
https://doi.org/10.3109/21691401.2016.1138486
https://doi.org/10.3109/10717544.2013.870260
https://doi.org/10.1016/j.ijpharm.2016.03.030
https://doi.org/10.3390/molecules23040907
https://www.ncbi.nlm.nih.gov/pubmed/29662019
https://doi.org/10.3109/1061186X.2015.1029930
https://www.ncbi.nlm.nih.gov/pubmed/25835469
https://doi.org/10.2174/2210304x11202040005
https://doi.org/10.3390/molecules23040938
https://doi.org/10.2174/22103031113036660015
https://doi.org/10.1002/adhm.201300605
https://doi.org/10.1016/j.rinphs.2011.10.002
https://doi.org/10.3109/21691401.2014.955105
https://doi.org/10.3109/21691401.2014.909822
https://doi.org/10.2147/DDDT.S264648
https://doi.org/10.1080/03639045.2018.1506472
https://www.ncbi.nlm.nih.gov/pubmed/30058392
https://doi.org/10.1186/s12951-021-00833-4
https://www.ncbi.nlm.nih.gov/pubmed/33836744


Pharmaceuticals 2023, 16, 1151 27 of 28

30. Jahangir, M.A.; Imam, S.S.; Muheem, A.; Chettupalli, A.; Al-Abbasi, F.A.; Nadeem, M.S.; Kazmi, I.; Afzal, M.; Alshehri, S.
Nanocrystals: Characterization overview, applications in drug delivery, and their toxicity concerns. J. Pharm. Innov. 2020, 17,
237–248. [CrossRef]

31. Das, S.; Ng, W.K.; Kanaujia, P.; Kim, S.; Tan, R.B.H. Formulation Design, Preparation and Physicochemical Characterizations of
Solid Lipid Nanoparticles Containing a Hydrophobic Drug: Effects of Process Variables. Colloids Surf. B Biointerfaces 2017, 88,
483–489. [CrossRef]

32. Zhuang, C.-Y.; Li, N.; Wang, M.; Zhang, X.-N.; Pan, W.-S.; Peng, J.-J.; Pan, Y.-S.; Tang, X. Preparation and Characterization of
Vinpocetine Loaded Nanostructured Lipid Carriers (NLC) for Improved Oral Bioavailability. Int. J. Pharm. 2016, 394, 179–185.
[CrossRef]

33. Joshi, M.; Patravale, V. Formulation and evaluation of nanostructured lipid carrier (NLC)–based gel of Valdecoxib. Drug Dev. Ind.
Pharm. 2006, 32, 911–918. [CrossRef]

34. Shamma, R.N.; Aburahma, M.H. Follicular Delivery of Spironolactone via Nanostructured Lipid Carriers for Management of
Alopecia. Int. J. Nanomed. 2014, 9, 5449. [CrossRef]

35. Dandagi, P.M.; Dessai, G.A.; Gadad, A.P.; Desai, V.B. (2014). Formulation and evaluation of nanostructured lipid carrier (NLC) of
lornoxicam. Int. J. Pharm. Pharm. Sci. 2014, 6, 73–77.

36. Mitri, K.; Shegokar, R.; Gohla, S.; Anselmi, C.; Müller, R.H. Lipid Nanocarriers for Dermal Delivery of Lutein: Preparation,
Characterization, Stability and Performance. Int. J. Pharm. 2011, 414, 267–275. [CrossRef]

37. Madan, J.R.; Khobaragade, S.; Dua, K.; Awasthi, R. Formulation, optimization, and in vitro evaluation of nanostructured lipid
carriers for topical delivery of Apremilast. Dermatol. Ther. 2020, 33, e13370. [CrossRef]

38. Csóka, G.; Marton, S.; Zelko, R.; Otomo, N.; Antal, I. Application of Sucrose Fatty Acid Esters in Transdermal Therapeutic
Systems. Eur. J. Pharm. Biopharm. 2007, 65, 233–237. [CrossRef]

39. Shete, H.; Patravale, V. Long Chain Lipid Based Tamoxifen NLC. Part I: Preformulation Studies, Formulation Development and
Physicochemical Characterization. Int. J. Pharm. 2013, 454, 573–583. [CrossRef]

40. Sinhmar, G.K.; Shah, N.N.; Chokshi, N.V.; Khatri, H.N.; Patel, M.M. Process, Optimization, and Characterization of Budesonide-
Loaded Nanostructured Lipid Carriers for the Treatment of Inflammatory Bowel Disease. Drug Dev. Ind. Pharm. 2018, 44,
1078–1089. [CrossRef] [PubMed]

41. Kasongo, W.A.; Pardeike, J.; Müller, R.H.; Walker, R.B. Selection and Characterization of Suitable Lipid Excipients for Use in
the Manufacture of Didanosine-Loaded Solid Lipid Nanoparticles and Nanostructured Lipid Carriers. J. Pharm. Sci. 2011, 100,
5185–5196. [CrossRef]

42. Neupane, Y.R.; Srivastava, M.; Ahmad, N.; Kumar, N.; Bhatnagar, A.; Kohli, K. Lipid Based Nanocarrier System for the Potential
Oral Delivery of Decitabine: Formulation Design, Characterization, Ex Vivo, and in Vivo Assessment. Int. J. Pharm. 2014, 477,
601–612. [CrossRef] [PubMed]

43. Cunha, S.; Costa, C.P.; Loureiro, J.A.; Alves, J.; Peixoto, A.F.; Forbes, B.; Sousa Lobo, J.M.; Silva, A.C. Double Optimiza-
tion of Rivastigmine-Loaded Nanostructured Lipid Carriers (NLC) for Nose-to-Brain Delivery Using the Quality by
Design (QbD) Approach: Formulation Variables and Instrumental Parameters. Pharmaceutics 2020, 12, 599. [CrossRef]
[PubMed]

44. Gondrala, U.K.; Dudhipala, N.; Kishan, V. Preparation, Characterization and in Vivo Evaluation of Felodipine Solid-Lipid
Nanoparticles for Improved Oral Bioavailability. Measurement 2015, 10, 2995–3002.

45. Bachhav, Y.G.; Patravale, V.B. Microemulsion Based Vaginal Gel of Fluconazole: Formulation, in Vitro and in Vivo Evaluation. Int.
J. Pharm. 2009, 365, 175–179. [CrossRef]

46. Dudhipala, N.; Janga, K.Y.; Gorre, T. Comparative Study of Nisoldipine-Loaded Nanostructured Lipid Carriers and Solid Lipid
Nanoparticles for Oral Delivery: Preparation, Characterization, Permeation and Pharmacokinetic Evaluation. Artif. Cells Nanomed.
Biotechnol. 2018, 46, 616–625. [CrossRef]

47. Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of Solute Release from Porous Hydrophilic Polymers.
Int. J. Pharm. 1983, 15, 25–35. [CrossRef]

48. Peppas, N.A. Analysis of Fickian and Non-Fickian Drug Release from Polymers. Pharm. Acta Helv. 1985, 60, 110–111.
[PubMed]

49. Cirri, M.; Maestrini, L.; Maestrelli, F.; Mennini, N.; Mura, P.; Ghelardini, C.; Di Cesare Mannelli, L. Design, characterization
and in vivo evaluation of nanostructured lipid carriers (NLC) as a new drug delivery system for hydrochlorothiazide oral
administration in pediatric therapy. Drug Deliv. 2018, 25, 1910–1921. [CrossRef] [PubMed]

50. Kapoor, H.; Aqil, M.; Imam, S.S.; Sultana, Y.; Ali, A. Formulation of Amlodipine Nano Lipid Carrier: Formulation Design,
Physicochemical and Transdermal Absorption Investigation. J. Drug Deliv. Sci. Technol. 2019, 49, 209–218. [CrossRef]

51. Jang, D.-J.; Sim, T.; Oh, E. Formulation and Optimization of Spray-Dried Amlodipine Solid Dispersion for Enhanced Oral
Absorption. Drug Dev. Ind. Pharm. 2013, 39, 1133–1141. [CrossRef]

52. Sharma, V.; Dewangan, H.K.; Maurya, L.; Vats, K.; Verma, H. Rational design and in-vivo estimation of Ivabradine Hydrochloride
loaded nanoparticles for management of stable angina. J. Drug Deliv. Sci. Technol. 2019, 54, 101337. [CrossRef]

53. Pliquett, R.U.; Brandes, R.P. Experimental uninephrectomy associates with less parasympathetic modulation of heart rate and
facilitates sodium-dependent arterial hypertension. PLoS ONE 2022, 17, e0265086. [CrossRef]

https://doi.org/10.1007/s12247-020-09499-1
https://doi.org/10.1016/j.colsurfb.2011.07.036
https://doi.org/10.1016/j.ijpharm.2010.05.005
https://doi.org/10.1080/03639040600814676
https://doi.org/10.2147/IJN.S73010
https://doi.org/10.1016/j.ijpharm.2011.05.008
https://doi.org/10.1111/dth.13370
https://doi.org/10.1016/j.ejpb.2006.07.009
https://doi.org/10.1016/j.ijpharm.2013.03.034
https://doi.org/10.1080/03639045.2018.1434194
https://www.ncbi.nlm.nih.gov/pubmed/29376433
https://doi.org/10.1002/jps.22711
https://doi.org/10.1016/j.ijpharm.2014.11.001
https://www.ncbi.nlm.nih.gov/pubmed/25445972
https://doi.org/10.3390/pharmaceutics12070599
https://www.ncbi.nlm.nih.gov/pubmed/32605177
https://doi.org/10.1016/j.ijpharm.2008.08.021
https://doi.org/10.1080/21691401.2018.1465068
https://doi.org/10.1016/0378-5173(83)90064-9
https://www.ncbi.nlm.nih.gov/pubmed/4011621
https://doi.org/10.1080/10717544.2018.1529209
https://www.ncbi.nlm.nih.gov/pubmed/30451015
https://doi.org/10.1016/j.jddst.2018.11.004
https://doi.org/10.3109/03639045.2012.723218
https://doi.org/10.1016/j.jddst.2019.101337
https://doi.org/10.1371/journal.pone.0265086


Pharmaceuticals 2023, 16, 1151 28 of 28

54. Van Vliet, B.N.; Chafe, L.L.; Antic, V.; Schnyder-Candrian, S.; Montani, J.-P. Direct and Indirect Methods Used to Study Arterial
Blood Pressure. J. Pharmacol. Toxicol. Methods 2000, 44, 361–373. [CrossRef]

55. Pacher, P.; Nagayama, T.; Mukhopadhyay, P.; Bátkai, S.; Kass, D.A. Measurement of cardiac function using pressure-volume
conductance catheter technique in mice and rats. Nat. Protoc. 2008, 3, 1422–1434. [CrossRef]

56. Ikeda, J.; Matsubara, M.; Yao, K. Effects of Benidipine in a Rat Model of Experimental Angina. Yakugaku Zasshi 2006, 126,
1377–1381. [CrossRef]
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