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ABSTRACT
Background: The study focuses on the development and characterization of Ranolazine-loaded 
Solid Lipid Nanoparticles (RNZ-SLNs) to enhance therapeutic efficacy and safety in angina therapy. 
Materials and Methods: RNZ-SLNs were synthesized using a heated homogenization process 
followed by ultrasonication. The formulation was characterized for particle size, zeta potential, 
% entrapement efficiency, and in vitro drug release profile. Biocompatibility was evaluated using 
in vitro hemolysis studies. Results and Discussion: The results of the study demonstrated that 
the formulated Ranolazine-loaded Solid Lipid Nanoparticles (RNZ-SLNs) exhibited favorable 
physicochemical properties essential for effective drug delivery. The particle size of the RNZ-SLNs 
was found to be 254.1±2.4 nm, indicating their suitability for nanoparticle-based drug delivery 
systems. The zeta potential of -15.3±1.8 mV reflected sufficient stability of the formulation, 
while the % entrapement efficiency of 75.15±3.1% confirmed the effective incorporation of 
Ranolazine within the lipid matrix. The in vitro drug release profile revealed a significantly 
enhanced release rate for RNZ-SLNs, achieving 61.807±2.51% over 24 hr, compared to the plain 
Ranolazine dispersion, which released only 36.807±2.08% within the same period. Furthermore, 
in vitro hemolysis studies indicated a marked improvement in biocompatibility for RNZ-SLNs, 
with a hemolytic effect of 9.17%, compared to 19.23% observed for plain Ranolazine. These 
findings collectively highlight the potential of RNZ-SLNs to improve the therapeutic efficacy and 
safety profile of Ranolazine for angina therapy. Conclusion: RNZ-SLNs demonstrated superior 
therapeutic potential, including improved drug release and biocompatibility, suggesting their 
promise as an effective and safe delivery system for Ranolazine in angina therapy.
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INTRODUCTION

Angina, a common cardiovascular condition, occurs due to 
reduced blood supply to the heart muscles, leading to chest pain 
or discomfort.1 It is a key indicator of coronary artery disease, 
which involves the narrowing or blockage of blood vessels 
supplying oxygen and nutrients to the heart.2 Angina affects 
quality of life and raises the risk of serious events, highlighting 
the need for effective treatments.

Ranolazine (RNZ), a Biopharmaceutics Classification System 
(BCS) class II drug, has shown promise in treating angina by 
selectively inhibiting the late sodium current in heart cells, 
reducing myocardial oxygen demand.3 This helps alleviate chest 
pain and improve exercise tolerance without significantly affecting 
heart rate or blood pressure, making it suitable for patients with 
cardiovascular comorbidities.4

Despite its potential, RNZ faces challenges due to poor water 
solubility and a short duration of action, leading to reduced 
absorption and frequent dosing.5 Previous efforts to enhance 
RNZ's pharmaceutical properties include the development 
of cubosomes, which improved solubility and sustained drug 
release but faced issues like environmental sensitivity and 
difficulties in large-scale production.6 Similarly, solid dispersions 
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with hydrophilic polymers like Soluplus improved solubility but 
encountered problems with drug release and stability.

A study aimed to enhance RNZ solubility using solid dispersions 
with hydrophilic polymers (HPMC, PEG 6000, PVPK 30K, 
Soluplus). Soluplus showed the highest solubility, with a 10-fold 
increase in solubility and dissolution rate. However, challenges 
included inadequate drug release, instability, poor solubility with 
PEG 6000, and excipient incompatibilities. PVP K30 had limited 
solubility and caused degradation. Soluplus formulations faced 
manufacturing difficulties and failed to achieve the desired drug 
release, affecting stability and bioavailability.7

In addition to enhancing solubility through solid dispersions, 
another research which focused on developing a solid 
Self-Emulsifying Drug Delivery Systems (SEDDS) for RNZ to 
improve its oral bioavailability. This suggests that SEDDS could 
be the best approach to enhance the oral bioavailability of RNZ, 
thereby improving therapeutic efficacy.8 However, SEDDS face 
various challenges during their formulation and development. 
Drug precipitation, emulsion instability, and incompatibility with 
excipients can impact their effectiveness and stability. Scaling 
up SEDDS from laboratory to commercial production poses 
additional complexities, and their rapid self-emulsification in the 
gastrointestinal environment may affect drug release profiles.

Solid Lipid Nanoparticles (SLNs) are an advanced 
nanotechnology used in pharmaceutical research, composed of 
biocompatible lipids in a solid state at room temperature. SLNs 
enhance drug solubility, making them a promising option for 
delivering hydrophobic drugs like Ranolazine to treat angina.9 
By encapsulating RNZ in a lipid matrix, SLNs provide controlled, 
sustained drug release, prolonging its therapeutic effect and 
reducing dosing frequency. The high surface area-to-volume ratio 
of SLNs also improves drug loading and absorption, optimizing 
RNZ’s efficacy in angina management.10

This research focuses on the formulation and characterization 
of Ranolazine-loaded Solid Lipid Nanoparticles (RNZ-SLNs) as 
a novel drug delivery system to enhance its bioavailability. By 
optimizing the release kinetics, SLNs can provide controlled and 
sustained drug release, potentially reducing dosing frequency 
and minimizing side effects. Improved drug delivery via SLNs 
is expected to enhance the therapeutic efficacy of Ranolazine in 
angina management, offering more consistent plasma drug levels 
and better symptom control. Ultimately, this approach aims to 
contribute to improved clinical outcomes and patient care by 
addressing the limitations of conventional drug formulations.

MATERIALS AND METHODS

Materials

RNZ was procured from Yarrow Chem Products, Mumbai. 
Pluronic F108 was obtained from Sigma-Aldrich, and stearic 
acid was obtained from Molychem Lab, Mumbai. Soya lecithin, 

Methanol, Chloroform, and DW were purchased from Fine 
Chemical, Mumbai.

Methods
Solubility studies

Achieving optimal % and drug loading in SLNs requires careful 
selection of lipids and surfactants. RNZ's solubility in various 
surfactants was tested by dissolving excess drug in each surfactant, 
vortexing, and agitating for 72 hr, followed by centrifugation and 
UV spectroscopy analysis of the supernatants. These solubility 
studies helped identify suitable surfactants for formulating 
RNZ-loaded SLNs, optimizing the drug delivery system.11

Ranolazine-loaded Solid Lipid Nanoparticle 
preparation and optimization

A Ranolazine-loaded Solid Lipid Nanoparticle (RNZ-SLN) 
formulation was developed using the solvent evaporation method. 
RNZ was dissolved in methanol (Mixture A), while stearic acid 
and Pluronic F 108 were dissolved in chloroform (Mixture B). 
Both mixtures were combined, followed by the addition of soya 
lecithin. Using a rotary evaporator, the solvent was removed at 
70 ºC, forming a thin lipid film. To produce SLNs, an aqueous 
solution was added to the film, which was then homogenized for 
10 min.12

A 3² full factorial design optimized the formulation, with lipid 
amount (X1) and PF108 concentration (X2) as the independent 
variables. The response variables assessed were % entrapment 
efficiency (%EE) (Y1) and particle size (Y2). Initial screening set 
the variable levels at -1, 0, and +1. This was performed using 
Design Expert® VR software (Version 13) to identify optimal 
conditions for the formulation.

Characterization of RNZ-SLN
percent entrapment efficiency

To determine the %EE in SLNs, a single mL of RNZ-SLN was 
diluted by using methanol of 10 mL and then centrifuged. 
The supernatant obtained after centrifugation was 
spectrophotometrically examined at 273 nm to evaluate the RNZ 
content.13 It was calculated with the help of the following formula 
by substituting the relevant values:

​

Particle size and zeta potential

Particle size and zeta potential was measured using a Horiba 
SZ-100 analyzer (version 2.40), with each measurement repeated 
three times at 25±5ºC. This characterization is essential for 
assessing the stability, dispersibility, and potential therapeutic 
efficacy of RNZ-SLNs, providing key data for optimizing their 
formulation.14
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TEM and SEM Analysis

The morphology of RNZ-SLNs was analyzed using a Jeol JM 
2100 TEM. For sample preparation, a small volume of RNZ-SLN 
suspension was placed on a nitrocellulose-coated copper plate 
and followed for ambient temperature for 12 hr. The samples 
were then subsequently treated with 2% w/v phosphotungstic 
acid. This staining technique improved the visibility of structural 
features, aiding in the accurate assessment of particle size and 
morphology.15

SEM analysis was done by taping the sample to a brass stump 
using double-sided glue. To ensure electrical conductivity, it was 
then plated with a thin layer of platinum. This conductive coating 
was applied to minimize charging under the electron beam 
while also boosting image quality by increasing resolution and 
contrast.16

Drug-excipient Compatibility Study
Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was employed to evaluate the compatibility 
of RNZ with PF108, lipid, and soya lecithin, identifying 
potential interactions and confirming the chemical stability and 
integration of the components. This spectrum was analyzed for 
both pure RNZ and the optimized RNZ-SLN mixture using the 
FTIR instrument (Agilent Alpha 100508), from range 4000 to 400 
cm-¹.17

Differential scanning calorimetry analysis

It is used to check the thermal responses and correlations of 
plain RNZ and optimized RNZ-SLN formulations. The analysis 
was performed using an instrument (SDT Q600 V20.9 Build 
20) under an atmosphere of dry nitrogen to prevent oxidation 
and other atmospheric effects. The thermograms were obtained 
by heating the RNZ and SLN samples from 0ºC to 500ºC at a 
controlled rate of 10ºC/min. An empty aluminum pan served as 
the reference during the analysis, ensuring accurate measurement 
of thermal transitions.18

Powder X-ray diffraction analysis

It was conducted to investigate potential drug-carrier interactions, 
with diffractograms of pure RNZ and optimized RNZ-SLN 
obtained using an X-ray Diffractometer (Bruker D8 Advance). 
Scans were taken in 0.02º increments from 5º to 60º (2θ) with 
a step time of 1 second per increment, using a zero-background 
holder for accuracy.19

In vitro drug release study

The dialysis tube method using a 12,000 Da MWCO bag was 
employed to assess RNZ release. The bag containing RNZ was 
immersed in PBS (pH 7.4) with 0.5% Tween 80, stirred at 37±2ºC. 
Samples were taken at intervals, replaced with fresh buffer, and 
analyzed spectrophotometrically at 273 nm. For RNZ-SLN, 

samples were centrifuged, sonicated, and tested. The experiment 
was repeated three times to ensure reproducibility, providing a 
precise evaluation of drug release kinetics over time.20

In vitro hemolysis study

To assess RNZ-SLN safety, RNZ and RNZ-SLN solutions at 50 μg/
mL were added to 2% erythrocyte dispersion, diluted with NaCl 
(0.9%), and incubated at 37ºC for 1 hr. The samples were then 
centrifuged at 1000 rpm for 10 min. Hemolysis was measured by 
UV at 420 nm, evaluating the formulations' hemocompatibility 
and safety for in vivo use.21 Hemolysis percentage was calculated 
using the appropriate formula:

​

Lyophilization of RNZ-SLN
Process for lyophilization of RNZ-SLN

A 1-mL volume of the RNZ-SLN formulation was combined with 
15% (w/v) lactose and poured into 3 mL vials made of glass. The 
vials were first frozen for 12 hr at -20ºC. Then lyophilized at -42ºC 
and -50ºC under a vacuum of 0.1 mBar for 48 hr. The dry mixture 
was subjected to a vacuum of 0.06 mBar for 12 hr to ensure 
thorough dehydration. Following this, it was vacuum sealed to 
maintain its stability and prevent moisture absorption, thereby 
preserving its integrity for subsequent applications or analysis.15

RESULTS

Screening of surfactants for RNZ solid lipid 
nanoparticles

Selecting the right surfactant is crucial for SLN properties like % 
efficiency and drug loading. For oral delivery, GRAS surfactants 
are preferred. Solubility screening of Pluronic F108, Soya lecithin, 
Tween 80, and Span 80 identified Pluronic F108 and Soya lecithin 
as having the highest solubility. These two were thus chosen for 
formulating RNZ-SLNs.22

RNZ-SLN preparation and optimization

Initial experiments were conducted, focusing on optimizing the 
formulation based on two factors: stearic acid concentration (X1) 
and PF108 (X2). The impacts of these variables on the percent EE 
as well as the particle size (PS) were investigated. The findings are 
given in Table 1.

Among the nine batches, batch P5 was identified as the optimal 
formulation due to its high encapsulation efficiency of 69.0±2.7%. 
Additionally, it exhibited a small particle size of 212.0±2.4 nm.

Effect of formulation variables on %EE

The %EE of RNZ-SLNs varied from 32.4±0.9% to 69.0±2.7%, 
with stearic acid and PF108 concentrations initially improving 
efficiency, but decreasing beyond optimal levels (19.88 mg 
for stearic acid and 136 mg for PF108). The regression model 
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indicates that higher levels of stearic acid (X1) and PF108 (X2) 
reduce %EE, with a statistically significant F-value of 14.76 and 
p-value<0.05.18

%EE = 63.88I+5.24A-2.90B-9.08AB-0.0983A2-21.36B2 
…………Eq. (1)

Effect of formulation variables on particle size

The particle size of RNZ-SLNs ranged from 212.0±2.4 nm to 
330.8±3.7 nm, showing variability in formulation. Increasing 
stearic acid and PF108 concentrations initially reduced particle 
size but increased it beyond optimal levels (19.88 mg for stearic 
acid and 136 mg for PF108). The regression model indicates that 
higher concentrations of stearic acid (X1) and PF108 (X2) increase 
particle size, with a significant F-value of 25.26 and p-value < 0.05.

Particle size= 221.57I+18.66A+14.32B+17.00AB+20.88A2+40.
82B2……………Eq. (2)

Characterization of RNZ-SLN
Particle size and zeta potential

The final batch P5 exhibited a particle size of 212.0±2.4 nm with a 
PDI of 0.078 and a zeta potential of -19.9±1.7 mV. These metrics, 
detailed in Figures 1 (A) and (B), reflect excellent colloidal 
stability and uniformity in the formulation.23

Morphology by SEM and TEM

According to Figure 2(A), the TEM images of SLNs were 
uniformly round, nanometer-sized, and free from aggregation.24 
SEM analysis (Figure 2(B)) revealed that RNZ-SLNs had an 
irregularly folded and porous spherical shape, likely due to the 
lipid matrix and manufacturing process.24

Drug-excipient compatibility study
FTIR Spectroscopy

FTIR spectra for pure RNZ and the optimized P5 formulation 
reveal distinct spectral features. The RNZ spectrum shows 

Formulation code Drug
(mg)

Factor 1 (X1)
Conc. of Stearic acid
(mg)

Factor 2 (X2)
Conc. of PF108
(mg)

Response 1 (Y1)
Particle size
(nm)

Response 2 (Y2)
%EE
(%)

P1 10 13.25 102 264.8±1.2 32.4±0.9
P2 10 13.25 136 228.6±2.3 55.8±1.2
P3 10 13.25 170 259.5±1.4 44.6±3.7
P4 10 19.88 102 252.9±1.8 42.7±1.7
P5 10 19.88 136 212.0±2.4 69.0±2.7
P6 10 19.88 170 281.4± 3.1 37.2±3.4
P7 10 26.51 102 268.2±2.9 60.9±1.5
P8 10 26.51 136 265.8±3.2 66.6±0.7
P9 10 26.51 170 330.8±3.7 36.8±1.8

Values Mean±SD (n=3).

Table 1:  32 factorial design batches and results of their characterization.

Figure 1: (A) Particle size of optimized Ranolazine-Loaded SLNs (RNZ-SLNs) by Dynamic Light Scattering (DLS) showing particle size 
distribution. (B) Zeta potential analysis demonstrating the stability of the RNZ-SLNs formulation.
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characteristic peaks at 2822.455 cm-¹ (aliphatic C-H stretching), 
1684.086 cm-¹ and 1591.169 cm-¹ (N-H bending for amine 
groups), and 1222.076 cm-¹ and 1251.915 cm-¹ (C-N stretching). 
These peaks are also present in the P5 RNZ SLNs spectrum, 
indicating that the drug's functional groups are preserved in the 
formulation.25

DSC analysis
The DSC analysis of pure RNZ and the P5 batch highlights distinct 
thermal properties. The thermogram of pure RNZ shows a broad 
melting point peak at 118.99ºC. In contrast, the excipients used 
in the P5 formulation exhibit endothermic peaks at 187.75ºC and 
227.44ºC. Notably, the RNZ melting point peak is absent in the 
P5 formulation.26

P-XRD analysis
Plain RNZ shows distinct diffraction peaks indicating its 
crystalline nature. Conversely, for RNZ SLNs, the P-XRD 
pattern exhibited broader peaks with decreased intensities, 
suggesting that the drug underwent partial amorphization when 
incorporated into the micellar formulation.26

In vitro drug release study
Figure 3 presents the release profiles of RNZ from both the pure 
RNZ dispersion and RNZ SLNs in a PBS medium. The plain RNZ 
dispersion shows a slow-release profile, with 36.807±2.08% of the 
drug released within 24 hr. In contrast, RNZ SLNs exhibit a rapid 
release behavior, with 61.807±2.51% of the drug released in the 
same period (p<0.01).18

In vitro hemolysis study
This study assessed the hemolytic effects of plain RNZ, blank 
RNZ SLNs, and optimized RNZ SLNs (P5). The positive control 
showed complete hemolysis, while the negative control showed 

minimal hemolysis. Plain RNZ (50 μg/mL) caused more 
hemolysis compared to both blank SLNs and optimized RNZ 
SLNs (P5). The in vitro hemolysis rates were 19.23% for plain 
RNZ, 16.47% for blank RNZ SLNs, and 9.17% for optimized RNZ 
SLNs (P5). The optimized RNZ SLNs (P5) exhibited significantly 
lower hemolysis (p<0.01) compared to plain RNZ.16

Characterization of lyophilized RNZ SLNs
The lyophilized batch of RNZ SLNs with 15% of sucrose as 
cryoprotectant displayed the following characteristics: a PS of 
254.1±2.4 nm, ZP of -15.3±1.8 mV, and 75.15± 3.1 %EE, moisture 
content of 2.79±0.8%, and a RT is 42±4 sec.19

DISCUSSION

The development of Solid Lipid Nanoparticles (SLNs) for the 
delivery of Ranolazine (RNZ) in the present study was driven 
by the need to improve the drug’s therapeutic efficacy, solubility, 
and safety profile. Ranolazine, a Biopharmaceutics Classification 
System (BCS) Class II drug, suffers from poor water solubility and 
a short half-life, requiring frequent dosing and potentially limiting 
its effectiveness in angina therapy. Previous efforts to enhance 
RNZ solubility using various formulations, such as cubosomes, 
solid dispersions, and SEDDS, showed varying degrees of success 
but encountered significant challenges such as stability issues, 
complex preparation, and manufacturing difficulties.

DLS confirmed that the Solid Lipid Nanoparticles (SLNs) are 
nanoscale, enhancing drug delivery by improving targeting, 
efficacy, and reducing side effects. They are biocompatible and 
suitable for both hydrophilic and hydrophobic drugs, enabling 
controlled and sustained release.

TEM showed that the SLNs were uniformly round and 
well-dispersed, which is ideal for drug loading and targeted 
delivery. Scanning Electron Microscopy (SEM) revealed that the 

Figure 2:  Morphological Analysis of RNZ-SLNs (A) Transmission Electron Microscopy (TEM) image showing the uniform 
spherical shape and well-dispersed nanoparticles. (B) Scanning Electron Microscopy (SEM) image highlighting the porous 

structure of RNZ-SLNs, contributing to enhanced drug loading and controlled release. 
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SLNs had a porous spherical shape, indicating a well-formed lipid 
matrix crucial for stability.

FTIR confirmed that ranolazine was successfully incorporated 
into the SLNs without altering its molecular structure, preserving 
its chemical stability. DSC indicated that ranolazine was either in 
a disordered crystalline state or molecularly dispersed within the 
SLNs, suggesting effective entrapment.

The SLNs provided faster drug release compared to plain 
ranolazine dispersions, leading to quicker symptom relief and 
improved patient compliance. The hemolysis study showed that 
the optimized RNZ-SLNs had a lower hemolysis rate, indicating 
better biocompatibility and safety for intravenous use. The 
significant reduction in hemolysis rates observed with RNZ-SLNs 
compared to plain RNZ suggests that the SLN formulation 
can mitigate the cytotoxic effects associated with ranolazine, 
making it a safer alternative for intravenous administration. The 
lyophilization process further ensured the stability and prolonged 
shelf-life of the SLNs, making them suitable for long-term storage 
and clinical use. Overall, the study demonstrates the potential 
of RNZ-SLNs in providing enhanced therapeutic outcomes in 
angina management by improving drug solubility, stability, and 
biocompatibility.

Future studies should aim to evaluate the in vivo performance 
of the SLNs, including biodistribution, long-term stability, and 
therapeutic outcomes. Additionally, exploring alternative lipid 
matrices or surfactants could further optimize the formulation 
for different routes of administration or therapeutic targets.

CONCLUSION

This study effectively developed and characterized 
Ranolazine-loaded Solid Lipid Nanoparticles (RNZ-SLNs), 
highlighting their potential to enhance the therapeutic efficacy 
and safety of ranolazine for managing angina. The optimized 
RNZ-SLNs demonstrated favorable physicochemical attributes. 
In vitro drug release studies revealed a significantly improved 
drug release from RNZ-SLNs compared to plain RNZ, which is 
likely due to the increased surface area and enhanced solubility 
afforded by the lipid matrix. Additionally, the hemolysis study 
showed lower cytotoxicity for RNZ-SLNs, indicating improved 
biocompatibility and a safer profile for intravenous use.

Overall, RNZ-SLNs are a potential drug delivery strategy for 
ranolazine, providing increased solubility, controlled release, as 
well as decreased hemolytic activity. These findings pave the way 
for further in vivo studies and clinical evaluations to establish 
the therapeutic benefits of RNZ-SLNs in patients with angina 
pectoris. The advancements presented in this study highlight 
the potential of RNZ-SLNs to overcome the limitations of 
conventional ranolazine formulations, ultimately improving 
patient outcomes in angina management.
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Figure 3:  Comparative in vitro Drug Release Profile of RNZ-SLNs vs. Plain Ranolazine Dissolution profile of RNZ-SLNs 
(optimized batch P5) versus plain Ranolazine in Phosphate-Buffered Saline (PBS) at pH 7.4, showing improved drug 

release kinetics with sustained release over 24 hr.
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EE: Entrapment Efficiency; FTIR: Fourier Transform Infrared 
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Phosphate-Buffered Saline; PDI: Polydispersity Index; P-XRD: 
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Ranolazine Solid Lipid Nanoparticles; SEM: Scanning Electron 
Microscopy; SLNs: Solid Lipid Nanoparticles; TEM: Transmission 
Electron Microscopy; UV: Ultraviolet.
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SUMMARY

This study developed and characterized Ranolazine-loaded 
Solid Lipid Nanoparticles (RNZ-SLNs) to enhance therapeutic 
efficacy and safety for angina therapy. The optimized formulation 
exhibited a particle size of 212.0±2.4 nm, zeta potential of -19.9±1.7 
mV, and encapsulation efficiency of 69.0±2.7%. RNZ-SLNs 
demonstrated significantly improved drug release (61.807±2.51% 
over 24 hr) and reduced hemolysis rates (9.17%) compared to 
plain Ranolazine. Characterization confirmed successful drug 
incorporation, stability, and ideal morphology for sustained 
release. These findings suggest RNZ-SLNs as a promising delivery 
system to overcome the limitations of conventional formulations, 
warranting further in vivo studies.
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