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Articlelnfo ABSTRACT:

Pulmonary arterial hypertension (PAH) 1is a
Volume6, Issue Si3,July2024 progressive and debilitatiqg disease characterized‘by

elevated blood pressure in the pulmonary arteries,
Received: 30 May2024 leading to right heart failure and high mortality rates.
Accepted:28 June 2024 Convgﬁional trqatmepts are often limited' by poor

solubility and bioavailability of therapeutic agents,
Published:23 July2024 especially lipophilic phytoconstituents such as
doi- curcumin and quercetin, which have shown potential

in mitigating PAH symptoms. Solid lipid nanoparticles
(SLNs) have emerged as promising nanocarriers that
can enhance the solubility and bioavailability of these
lipophilic compounds. SLNs are submicron-sized
particles  composed of  biocompatible  and
biodegradable lipids that encapsulate lipophilic
phytoconstituents, protecting them from degradation
and improving their pharmacokinetic profiles. This
review explores the formulation techniques,
characterization, and clinical applications of SLNs in
the context of PAH. Key preparation methods,
including high shear homogenization, ultrasonication,
and solvent emulsification-evaporation, are discussed,
alongside strategies for optimizing particle size, zeta
potential, and encapsulation efficiency.  Clinical
translation of SLNs remains challenging due to
scalability, reproducibility, and regulatory hurdles.
However, advances in targeted delivery systems and
personalized medicine approaches hold promise for
overcoming these barriers. This review highlights the
potential of SLNs to revolutionize PAH treatment by
enhancing the solubility and bioavailability of
lipophilic phytoconstituents, paving the way for more
effective and safer therapeutic options.
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1. Introduction
Pulmonary arterial hypertension (PAH) is a chronic and progressive disease characterized by
high blood pressure in the arteries that supply the lungs[1]. This condition arises from the
narrowing or blockage of these arteries, leading to increased vascular resistance. As a result,
the right side of the heart works harder to pump blood through the lungs, eventually causing
right heart failure if left untreated[2,3]. The pathophysiology of PAH involves a complex
interplay of genetic predisposition, endothelial dysfunction, vascular remodeling,
inflammation, and thrombosis[4]. These processes lead to the proliferation of smooth muscle
cells and fibroblasts, increased production of vasoconstrictors like endothelin-1, and reduced
levels of vasodilators such as nitric oxide and prostacyclin[5]. The progressive nature of PAH
results in increased pulmonary vascular resistance, which places a significant burden on the
heart and leads to the characteristic symptoms of PAH, including shortness of breath, fatigue,
chest pain, and syncope[6].The management of PAH includes a variety of pharmacological
treatments aimed at alleviating symptoms, improving quality of life, and slowing disease
progression[7,8]. Current treatment options include endothelin receptor antagonists (ERAs),
phosphodiesterase-5 inhibitors (PDE-5 inhibitors), prostacyclin analogs, and soluble
guanylate cyclase stimulators[9]. While these therapies can provide significant symptomatic
relief and improve exercise capacity, they are often associated with limitations such as
variable patient response, side effects, and the inability to reverse disease progression[10].
Additionally, many of these drugs have poor oral bioavailability, necessitating frequent
dosing or invasive administration methods, which can lead to reduced patient compliance.
The need for more effective and patient-friendly therapeutic strategies is paramount,
highlighting the potential role of novel drug delivery systems and alternative therapeutic
agents[11].
Importance of Lipophilic Phytoconstituents in PAH Treatment
Phytoconstituents, derived from medicinal plants, have garnered attention for their potential
therapeutic effects in various diseases, including PAH[12]. Lipophilic phytoconstituents such
as curcumin (from turmeric) and quercetin (a flavonoid found in many fruits and vegetables)
are particularly promising due to their anti-inflammatory, antioxidant, and vasodilatory
properties. Curcumin, for instance, has been shown to inhibit inflammatory pathways and
reduce oxidative stress, which are key contributors to PAH pathogenesis[3,6]. Quercetin, on
the other hand, exhibits vasodilatory effects through the modulation of nitric oxide
production and has been demonstrated to prevent endothelial dysfunction and vascular
remodeling[12]. These natural compounds offer a multifaceted approach to targeting the
underlying mechanisms of PAH, providing a complementary strategy to conventional
pharmacotherapy[13].Despite their therapeutic potential, the clinical application of lipophilic
phytoconstituents is significantly hindered by their poor solubility and bioavailability.
Lipophilicity, while beneficial for cell membrane permeability, poses challenges for aqueous
solubility, leading to poor absorption and low bioavailability when administered orally[14].
Curcumin, for example, has low aqueous solubility and is rapidly metabolized and eliminated
from the body, resulting in minimal systemic availability[15]. Quercetin faces similar
challenges, with poor water solubility and extensive first-pass metabolism limiting its
therapeutic efficacy[16]. These pharmacokinetic drawbacks necessitate high doses to achieve
therapeutic concentrations, which can increase the risk of side effects and reduce patient
compliance. Enhancing the solubility and bioavailability of these compounds is crucial to
unlocking their full therapeutic potential[17]. This is where advanced drug delivery systems,
such as solid lipid nanoparticles (SLNs), come into play. SLNs can encapsulate lipophilic
phytoconstituents, protect them from degradation, and enhance their solubility and
bioavailability, offering a promising solution to the challenges faced in PAH treatment[18].
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2. Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are submicron-sized particles, typically ranging from 50 to
1000 nanometers, composed of biocompatible and biodegradable lipids[19]. The core of
SLNs is made of solid lipids at room and body temperatures, which distinguishes them from
other lipid-based nanoparticles such as liposomes and nanoemulsions that have liquid
cores[20]. This solid core can encapsulate lipophilic drugs, protecting them from degradation
and enhancing their stability[21]. The outer shell of SLNs is stabilized by surfactants, which
prevent particle aggregation and improve dispersion in aqueous media. The lipids used in
SLNs can include triglycerides, fatty acids, steroids, and waxes, while common surfactants
include phospholipids, bile salts, and non-ionic surfactants like polysorbates and
poloxamers[10]. The choice of lipids and surfactants significantly influences the properties of
SLNSs, such as particle size, drug loading capacity, and release profile[22,4].

Types of Lipids and Surfactants Used

Lipids employed in SLNs are chosen based on their melting point, crystallinity, and
compatibility with the encapsulated drug. Commonly used lipids include glyceryl
monostearate, glyceryl behenate, stearic acid, and cetylpalmitate[23,3]. These lipids form a
solid matrix that can encapsulate the drug molecules, enhancing their stability and controlled
release. Surfactants stabilize the lipid core and can be selected based on their ability to reduce
surface tension and prevent aggregation[24]. Phospholipids such as lecithin and synthetic
surfactants like Poloxamer 188 are frequently used due to their excellent biocompatibility and
stabilizing properties[5]. The combination of specific lipids and surfactants is tailored to
optimize the physical and chemical characteristics of the SLNs for a given therapeutic
application[7].

Bhioenell g mélecile Drug enriched shell Drug eRﬂched core

Solid lipid core Solid lipid core
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Solid solution model ~ Core - drug enriched lipid shell model ~ Drug enriched core- lipid shell model
Fig. 1Schematic representation of types of solid lipid nanoparticles

Advantages Over Other Nanocarriers

Enhanced Stability One of the primary advantages of SLNs over other nanocarriers is their
enhanced stability. The solid lipid core of SLNs provides a rigid matrix that can protect
encapsulated drugs from chemical and physical degradation, such as hydrolysis and
oxidation[25]. This stability is particularly beneficial for sensitive compounds, including
lipophilic phytoconstituents, which are prone to degradation in aqueous environments. The
solid nature of the lipid core also reduces the mobility of drug molecules within the
nanoparticles, minimizing drug leakage and ensuring a more consistent and prolonged
therapeutic effect[26,10].

Controlled Release Properties SLNs offer superior controlled release properties compared
to other nanocarriers. The solid lipid matrix can be engineered to modulate the release rate of
the encapsulated drug, providing sustained and controlled release profiles[27]. This
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controlled release is achieved through the diffusion of the drug from the solid lipid matrix
and the gradual erosion of the lipid core. By adjusting the composition and crystallinity of the
lipids, as well as the type and concentration of surfactants, it is possible to fine-tune the
release kinetics to meet specific therapeutic needs[12]. This controlled release can enhance
the bioavailability of lipophilic drugs, reduce dosing frequency, and improve patient
compliance[28,9].

Biocompatibility and Biodegradability SLLNs are composed of biocompatible and
biodegradable materials, making them safe and well-tolerated in the body. The lipids and
surfactants used in SLNs are typically derived from natural sources or are approved for
pharmaceutical use, minimizing the risk of adverse reactions[29]. Upon administration, SLNs
are gradually degraded by enzymatic processes in the body, and the degradation products are
metabolized or excreted without accumulating in tissues[18]. This biocompatibility and
biodegradability make SLNs a favorable choice for delivering therapeutic agents, particularly
for chronic conditions like pulmonary arterial hypertension, where long-term treatment is
necessary[30,7].
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Fig. 2 A diagram illustrating endothelial dysfunction in pulmonary arterial hypertension
(PAH) and a suggested mechanism for the extravasation of nanoparticles into the pulmonary
vasculature.

3. Mechanisms of Enhancing Solubility and Bioavailability

Encapsulation of Lipophilic Phytoconstituents in SLNs

Encapsulation of lipophilic phytoconstituents in solid lipid nanoparticles (SLNs) involves
incorporating these bioactive compounds into the lipid matrix during the nanoparticle
preparation process[31]. There are several methods for encapsulating phytoconstituents in
SLNs, including high shear homogenization, ultrasonication, and solvent emulsification-
evaporation[1]. In high shear homogenization, the lipid is melted and mixed with an aqueous
surfactant solution containing the phytoconstituent, followed by high-pressure
homogenization to form nanoparticles[32,22]. Ultrasonication uses ultrasonic waves to create
smaller particles through cavitation forces. The solvent emulsification-evaporation technique
involves dissolving the lipid and the lipophilic compound in an organic solvent, which is then
emulsified in an aqueous phase containing surfactants; the solvent is evaporated, leaving
behind solid lipid nanoparticles encapsulating the drug[16,9]. These methods ensure that the
lipophilic phytoconstituents are uniformly distributed within the solid lipid matrix, enhancing
their stability and bioavailability[19].

Improvement in Solubility and Dissolution Rate

Encapsulation in SLNSs significantly improves the solubility and dissolution rate of lipophilic
phytoconstituents. The solid lipid matrix acts as a carrier, dispersing the poorly soluble
compounds in a way that enhances their exposure to the aqueous environment[33]. When
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encapsulated in SLNs, the surface area of the lipophilic compound increases dramatically due
to the nanometer scale of the particles, facilitating faster dissolution[34]. Moreover,
surfactants used in SLN formulations can further aid in dispersing the lipophilic molecules in
the gastrointestinal fluids, promoting better solubility. The enhanced solubility and
dissolution rate result in improved absorption of the phytoconstituents, contributing to their
increased bioavailability[35,8].

Mechanisms of Improved Bioavailability

Enhanced Permeability and Retention Effect

SLNs improve the bioavailability of lipophilic phytoconstituents through the enhanced
permeability and retention (EPR) effect[36]. The EPR effect is a phenomenon where
nanoparticles preferentially accumulate in areas with leaky vasculature, such as inflamed or
cancerous tissues. This effect is particularly beneficial in targeting diseased tissues like the
pulmonary arteries in PAH[37]. SLNs can passively target these areas, ensuring a higher
concentration of the therapeutic phytoconstituents at the site of action. Additionally, the small
size of SLNs facilitates their transcytosis across cellular barriers, enhancing the permeability
of the encapsulated compounds[19,3].

Protection from Enzymatic Degradation

One of the critical challenges in delivering lipophilic phytoconstituents is their susceptibility
to enzymatic degradation in the gastrointestinal tract and systemic circulation. SLNs provide
a protective environment that shields these compounds from metabolic enzymes[12]. The
solid lipid matrix encapsulates the phytoconstituents, preventing direct exposure to enzymatic
activity[38]. This protection extends the half-life of the phytoconstituents, allowing them to
remain in the system longer and exert their therapeutic effects more effectively. By
preventing premature degradation, SLNs enhance the overall bioavailability of the
encapsulated compounds|[5].

Prolonged Circulation Time

SLNs also contribute to improved bioavailability by prolonging the circulation time of
lipophilic phytoconstituents. The surface of SLNs can be modified with hydrophilic
polymers, such as polyethylene glycol (PEG), which provides a stealth property to the
nanoparticles, reducing their recognition and clearance by the reticuloendothelial system
(RES)[39]. This modification prevents rapid clearance from the bloodstream, allowing the
nanoparticles to circulate for extended periods[13]. The prolonged circulation time increases
the chances of the SLNs reaching their target tissues and releasing the encapsulated
phytoconstituents at the desired site of action[4]. Additionally, the controlled release
properties of SLNs ensure a sustained release of the therapeutic agents, maintaining effective
plasma concentrations over a more extended period.SLNs enhance the solubility and
bioavailability of lipophilic phytoconstituents through several mechanisms[18]. The
encapsulation process improves solubility and dissolution rates by dispersing the compounds
in a nanoscale lipid matrix. The EPR effect facilitates targeted delivery and enhanced
permeability, while the solid lipid matrix protects the phytoconstituents from enzymatic
degradation. Surface modifications can extend circulation time, further improving
bioavailability[20]. These combined mechanisms make SLNs a highly effective delivery
system for lipophilic phytoconstituents, offering significant therapeutic potential for
conditions like pulmonary arterial hypertension[40,4].

4. Formulation Techniques for SLNs

High Shear Homogenization

High shear homogenization is a widely used method for preparing solid lipid nanoparticles
(SLNs). This technique involves melting the lipid and mixing it with an aqueous surfactant
solution containing the drug[41]. The mixture is then subjected to high shear forces using a
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homogenizer, which breaks down the mixture into fine droplets. As the mixture cools, the
lipid solidifies, forming SLNs[19]. High shear homogenization can be performed at elevated
temperatures (hot homogenization) or room temperature (cold homogenization)[18]. This
method is advantageous due to its simplicity, scalability, and ability to produce SLNs with a
narrow size distribution[2]. However, it may not be suitable for thermolabile drugs due to the
high temperatures involved in the hot homogenization process[42].

Ultrasonication

Ultrasonication is another effective method for producing SLNs, particularly suitable for
small-scale preparations. In this process, the lipid and drug are first melted together, then
dispersed in an aqueous surfactant solution[2,9]. The mixture is then subjected to ultrasonic
waves, which generate high-energy cavitation forces, breaking down the lipid into
nanometer-sized particles[5]. Ultrasonication produces SLNs with a relatively narrow size
distribution and can be performed at lower temperatures, making it suitable for heat-sensitive
drugs[4]. However, the process can be time-consuming, and prolonged exposure to ultrasonic
waves can lead to the degradation of some compounds[43].

Solvent Emulsification-Evaporation

The solvent emulsification-evaporation technique involves dissolving the lipid and the drug
in an organic solvent, which is then emulsified into an aqueous phase containing surfactants.
This forms an oil-in-water emulsion[4]. The organic solvent is subsequently evaporated under
reduced pressure, resulting in the solidification of the lipid and the formation of SLLNs[4,5].
This method is advantageous for incorporating hydrophobic drugs and allows for precise
control over particle size[3]. However, the use of organic solvents necessitates additional
steps for solvent removal, and residual solvents can pose toxicity concerns[44].

Hot and Cold Homogenization

Hot and cold homogenization are variations of high shear homogenization tailored for
different types of drugs[19]. In hot homogenization, the lipid and drug are melted together,
and the mixture is emulsified in a hot aqueous surfactant solution. The emulsion is then
subjected to high-pressure homogenization, followed by cooling to form SLNs[18,2]. This
method is suitable for heat-stable drugs. Cold homogenization involves first solidifying the
drug-lipid mixture by cooling it to cryogenic temperatures, followed by grinding to obtain
microparticles[30]. These microparticles are then dispersed in a cold surfactant solution and
subjected to high-pressure homogenization at room temperature. Cold homogenization is
preferred for thermolabile drugs as it avoids exposure to high temperatures[45].
Optimization of Formulation Parameters

Particle Size and Polydispersity

The particle size and polydispersity index (PDI) are critical parameters that influence the
stability, release profile, and bioavailability of SLNs[46]. Smaller particles with a narrow size
distribution are preferred for enhanced cellular uptake and uniform drug release. Particle size
can be controlled by adjusting the homogenization parameters, such as pressure and duration,
as well as the concentration of surfactants[3,8]. A low PDI indicates a homogeneous particle
size distribution, which is essential for reproducible drug delivery[47].

Zeta Potential

Zeta potential measures the surface charge of nanoparticles, which affects their stability in
suspension. A high absolute value of zeta potential (either positive or negative) indicates good
electrostatic repulsion between particles, preventing aggregation and ensuring colloidal
stability[48]. The zeta potential can be modulated by the choice and concentration of
surfactants and stabilizers[33]. For SLNs, a zeta potential greater than +30 mV is generally
considered stable, which helps maintain the dispersion of nanoparticles over extended
periods[49].
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Encapsulation Efficiency

Encapsulation efficiency (EE) refers to the percentage of the drug that is successfully
encapsulated within the SLNs relative to the initial amount used. High encapsulation
efficiency is desirable for maximizing the therapeutic efficacy of the drug[50]. EE can be
influenced by factors such as the solubility of the drug in the lipid matrix, the method of
preparation, and the lipid-to-drug ratio[21]. Optimizing these factors ensures that a significant
portion of the drug is retained within the nanoparticles, reducing wastage and enhancing the
overall effectiveness of the formulation[4,9].

S. Characterization of SLNs

Physicochemical Properties

Particle Size Analysis

Particle size is a crucial parameter influencing the stability, drug release profile, and
bioavailability of solid lipid nanoparticles (SLNs)[12]. It is typically measured using dynamic
light scattering (DLS), also known as photon correlation spectroscopy (PCS)[51]. DLS
provides information on the average size and size distribution (polydispersity index, PDI) of
the nanoparticles in a suspension. A smaller particle size generally enhances cellular uptake
and improves bioavailability, while a narrow size distribution (low PDI) indicates a uniform
formulation, which is essential for reproducibility and predictable drug release[18].
Optimizing particle size involves fine-tuning the formulation and processing conditions, such
as homogenization pressure, surfactant concentration, and lipid composition[52].

Surface Morphology (Using TEM/SEM)

Surface morphology of SLNs is examined using electron microscopy techniques such as
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)[53]. TEM
provides high-resolution images of the internal structure and surface characteristics of the
nanoparticles, revealing details about their shape, size, and any potential aggregation[33].
SEM offers three-dimensional images of the surface, providing insights into the texture and
surface features of the nanoparticles[54]. These techniques help in confirming the spherical
nature of SLNs and detecting any irregularities that may affect their stability and
performance. By analyzing surface morphology, researchers can optimize the formulation
process to produce SLNs with the desired structural attributes[5,9].

Crystallinity (Using XRD/DSC)

Crystallinity of the lipid matrix in SLNs is a key factor affecting drug loading capacity and
release behavior. X-ray diffraction (XRD) and differential scanning calorimetry (DSC) are
commonly used to assess the crystalline state of the lipids[55]. XRD identifies the crystalline
phases present in the lipid matrix by measuring the diffraction patterns of X-rays passing
through the sample. DSC measures the heat flow associated with phase transitions, providing
information on the melting point, crystallization behavior, and the degree of crystallinity of
the lipids[56]. A high degree of crystallinity generally correlates with slower drug release due
to the dense packing of lipid molecules, whereas a more amorphous state can facilitate faster
drug release. Understanding and controlling crystallinity helps in designing SLNs with
tailored release profiles[57].

In Vitro and In Vivo Studies

Release Kinetics

The release kinetics of the drug from SLNs is studied in vitro to understand how the drug is
released over time[35]. This involves incubating the SLNs in a simulated physiological
environment (e.g., phosphate-buffered saline, pH 7.4) and measuring the amount of drug
released at various time points using techniques like high-performance liquid
chromatography (HPLC)[58]. The release profile can be influenced by factors such as particle
size, lipid composition, and surface properties. In vitro release studies help in predicting the
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in vivo behavior of the nanoparticles, ensuring that the drug is released in a controlled and
sustained manner to achieve therapeutic efficacy[59].

Stability Studies

Stability studies are essential to determine the shelf-life and robustness of SLNs. These
studies involve storing the SLNs under various conditions (e.g., different temperatures,
humidity levels) and periodically assessing their physicochemical properties, including
particle size, zeta potential, encapsulation efficiency, and drug content[60]. Stability studies
also involve evaluating the potential for drug leakage, aggregation, or changes in morphology
over time. Ensuring stability is crucial for maintaining the efficacy and safety of the SLNs
throughout their storage and use[61].

Bioavailability Studies in Animal Models

Bioavailability studies in animal models are conducted to evaluate the in vivo performance of
SLNs. These studies involve administering the SLNs to animals (e.g., rats, mice) and
measuring the plasma concentration of the drug over time using analytical methods like
HPLC or mass spectrometry[62]. Bioavailability is assessed by comparing the
pharmacokinetic parameters (e.g., maximum concentration, time to peak concentration, area
under the curve) of the SLNs with those of conventional formulations[19]. Improved
bioavailability indicates that the SLNs effectively enhance the absorption and systemic
circulation of the drug[63]. Additionally, in vivo studies can provide insights into the
biodistribution, metabolism, and elimination of the SLNs, helping to optimize the formulation
for clinical applications[30]. The characterization of SLNs involves a comprehensive
evaluation of their physicochemical properties and performance in both in vitro and in vivo
settings[64]. Particle size analysis, surface morphology, and crystallinity studies provide
critical information about the structural attributes of SLNs, while release kinetics, stability
studies, and bioavailability studies in animal models assess their functional performance[3,7].
Thorough characterization ensures the development of robust, effective SLNs that can
enhance the solubility and bioavailability of lipophilic phytoconstituents, ultimately
improving therapeutic outcomes for conditions like pulmonary arterial hypertension[65,19].

6. Challenges and Future Directions

Scalability and Reproducibility of SLN Formulations

One of the significant challenges in translating solid lipid nanoparticles (SLNs) from the
laboratory to clinical use is the scalability and reproducibility of their formulations[66].
While various preparation techniques like high shear homogenization, ultrasonication, and
solvent emulsification-evaporation are effective on a small scale, scaling these methods up to
industrial production presents difficulties[67]. High shear homogenization and
ultrasonication, for instance, may not uniformly produce nanoparticles with consistent size
and encapsulation efficiency when scaled up, leading to batch-to-batch variations[68]. This
lack of reproducibility can affect the efficacy and safety of the final product. Additionally,
large-scale production requires stringent control over parameters such as temperature,
pressure, and mixing speed, which can be challenging to maintain. Addressing these issues
requires the development of robust manufacturing processes that can reliably produce SLNs
with uniform quality and properties[69].

Regulatory Hurdles and Approval Processes

Regulatory approval is a critical challenge in the development of SLNs for clinical use. The
approval process for nanomedicines, including SLNs, is complex and stringent, requiring
extensive preclinical and clinical data to demonstrate safety, efficacy, and quality[70].
Regulatory agencies like the FDA and EMA have specific guidelines for nanoparticle-based
formulations, including requirements for detailed characterization, toxicity studies, and long-
term stability assessments[58,9]. Meeting these regulatory standards can be time-consuming
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and costly. Moreover, the lack of standardized guidelines for nanomedicines adds to the
complexity, as each formulation may be subjected to different evaluation criteria. Companies
must navigate these regulatory hurdles carefully, ensuring comprehensive documentation and
compliance with regulatory requirements to achieve approval[29].

Future Research Avenues

Advanced Targeting Strategies

Future research in SLNs for pulmonary arterial hypertension (PAH) treatment is likely to
focus on advanced targeting strategies[19]. Targeted drug delivery can enhance the
therapeutic efficacy and reduce systemic side effects by directing the SLNs specifically to the
diseased tissue[22]. This can be achieved through surface modification of SLNs with ligands
such as antibodies, peptides, or aptamers that can recognize and bind to specific receptors on
the pulmonary arterial endothelial cells[71]. Additionally, exploiting the enhanced
permeability and retention (EPR) effect, which allows nanoparticles to accumulate in areas
with leaky vasculature, can further improve targeting[18]. Research into stimuli-responsive
SLNs, which release their payload in response to specific triggers such as pH changes or
enzymatic activity, also holds promise for achieving precise drug delivery[72,73].
Personalized Medicine Approaches

Personalized medicine represents a promising direction for SLN research, where treatments
are tailored to individual patients based on their genetic makeup, disease profile, and
response to therapy[74]. Personalized SLN formulations can be designed to address specific
patient needs, such as incorporating multiple drugs to target different pathways involved in
PAH or adjusting the drug release profile to match the patient's metabolism and disease
progression[75]. Advances in genomics, proteomics, and biomarker identification will
facilitate the development of personalized SLNs, improving treatment outcomes and
minimizing adverse effects[76,33]. Additionally, integrating diagnostic capabilities into
SLNs, known as theranostics, can enable real-time monitoring of drug delivery and
therapeutic efficacy, further personalizing patient care[77-80].

Combination Therapies with Other PAH Treatments

Combining SLNs with existing PAH treatments offers another avenue for enhancing
therapeutic outcomes[81,82]. PAH is a multifactorial disease, and combination therapies that
target different aspects of its pathophysiology can provide synergistic effects[83]. For
example, SLNs encapsulating lipophilic phytoconstituents like curcumin or quercetin can be
co-administered with conventional PAH drugs such as endothelin receptor antagonists or
phosphodiesterase-5 inhibitors[84,85]. This approach can enhance the overall efficacy by
addressing multiple pathways involved in disease progression, reducing the required dosage
of each drug, and minimizing side effects[86]. Research into the optimal combinations and
dosing regimens will be crucial for maximizing the benefits of such combination
therapies[87,88].

7. Conclusion

Solid lipid nanoparticles (SLNs) offer a promising approach to enhance the solubility,
stability, and bioavailability of lipophilic phytoconstituents, crucial for improving their
therapeutic potential in treating pulmonary arterial hypertension (PAH). Techniques like high
shear homogenization, ultrasonication, and solvent emulsification-evaporation are effective in
SLN preparation, ensuring optimal particle characteristics and encapsulation efficiency.
These advancements imply a significant impact on PAH treatment, potentially improving
drug delivery precision while minimizing systemic side effects. Looking forward, addressing
scalability issues, refining targeting strategies, and exploring personalized medicine
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applications will likely drive further advancements in SLNs and phytoconstituent-based
therapies, advancing their clinical efficacy across various medical conditions.
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