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Abstract: 

Lipid-based nanocarriers (LNCs) have emerged as a cornerstone in modern drug delivery, offering innovative 
solutions to the limitations of conventional formulations such as poor solubility, low stability, and limited 
bioavailability. Comprising biocompatible lipids like phospholipids, triglycerides, and cholesterol, these 
nanocarriers—encompassing liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), 
and lipid nanocapsules (LNCs)—enable precise control over drug release and targeted delivery. Their unique 
composition facilitates enhanced drug solubilization, protection from enzymatic degradation, and improved 
absorption through lymphatic transport and membrane fusion mechanisms. By modulating key pharmacokinetic 
parameters such as maximum plasma concentration (Cmax), time to reach peak concentration (Tmax), area under 
the curve (AUC), and half-life (t½), LNCs significantly improve systemic exposure and therapeutic efficacy. 
Clinically, lipid nanocarriers have demonstrated transformative outcomes in oncology (Doxil®, Onivyde®), 
antifungal therapy (AmBisome®, Fungisome®), and vaccine technology (mRNA–LNP platforms for COVID-19), 
highlighting their translational success. Despite existing challenges in large-scale manufacturing, stability, and 
regulatory approval, continuous advancements—especially the integration of AI-driven pharmacokinetic 
modeling and stimuli-responsive lipid systems—promise to accelerate their evolution toward personalized and 
precision nanomedicine. 
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1. 1. Introduction 

Conventional drug delivery systems have long been constrained by a range of physicochemical 
and biological challenges that limit their therapeutic potential 1. Many promising drug 
candidates suffer from poor aqueous solubility, chemical instability, and inadequate 
permeability across biological barriers, resulting in suboptimal absorption and reduced 
bioavailability. These shortcomings often necessitate higher or more frequent dosing, which 
can increase systemic toxicity and diminish patient compliance 2-3. Moreover, conventional 
formulations frequently lack site-specific targeting, leading to non-selective drug distribution 
and off-target effects that compromise treatment efficacy and safety. 

To overcome these limitations, nanocarrier-based drug delivery has emerged as a revolutionary 
approach in modern pharmaceutics. Nanocarriers provide the means to encapsulate, protect, 
and deliver therapeutic agents in a controlled and targeted manner 4. By manipulating the 
physicochemical properties of nanoparticles—such as size, surface charge, and composition—
scientists can tailor drug release profiles, enhance bioavailability, and achieve sustained 
therapeutic concentrations 5. Among the various nanocarrier systems developed, lipid-based 
nanocarriers have garnered particular attention due to their inherent biocompatibility, ability to 
encapsulate both hydrophilic and lipophilic drugs, and physiological similarity to biological 
membranes. 

The evolution of lipid-based nanocarriers has given rise to several advanced formulations, 
including liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), 
lipid nanocapsules (LNCs), and self-emulsifying drug delivery systems (SEDDS) 6. Each of 
these systems brings unique advantages in terms of stability, controlled release, and 
biodistribution. Liposomes, the earliest of these systems, pioneered the concept of vesicular 
delivery and demonstrated the potential of lipid vesicles in encapsulating and delivering 
therapeutic molecules effectively 7. The subsequent development of SLNs and NLCs addressed 
key issues such as drug leakage and limited loading capacity, paving the way for next-
generation lipid nanocarrier platforms with improved performance and scalability. 

A critical determinant of therapeutic efficacy in drug delivery is pharmacokinetic (PK) 
modulation—the capacity to control the absorption, distribution, metabolism, and excretion 
(ADME) of drugs 8. Lipid-based nanocarriers excel in modulating these pharmacokinetic 
parameters by improving solubility, prolonging circulation time, reducing premature 
metabolism, and enabling targeted delivery to specific tissues or cells. Such PK advantages 
translate into enhanced therapeutic outcomes, reduced dosing frequency, and minimized side 
effects, thereby offering significant clinical value across various therapeutic domains, 
including oncology, infectious diseases, and neurology 9-10. 

The objective of this review is to provide a comprehensive understanding of lipid-based 
nanocarriers in drug delivery, with an emphasis on their role in pharmacokinetic modulation 
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 and clinical translation 11. It explores the structural diversity, mechanisms of PK enhancement, 

and therapeutic implications of different lipid-based systems, while also discussing the 
challenges associated with their formulation, scale-up, and regulatory approval. Ultimately, 
this review aims to highlight how lipid nanotechnology is reshaping the pharmacokinetic 
landscape of modern therapeutics and paving the way for more effective and personalized drug 
delivery strategies 12-13. 

2. Classification of Lipid-Based Nanocarriers 

Lipid-based nanocarriers (LNCs) encompass a broad and versatile class of nanosystems 
engineered to enhance the delivery, stability, and bioavailability of therapeutic compounds 14. 
Their structural diversity, compositional flexibility, and biological compatibility make them 
highly effective vehicles for both hydrophilic and hydrophobic drugs. These nanocarriers are 
primarily classified based on their lipid composition, internal structure, and method of 
preparation 15-16. The major categories include liposomes, solid lipid nanoparticles (SLNs), 
nanostructured lipid carriers (NLCs), lipid nanocapsules (LNCs), and other lipid-based systems 
such as micelles, nanoemulsions, and self-emulsifying drug delivery systems (SEDDS). 

2.1. Liposomes 

Liposomes are spherical, vesicular structures composed of one or more concentric 
phospholipid bilayers surrounding an aqueous core. Their composition typically includes 
natural or synthetic phospholipids, cholesterol (which stabilizes the bilayer), and other 
surfactants or lipids that enhance membrane fluidity and encapsulation efficiency 17. Due to 
their amphiphilic nature, liposomes can simultaneously encapsulate hydrophilic drugs in their 
aqueous interior and lipophilic drugs within the lipid bilayers, offering a dual delivery 
advantage 18. 

Based on their surface characteristics and structural modifications, liposomes can be 
categorized into several types. Conventional liposomes are the simplest form, offering basic 
encapsulation and protection but suffering from rapid clearance by the mononuclear phagocyte 
system (MPS) 19-20. To overcome this, PEGylated liposomes—also known as “stealth 
liposomes”—are coated with polyethylene glycol (PEG), which provides steric stabilization, 
prolongs circulation time, and reduces opsonization. Immunoliposomes, on the other hand, are 
functionalized with antibodies or ligands that enable active targeting of specific cells or 
receptors, enhancing site-specific drug delivery and minimizing systemic side effects 21-22. 

Liposomes have demonstrated remarkable versatility across various applications, including 
anticancer therapy (e.g., Doxil® for doxorubicin delivery), antifungal therapy (e.g., 
AmBisome® for amphotericin B), and gene delivery (liposomal mRNA vaccines). Their 
advantages include biocompatibility, controlled release potential, and improved 
pharmacokinetics; however, limitations such as high production costs and stability concerns 
during storage still pose formulation challenges 23. 
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 2.2. Solid Lipid Nanoparticles (SLNs) 

Solid lipid nanoparticles represent the first generation of lipid-based nanocarriers that combine 
the advantages of polymeric nanoparticles with the biocompatibility of lipids. SLNs are 
composed of physiologically safe lipids that remain solid at both room and body temperatures, 
such as triglycerides, fatty acids, or waxes, stabilized by surfactants 24-25. The mechanism of 
drug incorporation involves embedding the drug molecules within the crystalline lipid matrix, 
which controls the release profile through diffusion or erosion. 

SLNs offer several advantages, including protection of labile drugs from degradation, 
controlled drug release, excellent biocompatibility, and suitability for large-scale production. 
Moreover, they eliminate the use of potentially toxic organic solvents common in polymeric 
systems 26-27. However, SLNs face notable limitations such as limited drug loading capacity 
due to the tight lipid lattice and the potential for drug expulsion or burst release during storage 
as the lipid matrix undergoes polymorphic transitions. These drawbacks have driven the 
evolution toward more advanced lipid systems such as NLCs. 

2.3. Nanostructured Lipid Carriers (NLCs) 

Nanostructured lipid carriers represent the second generation of lipid nanoparticles, designed 
to overcome the limitations of SLNs 28. Unlike SLNs, NLCs are formulated using a hybrid 
matrix of solid and liquid lipids, which introduces structural imperfections that prevent drug 
expulsion and enhance loading capacity 29-30. This combination disrupts the highly ordered 
crystalline structure of solid lipids, creating more space for drug molecules and improving 
encapsulation efficiency. 

NLCs offer superior control over drug release and greater physical stability compared to SLNs. 
They can be fine-tuned for sustained or targeted delivery by varying the solid-to-liquid lipid 
ratio and surfactant composition 31-32. Additionally, NLCs exhibit improved bioavailability and 
enhanced permeation through biological membranes, making them ideal for oral, topical, and 
parenteral drug delivery. Their versatility and scalability have led to increasing interest in 
clinical and industrial applications, particularly in dermal formulations and oral delivery of 
poorly soluble drugs 33-34. 

2.4. Lipid Nanocapsules (LNCs) 

Lipid nanocapsules are hybrid systems that combine the characteristics of polymeric 
nanoparticles and liposomes, forming a core–shell structure consisting of an oily core 
surrounded by a rigid surfactant shell 35-36. Unlike traditional liposomes, LNCs do not rely on 
a bilayer structure but rather on a stable, surfactant-stabilized interface between the aqueous 
and lipid phases. The lipid core often comprises medium-chain triglycerides, while the shell 
includes surfactants such as lecithin or polyethylene glycol derivatives 37-38. 
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 This unique configuration grants LNCs high physical stability, protection against enzymatic 

degradation, and excellent biocompatibility 39. They are particularly advantageous for both oral 
and parenteral delivery, as they facilitate lymphatic uptake and can bypass hepatic first-pass 
metabolism, enhancing systemic bioavailability. LNCs have been successfully explored for the 
delivery of anticancer agents, vaccines, and CNS-targeted therapeutics, offering controlled 
release and improved biodistribution 40-41. 

2.5. Other Lipid-Based Systems 

Beyond the major categories, several other lipid-based delivery platforms have been developed 
to meet specific therapeutic needs. Self-emulsifying drug delivery systems (SEDDS) are 
isotropic mixtures of oils, surfactants, and co-solvents that spontaneously form fine oil-in-
water emulsions upon contact with gastrointestinal fluids, enhancing the oral absorption of 
poorly water-soluble drugs 42-43. Micelles, formed by amphiphilic surfactants, are particularly 
useful for solubilizing hydrophobic molecules, improving dissolution rates, and facilitating 
targeted delivery. Nanoemulsions, another closely related system, are kinetically stable 
emulsions with droplet sizes typically below 200 nm, known for their transparency, stability, 
and versatility in both topical and parenteral formulations 44-45.Each of these systems provides 
unique benefits in drug solubilization, stability enhancement, and targeted delivery. However, 
their successful implementation depends on careful optimization of formulation parameters, 
lipid selection, and compatibility with the drug molecule.Table 1. Comparative Characteristics 
of Different Lipid-Based Nanocarriers 46. 

Nanocarrier Type Structural 
Composition 

Typical 
Size 

Range 
(nm) 

Advantages Limitations Representative 
Drugs 

Reference 

Liposomes 
Phospholipid 
bilayer with 
aqueous core 

50–500 

Biocompatible, 
versatile, 
controlled 

release 

Costly, 
storage 

instability 

Doxil®, 
AmBisome® 47 

SLNs 
Solid lipid 
matrix with 
surfactant 

50–300 

Protects labile 
drugs, 

controlled 
release 

Low drug 
loading, 

burst 
release 

Paclitaxel 
SLNs 48 

NLCs 
Solid + 

liquid lipid 
hybrid 

50–250 
Higher drug 

loading, stable 
release 

Complex 
formulation 

Curcumin 
NLCs 49 

LNCs 

Lipid core 
with 

surfactant 
shell 

20–100 

Stable, suitable 
for 

oral/parenteral 
use 

Limited 
large-scale 

data 

Docetaxel 
LNCs 50 
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SEDDS/Nanoemulsions 

Oil–
surfactant–
co-solvent 

system 

50–200 
Enhanced 

solubility, oral 
bioavailability 

Stability 
issues, 

surfactant 
toxicity 

Cyclosporine, 
Ritonavir 51 

Table 1: Comparative characteristics of different lipid-based nanocarriers (composition, 
particle size, stability, advantages, limitations, and drug examples). 

3. Mechanisms of Pharmacokinetic Modulation 

Lipid-based nanocarriers exert a profound influence on the pharmacokinetic (PK) behavior of 
drugs by altering their absorption, distribution, metabolism, and excretion (ADME) profiles 52. 
Through their unique structural and physicochemical attributes, these nanocarriers enable 
solubilization of poorly water-soluble compounds, sustain release for prolonged activity, and 
facilitate targeted delivery to specific tissues—all while protecting the drug from premature 
degradation 53-54. The following sections outline the major mechanisms by which lipid-based 
nanocarriers modulate pharmacokinetics to enhance therapeutic efficacy. 

3.1. Enhancement of Drug Solubility and Absorption 

One of the primary advantages of lipid-based nanocarriers lies in their ability to improve the 
solubility and gastrointestinal absorption of hydrophobic drugs 55. A significant proportion of 
new chemical entities (NCEs) discovered today fall under the Biopharmaceutics Classification 
System (BCS) Class II and IV, characterized by low aqueous solubility and poor permeability. 
Lipids act as solubilizing agents by forming micellar or vesicular structures that can 
encapsulate hydrophobic molecules within their lipid core or bilayer, thereby increasing their 
apparent solubility in biological fluids 56-57. 

Additionally, lipid nanocarriers can facilitate lymphatic transport, effectively bypassing the 
hepatic first-pass metabolism that often limits oral bioavailability 58. When administered orally, 
these carriers promote the formation of chylomicron-like structures within intestinal 
enterocytes, directing the absorbed drug into the lymphatic system rather than the portal vein 
59.  This mechanism is particularly advantageous for lipophilic drugs such as cyclosporine, 
curcumin, and paclitaxel, which undergo extensive first-pass metabolism when delivered in 
conventional formulations 60. 

Overall, lipid-based nanocarriers not only enhance solubility and absorption but also improve 
the overall bioavailability and therapeutic consistency of poorly soluble compounds, 
addressing one of the most persistent challenges in drug development 61-62. 

3.2. Controlled and Sustained Drug Release 

Controlled and sustained release is a key feature of lipid-based nanocarrier systems, allowing 
drugs to maintain therapeutic concentrations over extended periods while minimizing peak–
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 trough fluctuations 63-64. The mechanism of drug release from these systems depends on both 

diffusion through the lipid matrix and degradation or erosion of the lipid shell. In liposomes, 
drug release occurs via diffusion across the phospholipid bilayer or through vesicle 
destabilization, while in SLNs and NLCs, it is governed by the physicochemical properties of 
the lipid matrix and the solubility of the encapsulated drug 65-66. 

The composition of the lipid—including its melting point, chain length, and degree of 
saturation—plays a crucial role in determining the release kinetics. For instance, incorporating 
liquid lipids in NLCs can introduce structural imperfections that facilitate a more uniform and 
sustained drug release compared to the highly crystalline matrix of SLNs. Similarly, the 
addition of cholesterol in liposomes modulates bilayer fluidity, influencing both drug 
entrapment efficiency and release behaviour 67-68. 

Such controlled release characteristics enable precise dosing schedules, reduce the frequency 
of administration, and minimize systemic toxicity, making lipid-based systems ideal for 
chronic therapies and drugs with narrow therapeutic windows 69. 

3.3. Modulation of Distribution and Targeting 

Another major pharmacokinetic advantage of lipid nanocarriers is their ability to modulate drug 
distribution and tissue targeting. Upon systemic administration, lipid nanoparticles can exploit 
both passive and active targeting mechanisms to deliver drugs selectively to diseased tissues 
70-71. 

Passive targeting primarily relies on the enhanced permeability and retention (EPR) effect, a 
phenomenon observed in tumor and inflamed tissues characterized by leaky vasculature and 
poor lymphatic drainage 72-73. Nanocarriers within the size range of 50–200 nm can 
preferentially accumulate in these regions, enhancing local drug concentration while 
minimizing exposure to healthy tissues 74. 

In contrast, active targeting involves the surface modification of lipid nanocarriers with ligands 
such as antibodies, peptides, or small molecules that bind specifically to overexpressed 
receptors on target cells 75. Immunoliposomes and ligand-functionalized NLCs are examples 
of such systems that have demonstrated superior selectivity and therapeutic performance in 
cancer, neurological disorders, and infectious diseases 76. 

Through these targeting strategies, lipid-based nanocarriers can achieve site-specific drug 
accumulation, reduce systemic side effects, and significantly improve therapeutic outcomes, 
marking a major advancement over traditional delivery systems 77. 

3.4. Reduction in Drug Metabolism and Elimination 

The lipid matrix surrounding a drug in nanocarrier form serves as a protective barrier against 
premature degradation by metabolic enzymes and harsh physiological environments. Many 
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 drugs—especially peptides, proteins, and nucleic acids—are highly susceptible to enzymatic 

hydrolysis in the gastrointestinal tract or rapid metabolism in the liver 78. Encapsulation within 
lipid nanocarriers shields these molecules from such degradation, enhancing their chemical and 
metabolic stability. 

Additionally, the surface modification of lipid nanoparticles (for example, PEGylation) can 
extend the plasma half-life by reducing recognition and clearance by the mononuclear 
phagocyte system (MPS). This prolonged circulation time allows the drug to remain in the 
bloodstream longer, increasing the likelihood of reaching its target site and maintaining 
effective concentrations. Consequently, this pharmacokinetic modulation results in higher 
bioavailability, reduced dosing frequency, and improved patient adherence 79-80. 

3.5. Impact on Cellular Uptake and Transport Mechanisms 

At the cellular level, lipid-based nanocarriers facilitate efficient cellular uptake and 
intracellular delivery through multiple mechanisms. Their lipidic composition closely 
resembles biological membranes, promoting membrane fusion and endocytosis-mediated 
uptake. Once internalized, these nanocarriers can escape endosomal compartments, releasing 
their cargo directly into the cytoplasm or targeting specific organelles 81. 

The uptake pathway—whether clathrin-mediated, caveolae-mediated, or macropinocytosis—
depends on the carrier’s size, surface charge, and lipid composition. For example, cationic 
liposomes interact strongly with negatively charged cell membranes, enhancing internalization, 
whereas neutral or PEGylated systems offer a stealth profile suitable for prolonged circulation 
and targeted delivery 82. 

This ability to modulate cellular transport mechanisms significantly improves drug 
bioavailability at the intracellular level, ensuring that therapeutic agents reach their intended 
targets within cells or tissues. The combined effects of enhanced uptake, controlled release, 
and prolonged circulation make lipid-based nanocarriers one of the most efficient systems for 
overcoming pharmacokinetic barriers in modern therapeutics 83. 
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 Figure 1. Schematic Representation of Pharmacokinetic Modulation by Lipid-Based 
Nanocarriers. The figure illustrates key pharmacokinetic processes influenced by lipid-based 
nanocarriers, including enhanced solubilization, lymphatic absorption, sustained release, 
targeted distribution via EPR and ligand-mediated mechanisms, protection from enzymatic 
degradation, and improved cellular uptake through membrane fusion and endocytosis. 

4. Pharmacokinetic Parameters and Evaluation 

Pharmacokinetic (PK) evaluation plays a crucial role in understanding how lipid-based 
nanocarriers influence the absorption, distribution, metabolism, and elimination of therapeutic 
agents. By modulating these parameters, lipid nanocarriers can profoundly alter the drug’s 
systemic exposure, duration of action, and overall therapeutic index. The assessment of PK 
profiles provides vital insight into the efficiency and performance of these nanocarriers 
compared to conventional formulations 84. 

4.1Measurement of Key PK Parameters (Cmax, Tmax, AUC, t½, Bioavailability) 

The performance of any drug delivery system, including lipid-based nanocarriers, is primarily 
evaluated using standard PK parameters such as Cmax (maximum plasma concentration), 
Tmax (time to reach Cmax), AUC (area under the plasma concentration-time curve), t½ 
(elimination half-life), and bioavailability (F%). 

• Cmax reflects the peak concentration achieved in systemic circulation, indicating the 
extent of drug absorption. Lipid nanocarriers often result in a moderate Cmax with a 
delayed Tmax, signifying sustained release and controlled absorption. 

• AUC, which represents the total drug exposure over time, is significantly higher for 
lipid-based formulations, demonstrating enhanced bioavailability due to improved 
solubility and reduced first-pass metabolism. 
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 • t½ is typically prolonged because of the protective lipid shell and surface modifications 

such as PEGylation that slow down clearance. 
• Bioavailability, the fraction of the administered dose reaching systemic circulation, 

increases substantially when drugs are encapsulated in lipid-based nanocarriers—
especially for poorly water-soluble and lipophilic molecules. 

For instance, oral administration of paclitaxel in a lipid-based system shows a several-fold 
increase in bioavailability compared to traditional formulations, illustrating the dramatic 
pharmacokinetic improvements achievable through lipid nanotechnology 85-86. 

4.3In Vitro–In Vivo Correlation (IVIVC) 

Establishing an in vitro–in vivo correlation (IVIVC) is vital for predicting the in vivo behavior 
of lipid nanocarriers based on laboratory-based release studies. It helps in understanding how 
in vitro dissolution or drug release kinetics correspond to in vivo absorption and bioavailability. 

In lipid-based nanocarriers, IVIVC can be complex due to the involvement of physiological 
factors such as lipolysis, digestion of lipid components, and lymphatic uptake mechanisms. 
Nevertheless, using biorelevant media that mimic gastrointestinal conditions has improved the 
reliability of IVIVC for oral lipid systems like SEDDS and NLCs. A strong IVIVC not only 
reduces the dependency on animal testing but also aids in optimizing formulation design, 
predicting therapeutic outcomes, and satisfying regulatory requirements for bioequivalence 
studies 87-88. 

4.4Role of Lipid Composition and Particle Size on PK Behavior 

The lipid composition and particle size of nanocarriers are fundamental determinants of their 
pharmacokinetic performance. The type of lipid used—whether solid, liquid, or a 
combination—directly affects drug solubility, encapsulation efficiency, and release rate. 

• Solid lipids (e.g., glyceryl monostearate, stearic acid) tend to form rigid matrices that 
provide sustained release but may limit drug loading. 

• Liquid lipids (e.g., oleic acid, medium-chain triglycerides) introduce structural 
imperfections, enhancing drug encapsulation and facilitating faster release. 

• Hybrid systems like NLCs combine both types, achieving an optimal balance between 
stability and controlled delivery. 

Particle size also exerts a significant influence on PK properties. Smaller particles (<200 nm) 
exhibit improved solubility, surface area, and interaction with biological membranes, resulting 
in faster absorption and enhanced tissue penetration. Conversely, larger particles (>200 nm) 
are more suitable for sustained release applications and passive targeting via the enhanced 
permeability and retention (EPR) effect in tumors. Furthermore, surface charge impacts 
systemic circulation time—positively charged nanoparticles may enhance cellular uptake but 
risk rapid clearance, while neutral or PEGylated systems prolong plasma retention 89-90. 
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 4.5 Case Studies Highlighting PK Improvements for Different Drugs 

Numerous studies have demonstrated how lipid nanocarriers dramatically enhance the 
pharmacokinetic profiles of various therapeutic agents. 

• Doxorubicin (Liposomes – Doxil®): Liposomal encapsulation increased plasma half-
life from less than 0.5 hours to over 50 hours and reduced cardiotoxicity by controlling 
tissue distribution. 

• Amphotericin B (AmBisome®): The liposomal formulation provided higher AUC and 
improved tissue targeting, minimizing nephrotoxicity while maintaining potent 
antifungal activity. 

• Curcumin (NLCs): Oral administration via nanostructured lipid carriers improved 
bioavailability by more than 10-fold compared to free curcumin, attributed to enhanced 
solubilization and lymphatic transport. 

• Cyclosporine A (SEDDS – Neoral®): Self-emulsifying lipid systems increased oral 
bioavailability from 10% to approximately 35%, offering more predictable absorption. 

• Paclitaxel (SLNs): Incorporation into solid lipid nanoparticles prolonged systemic 
exposure and reduced clearance, achieving better therapeutic outcomes at lower doses. 

These examples underscore how lipid-based nanocarriers offer a robust strategy for 
overcoming the pharmacokinetic challenges associated with conventional formulations, 
ensuring improved patient safety, efficacy, and compliance. 

 

 

 

 

Table 2. Summary of Pharmacokinetic Enhancement Using Lipid Nanocarriers for 
Representative Drugs 

Drug Nanocarrier 
Type 

Pharmacokinetic 
Impact 

Findings / 
Benefits 

Reference 

Doxorubicin Liposomes 
(Doxil®) 

↑ t½ (50 h vs. 0.5 h), 
↓ clearance 

Prolonged 
circulation, 

reduced 
cardiotoxicity 

91 

Amphotericin 
B 

Liposomes 
(AmBisome®) 

↑ AUC, ↓ renal 
toxicity 

Targeted delivery, 
improved safety 

profile 
92 
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Paclitaxel SLNs ↑ t½, ↓ clearance 
Sustained release, 
enhanced tumor 

accumulation 
93 

Curcumin NLCs ↑ Bioavailability 
(10×) 

Enhanced 
solubility and 

absorption 
94 

Cyclosporine 
A 

SEDDS 
(Neoral®) 

↑ Oral F (35% vs. 
10%) 

Reduced 
variability, 
improved 
absorption 

95 

Docetaxel LNCs 
↑ Plasma 

concentration, 
prolonged release 

Improved 
therapeutic index 

96 

 

Lipid-based nanocarriers thus represent a transformative approach in pharmacokinetics, 
enabling precise control over drug behavior within the body. By tailoring lipid composition, 
particle characteristics, and formulation design, these systems can optimize absorption, 
distribution, metabolism, and elimination profiles—ultimately leading to safer, more effective, 
and patient-friendly therapies. 

5. Clinical Applications and Approved Products 

Lipid-based nanocarriers have made remarkable contributions to modern therapeutics, with 
several formulations achieving regulatory approval and clinical success. Their ability to 
modulate pharmacokinetics, improve drug stability, and enable targeted delivery has 
transformed the treatment landscape for cancer, infectious diseases, and neurological disorders 
97-98. This section highlights key therapeutic areas where lipid nanocarriers have proven their 
clinical potential. 

5.1. Anticancer Therapy 

Lipid-based nanocarriers have become integral in oncology due to their ability to enhance the 
selective accumulation of chemotherapeutic agents in tumors while reducing systemic toxicity. 
Doxil® (PEGylated liposomal doxorubicin) is one of the most successful examples, offering a 
prolonged circulation time and reduced cardiotoxicity compared to conventional doxorubicin. 
Similarly, Myocet®, a non-PEGylated liposomal formulation, provides comparable efficacy 
with improved safety. Onivyde® (liposomal irinotecan) has shown superior pharmacokinetic 
stability, sustained drug release, and enhanced tumor targeting through the enhanced 
permeability and retention (EPR) effect. These formulations demonstrate that lipid 
nanocarriers can balance efficacy and tolerability, achieving a higher therapeutic index through 
controlled pharmacokinetic modulation 99-100. 
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 5.2. Antifungal and Antiviral Therapy 

The clinical adoption of lipid-based formulations in antifungal and antiviral therapy has been 
equally transformative. AmBisome® (liposomal amphotericin B) revolutionized antifungal 
therapy by drastically reducing the nephrotoxicity associated with conventional amphotericin 
B formulations. Fungisome®, another liposomal antifungal preparation, provides enhanced 
tissue distribution and reduced infusion-related reactions. In the context of antiviral therapy, 
lipid nanoparticles have been used to deliver antiviral agents with improved stability and 
targeted cellular uptake. Lipid-based carriers for antiretroviral drugs such as zidovudine and 
lamivudine have shown enhanced bioavailability and reduced dosing frequency, contributing 
to better patient compliance 101-102. 

5.3. Vaccines and Immunotherapy 

Lipid nanoparticles (LNPs) have gained global recognition as critical delivery vehicles for 
nucleic acid–based vaccines and immunotherapies. The mRNA vaccines developed against 
COVID-19, such as BNT162b2 (Pfizer–BioNTech) and mRNA-1273 (Moderna), rely on LNPs 
to encapsulate and protect the mRNA, facilitate cellular uptake, and promote efficient antigen 
expression. These systems demonstrate controlled release, immune activation, and excellent 
safety profiles. Beyond COVID-19, similar LNP systems are being evaluated for influenza, 
cancer immunotherapy, and personalized vaccines, underscoring the versatility and scalability 
of lipid-based delivery platforms in immunological applications 103-104. 

5.4. Neurological and Cardiovascular Disorders 

Lipid-based nanocarriers have shown promise in overcoming the formidable challenge of 
delivering drugs across the blood–brain barrier (BBB). Liposomes and nanostructured lipid 
carriers (NLCs) have been engineered with surface ligands such as transferrin or 
apolipoproteins to enhance BBB penetration and target neural tissues. This strategy has been 
explored for delivering drugs in Alzheimer’s disease, Parkinson’s disease, and brain tumors. 
In cardiovascular therapy, lipid nanocarriers have improved the delivery of antihypertensive, 
anti-inflammatory, and anticoagulant agents. Their controlled release and prolonged 
circulation contribute to steady therapeutic plasma concentrations, minimizing dose 
fluctuations and improving clinical outcomes 105-106. 

 

 

Table 3: Clinically Approved Lipid-Based Nanocarrier Formulations and Their 
Pharmacokinetic Advantages 
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 Formulation 

(Brand 
Name) 

Drug 
Encapsulated 

Therapeutic 
Area 

Type of 
Lipid 

Nanocarrier 

Pharmacokinetic 
Benefits 

Clinical 
Outcome Reference 

Doxil® Doxorubicin Cancer PEGylated 
Liposome 

Prolonged 
circulation, 

reduced 
cardiotoxicity, 

enhanced tumor 
targeting 

Improved 
safety and 
efficacy 

107 

Myocet® Doxorubicin Cancer Conventional 
Liposome 

Controlled 
release, reduced 

plasma peak 
concentration 

Comparable 
efficacy, 

fewer side 
effects 

108 

Onivyde® Irinotecan Pancreatic 
Cancer Liposomal 

Sustained release, 
increased tumor 

accumulation 

Extended 
progression-
free survival 

109 

AmBisome® Amphotericin 
B 

Fungal 
Infections Liposomal 

Reduced 
nephrotoxicity, 
improved tissue 

targeting 

Better 
tolerability 110 

Fungisome® Amphotericin 
B 

Fungal 
Infections Liposomal 

Enhanced 
bioavailability, 

reduced infusion 
reactions 

Clinical 
safety 

improvement 
111 

BNT162b2 
(Pfizer–

BioNTech) 

mRNA 
encoding 

spike protein 

COVID-19 
Vaccine 

Lipid 
Nanoparticle 

(LNP) 

Efficient cellular 
uptake, mRNA 

protection, rapid 
immune 

activation 

High 
efficacy, 
global 
impact 

112 

mRNA-1273 
(Moderna) 

mRNA 
encoding 

spike protein 

COVID-19 
Vaccine 

Lipid 
Nanoparticle 

(LNP) 

Enhanced 
stability, robust 
immunogenicity 

Proven 
clinical 
success 

113 

Cleviprex® Clevidipine Hypertension 
Lipid 

Emulsion 

Rapid onset, 
controlled 
clearance 

Precise BP 
control 114 

DepoDur® Morphine 
sulfate 

Pain 
Management 

Liposome 
Extended release, 
reduced dosing 

frequency 

Improved 
analgesic 
duration 

115 

This growing list of clinically validated lipid-based nanocarrier systems reflects their broad 
adaptability across therapeutic domains. They exemplify how rational nanocarrier design and 
pharmacokinetic modulation can bridge the gap between laboratory innovation and clinical 
success.Figure 2 
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Figure 2: Global market and clinical pipeline overview of lipid nanocarriers. 

6. Challenges and Limitations 

Despite the remarkable clinical and technological advancements of lipid-based nanocarriers, 
several challenges continue to hinder their large-scale translation and widespread adoption. 
One of the foremost issues lies in scale-up and manufacturing complexity. While laboratory-
scale synthesis allows precise control over particle size and composition, industrial-scale 
production demands reproducibility and compliance with Good Manufacturing Practices 
(GMP). Processes such as high-pressure homogenization or microfluidization often face 
difficulties in maintaining batch-to-batch consistency, particularly when dealing with 
thermolabile or sensitive bioactive compounds 116. 

Another critical limitation is stability and shelf-life. Lipid nanocarriers are inherently prone to 
physicochemical degradation, including lipid oxidation, hydrolysis, and particle aggregation. 
These processes can alter drug release kinetics and compromise therapeutic performance over 
time. Maintaining long-term stability requires optimization of lipid composition, 
cryoprotectants, and storage conditions—factors that significantly affect formulation cost and 
feasibility. 

Regulatory and safety concerns also remain substantial barriers. Although lipids used in 
nanocarriers are often biocompatible and recognized as safe, the introduction of synthetic 
lipids, surfactants, or PEGylated coatings introduces complexity in regulatory evaluation. 
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 Concerns about immunogenicity, accumulation in reticuloendothelial organs, and the long-

term fate of nanocarriers necessitate comprehensive toxicological assessments. Moreover, the 
lack of harmonized regulatory guidelines for nanomedicines further delays product approval 
and commercialization 117-118. 

In addition, high production costs and limited reproducibility present economic hurdles. The 
cost of specialized equipment, sterile manufacturing environments, and quality control testing 
increases the financial burden, particularly for developing countries. Reproducibility issues, 
especially during formulation scaling or when switching lipid sources, can affect quality 
assurance and regulatory compliance. Collectively, these limitations underline the need for 
innovative formulation techniques, standardized production protocols, and global regulatory 
alignment to fully harness the therapeutic potential of lipid-based nanocarriers 119-120. 

7. Future Perspectives 

The future of lipid-based nanocarriers in drug delivery is promising, driven by advances in 
formulation science, material innovation, and computational modeling. One of the emerging 
directions involves the design of hybrid nanocarriers, which combine lipids with polymers, 
inorganic nanoparticles, or biomolecules to achieve multifunctionality. Such systems can offer 
enhanced drug stability, stimuli-responsive behavior, and tunable pharmacokinetics. For 
example, lipid–polymer hybrid nanoparticles exhibit the biocompatibility of lipids and the 
mechanical strength of polymers, making them suitable for complex therapeutic payloads 121-

122. 

Another exciting development is the emergence of stimuli-responsive lipid nanocarriers, which 
can release drugs in response to specific biological or external triggers such as pH, temperature, 
redox potential, or light. These smart systems enable spatiotemporal control over drug delivery, 
maximizing therapeutic efficacy while minimizing systemic side effects. Coupled with this is 
the growing potential of personalized nanomedicine, where lipid nanocarriers are tailored 
based on patient-specific pharmacogenomics, disease phenotype, and metabolic profile 123-124. 

The integration of artificial intelligence (AI) and pharmacokinetic (PK) modeling represents a 
paradigm shift in nanocarrier design. AI-driven algorithms can predict how modifications in 
lipid composition, particle size, and surface charge affect absorption, distribution, metabolism, 
and excretion (ADME) profiles. This accelerates formulation optimization, reduces trial-and-
error experimentation, and improves clinical predictability. AI-based PK modeling can also 
facilitate virtual screening of lipid combinations for specific therapeutic applications. 

Looking ahead, next-generation lipid platforms for gene and protein delivery are expected to 
dominate the nanomedicine landscape. The success of mRNA-based vaccines has validated 
lipid nanoparticles (LNPs) as efficient vectors for nucleic acid therapeutics, paving the way for 
siRNA, CRISPR-Cas9, and protein-based treatments. Innovations in ionizable lipids, biolipids, 
and microfluidic synthesis will further improve delivery precision, targeting specificity, and 
biocompatibility. Ultimately, the convergence of nanotechnology, biotechnology, and 
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 computational science is set to transform lipid-based drug delivery from a formulation tool into 

a precision-engineered therapeutic platform, defining the future of personalized and predictive 
medicine 125-126. 

8. Conclusion 

Lipid-based nanocarriers have undeniably reshaped the landscape of modern drug delivery by 
addressing long-standing pharmacokinetic barriers such as poor solubility, rapid metabolism, 
and limited bioavailability. Through rational design and lipid composition optimization, these 
systems provide enhanced solubilization, controlled release, targeted distribution, and 
improved therapeutic index across a diverse range of drugs. The clinical success of 
formulations like Doxil®, AmBisome®, and lipid nanoparticle-based mRNA vaccines has 
proven that such technologies are not just experimental concepts but powerful, real-world 
therapeutic tools. 

Their ability to fine-tune pharmacokinetic behavior—extending plasma half-life, reducing off-
target toxicity, and achieving site-specific delivery—has made lipid-based nanocarriers central 
to the evolution of next-generation medicine. However, the path toward widespread adoption 
still requires overcoming key obstacles, including large-scale manufacturing consistency, long-
term stability, and regulatory harmonization. 

The continued advancement of this field will rely heavily on interdisciplinary collaboration—
uniting expertise from pharmaceutical sciences, materials chemistry, bioengineering, and 
computational modeling. Integration of AI-driven pharmacokinetic modeling and personalized 
nanomedicine approaches will further refine formulation design and therapeutic precision. In 
essence, lipid-based nanocarriers represent not just a solution to current drug delivery 
challenges but a transformative platform driving the future of nanotherapeutics, where 
treatment is smarter, safer, and tailored to individual patient needs. 

References 

1. Wang, A. Z., Gu, F., Zhang, L., Chan, J. M., Radovic-Moreno, A., Shaikh, M. R., & 
Farokhzad, O. C. (2008). Biofunctionalized targeted nanoparticles for therapeutic 
applications. Expert Opinion on Biological Therapy, 8(8), 1063–1070. 

2. Zhang, L., Gu, F. X., Chan, J. M., Wang, A. Z., Langer, R. S., & Farokhzad, O. C. 
(2008). Nanoparticles in medicine: Therapeutic applications and developments. 
Clinical Pharmacology & Therapeutics, 83(5), 761–769. 

3. Alaouie, A. M., & Sofou, S. (2008). Liposomes with triggered content release for 
cancer therapy. Journal of Biomedical Nanotechnology, 4(3), 234–240. 

4. Allen, T. M., & Cullis, P. R. (2004). Drug delivery systems: Entering the 
mainstream. Science, 303(5665), 1818–1822. 

5. Alonso, M. J. (2004). Nanomedicines for overcoming biological barriers. 
Biomedicine & Pharmacotherapy, 58(3), 168–172. 

48



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 6. Sapra, P., & Allen, T. M. (2003). Ligand-targeted liposomal anticancer drugs. 

Progress in Lipid Research, 42(5), 439–462. 
7. Torchilin, V. P. (2000). Drug targeting. European Journal of Pharmaceutical 

Sciences, 11(Suppl 2), S81–S91. 
8. Torchilin, V. P. (2007). Micellar nanocarriers: Pharmaceutical perspectives. 

Pharmaceutical Research, 24(1), 1–16. 
9. Zhou, Y. (2008). Lipid nanotubes: Formation, templating nanostructures and drug 

nanocarriers. Critical Reviews in Solid State and Materials Sciences, 33(3–4), 183–
196. 

10. Ganta, S., Devalapally, H., Shahiwala, A., & Amiji, M. (2008). A review of stimuli-
responsive nanocarriers for drug and gene delivery. Journal of Controlled Release, 
126(3), 187–204.  

11. Kawasaki, E. S., & Player, A. (2005). Nanotechnology, nanomedicine, and the 
development of new, effective therapies for cancer. Nanomedicine, 1(2), 101–109.  

12. Tomalia, D. A., Reyna, L. A., & Svenson, S. (2007). Dendrimers as multi-purpose 
nanodevices for oncology drug delivery and diagnostic imaging. Biochemical 
Society Transactions, 35(1), 61–67.  

13. Majoros, I. J., Williams, C. R., & Baker, J. R. Jr. (2008). Current dendrimer 
applications in cancer diagnosis and therapy. Current Topics in Medicinal 
Chemistry, 8(14), 1165–1179.  

14. Liao, J. Y. (2007). Construction of nanogold hollow balls with dendritic surface as 
immobilized affinity support for protein adsorption. Colloids and Surfaces B: 
Biointerfaces, 57(1), 75–80.  

15. Bakri, S. J., Pulido, J. S., Mukherjee, P., Marler, R. J., & Mukhopadhyay, D. (2008). 
Absence of histologic retinal toxicity of intravitreal nanogold in a rabbit model. 
Retina, 28(1), 147–149.  

16. Tiwari, S. B., & Amiji, M. M. (2006). Improved oral delivery of paclitaxel 
following administration in nanoemulsion formulations. Journal of Nanoscience 
and Nanotechnology, 6(9–10), 3215–3221.  

17. Leamon, C. P., & Low, P. S. (2001). Folate-mediated targeting: From diagnostics to 
drug and gene delivery. Drug Discovery Today, 6(1), 44–51.  

18. Reddy, J. A., & Low, P. S. (1998). Folate-mediated targeting of therapeutic and 
imaging agents to cancers. Critical Reviews in Therapeutic Drug Carrier Systems, 
15(6), 587–627.  

19. Jaracz, S., Chen, J., Kuznetsova, L. V., & Ojima, I. (2005). Recent advances in 
tumor-targeting anticancer drug conjugates. Bioorganic & Medicinal Chemistry, 
13(17), 5043–5054.  

20. Rzigalinski, B. A., & Strobl, J. S. (2009). Cadmium-containing nanoparticles: 
Perspectives on pharmacology and toxicology of quantum dots. Toxicology and 
Applied Pharmacology, 238(3), 280–288.  

21. Park, J. H., Gu, L., von Maltzahn, G., Ruoslahti, E., Bhatia, S. N., & Sailor, M. J. 
(2009). Biodegradable luminescent porous silicon nanoparticles for in vivo 
applications. Nature Materials, 8(4), 331–336.  

49



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 22. Cormode, D. P., Skajaa, T., Fayad, Z. A., & Mulder, W. J. (2009). Nanotechnology 

in medical imaging: Probe design and applications. Arteriosclerosis, Thrombosis, 
and Vascular Biology, 29(7), 992–1000.  

23. Batist, G., Ramakrishnan, G., Rao, C. S., Chandrasekharan, A., Gutheil, J., Guthrie, 
T., Shah, P., Khojasteh, A., Nair, M. K., Hoelzer, K., Tkaczuk, K., Park, Y. C., & 
Lee, L. W. (2001). Reduced cardiotoxicity and preserved antitumor efficacy of 
liposome-encapsulated doxorubicin and cyclophosphamide compared with 
conventional regimens. Journal of Clinical Oncology, 19(5), 1444–1454.  

24. Davis, M. E., Chen, Z. G., & Shin, D. M. (2008). Nanoparticle therapeutics: An 
emerging treatment modality for cancer. Nature Reviews Drug Discovery, 7(9), 
771–782.  

25. Peetla, C., Stine, A., & Labhasetwar, V. (2009). Biophysical interactions with model 
lipid membranes: Applications in drug discovery and drug delivery. Molecular 
Pharmaceutics, 6(5), 1264–1276.  

26. Fenske, D. B., & Cullis, P. R. (2008). Liposomal nanomedicines. Expert Opinion 
on Drug Delivery, 5(1), 25–44.  

27. Fenske, D. B., Chonn, A., & Cullis, P. R. (2008). Liposomal nanomedicines: An 
emerging field. Toxicologic Pathology, 36(1), 21–29.  

28. Xu, L., Frederik, P., Pirollo, K. F., Tang, W. H., Rait, A., Xiang, L. M., Huang, W., 
Cruz, I., Yin, Y., & Chang, E. H. (2002). Self-assembly of a virus-mimicking 
nanostructure system for efficient tumor-targeted gene delivery. Human Gene 
Therapy, 13(3), 469–481.  

29. Pirollo, K. F., Zon, G., Rait, A., Zhou, Q., Yu, W., Hogrefe, R., & Chang, E. H. 
(2006). Tumor-targeting nanoimmunoliposome complex for short interfering RNA 
delivery. Human Gene Therapy, 17(1), 117–124.  

30. Ko, Y. T., Kale, A., Hartner, W. C., Papahadjopoulos-Sternberg, B., & Torchilin, V. 
P. (2009). Self-assembling micelle-like nanoparticles for systemic gene delivery. 
Journal of Controlled Release, 133(2), 132–138.  

31. He, X., Chen, J., & Li, Y. (2011). Nanocarriers for cancer gene therapy. Journal of 
Controlled Release, 152(1), 2–12. 

32. .Heath, J. R., & Davis, M. E. (2008). Nanotechnology and cancer. Annual Review 
of Medicine, 59, 251–265. 

33. Hofar, A. A., & Raval, N. (2013). Polymeric micelles for targeted drug delivery in 
cancer therapy. International Journal of Polymeric Materials and Polymeric 
Biomaterials, 62(6), 295–307.33.Honda, K., Tanaka, T., & Saito, H. (2010). 
Nanoparticle-mediated immunotherapy for cancer. Cancer Science, 101(4), 864–
868. 

50



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 34.Hwang, D., Ramsey, J. D., & Kabanov, A. V. (2010). Polymeric micelle 

nanocarriers for drug delivery. Journal of Controlled Release, 144(1), 91–105. 

35.Ishida, T., Kirchmeier, M. J., Moase, E. H., Zalipsky, S., & Allen, T. M. (2001). 
Targeted delivery using immunoliposomes. Biochimica et Biophysica Acta, 1515(2), 
144–158. 

36.Jain, K. K. (2005). Nanotechnology in cancer diagnostics. Nanomedicine, 1(2), 105–
108. 

37.Jain, K. K. (2008). Advances in nanoparticle-based drug delivery. Expert Opinion 
on Drug Delivery, 5(2), 113–123. 

38.Ji, Z., Wang, X., & Wang, Z. (2012). Nanomaterials in cancer imaging. Nanoscale, 
4(10), 3045–3055. 

39.Jia, L. (2005). Nanoparticle formulation for oral delivery. Drug Discovery Today, 
10(17), 1239–1247. 

40.Jones, M., & Leroux, J. C. (1999). Polymeric micelles for drug delivery. European 
Journal of Pharmaceutics and Biopharmaceutics, 48(2), 101–111. 

41.Kabanov, A. V., & Alakhov, V. Y. (2002). Pluronic block copolymers in drug 
delivery. Advanced Drug Delivery Reviews, 54(1), 135–176. 

42.Khan, M. I., & Ahmad, A. (2014). Nanoparticles and cancer therapy. Journal of 
Nanoscience and Nanotechnology, 14(1), 1–13. 

43.Kim, B. Y. S., Rutka, J. T., & Chan, W. C. W. (2010). Nanomedicine strategies for 
cancer therapy. New England Journal of Medicine, 363(25), 2434–2443. 

44.Kim, S., & Park, J. H. (2010). Nanomaterials for theranostics. Journal of Materials 
Chemistry, 20(37), 7807–7818. 

45.Kwon, G. S. (2003). Polymeric micelles as drug carriers. Critical Reviews in 
Therapeutic Drug Carrier Systems, 20(5), 357–403. 

46.Langer, R. (1998). Drug delivery and targeting. Nature, 392(6679 Suppl.), 5–10. 

47.Lammers, T., Hennink, W. E., & Storm, G. (2008). Tumor-targeted nanomedicines. 
Journal of Controlled Release, 128(3), 222–230. 

48.Larson, N., & Ghandehari, H. (2012). Polymeric conjugates for drug delivery. 
Chemical Engineering Research and Design, 90(7), 953–964. 

49.Li, C. (2002). Polymeric conjugates in cancer therapy. Advanced Drug Delivery 
Reviews, 54(5), 695–713. 

50.Li, Y., & Huang, Y. (2011). Nanoparticle-based drug delivery in cancer therapy. 
Journal of Nanoscience and Nanotechnology, 11(10), 1110–1120. 

51



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 51.Liu, Y., & Miyoshi, H. (2007). Polymeric nanoparticles in cancer therapy. Cancer 

Science, 98(1), 1–8. 

52.Mahato, R. I., & Tai, W. (2014). Nanoparticle-based delivery systems in cancer 
therapy. Journal of Controlled Release, 193, 97–113. 

53.Maeda, H. (2001). The enhanced permeability and retention (EPR) effect. Advanced 
Drug Delivery Reviews, 46(1–3), 169–185. 

54.Maeda, H. (2012). Tumor-selective macromolecular therapeutics. Bioconjugate 
Chemistry, 21(12), 197–204. 

55.Malam, Y., Loizidou, M., & Seifalian, A. M. (2009). Liposomes and nanoparticles 
in cancer therapy. Cancer Nanotechnology, 1(1), 1–10. 

56.Matsumura, Y., & Maeda, H. (1986). A new concept for macromolecular 
therapeutics. Cancer Research, 46(12), 6387–6392. 

57.Moghimi, S. M., Hunter, A. C., & Murray, J. C. (2005). Nanomedicine in cancer. 
Pharmacological Reviews, 57(2), 225–250. 

58.Nel, A., Xia, T., Mädler, L., & Li, N. (2006). Toxic potential of nanomaterials. 
Science, 311(5761), 622–627. 

59.Nie, S. (2010). Understanding nanoparticle interactions. Accounts of Chemical 
Research, 43(2), 116–126. 

60.Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R., & Langer, R. (2007). 
Nanocarriers for drug delivery. Nature Nanotechnology, 2(12), 751–760. 

61.Pérez-Herrero, E., & Fernández-Medarde, A. (2015). Advanced targeted therapies 
in cancer. Clinical & Translational Oncology, 17(3), 179–197. 

62.Pérez-Balderas, F., et al. (2014). Nanoparticles in drug delivery: Applications and 
toxicity. Journal of Applied Toxicology, 34(3), 225–236. 

63.Pison, U., Welte, T., Giersig, M., & Groneberg, D. A. (2006). Nanomedicine 
applications. Respiration, 73(5), 496–497. 

64.Prabhu, P., & Patravale, V. B. (2012). Nanocarriers for targeted therapy. Journal of 
Pharmacy and Pharmacology, 64(4), 459–473. 

65.Rangaramanujam, K., et al. (2010). Nanoparticles for imaging and therapy. Wiley 
Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, 2(6), 680–702. 

66.Reddy, J. A., & Low, P. S. (1998). Targeting folate receptor pathways. Cancer 
Journal, 11(1), 45–52. 

67.Rosenblum, D., Joshi, N., Tao, W., Karp, J. M., & Peer, D. (2018). Progress and 
challenges in cancer nanomedicine. Nature Communications, 9, 1410. 

52



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 68.Roy, I., & Maitra, A. (2005). Organically modified nanoparticles in medicine. 

Journal of Materials Chemistry, 15(43), 4327–4337. 

69.Rzigalinski, B. A., & Strobl, J. S. (2009). Nanoparticle applications in medicine. 
Nanomedicine, 5(1), 118–129. 

70.Sahoo, S. K., & Labhasetwar, V. (2003). Nanotechnology in drug delivery. Drug 
Discovery Today, 8(24), 1112–1120. 

71.Saltzman, W. M., & Park, K. (2014). Nanomedicine: Overview and perspectives. 
Annual Review of Biomedical Engineering, 16, 1–20. 

72.Shi, J., Kantoff, P. W., Wooster, R., & Farokhzad, O. C. (2017). Cancer 
nanomedicine: Progress, challenges, opportunities. Nature Reviews Cancer, 17(1), 20–
37. 

73.Singh, R., & Lillard, J. W. (2009). Nanoparticle-based targeted drug delivery. 
Experimental and Molecular Pathology, 86(3), 215–223. 

74.Soenen, S. J., et al. (2010). Cellular toxicity of nanoparticles. Chemical Society 
Reviews, 39(9), 3486–3503. 

75.Sun, T., Zhang, Y. S., Pang, B., Hyun, D. C., Yang, M., & Xia, Y. (2014). 
Engineered nanoparticles for drug delivery. Angewandte Chemie International Edition, 
53(46), 12320–12364. 

76.Torchilin, V. P. (2005). Recent advances in liposomal drug delivery. European 
Journal of Pharmaceutical Sciences, 25(3), 123–128. 

77.Torchilin, V. P. (2014). Multifunctional nanocarriers. Nature Reviews Drug 
Discovery, 13(11), 813–827. 

78.Vauthier, C., & Bouchemal, K. (2009). Polymeric nanoparticles for drug delivery. 
Pharmaceutical Research, 26(5), 1025–1058. 

79.Wagner, V., Dullaart, A., Bock, A. K., & Zweck, A. (2006). The emerging 
nanomedicine landscape. Nature Biotechnology, 24(10), 1211–1217. 

80.Wang, H., Agarwal, P., & Zhao, S. (2018). Nanoparticle-based combination 
therapies. Journal of Controlled Release, 284, 42–56. 

81.Wicki, A., Witzigmann, D., Balasubramanian, V., & Huwyler, J. (2015). 
Nanomedicine in drug delivery. Journal of Controlled Release, 200, 138–157. 

82.Xu, Z. P., Zeng, Q., & Lu, G. Q. (2006). Nanoparticle drug delivery systems. Journal 
of Materials Chemistry, 16(34), 3553–3560. 

83.Yang, Y., & Zhang, L. (2014). Nanoparticles in precision oncology. Advanced Drug 
Delivery Reviews, 78, 4–15. 

53



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 84.Yoo, J. W., Irvine, D. J., Discher, D. E., & Mitragotri, S. (2011). Bio-inspired 

nanoparticles for drug delivery. Nature Reviews Drug Discovery, 10(7), 521–535. 

85.Yu, M. K., Park, J., & Jon, S. (2012). Targeted nanomedicine for cancer therapy. 
Nano Today, 7(6), 622–635. 

86.Zhang, Y., Chan, H. F., & Leong, K. W. (2013). Advanced materials and processing 
for drug delivery. Advanced Drug Delivery Reviews, 65(1), 104–120. 

87.Zhang, X., Li, J., & Wang, Y. (2015). Theranostic nanoparticles for cancer. 
Biomaterials, 57, 21–33. 

88.Zhao, Z., Ukidve, A., Kim, J., & Mitragotri, S. (2020). Targeting strategies for 
nanomedicine. Nature Reviews Materials, 5(11), 847–865. 

89.Zhao, Y., & Zeng, Y. (2016). Nanotechnology in cancer immunotherapy. Journal of 
Hematology & Oncology, 9, 46. 

90.Zhou, M., Zhang, R., & Huang, M. (2014). Nanoparticle-based photothermal 
therapy. Theranostics, 4(4), 380–396. 

91.Zhu, L., & Torchilin, V. P. (2013). Stimuli-sensitive nanoparticles for drug delivery. 
ACS Nano, 7(10), 8883–8902. 

92.Zweigerd, A., et al. (2018). Multifunctional nanocarriers. Advanced Materials, 
30(2), 1701937. 

93.Zwicke, G. L., Mansoori, G. A., & Jeffery, C. J. (2012). Targeting tumor cells using 
nanoparticles. Cancer Nanotechnology, 3(1–6), 1–12. 

94.Albanese, A., Tang, P. S., & Chan, W. C. W. (2012). Effects of nanoparticle size on 
cellular uptake. Annual Review of Biomedical Engineering, 14, 1–16. 

95.Blanco, E., Shen, H., & Ferrari, M. (2015). Principles of nanoparticle design. Nature 
Biotechnology, 33(9), 941–951. 

96.Davis, M. E. (2009). Nanoparticle therapeutics. Nature Reviews Drug Discovery, 
7(9), 771–782. 

97.Farokhzad, O. C., & Langer, R. (2009). Nanomedicine from concept to practice. 
Advanced Drug Delivery Reviews, 61(7–8), 368–378. 

98.Jiang, W., Kim, B. Y. S., Rutka, J. T., & Chan, W. C. W. (2008). Nanoparticle 
interactions with cells. Nature Nanotechnology, 3(3), 145–150. 

99.Murphy, C. J., et al. (2008). Gold nanoparticles in biology and medicine. Journal of 
Physical Chemistry B, 112(14), 4961–4970. 

100.Slowing, I. I., Vivero-Escoto, J. L., Wu, C. W., & Lin, V. S. Y. (2008). Mesoporous 
silica nanoparticles in drug delivery. Advanced Drug Delivery Reviews, 60(11), 1278–
1288. 

54



 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 

 101.Riehemann, K., Schneider, S. W., Luger, T. A., Godin, B., Ferrari, M., & Fuchs,
H. (2009). Nanomedicine—challenge and perspectives. Angewandte Chemie
International Edition, 48(5), 872–897.

102.Sidorov, I. A., Prabakaran, P., & Dimitrov, D. S. (2007). Non-covalent conjugation
of nanoparticles to antibodies via electrostatic interactions: A computational model.
Journal of Computational and Theoretical Nanoscience, 4(6), 1103–1107.

103.Kirpotin, D., Park, J. W., Hong, K., Zalipsky, S., Li, W. L., Carter, P., Benz, C. C.,
& Papahadjopoulos, D. (1997). Sterically stabilized anti-HER2 immunoliposomes:
Design and targeting to human breast cancer cells in vitro. Biochemistry, 36(1), 66–75.

104.Laginha, K. M., Moase, E. H., Yu, N., Huang, A., & Allen, T. M. (2008).
Bioavailability and therapeutic efficacy of HER2 scFv-targeted liposomal doxorubicin
in a murine model of HER2-overexpressing breast cancer. Journal of Drug Targeting,
16(7–8), 605–610.

105.ElBayoumi, T. A., & Torchilin, V. P. (2009). Tumor-targeted nanomedicines:
Enhanced anti-tumor efficacy in vivo of doxorubicin-loaded, long-circulating
liposomes modified with cancer-specific monoclonal antibody. Clinical Cancer
Research, 15(6), 1973–1980.

106.Gullotti, E., & Yeo, Y. (2009). Extracellularly activated nanocarriers: A new
paradigm of tumor-targeted drug delivery. Molecular Pharmaceutics, 6(4), 1041–1051.

107.Park, J. W., Benz, C. C., & Martin, F. J. (2004). Future directions of liposome- and
immunoliposome-based cancer therapeutics. Seminars in Oncology, 31(6 Suppl 13),
196–205.

108.Pavlinkova, G., Colcher, D., Booth, B. J. M., Goel, A., Wittel, U. A., & Batra, S.
K. (2001). Effects of humanization and gene shuffling on immunogenicity and antigen
binding of anti-TAG-72 single-chain Fvs. International Journal of Cancer, 94(5), 717–
726.

109.Allen, T. M., Sapra, P., & Moase, E. (2002). Use of the post-insertion method for
the formation of ligand-coupled liposomes. Cellular & Molecular Biology Letters, 7(3),
889–894.

110.Allen, T. M. (2002). Ligand-targeted therapeutics in anticancer therapy. Nature
Reviews Cancer, 2(10), 750–763.

111.Maynard, J., & Georgiou, G. (2000). Antibody engineering. Annual Review of
Biomedical Engineering, 2, 339–376.

55



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 
 112.Torchilin, V. P., Klibanov, A. L., Ivanov, N. N., Gluckhova, M. A., Koteliansky, 

V. E., Kleinman, H. K., & Martin, G. R. (1985). Binding of antibodies in liposomes to 
extracellular matrix antigens. Journal of Cellular Biochemistry, 28(1), 23–29. 

113.Sapra, P., Tyagi, P., & Allen, T. M. (2005). Ligand-targeted liposomes for cancer 
treatment. Current Drug Delivery, 2(4), 369–381. 

114.Nellis, D. F., Giardina, S. L., Janini, G. M., Shenoy, S. R., Marks, J. D., Tsai, R., 
Drummond, D. C., Hong, K., Park, J. W., Ouellette, T. F., Perkins, S. C., & Kirpotin, 
D. B. (2005). Preclinical manufacture of anti-HER2 liposome-inserting scFv-PEG-lipid 
conjugate: 2. Conjugate micelle identity, purity, stability, and potency analysis. 
Biotechnology Progress, 21(1), 221–232. 

115.Nellis, D. F., Ekstrom, D. L., Kirpotin, D. B., Zhu, J., Andersson, R., Broadt, T. L., 
Ouellette, T. F., Perkins, S. C., Roach, J. M., Drummond, D. C., Hong, K., Marks, J. 
D., Park, J. W., & Giardina, S. L. (2005). Preclinical manufacture of an anti-HER2 
scFv-PEG-DSPE liposome-inserting conjugate: 1. Gram-scale production and 
purification. Biotechnology Progress, 21(1), 205–220. 

116.Lopes de Menezes, D. E., Pilarski, L. M., & Allen, T. M. (1998). In vitro and in 
vivo targeting of immunoliposomal doxorubicin to human B-cell lymphoma. Cancer 
Research, 58(15), 3320–3330. 

117.Alexis, F., Basto, P., Levy-Nissenbaum, E., Radovic-Moreno, A. F., Zhang, L., 
Pridgen, E., Wang, A. Z., Marein, S. L., Westerhof, K., Molnar, L. K., & Farokhzad, 
O. C. (2008). HER-2-targeted nanoparticle–affibody bioconjugates for cancer therapy. 
ChemMedChem, 3(12), 1839–1843. 

118.Low, P. S., & Antony, A. C. (2004). Folate receptor–targeted drugs for cancer and 
inflammatory diseases. Advanced Drug Delivery Reviews, 56(8), 1055–1058. 

119.Leamon, C. P., Pastan, I., & Low, P. S. (1993). Cytotoxicity of folate–
Pseudomonas exotoxin conjugates toward tumor cells: Contribution of translocation 
domain. Journal of Biological Chemistry, 268(33), 24847–24854. 

120.Low, P. S., & Kularatne, S. A. (2009). Folate-targeted therapeutic and imaging 
agents for cancer. Current Opinion in Chemical Biology, 13(3), 256–262. 

121.Stevens, P. J., Sekido, M., & Lee, R. J. (2004). A folate receptor–targeted lipid 
nanoparticle formulation for a lipophilic paclitaxel prodrug. Pharmaceutical Research, 
21(12), 2153–2157. 

122.Lee, R. J., & Low, P. S. (1995). Folate-mediated tumor cell targeting of liposome-
entrapped doxorubicin in vitro. Biochimica et Biophysica Acta, 1233(2), 134–144. 

56



 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April |2026, pp. 32-57 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)
ISSN: 3049-3757 | Vol. 02, Issue-02, March-April | 2026 

 123.Gabizon, A., Shmeeda, H., Horowitz, A. T., & Zalipsky, S. (2004). Tumor cell
targeting of liposome-entrapped drugs with phospholipid-anchored folic acid–PEG
conjugates. Advanced Drug Delivery Reviews, 56(8), 1177–1192.

124.Gabizon, A., Horowitz, A. T., Goren, D., Tzemach, D., Shmeeda, H., & Zalipsky,
S. (2003). In vivo fate of folate-targeted polyethylene glycol liposomes in tumor-
bearing mice. Clinical Cancer Research, 9(17), 6551–6559.

125.Gabizon, A., Horowitz, A. T., Goren, D., Tzemach, D., Mandelbaum-Shavit, F.,
Qazen, M. M., & Zalipsky, S. (1999). Targeting folate receptor with folate linked to
extremities of poly(ethylene glycol)-grafted liposomes: In vitro studies. Bioconjugate
Chemistry, 10(2), 289–298.

126. Gabizon A, Tzemach D, Gorin J, Mak L, Amitay Y, Shmeeda H, Zalipsky S.
Improved therapeutic activity of folate-targeted liposomal doxorubicin in folate
receptor-expressing tumor models. Cancer Chemother Pharmacol. 2009;64(4):761–
769. doi:10.1007/s00280-009-0937-1

57


	1. 1. Introduction
	2. Classification of Lipid-Based Nanocarriers
	2.1. Liposomes
	2.2. Solid Lipid Nanoparticles (SLNs)
	2.3. Nanostructured Lipid Carriers (NLCs)
	2.4. Lipid Nanocapsules (LNCs)
	2.5. Other Lipid-Based Systems

	3. Mechanisms of Pharmacokinetic Modulation
	3.1. Enhancement of Drug Solubility and Absorption
	3.2. Controlled and Sustained Drug Release
	3.3. Modulation of Distribution and Targeting
	3.4. Reduction in Drug Metabolism and Elimination
	3.5. Impact on Cellular Uptake and Transport Mechanisms

	4. Pharmacokinetic Parameters and Evaluation
	4.1Measurement of Key PK Parameters (Cmax, Tmax, AUC, t½, Bioavailability)
	4.3In Vitro–In Vivo Correlation (IVIVC)
	4.4Role of Lipid Composition and Particle Size on PK Behavior
	4.5 Case Studies Highlighting PK Improvements for Different Drugs

	5. Clinical Applications and Approved Products
	5.1. Anticancer Therapy
	5.2. Antifungal and Antiviral Therapy
	5.3. Vaccines and Immunotherapy
	5.4. Neurological and Cardiovascular Disorders

	6. Challenges and Limitations
	7. Future Perspectives
	8. Conclusion
	References
	34.Hwang, D., Ramsey, J. D., & Kabanov, A. V. (2010). Polymeric micelle nanocarriers for drug delivery. Journal of Controlled Release, 144(1), 91–105.
	35.Ishida, T., Kirchmeier, M. J., Moase, E. H., Zalipsky, S., & Allen, T. M. (2001). Targeted delivery using immunoliposomes. Biochimica et Biophysica Acta, 1515(2), 144–158.
	36.Jain, K. K. (2005). Nanotechnology in cancer diagnostics. Nanomedicine, 1(2), 105–108.
	37.Jain, K. K. (2008). Advances in nanoparticle-based drug delivery. Expert Opinion on Drug Delivery, 5(2), 113–123.
	38.Ji, Z., Wang, X., & Wang, Z. (2012). Nanomaterials in cancer imaging. Nanoscale, 4(10), 3045–3055.
	39.Jia, L. (2005). Nanoparticle formulation for oral delivery. Drug Discovery Today, 10(17), 1239–1247.
	40.Jones, M., & Leroux, J. C. (1999). Polymeric micelles for drug delivery. European Journal of Pharmaceutics and Biopharmaceutics, 48(2), 101–111.
	41.Kabanov, A. V., & Alakhov, V. Y. (2002). Pluronic block copolymers in drug delivery. Advanced Drug Delivery Reviews, 54(1), 135–176.
	42.Khan, M. I., & Ahmad, A. (2014). Nanoparticles and cancer therapy. Journal of Nanoscience and Nanotechnology, 14(1), 1–13.
	43.Kim, B. Y. S., Rutka, J. T., & Chan, W. C. W. (2010). Nanomedicine strategies for cancer therapy. New England Journal of Medicine, 363(25), 2434–2443.
	44.Kim, S., & Park, J. H. (2010). Nanomaterials for theranostics. Journal of Materials Chemistry, 20(37), 7807–7818.
	45.Kwon, G. S. (2003). Polymeric micelles as drug carriers. Critical Reviews in Therapeutic Drug Carrier Systems, 20(5), 357–403.
	46.Langer, R. (1998). Drug delivery and targeting. Nature, 392(6679 Suppl.), 5–10.
	47.Lammers, T., Hennink, W. E., & Storm, G. (2008). Tumor-targeted nanomedicines. Journal of Controlled Release, 128(3), 222–230.
	48.Larson, N., & Ghandehari, H. (2012). Polymeric conjugates for drug delivery. Chemical Engineering Research and Design, 90(7), 953–964.
	49.Li, C. (2002). Polymeric conjugates in cancer therapy. Advanced Drug Delivery Reviews, 54(5), 695–713.
	50.Li, Y., & Huang, Y. (2011). Nanoparticle-based drug delivery in cancer therapy. Journal of Nanoscience and Nanotechnology, 11(10), 1110–1120.
	51.Liu, Y., & Miyoshi, H. (2007). Polymeric nanoparticles in cancer therapy. Cancer Science, 98(1), 1–8.
	52.Mahato, R. I., & Tai, W. (2014). Nanoparticle-based delivery systems in cancer therapy. Journal of Controlled Release, 193, 97–113.
	53.Maeda, H. (2001). The enhanced permeability and retention (EPR) effect. Advanced Drug Delivery Reviews, 46(1–3), 169–185.
	54.Maeda, H. (2012). Tumor-selective macromolecular therapeutics. Bioconjugate Chemistry, 21(12), 197–204.
	55.Malam, Y., Loizidou, M., & Seifalian, A. M. (2009). Liposomes and nanoparticles in cancer therapy. Cancer Nanotechnology, 1(1), 1–10.
	56.Matsumura, Y., & Maeda, H. (1986). A new concept for macromolecular therapeutics. Cancer Research, 46(12), 6387–6392.
	57.Moghimi, S. M., Hunter, A. C., & Murray, J. C. (2005). Nanomedicine in cancer. Pharmacological Reviews, 57(2), 225–250.
	58.Nel, A., Xia, T., Mädler, L., & Li, N. (2006). Toxic potential of nanomaterials. Science, 311(5761), 622–627.
	59.Nie, S. (2010). Understanding nanoparticle interactions. Accounts of Chemical Research, 43(2), 116–126.
	60.Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R., & Langer, R. (2007). Nanocarriers for drug delivery. Nature Nanotechnology, 2(12), 751–760.
	61.Pérez-Herrero, E., & Fernández-Medarde, A. (2015). Advanced targeted therapies in cancer. Clinical & Translational Oncology, 17(3), 179–197.
	62.Pérez-Balderas, F., et al. (2014). Nanoparticles in drug delivery: Applications and toxicity. Journal of Applied Toxicology, 34(3), 225–236.
	63.Pison, U., Welte, T., Giersig, M., & Groneberg, D. A. (2006). Nanomedicine applications. Respiration, 73(5), 496–497.
	64.Prabhu, P., & Patravale, V. B. (2012). Nanocarriers for targeted therapy. Journal of Pharmacy and Pharmacology, 64(4), 459–473.
	65.Rangaramanujam, K., et al. (2010). Nanoparticles for imaging and therapy. Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, 2(6), 680–702.
	66.Reddy, J. A., & Low, P. S. (1998). Targeting folate receptor pathways. Cancer Journal, 11(1), 45–52.
	67.Rosenblum, D., Joshi, N., Tao, W., Karp, J. M., & Peer, D. (2018). Progress and challenges in cancer nanomedicine. Nature Communications, 9, 1410.
	68.Roy, I., & Maitra, A. (2005). Organically modified nanoparticles in medicine. Journal of Materials Chemistry, 15(43), 4327–4337.
	69.Rzigalinski, B. A., & Strobl, J. S. (2009). Nanoparticle applications in medicine. Nanomedicine, 5(1), 118–129.
	70.Sahoo, S. K., & Labhasetwar, V. (2003). Nanotechnology in drug delivery. Drug Discovery Today, 8(24), 1112–1120.
	71.Saltzman, W. M., & Park, K. (2014). Nanomedicine: Overview and perspectives. Annual Review of Biomedical Engineering, 16, 1–20.
	72.Shi, J., Kantoff, P. W., Wooster, R., & Farokhzad, O. C. (2017). Cancer nanomedicine: Progress, challenges, opportunities. Nature Reviews Cancer, 17(1), 20–37.
	73.Singh, R., & Lillard, J. W. (2009). Nanoparticle-based targeted drug delivery. Experimental and Molecular Pathology, 86(3), 215–223.
	74.Soenen, S. J., et al. (2010). Cellular toxicity of nanoparticles. Chemical Society Reviews, 39(9), 3486–3503.
	75.Sun, T., Zhang, Y. S., Pang, B., Hyun, D. C., Yang, M., & Xia, Y. (2014). Engineered nanoparticles for drug delivery. Angewandte Chemie International Edition, 53(46), 12320–12364.
	76.Torchilin, V. P. (2005). Recent advances in liposomal drug delivery. European Journal of Pharmaceutical Sciences, 25(3), 123–128.
	77.Torchilin, V. P. (2014). Multifunctional nanocarriers. Nature Reviews Drug Discovery, 13(11), 813–827.
	78.Vauthier, C., & Bouchemal, K. (2009). Polymeric nanoparticles for drug delivery. Pharmaceutical Research, 26(5), 1025–1058.
	79.Wagner, V., Dullaart, A., Bock, A. K., & Zweck, A. (2006). The emerging nanomedicine landscape. Nature Biotechnology, 24(10), 1211–1217.
	80.Wang, H., Agarwal, P., & Zhao, S. (2018). Nanoparticle-based combination therapies. Journal of Controlled Release, 284, 42–56.
	81.Wicki, A., Witzigmann, D., Balasubramanian, V., & Huwyler, J. (2015). Nanomedicine in drug delivery. Journal of Controlled Release, 200, 138–157.
	82.Xu, Z. P., Zeng, Q., & Lu, G. Q. (2006). Nanoparticle drug delivery systems. Journal of Materials Chemistry, 16(34), 3553–3560.
	83.Yang, Y., & Zhang, L. (2014). Nanoparticles in precision oncology. Advanced Drug Delivery Reviews, 78, 4–15.
	84.Yoo, J. W., Irvine, D. J., Discher, D. E., & Mitragotri, S. (2011). Bio-inspired nanoparticles for drug delivery. Nature Reviews Drug Discovery, 10(7), 521–535.
	85.Yu, M. K., Park, J., & Jon, S. (2012). Targeted nanomedicine for cancer therapy. Nano Today, 7(6), 622–635.
	86.Zhang, Y., Chan, H. F., & Leong, K. W. (2013). Advanced materials and processing for drug delivery. Advanced Drug Delivery Reviews, 65(1), 104–120.
	87.Zhang, X., Li, J., & Wang, Y. (2015). Theranostic nanoparticles for cancer. Biomaterials, 57, 21–33.
	88.Zhao, Z., Ukidve, A., Kim, J., & Mitragotri, S. (2020). Targeting strategies for nanomedicine. Nature Reviews Materials, 5(11), 847–865.
	89.Zhao, Y., & Zeng, Y. (2016). Nanotechnology in cancer immunotherapy. Journal of Hematology & Oncology, 9, 46.
	90.Zhou, M., Zhang, R., & Huang, M. (2014). Nanoparticle-based photothermal therapy. Theranostics, 4(4), 380–396.
	91.Zhu, L., & Torchilin, V. P. (2013). Stimuli-sensitive nanoparticles for drug delivery. ACS Nano, 7(10), 8883–8902.
	92.Zweigerd, A., et al. (2018). Multifunctional nanocarriers. Advanced Materials, 30(2), 1701937.
	93.Zwicke, G. L., Mansoori, G. A., & Jeffery, C. J. (2012). Targeting tumor cells using nanoparticles. Cancer Nanotechnology, 3(1–6), 1–12.
	94.Albanese, A., Tang, P. S., & Chan, W. C. W. (2012). Effects of nanoparticle size on cellular uptake. Annual Review of Biomedical Engineering, 14, 1–16.
	95.Blanco, E., Shen, H., & Ferrari, M. (2015). Principles of nanoparticle design. Nature Biotechnology, 33(9), 941–951.
	96.Davis, M. E. (2009). Nanoparticle therapeutics. Nature Reviews Drug Discovery, 7(9), 771–782.
	97.Farokhzad, O. C., & Langer, R. (2009). Nanomedicine from concept to practice. Advanced Drug Delivery Reviews, 61(7–8), 368–378.
	98.Jiang, W., Kim, B. Y. S., Rutka, J. T., & Chan, W. C. W. (2008). Nanoparticle interactions with cells. Nature Nanotechnology, 3(3), 145–150.
	99.Murphy, C. J., et al. (2008). Gold nanoparticles in biology and medicine. Journal of Physical Chemistry B, 112(14), 4961–4970.
	100.Slowing, I. I., Vivero-Escoto, J. L., Wu, C. W., & Lin, V. S. Y. (2008). Mesoporous silica nanoparticles in drug delivery. Advanced Drug Delivery Reviews, 60(11), 1278–1288.



