
Nidhi Shrivastav, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 7, 107-129 | Review   

*Corresponding Author: Nidhi Shrivastav 

Address: Department of pharmacy, Rameshwaram institute of Technology and management, Lucknow,227202. 

Email      :  shrivastvanidhi4@gmail.com   

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of 

any commercial or financial relationships that could be construed as a potential conflict of interest.   
                  

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                107 | P a g e  

Background: Liposomes are highly adaptable and advanced drug delivery systems, 

capable of encapsulating both hydrophilic and lipophilic drugs, which enhance drug 

stability, solubility, and targeted delivery. Recent advancements in liposome technology 

have focused on integrating computational modeling, machine learning, and systems 

biology to optimize formulations for precision medicine. Main Body of the Abstract: 

This review highlights the critical parameters influencing liposome behavior, such as 

lipid composition, encapsulation efficiency, and release kinetics. Sensitivity analysis 

using tools like PK Solver and Dissolver is discussed to optimize these parameters. The 

review also explores cutting-edge trends in smart liposomes, including stimuli-

responsive and biohybrid liposomes, for their potential in targeted drug delivery 

applications. The importance of interdisciplinary collaboration, integrating 

bioinformatics, nanotechnology, and chemistry, is emphasized for advancing liposomal 

technologies, with applications in personalized medicine, gene editing, and cancer 

immunotherapy. Through innovative computational techniques and novel formulation 

strategies, liposomes are revolutionizing drug delivery, particularly in treating complex 

diseases like cancer. Short Conclusion: Advances in liposome technology, driven by 

computational modeling and interdisciplinary collaboration, are transforming drug 

delivery systems. These innovations offer significant potential for treating complex 

diseases, with future applications in personalized medicine and targeted therapies. 
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INTRODUCTION 

Liposomes are phospholipid bilayer spherical 

vesicles that contain an aqueous core. It can 

encapsulate both hydrophilic and hydrophobic 

drugs to protect them from degradation and to 

achieve target action with improved drug 

solubility, enhanced stability, reduced side effects, 

sustained drug release, and biocompatibility. The 

development and optimization of liposomal drug 

formulations remain difficult. The lipid bilayer 

composition, method of preparation, drug loading, 

and other factors can affect the physicochemical 

https://www.ijpsjournal.com/
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properties, drug release kinetics, and in vivo 

performance of liposomes. To identify these 

challenges, sensitivity analysis makes it difficult to 

understand how variations in formulation and 

process parameters influence the performance of 

liposomal drug delivery systems. Sensitivity 

analysis involves systematically changing one or 

more input parameters while other parameters are 

kept constant, to determine the impact on the 

output variables. By implementing sensitivity 

analysis, researchers can identify the critical 

parameters that influence liposome characteristics 

such as size, zeta potential, encapsulation 

efficiency, and drug release profile. With this 

analysis, researchers optimize the formulation and 

manufacturing process to achieve the desired 

liposome properties and drug delivery 

performance [1,2]. Optimizing formulation 

stability is difficult as liposomes are sensitive to 

temperature, pH, and ionic strength, impacting 

their stability and drug release profiles. High 

encapsulation efficiency for both hydrophilic and 

hydrophobic drugs is a difficult process and lipid 

composition, preparation methods, and stabilizers 

can be influenced. Technology transfer from 

laboratory to industrial scale faces issues with 

reproducibility and quality assurance. Adding 

surface modifications or targeting ligands affects 

formulations, increasing manufacturing costs and 

regulatory problems. Biological barriers like 

cellular uptake and tissue penetration that depend 

on their physicochemical properties can be 

overcome by liposomes. Sensitivity analysis helps 

in understanding liposome behavior by finding 

critical formulation parameters, and targeted 

optimization, with predictive models. Key factors 

in liposome stability include lipid composition, 

preparation methods, environmental conditions, 

and storage conditions, all of which affect 

membrane integrity, size uniformity, and overall 

stability [3,4]. 

Table 1: Preparation of liposomes by different method and their characteristics 

Method Condition

s of Use 

Efficacy Formulation 

Benefits 

Example 

Formulation 

Key 

Findings 

refere

nce 

Thin-Film 

Hydration + 

Extrusion 

Organic 

solvent 

evaporatio

n, 

hydration, 

extrusion 

High drug 

loading, 

uniform size 

High 

reproducibili

ty, dual drug 

loading, 

narrow size 

distribution 

Everolimus-

loaded 

liposomes, 

dual drug-

loaded 

liposomes 

with 

resveratrol 

and 5-

fluorouracil 

High 

encapsulatio

n efficiency 

and 

homogeneou

s size 

distribution 

[5] 

Reverse 

Phase 

Evaporation 

Emulsifica

tion of 

organic 

solvent and 

aqueous 

phase 

High 

encapsulatio

n for 

hydrophilic 

drugs 

Simple, 

quick, good-

size 

distribution 

Hydrophilic 

drug 

formulations 

Achieved 

high drug 

loading and 

encapsulatio

n efficiency 

[5] 

Ethanol 

Injection 

Rapid 

injection of 

ethanolic 

lipid 

solution 

Variable 

drug 

loading 

efficiency 

Avoids high 

shear, 

suitable for 

both drug 

types 

Various 

therapeutic 

agents 

Demonstrate

d versatility 

in preparing 

liposomes 

[5,6] 
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Sonication Ultrasonic 

disruption 

of MLVs 

Low 

encapsulatio

n efficiency 

Quick, easy, 

but less 

suitable for 

large-scale 

production 

Large Size 

particles used 

to reduce size 

distribution 

Size 

reduction of 

liposomes 

[6] 

Supercritical 

Fluid 

Techniques 

Use of 

supercritic

al fluids 

High drug 

loading, 

narrow size 

Environment

ally friendly, 

scalable 

Hydrophilic 

drug 

formulations 

High 

encapsulatio

n efficiency 

and 

environment

ally friendly 

[5,6] 

Dual 

Asymmetric 

Centrifugatio

n 

Centrifugat

ion with 

unique 

rotation 

High 

entrapment 

efficiency 

Small, 

uniform 

liposomes, 

no solvents 

required 

Consistent 

size and 

drug-loading 

liposomes 

High 

reproducibilit

y and 

scalability, 

effective for 

water-soluble 

drugs 

[5,6] 

Biological Approach of Liposomes 

Liposomes grow into sophisticated systems with 

complex connections within biological networks, 

going beyond simple delivery vehicles. Using a 

systems biology approach to analyze liposomes 

reveals their significant impacts on a range of 

biological constituents. Liposomes interact with 

immune cells, proteins, and lipoproteins that enter 

the body, which may significantly alter the 

pharmacokinetics and biodistribution. They can be 

opsonized, signifying that plasma proteins mark 

them so macrophages and dendritic cells can take 

them up and faster clearance with less effective 

treatment. Drug release and cellular uptake can be 

affected by liposomes that fuse with or internalize 

cell membranes, altering the fluidity 

and membrane permeability. Liposomes have 

distinct metabolic pathways, which influence 

overall drug exposure and interactions with the 

metabolic network. This enables liposomes to 

modify signaling pathways, which affects 

downstream gene expression and cellular 

functioning. Formulation development is 

facilitated by in-silicomodeling, which makes it 

easier to simulate interactions and predicts in vivo 

performance [1]. Phospholipids are essential for 

liposome stability. While unsaturated 

phospholipids like DOPC enhance fluidity and 

drug release profiles, saturated phospholipids like 

DSPC and HSPC provide membrane rigidity and 

stability. By reducing membrane permeability and 

enhancing resistance to deformation, cholesterol 

also helps to maintain stability by controlling drug 

leakage before it happens. The attachment of 

polyethylene glycol chains, or PEGylation, 

provides a hydrophilic barrier that reduces 

interactions with blood constituents and extends 

the blood circulate duration. Targeted drug 

delivery using liposomes can maximize efficacy 

and reduce systemic exposure. Because tumors 

exhibit leaky vasculature and poor lymphatic 

drainage, passive targeting makes use of the 

increased permeability and retention (EPR) effect 

to allow liposomes to accumulate in the tumors. 

Using ligands or antibodies to bind specific 

receptors or antigens on targeted cells is known as 

active targeting. Lipids specific to certain organs, 

which those organs detect or process, can improve 

customized delivery [7]. Liposomes influence 

variation, prolong circulation times, and regulate 

release profiles in medication pharmacokinetics. 
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Biodistribution can be altered by modifying 

surface, charge, and size properties, enabling 

enhanced delivery to certain tissues like tumors. 

Longer circulation results from PEGylation or 

plasma protein coating, which helps avoid immune 

recognition. By lowering toxicity and sustaining 

effective drug levels throughout time, customized 

lipid composition improves the therapeutic index 

by controlled drug release [1,7].  Combination 

therapy with liposomes co-deliver multiple 

substances to target tumor cells and the immune 

system, and stimuli-responsive liposomes, release 

drugs in response to signals like pH or 

temperature. Additionally, liposomes can target 

various pathways and improve absorption in 

cancer cells by incorporating various ligands, such 

as folate and transferrin. The liposome 

formulation optimization is assisted by 

computational modeling, like molecular dynamics 

simulations and predictive models to predict the 

influence of changes in lipid content or surface 

modifications on stability and interactions with 

biological membranes [1,7]. 

Explore Liposomes in Precision Medicine 

Liposomal formulations can be modified for the 

specific genetic and molecular properties of a 

patient's tumor through genetic and molecular 

studies. Effective treatments with fewer adverse 

reactions are made feasible by using liposome 

engineering to deliver medications that 

specifically target mutations or overexpressed 

receptors in cancer cells. Targeting the 

overexpressed HER2 receptor in some subtypes of 

breast cancer could be done with modified 

liposomes. Therapeutic efficacy can be improved 

by improving trastuzumab delivery to tumor cells 

through the encapsulation of the drug within 

HER2-targeted liposomes [8]. Functionalizing 

liposome surfaces with ligands that attach to target 

cell receptors or proteins. Treatment results are 

improved by active targeting, which increases 

liposome accumulation at target action. For 

example, folate-modified cationic liposomes can 

target folate receptors specifically, those that 

overexpressed in cancer. By using this strategy 

to improve the anticancer medications that 

target tumor cells with better efficacy [9]. 

Liposomal co-deliver with therapeutic drugs 

for distinct targets for their pathways or modes of 

action. This multi-target strategy reduces the 

probability of resistance and improves treatment 

efficacy. For example, liposomes co-deliver 

siRNA that targets anti-apoptotic proteins in 

cancer cells with doxorubicin. This combination 

not only changes doxorubicin's cytotoxic effect 

but also makes treatment-resistant cancer cells 

more sensitive to it [10]. To improve the 

administration of immunotherapeutic drugs like 

checkpoint inhibitors and cancer vaccines, 

liposomes are used in cancer immunotherapy. 

Liposomes encoding antigens linked to tumors can 

act as vaccines to elicit an immune response 

against cancerous cells and also adding adjuvants 

to the liposomes may enhance the immune 

response substantially to improve clinical results 

[11]. Liposomes with carrier gene editing tools, 

such as CRISPR/Cas9 systems, to specific tissues 

or cells with specificity. For example, 

CRISPR/Cas9 components are delivered using 

liposomes for in vivo gene editing. Researchers 

may efficiently deliver these gene editing tools to 

specific tissues by altering the liposomes' surface, 

enabling customized gene therapies.  

 Modifications in formulation, such as lipid 

composition, size, and surface charge, might 

impact drug delivery and therapeutic outcomes 

through the use of in silico modeling, which 

utilizes computational simulations to estimate the 

interactions between liposomes and biological 

systems. For example, molecular dynamics 

simulations can offer valuable insights into the 

stability and behavior of liposomes under 
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physiological conditions, guiding the design of 

formulations that optimize drug encapsulation and 

release profiles [12]. In identifying biomarkers for 

liposomal therapy responses, predictive models 

are necessary. Clinicians can successfully select 

individuals who benefit from particular liposomal 

formulations by establishing a relationship 

between treatment outcomes and genetic or 

molecular profiles. The effectiveness of liposomal 

drug delivery systems in cancer treatment can be 

estimated based on the expression of specific 

proteins by customizing strategies for each patient 

by incorporating biomarker data into predictive 

models [8-12]. Cationic liposomes with positive 

surface charge, improvegene delivery by 

facilitating electrostatic interactions with 

negatively charged cell membranes that increase 

uptake efficiency, encapsulate and protect nucleic 

acids, such as siRNA, from degradation in the 

bloodstream, and also cationic liposomes promote 

endosomal escape through the "proton sponge" 

effect, leading to the rupture of endosomal 

membranes and release contents into the 

cytoplasm [12]. 

Challenges In Genetically Controlling 

Liposome Membrane Synthesis 

The expression of several enzymes and regulatory 

components within the liposome is required for the 

effective genetic control of membrane production 

in liposomes. The existing techniques frequently 

depend on complicated synthetic pathways, which 

makes it difficult to customize for sustainable lipid 

synthesis. Phospholipid-producing enzymes inside 

liposome compartments by using a synthetic 

minigenome. It is still difficult to produce multiple 

types of lipids, like phosphatidylethanolamine and 

phosphatidylglycerol, because accurate 

transcriptional regulation and metabolic feedback 

mechanisms are needed [7,13]. Efficiency may be 

affected by the low-yield lipids that are produced 

inside liposomes. For example, the yield of acyl-

CoA conversion to phospholipids was 

approximately 40%, which wouldn't be adequate 

for large-scale applications. For genetically 

modified liposomes, their stability must be 

maintained. Proper development and 

formulation of liposomes is necessary, but 

it is difficult to achieve due to internal membrane 

manufacturing. For liposomes to function as 

synthetic cells, they must integrate various 

functional modules, such as DNA replication and 

membrane remodeling. Achieving this integration 

to maintain the stability and functionality of the 

liposomes is still challenging in the field of 

synthetic biology [13,14]. 

Focus On Advanced Computational Modelling 

& Machine Learning 

Based on physicochemical properties such as size, 

surface charge, and lipid composition, machine-

learning models can be created to predict the 

circulation time and biodistribution of liposomes. 

Research has demonstrated, for example, that 

artificial neural networks (ANNs) can reliably 

predict the stability and dispersity of liposome 

formulations derived from microfluidic synthesis 

parameters, with an accuracy of up to 93% in 

predicting formulation outcomes. Moreover, 

artificial intelligence can be used to predict the 

therapeutic efficacy of liposomes by modeling 

their interactions with biological targets. By 

combining data on target receptor expression and 

liposome composition, predictive models can 

determine the probability of obtaining desired 

therapeutic outcomes [15,16]. By determining the 

best combinations of formulation factors to 

increase performance, machine learning can be 

used to improve liposome formulations. The 

optimal lipid ratios and processing parameters for 

liposome formulations can be determined by data-

driven formulation design analysis. For example, 



Nidhi Shrivastav, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 7, 107-129 | Review   

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 112 | P a g e  

depending on the physicochemical characteristics 

of the pharmaceuticals and the lipids, machine 

learning techniques are employed to estimate the 

drug loading efficiency in liposomes. Moreover, 

adaptive learning makes machine learning models 

possible that are used to quickly identify effective 

formulations and continuously refine predictions, 

which facilitates the development of customized 

liposomal therapies [17,18]. Liposome 

interactions with biomolecules can be predicted at 

the molecular level by using advanced 

computational models, such as coarse-grained 

modeling and molecular dynamics simulations. 

Using visual representations of liposome 

interactions with proteins, nucleic acids, and cell 

membranes, molecular dynamics simulations 

reveal the mechanisms underlying drug release 

and cellular absorption. For example, liposome 

production and stability have been investigated via 

coarse-grained molecular dynamics simulations, 

which have provided significant knowledge 

of lipid content and environmental factors.  By 

predicting the results of interactions between 

liposomes and biomolecules, AI may enhance 

those simulations. The liposome formulation 

development that efficiently transfers genetic 

material or therapeutic compounds is made easier 

by machine learning algorithms that can assess the 

stability of liposome formulations based on their 

interactions with particular proteins or nucleic 

acids [17,18]. 

Personalized Drug Delivery Strategies 

Customized liposomal medication delivery 

systems can be made possible by the combination 

of cutting-edge simulation techniques and 

machine learning. Predictive models can help with 

the liposome that is customized for individual 

patient features by investigating the genetic and 

molecular profile of a patient. To increase the 

effectiveness of the drug administered, liposomes 

can be designed, to target receptors that are 

overexpressed in a patient's tumor. Furthermore, 

machine learning models can adapt in real-time to 

liposome compositions and dosage approaches 

based on current information regarding patient 

reactions as treatment progresses. To maximize 

therapeutic benefits while preventing negative side 

effects, this dynamic adaptation is necessary [18]. 

Optimizing Liposome Formulations Using 

Machine Learning for Specific Diseases 

Using machine learning (ML) to optimize 

liposome formulations with the design and 

effectiveness of liposomal drug delivery systems 

can be greatly improved by ML models via 

significant dataset analysis and the identification 

of patterns that affect liposome action. Previous 

information on liposome formulations, including 

their stability, physicochemical characteristics, 

and therapeutic results, can be analyzed by 

machine learning algorithms. ML models may 

predict liposome stability and encapsulation 

efficiency based on preparation techniques and 

lipid content. With this, identify the most effective 

formulations for cancer or genetic abnormalities, 

where targeted distribution is essential, due to this 

predictive capability [18]. By integrating patient-

specific data, such as genetic profiles or biomarker 

expression, ML modelshelpin designing 

liposomes that target specific cellular receptors or 

pathways associated with a patient's disease. For 

example, liposomes can be engineered to deliver 

drugs specifically to tumors with unique genetic 

mutations by enhancing therapeutic efficacy and 

reducing side effects [19]. 

Latest Advancements in AI-Driven Liposome 

Synthesis 

The synthesis of liposomes is being changed by 

recent developments in liposome synthesis. 

Artificial intelligence (AI) techniques have been 
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used in microfluidic platforms to improve 

liposome synthesis by adjusting parameters 

including reagent concentrations and flow rates. 

This enabled AI algorithms to forecast the final 

liposome features, including size and dispersity. 

For example, using microfluidic synthesis 

parameters, support vector machines, and artificial 

neural networks was able to predict liposome 

stability and dispersity with over 90% accuracy. 

High-throughput screening of formulations is 

made simpler by the use of robots and artificial 

intelligence in the synthesis and characterization 

of liposomes. This speeds up the development 

process and makes it possible to quickly identify 

the best formulations for specific therapeutic 

applications [16]. Artificial intelligence is used in 

predicting liposome stability over time, a crucial 

component in ensuring the efficacy of drug 

delivery systems. Machine learning models can 

estimate the efficacy of different formulations 

under varied storage conditions by analyzing 

previous stability data. Researchers can now create 

liposome formulations with more stability since 

studies have used artificial intelligence (AI) to 

determine the shelf life of liposomal formulations 

based on their composition and environmental 

conditions.  Real-time monitoring of liposome 

stability through AI integration with sensor 

technologies enables dynamic formulation 

parameter modifications during manufacture or 

storage [16,17]. Drug delivery optimization 

requires an accurate prediction of liposome 

pharmacokinetic parameters with the help 

of machine learning. To determine the primary 

variables affecting the absorption, distribution, 

metabolism, and excretion (ADME) of liposomes, 

ML algorithms can evaluate data from 

pharmacokinetic investigations to improve 

therapeutic outcomes with more precise dosage 

regimens and predictions of liposome behavior in 

vivo. Moreover, multi-omics data (genomics, 

proteomics, metabolomics) can be integrated into 

machine learning models to provide an in-depth 

understanding of the interactions between 

liposomes and biological systems that can help 

create customized liposomal treatments and 

increase the precision of pharmacokinetic 

estimates [15,16]. 

Pharmacokinetics And Pharmacodynamics: 

Sensitivity Analysis Via Pk Solver 

Reducing the clearance rate through changes like 

PEGylation leads to prolonged circulation times 

and increased accumulation in target tissues 

that enhance therapeutic efficacy and also changes 

in the clearance rate of liposomal formulations can 

significantly alter a drug's bioavailability [17]. 

Sensitivity analysis reveals that liposomes with a 

higher volume of distribution (Vd) exhibit better 

tissue penetration and distribution, which is 

essential for achieving effective drug 

concentrations at the target site. Also, liposome 

pharmacokinetic profile is highly influenced by 

their rate of absorption; formulations that increase 

absorption using particular lipid compositions to 

improve therapeutic effects in preclinical animals 

[20]. The ratio of phospholipids to cholesterol 

affects the efficacy of encapsulation and the 

release kinetics of the drug, so changing the lipid 

composition of liposomes can result in significant 

variations in drug release rates and stability. The 

significance of achieving an ideal ligand density 

on liposome surfaces has been emphasized by 

sensitivity analysis. Therapeutic efficacy can be 

enhanced and cellular uptake can be improved, but 

densities that are too high or too low may have the 

opposite impact. Sensitivity analysis has also been 

used in formulations designed for hyperthermia 

applications to determine how temperature 

variations impact liposome stability and drug 

release. This helps to design liposomes to thermal 

stimuli effectively to maximize drug delivery to 

tumor sites during hyperthermia treatment [21,22]. 
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A study using a Box-Behnken design found that 

the molar ratio of phosphatidylcholine to 

diolylphosphatidylethanolamine significantly 

affected the vesicle size and drug entrapment 

efficiency in paclitaxel-containing liposomes. It 

enables researchers to optimize the formulations to 

improve therapeutic efficacy. Machine learning 

(ML) with PK Solver to improve liposome 

formulation simulation and optimization 

by creating accurate predictive models that take 

into account the complex interactions between 

liposomes and biological systems. For example, 

ML can analyze past pharmacokinetic data to 

increase the accuracy of estimates regarding 

the changes in formulation parameters that affect 

in vivo drug behavior and also determine the 

optimal formulation parameters based on 

simulation results from PK Solver, and machine 

learning algorithms in the optimization process. 

This allows for rapid testing and modification of 

liposomal formulations, which eventually results 

in more efficient drug delivery systems [22,23]. In 

certain studies, paclitaxel-loaded liposomes 

with sensitivity analysis revealed that the amount 

of drug and the lipid molar ratio were significant 

variables affecting drug entrapment and release, 

that improved therapeutic efficacy [24]. In a 

different study, machine learning was utilized to 

optimize the synthesis of liposomes loaded with 

curcumin. The results showed that differences in 

the lipid composition had a significant impact on 

the stability of the liposomes as well as the 

efficiency of drug loading. Machine learning 

additionally assisted in identifying the best 

synthesis conditions to enhance performance [25]. 

Also, liposomal formulations for gene delivery 

were subjected to sensitivity analysis to investigate 

how variations in surface charge and lipid 

composition influence transfection efficiency and 

cellular intake. This allowed formulations to be 

optimized for use in mRNA vaccine 

administration [26]. 

Sensitivity Analysis of Liposome Drug Release 

Using DDSOLVER 

The diffusion coefficient (D), which controls the 

drug's release rate within the liposome bilayer and 

the surrounding medium, is also a key variable that 

may be altered in DDSolver to evaluate its effect 

on liposomal drug release. This allows for 

simulations of changes in lipid composition, drug 

physicochemical properties, or diffusion-affecting 

environmental conditions. Another significant 

variable is degradation rate (k), which indicates 

how oxidation, hydrolysis, or enzymatic 

degradation affect liposome stability and drug 

release. It is possible to manipulate matrix features 

like porosity, tortuosity, and swelling behavior to 

mimic the ways that affect drug release. Modeling 

of burst release, or the initial rapid release of a 

drug from liposomes, by altering variables such as 

the percentage of drug adsorbed to the liposome 

surface or the rate at which the drug separates from 

the bilayer and enters into the surrounding media. 

To achieve the desired therapeutic effects, 

variables influencing the sustained release phase, 

such as the rate of drug diffusion from the 

liposome core or the degree of drug binding to the 

bilayer, can be optimized [27,29]. To use 

DDSolver to maximize liposomal medication 

release: First, decide which mathematical model 

best fits the drug release data like Korsmeyer-

Peppas, Weibull, or Michaelis-Menten 

equations. The choice will rely on the model that 

finds the best liposomal formulation's release 

kinetics. Enter the experimental release data next, 

which will be utilized as the starting point for the 

sensitivity analysis. This data should include time 

points and the associated drug release percentages. 

Next, within a suitable range, gradually change 

significant parameters, like the diffusion 

coefficient or degradation rate, and then 

DDsolver determines the release profiles that arise 

for each set of parameters [28,29].  Next, 
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determine the parameters that have prominent 

effects on the release kinetics by evaluating the 

changes in each parameter that affect the release 

rate, burst release, and sustained release. To attain 

the intended drug release profilemake some 

alterations in liposome formulation based on the 

sensitivity analysis. For example, if the diffusion 

coefficient is shown to be critical, then change the 

lipid composition to improve drug diffusion. 

Moreover, DDSolver uses several nonlinear 

optimization methods. By minimizing the sum of 

squares (SS) or weighted sum of squares (WSS) 

between observed and anticipated values, it 

provides a nonlinear least-squares curve fitting to 

match dissolution models with experimental data 

and find the ideal parameter values for drug release 

models. The Nelder-Mead simplex technique is 

used to determine the best-fit parameters because 

it can handle complex models and is also useful for 

nonlinear optimization without the need for 

derivative computations. Lastly, since accurate 

beginning estimates are essential for rapid results 

and units by avoiding local minima, DDSolver 

offers techniques for initial parameter estimation, 

such as trial-and-error methods and simple linear 

regression [27-30]. 

Sensitivity Analysis in Experimental Design 

Using Design Expert 

A complex statistical software program called 

Design Expert was created to make sensitivity 

analysis and design of experiments (DOE) easier, 

particularly when it comes to the formulation and 

administration of drugs like liposomes. With this 

program, scientists may systematically examine 

the numerous ways in which modifications to 

formulation parameters impact drug release 

patterns, stability, bioavailability, and 

encapsulation efficiency. Several important 

factors that affect liposome formulations can be 

analyzed with a Design Expert. These factors 

include drug loading, where the type and quantity 

of drug utilized can affect the release profile and 

therapeutic efficacy, and also lipid composition, 

which significantly impacts the physical properties 

of liposomes. Particle size has an impact on 

biodistribution, cellular uptake, and release rates 

[31]. Design Expert uses Response Surface 

Methodology and Factorial Design, two potent 

statistical techniques. In a factorial design, several 

parameters are systematically varied at the same 

time to assess their respective and combined 

impacts on response variables, including the rate 

at which drugs are released from the body. For 

example, a 23 factorial design can investigate the 

impact of three factors at two levels each (high and 

low): lipid type, drug loading, and particle 

size.This allows researchers to identify significant 

variables and their interactions that affect 

liposomal behavior. By fitting a polynomial 

equation to experimental data, RSM improves on 

factorial design by providing suggestions for the 

most suitable conditions for targeted results. To 

enhance encapsulation efficiency while 

minimizing burst release, the optimal lipid 

composition and drug loading can be determined 

with this approach for formulation optimization 

[32]. A study that liposomes loaded with 

doxorubicin by using a factorial design reveals 

optimization of encapsulation efficiency. Lipid 

and cholesterol ratios have been used to find 

significant variables that influence encapsulation. 

Researchers found ideal conditions that 

significantly increased encapsulation efficiency 

from 30% to 85% by altering lipid composition 

and drug loading parameters. Response Surface 

Methodology (RSM) was applied in a different 

study to examine the stability of liposomal 

formulations under various storage conditions. 

Researchers analyze the kinetics of liposome 

disintegrating by varying pH and temperature. 

They discovered that temperature had a greater 

impact on stability than pH.  Sensitivity analysis 
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was also used in curcumin-loaded liposomes to 

evaluate the effect of lipid composition and 

particle size on bioavailability. The results 

suggested that particular lipid combinations and 

smaller particle sizes improved curcumin 

absorption in vivo, leading to better therapeutic 

effects [31,32]. 

Factorial Design: Impact Of Parameter 

Variation 

A study using a Box-Behnken design with three 

parameters at three levels to optimize pH-sensitive 

liposomes carrying paclitaxel. A 15-run 

experimental design matrix with three center 

points was generated by Box-Behnken design and 

analyzing such variables as lipid composition, 

drug loading, and stirring speed at three different 

levels. Particle size, polydispersity index, zeta 

potential, and entrapment efficiency were 

evaluated and analyzed during the liposome 

characterization [33]. Low PDI values and particle 

sizes suggested a limited size distribution. 

Moderate stability was indicated by zeta potential 

values, and entrapment efficiency was higher than 

91%. High R2 values show a well-fitting model 

that was found by statistical analysis using 

ANOVA to determine the component's relevance 

and their interactions with responses. Optimum 

formulation with specific lipid composition, drug 

loading, and stirring speed was identified by 

numerical optimization. The responses were 

validated using checkpoint batches that confirm 

the optimization accuracy. To improve drug 

delivery systems, the technique used in specific 

formulation parameters affects drug entrapment 

efficiency and provides a framework for 

improving optimal liposomal formulations 

[33,34]. 

Response Surface Methodology (RSM) For 

Liposome Sensitivity Analysis 

Response Surface Methodology (RSM) analyzes 

the formulation and process variables that affect 

liposome parameters including particle size and 

polydispersity index (PDI) that have been used in 

some studies to optimize sirolimus liposomes. 

Lipid composition (molar ratios of cholesterol to 

dipalmitoylphosphatidylcholine), drug loading, 

and stirring speed are important independent 

variables. Particle size, PDI, and encapsulation 

efficiency (EE%) are used to represent the 

proportion of sirolimus encapsulated which are 

the primary variables to be measured [35]. To 

elaborate the relationships between the 

independent and dependent variables, a second-

order polynomial equation is created. And these 

correlations are practically demonstrated via 

contour and response surface plots, which 

emphasize optimal and suboptimal conditions for 

the desirable characteristics of the liposomes. The 

use of RSM revealed important information on 

how lipid composition affects particle size and 

encapsulation efficiency. Additional work on 

doxorubicin- and curcumin-loaded liposomes 

shows the efficacy of RSM in formulation 

optimization and improving drug delivery 

efficiency [36]. 

Critical Parameters for Liposomal 

Optimization 

Drug delivery methods depend on liposomal 

formulations, and optimizing their properties is 

essential for enhancing therapeutic efficacy. Lipid 

type, cholesterol ratio, drug-lipid ratio, and 

hydration time are significant variables that can 

affect liposomal characteristics. Sensitivities 

related to stability, drug encapsulation efficiency, 

and release patterns have been detected in each 

parameter. External variables also have prominent 

effects on liposomal stability, lipid oxidation, 

aggregation, and drug leakage. These variables 

include temperature, pH, and exposure to light 



Nidhi Shrivastav, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 7, 107-129 | Review   

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 117 | P a g e  

[37].  Structural integrity and fluidity are 

influenced by the type of lipid used; 

phosphatidylcholine is used mainly due to its 

stable bilayer formation and biocompatibility. 

Changes in lipid chain length and saturation alter 

the fluidity and permeability of 

membranes affecting the rates of drug release. 

Optimum ratios typically range between 30 and 50 

percent by weight. Higher cholesterol content 

increases rigidity and reduces drug leakage but can 

hinder release [38]. The cholesterol ratio is also 

essential to maintain membrane stability. To 

achieve estimated loading and release 

characteristics, the drug-lipid ratio is essential, 

involving practical adjusting for particular 

formulations. Longer hydration can improve 

loading but the risk of aggregation is also high. 

Hydration time affects liposome size and 

encapsulation efficiency. Storage conditions are 

also important: lower temperatures are 

recommended for stability, whereas higher 

temperatures might speed up lipid oxidation and 

destabilize liposomes. Because liposomal integrity 

and drug stability are impacted by the pH of the 

storage medium, buffering to physiological values 

(about 7.4) is required. To stop the 

photodegradation of encapsulated lipids and drugs, 

liposomal formulations must be protected from 

light [37,38]. 

Table 2: Liposomal Challenges and its optimization 

Liposome Type Challenges Optimized 

Parameters 

Optimized Results Refer

ence 

Salbutamol-loaded 

Liposomes 

Vesicle size, zeta 

potential, drug 

entrapment 

efficiency, long 

sonication times 

Cholesterol 

concentration, 

phospholipid 

concentration, 

hydration time 

Optimized vesicle size, 

zeta potential, and drug 

entrapment efficiency 

[39] 

Doxorubicin-

Curcumin Co-

loaded 

Decreasing 

doxorubicin 

toxicity, enhancing 

curcumin 

solubility, and 

improving stability 

Buffer pH, 

temperature, 

phospholipid 

concentration, 

phospholipid-to-

cholesterol ratio, 

extrusion 

temperature 

Optimized size, surface 

charge, drug loading, 

encapsulation efficiency, 

and zeta potential 

[40] 

Antibody-loaded 

Liposomes 

Optimizing 

antibody-to-lipid 

ratio 

Antibody-to-lipid 

ratio, supercritical 

fluid-assisted 

process 

Optimized mean 

diameter, polydispersity 

index, zeta potential, 

and encapsulation 

efficiency 

[41] 

Continuous 

Manufacturing 

Liposomes 

Predicting the 

hydrodynamic 

diameter of 

monodispersed 

liposomes 

Continuous 

processing models 

Accelerated 

development and 

flexible operating 

conditions 

[42] 

Docetaxel-loaded 

Liposomes 

Inconsistent sizes 

and low 

encapsulation 

efficiency 

Incubation time, 

cholesterol 

concentration, 

drug-to-lipid ratio 

Optimized liposome size 

and encapsulation 

efficiency, favorable for 

tumor targeting 

[43] 

Paclitaxel-loaded 

Liposomes 

Investigating the 

impact of lipid 

composition, 

Lipid composition, 

cholesterol content, 

drug-to-lipid ratio 

Optimized liposome 

size, zeta potential, drug 

loading, and in vitro 

[27] 
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cholesterol content, 

and drug-to-lipid 

ratio 

release for effective 

tumor targeting and drug 

delivery 

Gemcitabine-

loaded Liposomes 

Challenges with 

drug stability and 

encapsulation 

efficiency 

Lipid composition, 

cholesterol content, 

drug-to-lipid ratio 

Stable formulation with 

high drug loading, 

suitable for cancer 

therapy 

[44] 

Irinotecan-loaded 

Liposomes 

Enhancing size, 

zeta potential, drug 

loading, and in 

vitro release 

Lipid composition, 

cholesterol content, 

drug-to-lipid ratio 

Improved drug delivery 

and therapeutic efficacy 

[45] 

Vincristine-loaded 

Liposomes 

Low encapsulation 

efficiency and high 

drug leakage 

Lipid composition, 

drug-to-lipid ratio 

Increased encapsulation 

efficiency, reduced drug 

leakage, enhanced 

stability, and therapeutic 

efficacy in vitro 

[46] 

Cisplatin-loaded 

Liposomes 

Low antitumor 

activity due to 

rapid drug release 

Phospholipid 

content, cholesterol 

incorporation 

Optimized balance 

between drug retention 

and release, improved 

antitumor efficacy in 

vivo 

[47] 

Methotrexate-

loaded Liposomes 

Optimizing lipid 

composition, 

cholesterol content, 

and drug-to-lipid 

ratio 

Lipid composition, 

cholesterol content, 

drug-to-lipid ratio 

Enhanced drug delivery 

and therapeutic potential 

[48] 

Dexamethasone-

loaded Liposomes 

Challenges with 

drug stability and 

release profiles 

Lipid composition, 

hydration 

conditions 

Improved encapsulation 

efficiency and controlled 

release, enhancing 

therapeutic potential for 

inflammatory diseases 

[49] 

Amphotericin B-

loaded Liposomes 

High toxicity and 

poor stability 

Lipid ratio, 

hydration time 

Reduced toxicity, 

improved encapsulation 

efficiency, and stability 

under various storage 

conditions 

[50] 

Insulin-loaded 

Liposomes 

Enhancing drug 

stability and 

release kinetics, 

preventing rapid 

degradation 

Stabilizers, 

adjusted storage 

conditions 

Stable formulation with 

high insulin retention 

over time 

[51] 

Curcumin-loaded 

Liposomes 

Poor drug loading 

due to suboptimal 

phospholipid 

concentration and 

hydration time 

Phospholipid 

concentration, 

hydration time 

High encapsulation 

efficiency and sustained 

release 

[52] 

Incorporate Emerging Trends in Smart and 

Stimuli-Responsive Liposomes 

pH-responsive liposomes are novel drug delivery 

systems that release their drug content only under 

acidic conditions, likely in tumor tissues. These 
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liposomes have been coated with pH-sensitive 

polymers, which allow conformational changes 

that enhance drug release at lower pH 

values.Research has indicated that polymers such 

as polyacrylic acid are useful in enhancing the 

release of drugs in acidic conditions. When the pH 

falls, these polymers expand and disintegrate, 

increasing the drug's availability in particular 

areas, reducing systemic toxicity, increasing the 

therapeutic efficacy, and improving the liposomal 

formulations' ability to target targets [53]. The 

permeability of temperature-responsive liposomes 

is modified at particular temperatures through the 

use of thermosensitive components. These 

liposomes are especially useful for treating 

localized hyperthermia because they can 

efficiently release their contents when heated. 

Studies have shown that temperature-sensitive 

liposomes that are modified with polymers like 

poly(N-isopropylacrylamide) (PNIPAAm) are 

effective. When these liposomes are subjected to 

temperatures higher than 37°C, they undergo a 

phase transition at a lower critical solution 

temperature (LCST), which causes membrane 

disintegration and improved drug release. This 

method increases tumor vascular permeability and 

promotes increased drug retention in specified 

locations, which helps with site-specific drug 

delivery and enhances the effectiveness of 

hyperthermia treatments [54]. Light-responsive 

liposomes enable accurate regional control over 

drug release by releasing their drug content in 

response to particular light wavelengths. For 

applications like photodynamic therapy, where 

localized treatment is essential. Studies show 

that the creation of photosensitizer-containing 

light-sensitive liposomes that trigger the release of 

drugs when exposed to light. With minimal 

adverse impact on nearby healthy tissues, these 

liposomes can efficiently transport medications to 

the desired sites. With fewer systemic adverse 

effects and increased treatment success, this 

focused method shows great promise in cancer 

therapy [55]. By utilizing external magnetic fields, 

magnetic field-responsive liposomes are used 

to improve targeted drug delivery. These 

liposomes often contain magnetic nanoparticles, 

which enable accurate delivery to particular 

target areas, such as tumor spots. The efficacy of 

liposomes modified with magnetic nanoparticles 

that can targeted to tumor areas with the use of an 

external magnetic field. Temperature-responsive 

polymer integration is used to release drugs under 

controlled heating conditions, resulting in a dual 

process that improves targeting and therapeutic 

efficacy [56]. 

Biohybrid Liposomes: Integrating Living Cells 

with Artificial Nanocarriers 

Lipid-hybrid cell-derived biomimetic functional 

materials combine liposomes with biological 

components obtained from cells, like bacterial 

outer membrane vesicles, extracellular vesicles, or 

cell membranes, providing an innovative approach 

in drug delivery systems. These hybrid materials 

make use of the inherent targeting abilities and 

immune evasion characteristics of cell-derived 

components, in addition to the high drug-loading 

capacity and flexibility of liposomes. Thin-film 

hydration is also used to make liposomes, and lipid 

compositions can be tuned for stability, targeted 

distribution, and controlled drug release. For 

example, lipids such as 1-myristoyl-2-stearoyl-sn-

glycero-3-phosphocholine combined with 

polyethylene glycol to create temperature-

sensitive liposomes that have improved 

functioning. Liposome hybridization with EVs, 

OMVs, or cell membranes produces biomimetic 

materials with enhanced immune-

modulating, targeting capabilities and improving 

medication delivery efficiency [57]. 
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Table 3: Various biohybrid liposomes and their purpose 

Liposome 

Type 

Cell Type Purpose Reason Refer

ence 

Cell-

Membrane-

Coated 

Liposomes 

Cancer cell 

membranes 

Enhance targeted drug 

delivery 

Evades the immune system 

and improves targeting to 

tumor sites. 

[58] 

Liposomes with 

Immune Cell 

Membranes 

Macrophages Improve delivery of 

Immuno-therapeutics 

Enhances targeting and 

activation of the immune 

response against tumors. 

[59] 

Liposomal 

Systems with 

Stem Cells 

Mesenchymal 

stem cells 

(MSCs) 

Deliver therapeutic 

agents for tissue 

regeneration 

Enhances homing to 

damaged tissues, 

improving regenerative 

therapy efficacy. 

[60] 

Liposomes with 

Bacterial 

Membranes 

Bacterial cells Enhance drug delivery 

and target bacterial 

infections 

Improves targeting and 

penetration of bacterial 

biofilms. 

[61] 

Liposomes with 

Neuronal 

Membranes 

Neuronal cells Deliver drugs for 

neurological disorders 

Enhances delivery of 

therapeutics across the 

blood-brain barrier. 

[62] 

Hybrid 

Liposomes with 

Erythrocyte 

Membranes 

Red blood cells 

(erythrocytes) 

Improve circulation 

time and drug delivery 

Prolongs circulation time, 

enhancing delivery to target 

tissues. 

[63] 

Liposomes with 

Platelet 

Membranes 

Platelets Enhance targeting to 

inflamed tissues 

Targets sites of 

inflammation, promoting 

localized drug delivery. 

[64] 

Liposomes with 

Fibroblast 

Membranes 

Fibroblasts Improve delivery for 

wound healing 

Enhances targeting to sites 

of tissue injury, promoting 

healing. 

[65] 

Liposomes with 

Dendritic Cell 

Membranes 

Dendritic cells Enhance vaccine 

delivery and immune 

activation 

Improves immunogenicity, 

making liposomes effective 

for vaccine delivery. 

[66] 

Liposomes with 

Tumor Cell 

Membranes 

Tumor cells Enhance targeted 

cancer therapy 

Targets and delivers drugs 

specifically to cancer cells, 

improving efficacy and 

reducing off-target effects. 

[67] 

Table 4: Advancement in liposome formulation 

Liposome 

Type 

Mechanism of Action Purpose Example Refere

nce 

Long-

Circulating 

Liposomes 

Engineered to evade 

the RES by surface 

modification (e.g., 

PEGylation) to reduce 

opsonization and 

prolong circulation 

time. 

Enhance 

bioavailability by 

increasing 

circulation time, 

particularly in 

cancer therapy. 

PEGylated liposomes 

improved the 

pharmacokinetics of 

doxorubicin, increasing 

drug concentration in 

tumor tissues. 

[68] 

Stimuli-

Responsive 

Liposomes 

Designed to release 

drugs in response to 

stimuli such as pH, 

temperature, light, or 

Achieve site-

specific drug 

delivery and 

enhance 

pH-responsive 

liposomes released 

camptothecin in tumor 

tissues, improving 

[69,70] 
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redox conditions, 

causing membrane 

destabilization. 

therapeutic 

efficacy at the 

desired site (e.g., 

tumors). 

targeting while sparing 

healthy tissues. 

Nebulized 

Liposomes 

Aerosolized liposomal 

formulations for 

inhalation, allowing 

drug delivery to the 

lungs. 

Treat respiratory 

diseases by 

enhancing drug 

deposition in the 

lungs. 

Nebulized liposomes 

containing 

corticosteroids improved 

drug delivery in asthma 

models. 

[71] 

Elastic 

Liposomes 

Flexible lipid bilayers 

allow enhanced 

penetration through 

biological barriers. 

Improve drug 

absorption and 

bioavailability for 

transdermal, oral, 

or topical 

applications. 

Elastic liposomes 

enhanced the 

transdermal delivery of 

NSAIDs, improving skin 

permeation. 

[72,73] 

Covalent 

Lipid-Drug 

Complexes 

Therapeutic agents are 

chemically linked to 

lipids, enhancing 

membrane penetration 

and bioavailability. 

Improve 

bioavailability of 

poorly soluble 

drugs. 

Paclitaxel-lipid 

conjugates increased 

cellular uptake and 

cytotoxicity in cancer 

cells. 

[74,75] 

Combination 

Therapies 

Co-delivery of multiple 

therapeutic agents, 

enhancing synergistic 

effects for better 

treatment outcomes. 

Target multiple 

disease pathways, 

particularly in 

cancer therapy. 

Liposome co-

encapsulated 

alendronate and 

doxorubicin (PLAD) on 

the tumor immunologic 

milieu in a mouse 

fibrosarcoma model.  

[76] 

Photosensitize

r-Doped 

Liposomes 

Release drug contents 

upon exposure to light, 

allowing controlled 

release during 

photodynamic therapy. 

Enhance localized 

drug release for 

improved 

therapeutic effects 

with minimal 

systemic 

exposure. 

Photosensitizer-doped 

Indocyanine 

Greenliposomes 

enhanced photodynamic 

therapy by increasing 

tumor cell death upon 

light activation. 

[77] 

Enzyme-

Triggered 

Release 

Systems 

Release drug contents 

in response to specific 

enzymes 

overexpressed in 

pathological 

conditions, altering 

liposome structure. 

Targeted drug 

delivery with 

reduced side 

effects. 

Liposomes released 

drugs in the presence of 

MMP-2, effectively 

delivering 

chemotherapeutics to 

cancer cells. 

[78] 

Emphasize Multi-Disciplinary Collaborations 

and Future Directions 

Multidisciplinary teams working in the fields of 

chemistry, engineering, bioinformatics, and 

nanotechnology are needed to develop liposomal 

drug delivery methods. By utilizing modern 

technologies like microfluidics and 3D printing, 

engineers improve the design and manufacturing 

of liposomes and provide reliable, reproducible 

formulations with regulated drug release profiles. 

Future initiatives will concentrate on adaptable, 

scalable procedures that guarantee clinical 

application and quality control [79].Large datasets 

on liposome formulations, interactions, and 
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biological reactions are analyzed with outstanding 

results by bioinformatics, and machine learning 

can be used to optimize formulations and predict 

their behavior in biological systems, improving the 

safety and efficacy of drug administration. 

Materials like graphene and gold nanoparticles to 

improve stability, drug loading capacity, and 

targeting abilities specifically in cancer therapies 

by nanotechnology that makes it possible to 

control liposomal characteristics at the nanoscale. 

The field of chemistry and its usefulness in the 

biocompatibility of liposomes will be improved by 

the creation of new lipids and conjugation methods 

of attaching pharmaceuticals and targeting ligands 

to liposomal surfaces. The novel potential of these 

multidisciplinary efforts is demonstrated by 

innovations such as the use of cationic lipids for 

siRNA transport in gene therapy and the 

combination of liposomes with gold nanoparticles 

to enhance photothermal effects in cancer 

treatments. Future liposomal technologies could 

lead to enhanced therapeutic applications for a 

large number of diseases [80]. 

CONCLUSION 

Liposome progression from simple drug carriers to 

complex with customizable delivery systems 

demonstrates their transformative potential in 

modern treatment. This review demonstrates that 

by employing advanced computational modeling, 

machine learning, and sensitivity analysis, 

researchers can significantly improve the liposome 

formulations thereby enabling them to target 

action and patient profiles. Recent advances 

particularly smart and biohybrid liposomes can be 

used to enhance the sensitivity and effectiveness, 

particularly in cancer and gene therapy. In the 

future, some interdisciplinary collaboration of 

engineering, bioinformatics, and nanotechnology 

may be happening that will overcome challenges 

in large-scale production of liposomes, regulatory 

compliance, and clinical application. With 

progressive innovation and technological 

integration, liposomes also playa major role in 

personalized medicine that provides more 

effective, safer, and targeted treatment options for 

wide diseases. 
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