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ABSTRACT

Liposomes, since their discovery have emerged as valuable nanocarriers in drug delivery and molecular
biology, significantly enhancing the therapeutic index of many drugs. They were first coined in early 1960s by
discovery by Bangham and co-workers. Beyond their conventional applications, a growing interest lies in
integrating liposome technology with bioinformatics. Bioinformatic tools plays an important role in predicting,
analyzing and simulating complex biological processes. These tools offer deeper insights into liposomal
interactions with biological systems. Thanks to this advanced computational modeling, scientists can now design
liposomes with improved targeting abilities, optimized stability, and enhanced therapeutic potential. One such
model i.e Quantitative Structure—Activity Relationship (QSAR) is used for the precise prediction of liposome—
drug and liposome—cell interactions, ultimately contributing to higher drug efficacy and reduced adverse effects.
Many studies conducted till date throw light upon the promising synergy between liposomes and bioinformatics,
highlighting its potential to transform drug delivery. This review explores this integration, focusing on how
computational approaches can advance liposomal design, precision, and efficiency in therapeutic applications.
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INTRODUCTION

There have been major revolutions in the field of
Nanotechnology, especially in drug delivery, medicine,
specifically nanomedicine. These revolutions counter a
key impetus for the development of various types of
drug-carrying nanomaterials including; liposomes,
micelles, polymeric nanoparticles etc (Lu et al., 2021).
Liposomes; the concerned nanocarriers in this review,
first coined by Alec D. Bangham in 1965 comprises of
phospholipid bilayers, represents a pioneering class of
therapeutic nanoparticles (NPs) specially approved for
clinical use (Abbasi et al., 2022; Hamid et al., 2024).
Since discovery, they have successfully embarked a
significant portion of clinical stage nanotherapeutics,
and still many more are in the pipeline. Thanks to their
bioavailability, biocompatibility, non-toxicity, and
biodegradability they have made way progressively in
the market (Li et al., 2019; Abbasi et al., 2022) . These
nanocarriers have the potential to entrap hydrophobic
and hydrophilic drugs in them. As discussed earlier
they are comprised of the phospholipid bilayers, these
bilayers help them in the protection and stabilization of
encapsulated drugs, enhancing their pharmacological
effectiveness. Additionally, surface modification of
liposomes with polyethylene glycol (PEG) impart
stability in them, increasing their shelf life directing

them toward the host’s reticuloendothelial system
(RES) (Najlah et al., 2019). This PEGylation process,
involving covalently linking PEG chains to liposomes,
has emerged as a pivotal strategy for enhancing the
pharmacodynamic properties of therapeutic agents
(Kanamala ef al., 2019). PEGylated liposomes are
frequently approved for clinical use due to their
improved residence time and effective targeting
capabilities (Mohamed et al., 2019).

The  combination  of  liposomes  with
Bioinformatics has given molecular biology research a
new height. While traditional liposome development
relies heavily on experimental trial-and-error,
integration with bioinformatics allows for rapid,
precise, and predictive design of liposomal
formulations, optimizing drug encapsulation, targeting,
and release profiles more efficiently than conventional
approaches (Eugster et al, 2024). Thanks to
bioinformatic tools we are able to design and predict
the combination of liposomes with drugs to be
encapsulated in them. We can get a control over
customized drug release towards target sites under
favorable conditions

(Han ef al., 2023). Through these tools the drug
encapsulation efficiencies can also be determined, and
we can predict the influence of molecular interactions
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on liposomal behavior (Aghanejad ef al., 2021). Such
advancements are a triumph success in the overall
enhancement of therapeutic outcomes (Patel and
Ghosh, 2022).

Composition of liposomes: Liposomes vary in size,
they are used to encapsulate hydrophilic and
hydrophobic drugs (Sharma et al., 2018; Nakhaei et al.,
2023). Due to the presence of phospholipid bilayers,
liposomes are able to promote active cellular uptake by
actively binding to the cell membrane (Gonda et al.,
2019). They can further be classified on the basis of
their lamellarity, ranging from small uni-lamellar
vesicles (ULVs) to large multi-lamellar vesicles
(MLVs), with each of them varying in their size range,
and key features (Liu et al., 2022). When discussing
about the composition of liposomes its important to
know that they are biocompatible in nature, they reduce
toxicity and make the encapsulated material
bioavailable when taken. Furthermore, they are able to
cross the biological barriers due to their lipid profiles,
thereby facilitating their absorption. The traditional
neutral liposomes tend to aggregate and assemble
together due to their amphiphilic structure, as a result
they yielded high polydisperse distribution, drug
leakage, and inefficient drug delivery resultantly low
encapsulation efficiency, as compared to modern
liposomes which yield high encapsulation efficiency
liposomes (Jia et al., 2023).

Preparation and characterization of liposomes:
Liposomes can be prepared through different means
(Aslam et al., 2022). The preparatory methods include;
solvent injection method, thin film hydration method,
rehydration- dehydration method, detergent removal,
reverse phase evaporation and freeze thaw method
(Nsairat et al., 2022). Each method comprises of its
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own properties and features (Lombardo, D., &
Kiselev., 2022), resultantly producing liposomes with
difference in their charge, particle size and surface
hydration (Yan et al., 2020), their characterization is
based on their size, shape, distribution, lamellarity and
encapsulation (Cuazzo et al., 2021; Fan et al., 2021).
Different parameters can be used to characterize
liposomes, for instance dynamic light scattering (DLS),
atomic force microscopy (AFM), Zeta sizer,
fluorescent based assays, scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), UV-Vis-spectroscopy, flow cytometry, lipid
mixing assay, nuclear magnetic resonance (NMR),
HPLC, and immune-cytochemistry are more common
in practice (Sharma et al., 2018; Torres Flores et al.,
2020; , Nsairat et al., 2022).

Liposomes as the Drug delivery vehicles: Different
nanocarriers are available to cargo drug in the body,
using different administrative routes. Liposomes are
one of them, because of their biocompatible and
bioavailable nature as shown in Figure 1. They have
been extensively used to achieve targeted drug
delivery with reduced toxicity and side effects. Many
FDA approved liposomal formulations like Doxil®,
AmBisome®, Mayocet®, Abelcet®, Mepact® etc
(Bulbake ef al 2017) are readily available in the market
and still more are in the pipeline (Man et al., 2019;
Almeida et al, 2020). Many fields like
pharmaceutical, material, and biomedical sciences
have obtained quite remarkable progress in the
research area of drug delivery (El-Hammadi, 2019).
Liposomes are becoming a choice now a days because
of its ability to modify the conventional drugs to
achieve targeted drug delivery (Pauli et al., 2019;
Gagliardi and Ashizawa, 2021).
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Figure 1: Benefits of liposomal drug delivery systems.
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Drug loading pathways: The moment the drug is
being loaded in liposomes, they aids the drug to move
towards its target specifically with few traces of its side
effects in the rest of the body (Tamam ez al., 2019).
Two mechanisms of drug loading are used in liposomes
either its active loading (remote loading) or passive
loading (Pande, 2023). Liposomes are prepared first
and then drug is being incorporated in them, this
technique is active loading of drug which is used to
achieve high encapsulation efficiency along with
enhanced drug stability. The advantage of using this
method is that it helps preventing the drug leakage.
Moreover, active loading also known as the “remote
loading” is an substitute strategy for drug
encapsulation taking advantage of transmembrane
chemical gradients involving buffer or ammonium
sulphate gradients (Aslam et al., 2022; Pisani et al.,
2023) to entrap amphipathic compounds from the
surrounding environment into preformed liposomes,
increasing their encapsulation efficiency (Maja et al,
2020). Whereas there is another method also available
in which the drug of choice is added during thin film
preparation of liposomes, this method is termed as the
passive loading, generally this method is not much
appreciated because Passive loading relies on random
drug encapsulation during the formation of liposomes,
which leads to very poor reproducibility, low
encapsulation efficiency and drug leakage especially
for hydrophilic or amphipathic molecules ( Allen and
Cullis, 2013; Vakili-Ghartavol et al., 2020).
Applications of liposomes: Liposomes have a wide
range of applications so far. In drug delivery they are
used to achieve target specificity (Guimardes et al.,
2021). They also help in improving the distribution of
drug in body making it bioavailable towards the
infectious site only (Farooque ef al., 2021). This helps
in the promotion of very effective delivery of drug
encapsulated compounds towards the targeted sites
(Basu et al., 2021). Liposomes as nanocarriers;
currently holds a variety of applications in different
domains of sciences including immunology,
dermatology, vaccine adjuvant, brain targeting
therapeutics, multiple eye disorders, tumor therapy and
targeting infectious diseases (Kumbham et al., 2023).
Challenges in Liposome-Based Drug Delivery
Systems: Biological challenges: As soon as liposomes
mark their presence in the body, they come across with
the defense mechanisms including include the
reticuloendothelial system (RES), immunogenicity,
and opsonization, identify, neutralize, and eliminate
them accordingly (Peng et al., 2023). However, this
rapid clearance can limit their effectiveness in drug
delivery. To overcome these challenges other factors
are opted by researchers like enhanced permeability
and retention (EPR) effect which is phenomena where
liposomes preferentially accumulate in infectious site
due to leaky vasculature and poor lymphatic drainage.
This natural targeting mechanism helps liposomes
deliver drugs more efficiently despite immune
clearance issues (Sawant & Torchilin, 2012).
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Challenges in Pharmaceutical liposomal delivery:
Although there are dozens of the liposomal
medications present in the market, still the research and
development in this area remains a significant
challenge, requiring the simultaneous optimization of
multiple factors to make a final safe and effective
formulation of liposomes (Guimaraes ef al., 2021).

In Vivo Challenges of Liposomal Fate: Liposomes,
in comparison to free drugs, experience a more
intricate  biological  process. = However, the
comprehensive understanding of their biological fate
remains incomplete. Presently, there is limited insight
into the dynamic interactions among the three primary
elements; drug, carrier, and material, along with
ligands, surfactants, and stabilizers serving as
contributory factors (Li et al., 2019). Fundamental
questions about the precise timing, location, and
mechanisms of drug release from liposomes during in
vivo studies remain mainly unanswered. A thorough
understanding of liposomal behavior is essential for
optimizing their design and expediting their clinical
translation. The FDA guidance document for liposome
drug products stresses the importance of reporting both
free and total drug quantities in pharmacokinetic
studies (FDA, 2018).

However, there is a need to separate and quantify
the free and encapsulated drugs. Traditional
techniques, such as radiation and fluorescence labeling,
are hindered by significant interference between
signals from released drugs and the liposomal carriers
(Chen et al., 2019). Drug encapsulated Liposomes can
be considered as "macro-prodrugs" that remain
inactive on their release however when conditions
become favorable, they are converted to free
molecules. For example, liposomal doxorubicin
requires entry into the nucleus to interact with DNA for
its cytotoxic action (Liu et al., 2022). Only the free
drug in the nucleus is bioavailable. Despite this, the
kinetic processes of drug release at tumor sites, within
cells, and in the nucleus remain poorly understood,
often described as a "black box." The plasma
concentration of drugs encapsulated in liposomes does
not reliably reflect their concentration towards the
target, such as the nucleus. Thus, a better grasp of
liposomal drug delivery is critical for rational design.
However, separating free drugs from encapsulated
drugs in tissues or target cells remains challenging,
necessitating the development of advanced
bioanalytical techniques (Smits ef al., 2019). Emerging
strategies, including stealth coatings beyond PEG,
ligand-mediated targeting, and stimuli-responsive
liposomes, are being developed to prolong circulation,
improve site-specific delivery, and achieve a controlled
release. Highlighting these approaches would
strengthen  the  discussion on  overcoming
pharmacokinetic limitations (Suk et al., 2016).
Challenges in Liposome Preparation: Liposomes
can be prepared through several methods present till
date, with each one having its own pros and cons (Liu
etal.,2018; Shrimal et al., 2020). Often, a combination
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of these methods is used, resulting in multi-step
procedures that complicate quality control across
production batches. Ensuring consistent particle size
and its distribution, surface charge, and release
behavior of drug across batches presents quite a
significant challenge. The scalability of these processes
remains one of the major obstacles, as in order to meet
the needs of liposomal products one has to customize
the equipment used for their production involving
specialized mechanical and engineering technologies
(Worsham et al., 2019).

Introduction to Bioinformatics: Bioinformatics
made its way before DNA sequencing. The historical
marks highlighted for its origin are the finding of DNA
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structure by Watson and Crick back in 1953, which has
been integrated into biotechnology yielding various
applications with advancements including the database
development for genomic and proteomics (Du et al.,
2023). It helps in the analyses of computational data for
wet-lab, genome sequencing and identification of
protein coding segments (Ghosh et al., 2024). Due to
its multidisciplinary character, bioinformatics can also
be regarded as “the application of computational tools,
used for the organization, understanding, visualization,
analyses and information storage house for many
applications (as shown in Figure 2) associated with
biological macromolecules (Diniz et al., 2017; Clark et
al., 2024).
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Figure 2: Different applications of Bioinformatics.

Bioinformatics with the aid of its tools helps to
align and compare newly sequenced genomes with
known genes, facilitating gene annotation and
functional characterization, data retrieval and storage
(Poetsch and Li, 2023). Bioinformatics is a relatively
new field that connects the biology sciences and
computer sciences. The enormous increase of
biological sequence information necessitates the
integration of these two fields. Thanks to the emerging
technologies of Omics through which researchers are
able to use different tools to examine the differences in
proteins, DNA, RNA and other biological components
among different species (Hasin et al., 2017).

Bioinformatics Tools and Databases: Despite being
a relatively young field, bioinformatics has made

significant contributions to microbiology and
biotechnology by developing innovative tools,
algorithms, and discoveries that refine our

understanding of microbial cell, its functions and
behaviors. These bioinformatic tools shown in Figure
3 and databases shown in Figure 4 are vital sources for
researchers as they aid in data retrieval, analysis and
development of predictive models, These databases are
also capable for managing, integrating and storing
comprehensive information about gene’s location,
function, annotation and expression analysis (Zhao et
al., 2023).
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Figure 3: Overview of commonly used Bioinformatics tools.
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Figure 4. Some of the highly used Bioinformatic Data bases

Bioinformatics Integration in Drug Discovery: The
convergence of bioinformatics and drug discovery has
greatly transformed the pharmaceutical industry by
enabling faster identification of promising drug
candidates and optimizing their therapeutic potential
(Mustafa et al., 2023). Bioinformatics helps overcome
a significant challenge in drug discovery by analyzing
vast genomic and proteomic datasets to identify
potential drug targets stealing the process of
identification of suitable targets for therapeutic
intervention (Xu et al., 2023). Bioinformaticians can
identify key molecules that are involved in disease

processes by analyzing gene expression patterns,
protein-protein interactions, and metabolic pathways
(Du et al., 2023). This information is then used to
design drugs, that specifically target these molecules,
which boosts the likelihood of successful therapeutic
outcomes (Paananen and Fortino 2020). Different steps
are used to discover a particular drug using
bioinformatics as shown in Figure 5. Another
important aspect of drug discovery is the prediction of
drug efficacy and safety (Reichel, A., & Lienau, 2016).
Traditional in vitro or in vivo methods for drug testing
are costly and time-consuming. Bioinformatics offers a
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complementary approach, using computational models
to predict the drug-target interactions. These models
integrate a range of factors such as molecular structure,
binding affinity, and pharmacokinetics to estimate the
effectiveness and behavior of a drug candidate in the
body. Furthermore, by prioritizing the top-performing
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candidates, researchers can streamline the development
processes for further testing, saving time, cost and
resources (Malathi, K., & Ramaiah, S, 2018).

Target
Identification
l Lead
Identification \
Target Validation Pre_Clinical
Lead Testing
Optimization /
Clinical Testing

Figure 5. The crucial steps of drug discovery using bioinformatics approach.

Bioinformatic tools are essential for analyzing high-
throughput screening data for drug discovery, shown in
Figure 6. They help to identify and characterize various
compounds required for drug discovery, using their
metabolic profiles. The metabolic pathways to analyze
repurposed drugs and the identification of potential off-
target effects of present medications, leading to the
discovery of new therapeutic applications are all driven
by Bioinformatics reducing the financial barriers

(Tanoli, et al., 2021; Amiri Ssouri et al., 2023). To
further relate the integration of bioinformatics in drug
delivery one such case study repots the Molecular
Dynamics for Lipid—Drug Interactions, which states
that bioinformatics-based modeling can predict drug
partitioning, membrane insertion, and stability, which
guided optimization of lipid composition for improved
encapsulation efficiency (Bunker et al., 2021).

B Enzymes -
T | identification I,l
/" /" Modelling &
Metabolites I ~— ] prediction of
| identification - | _ | metabolic |
| pathway !
e I, Drug Metabolism & .
/ Bioinformatics
III Drug III Toxicity
| modification’, | | prediction |
N SN — /N d
[ mgn
| throughput | Pharm:_u:oge |
. screening nomics

Figure 6. Drug metabolism and Bioinformatics
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CONCLUSION AND FUTURE PROSPECTIVES

The integration of computational tools and
algorithms with biological and chemical data has been
fast-tracking the drug discovery process with high
success rates and low cost. Drug effectiveness and
safety can be optimized using the bioinformatic tools,
this has given a tremendous increase in terms of drug
discovery.

However, there still occurs many challenges, when
dealing with drugs, which needs to be addressed at their
earliest for the integration of bioinformatics into the
drug discovery process. To overcome this issue there is
a need to integrate and standardize the data in better
ways using predictive models, for this purpose new
data formats and ontologies must be developed for data
integration and comparison following bioinformatic
tools. Despite of the fact that machine learning has
gained much importance till date for drug discovery,
still improvement is required in the efficiency and
reliability of the predictive models for more
comprehensive datasets including; information on both
positive and negative outcomes. Interdisciplinary
collaboration remains another important factor found
critical for the integration of bioinformatic tools in drug
discovery. Drug discovery; a multidisciplinary field
requires expertise from other fields including;
chemistry, Dbiology, computer science and
pharmacology. To leverage the potential of
bioinformatics in drug discovery, researchers from
these different disciplines should come to one platform
to work for its betterment. As a result of this cross-
disciplinary collaboration, data is shared among
expertise of all disciplines which leads to the
development of new tools and methods tailored to meet
the inimitable needs of drug discovery, accelerating
innovation and progress in the field of drug delivery are
developed. Furthermore, it can also be stated that
frameworks such as the European Bioinformatics
Institute (EMBL-EBI), the NIH’s GenBank and
PubChem, and integrative platforms like ELIXIR also
play vital role in facilitating such collaboration by
standardizing data formats and providing centralized
access to genomic, chemical, and pharmacological
datasets. These platforms enable cross-disciplinary
knowledge sharing, foster the development of new
predictive tools and methods, and ultimately bridge
existing gaps, thereby accelerating innovation and
advancing effective drug delivery systems.
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