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Review

The evolution of lipid nanoparticles (LNPs) has been remarkably
interesting and in beneficent directions for food and health
industries working towards human well being. Since the discovery of the firstgeneration lipid based self-assembled nanostructures, i.e., liposomes in the
1960s, it has witnessed significant advances in their development and
distinctive potential in different application domains. Based on the composition
and structure, these lipid-based structures have varied from liposome to lipid
nanoparticles, e.g., solid lipid nanoparticles (SLNs) & nanostructured lipid
carriers (NLCs) to overcome certain limitation pertaining to their use in different
fields. The outstanding application of LNPs as therapeutic delivery systems has
made them key players to treat different human disorders including the fatal
cancers. Their life-saving global contribution has recently been witnessed in the
form of mRNA vaccines against deadly COVID-19. They have also significantly served purpose in other domains such as biomedical imaging,
cosmetics, nutrition, and agriculture. Their prominent role is in the area of anticancer therapy as delivery vectors for nucleic acids and drugs.
Some issues with respect to the cellular delivery of drugs and genes, such as circulation time and stability have been somewhat resolved,
but the unmet goal of site-specific substantial delivery remains the main focus in LNPs development research. Despite the promise shown
by LNPs in animal studies and the fact that technological advances in LNPs research have made the approval possible of a few formulations,
therapeutic outcomes in human are not satisfactory. The LNPs technology has managed to survive due to possible tailoring of their properties
by virtue of the possibility of altering the composition and modifying the surface. Therefore, enormous scientific endeavours are on the rise
to transform lipid structures, composition along with tinkering with surface of LNPs. The alternative methods to guide LNPs coupled with
advances in small molecule nucleic acid therapeutics and drug development technology to make the entry possible to specific cells may be
effective in cancer therapy. The development is very promising; however enduring efforts are required till the goal is reached.
ABSTRACT
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INTRODUCTION
The amphiphilic molecules tend to self-assemble in aqueous
medium wherein the polar heads are exposed to water and
hydrophobic tails create a hydrophobic interior. The origin of this
notable phenomenon lies in the experiments with phospholipids
performed by Bangham in the 60’s.1,2 This reorganisation of
phospholipids in aqueous medium led to the discovery of
liposomes which consisted of microscopic closed bilayers
assemblies resembling to cell membranes with inner aqueous
compartments. Interestingly these structures were capable of
accommodating hydrophilic, hydrophobic and amphiphilic
molecules which presented the doorway to their huge potential
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applications.2 Thereafter, the liposomes research saw tremendous
upsurge in its development and substantial number of studies
were performed by employing different amphiphilic structures,
altering their compositions and surface pertaining to different
applications. The lipid based nanoparticles composed of only
solid lipids were also developed and termed as solid lipid
nanoparticles (SLNs) which possess highly ordered crystalline
structure. A lipid nanoparticles of next generation that is,
nanostructured lipid carriers (NLCs) was also developed by
mixing liquid and solid lipids to deal with limitations associated
with SLNs.3 The solid lipids are mainly saturated fatty acids
which make them solid at room temperature, however the liquid
lipids are mainly those from unsaturated fatty acids which makes
them liquid at room temperature.3 The main areas wherein the
properties of these lipid based nanostructures were explored
includes drug/gene delivery technology, cosmetics, and food
industry.2 The food industry uses lipid nanoparticles into foods
and beverages especially for the encapsulation of hydrophobic
biomolecules which improves their stability and increases
absorption by the gastrointestinal tract.3 The therapeutic delivery
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of nucleic acids and drugs using liposomes and different lipid
based nanoparticles against different health conditions remains a
major field of scientific research till date. The LNPs as drug
carriers have shown their potential to deliver hydrophobic drugs
against different cancer types. Initially the LNPs based delivery
approach suffered the major problem of their recognition by the
immune system in the body which was subsequently overcome
by their PEGylation which led to their prolonged blood
circulation times and the development of clinically applicable
drug containing lipid formulations.4,5 On the other hand, cationic
lipid based liposomes were pioneered by Felgner and coworkers
to deliver the negatively charged nucleic acids across negatively
charged mammalian cell membranes.1,6 This study revolutionized
the field and it was further expanded to delivery of other nucleic
acid types like microRNA (miRNA) and small interfering RNA
(siRNA).1,6 The gene therapy field (RNAi and CRISPR/Cas-9)
has been highly benefitted with liposome technology and has
won approval from FDA for a lipid-siRNA combination against
polyneuropathy. Very importantly, the recent development of
lipid based mRNA vaccines against COVID-19 is an example
which demonstrates the tremendous potential of LNPs based
therapeutic delivery.7,8 In order to reach the therapeutic
concentrations of either therapeutic drugs or nucleic acids within
the cells, the lipid NPs have been also modified to respond to
either some external stimuli (e.g., temperature and light) or
specific biological stimuli (e.g., pH and redox potential).9,10 The
nanoparticles release the cargoes in substantial amount in
response to such stimuli and thereby increasing the intracellular
concentration effective enough to have therapeutic action. This
strategy has been quite successful in treating drug resistant
cancers where cells acquire resistance against repeated free drug
treatments. The non-specific distribution of nanoparticles leads
to severe side effects and therefore to achieve the target specific
therapeutic affects, the LNPs have also been decorated with
targeting ligands such as monoclonal antibodies, aptamers,
peptides and certain biomolecules such as folate and biotin.10 The
antibody-coated immunoliposomes (e.g., epidermal growth
factor receptor; EGFR) appear to be very promising to selectively
target the cancer cells and have been part of clinical trials.11 The
advances in LNPs research has also developed multifunctional
NPs equipped with the ability to facilitate optical imaging along
with delivery action.10 In addition, the advances in production
technology for LNPs such as microfluidics have the potential to
facilitate their commercial and clinical applications.12 The
following text discusses in brief the progress shown by lipid
nanoparticles in therapeutic delivery applications.
Application of lipid nanoparticles (LNPs) in medicinal
field: The lipid based nanocarriers ranging from liposomes to
next generation lipid-based nanoparticles viz. NLCs and SLNs,
have been widely appreciated for their use in biomedical
applications.13 The ability of these nanostructures to hold variety
of drug molecule and nucleic acids (DNA, mRNA and siRNA)
(Figure 1) has led to their potential application against different
diseases including the deadliest cancers and life-threatening viral
infections such as COVID-19 to deliver therapeutic
outcomes.13,14
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Figure 1. The schematic depiction of the liposome as delivery
vehicle for therapeutic drugs and nucleic acids.

LNPs in cancer treatment: The chemotherapy using
cytotoxic small molecules is one of the most generally prescribed
methods to treat cancer. However, the major restriction in
eliciting their full potential is the hydrophobic nature of many
potential anticancer drug molecules and lack of specificity which
leads to extensive damage to healthy tissues. The LNPs are
widely utilized in cancer treatment because of their capacity to
encapsulate hydrophobic drugs and thereby increasing their
bioavailability. The surface functionalization of such drug
carriers has the potential to reduce the possibility of off-target
release of drug molecules and thus decreasing the toxicity.13
Several lipid based anticancer formulations have been approved
for use in patients. The Doxil, was the first marketed liposome
formulation for cancer treatment such as ovarian cancer and
breast cancer etc.15,16 This formulation contains anticancer drug,
doxorubicin inside aqueous core of liposomes which was derived
from the PEGylated phospholipids.16 It takes the advantage of
enhanced permeability and retention (EPR) phenomenon to enter
the cancer tissue because of being nanoscale in diameter. The
EPR effect allows substantial accumulation of liposomes in
tumors than in normal tissues by virtue of leaky vasculature and
inefficient lymphatic drainage.4,5 However in normal tissues such
entries are relatively restricted owing to tight junctions of
endothelial cells. This doxorubicin formulation provides longer
blood retention time, increase tumor uptake, and decreased
chances of cardiotoxicity originating from treatment of patients
with free doxorubicin.17 Vyxeos is another approved liposome
based formulation which encapsulates the combination of
daunorubicin with cytarabine (1:5 molar ratio) for treating the
acute myeloid leukemia. This formulation is also based upon
liposomes derived from composition of phospholipids and
cholesterol. Such peculiar combinations of two or more
chemotherapeutics provide synergistic effect with superior
pharmacokinetic profile when compared to free drugs.18,19
Similarly other formulations based on different lipid
compositions and drugs have been approved and are undergoing
clinical trials for the treatment of different cancer types.
Apart from the chemotherapeutic delivery, lipid formulations
have also garnered success in delivering therapeutic nucleic acid
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molecules which by themselves cannot cross the barrier of
negatively charged cell membranes and are prone to nuclease
mediated degradation.20 This type of non-viral gene delivery
approaches proved to be superior to overcome different
physiological responses associated with gene delivery
methodologies.21 The discovery of RNAi was revolutionary
happening which made intracellular gene silencing possible with
the use of small interfering RNA (siRNA) molecules and short
hairpin RNA (shRNA).7 The significant potential was harnessed
using LNPs technology as first prescription medicine against
polyneuropathy caused by hereditary ATTR amyloidosis.7,22 The
success has a long history of development of suitable ionizable
cationic lipids as well as PEGylated lipids. The deep
understanding of variation in lipid structures and resulting
properties facilitating a desirable intracellular effect paved the
way to their successful clinical application.22 Thereafter LNPs
were studied extensively in preclinical models to deliver siRNA
therapeutics to selectively kill cancer cells. The LNPs derived
from arginine conjugated cholesterol and dioleoyl
phosphatidylethanolamine (DOPE) for effective loading of
siRNA and silencing the target gene (kinesin spindle protein) in
several cancer cells that inhibited the tumor growth in prostate
cancer model in in-vivo.23 However, clinical development of LNP
based RNAi anticancer therapeutics still remains challenging
owing to induction of immune response.7,24 The selection of
appropriate marker and alternative administration route has been
shown to exploit RNAi therapeutics to produce clinically viable
formulation. One such example is the development of DFP10825, a composition containing cationic liposomes with shRNA
targeting thymidylate synthase to treat peritoneally disseminated
cancers by i.p. injection.24 A few other formulations in the
category underwent clinical trial but fell short of desired
performance. The LNP technology is serving to advance the
delivery potentials of these carriers for mRNA delivery. The
mRNA vaccines have been developed using lipid nanoparticles
and are currently in clinical trials.25 The melanoma FixVac
(BNT111) is a recent example of cationic liposomal RNA
vaccine against tumour-associated antigens undergoing clinical
trial.26 This study is focused on the immune responses induced by
the formulation. The anti-PD1 antibodies in combination with
melanoma FixVac has been reported to enhance antitumor effects
in patients. Similarly, a novel mRNA-LNPs therapeutic
formulation, mRNA-2416 has also been developed for intratumoral injections in solid tumor patients to induce proinflammatory activity. The effect of mRNA-2416 has also been
evaluated in combination with the anti-PD-L1 inhibitor
durvalumab to look for synergistic effects.27 The intravenous
administration method for various mRNA-LNPs suffers their
sequestration in the liver.28 Various efforts therefore have been
made to modify their surface strategically to guide them to bind
with affinity ligands for targeted delivery. The ionizable lipid
based nanoparticles were chemically conjugated with a
monovalent αPV1 antibody against plasmalemma vesicleassociated protein (caveolae-associated protein) for targeted
delivery to lungs.28 The lipid nanoparticles have also been
engineered for selective entry of RNA into hepatocytes and
Chemical Biology Letters

sinusoidal endothelial cells associated with liver related diseases
following ApoE-mediated- and mannose ligand mediated cellular
uptake.29 Very recently a synthetic lipid based formulation was
fabricated to treat pulmonary lymphangioleiomyomatosis
following mRNA delivery to restore tumor suppressor, Tsc2
which led to notable therapeutic effect.30 The targeting ability of
these nanoparticles is found to be interesting in terms that the
presence of amide linkage in the lipid structure of the LNPs
allows adsorption of lung targeting plasma proteins and thereby
lung selective delivery. However similar set of LNPs with ester
bond in lipidoid tails led to specific mRNA delivery to liver.
Therefore a keen grasp on structure-activity relationships has the
potential to develop LNPs with ability to target specific organs.
The in vivo activity shown by amino lipids to deliver therapeutic
nucleic acids can serve as guide to optimize new such lipids for
desirable delivery and safety.31
Application of LNPs for the treatment of fungal infection:
The LNP based drug formulations have also found application to
treat fungal infection by delivering antibiotics, e.g., amphotericin
B at the target site. This broad-spectrum antibiotic is used to treat
fungal infection because of its good affinity towards ergosterol in
cell membrane of fungus; however, it is associated with several
limitations for the effective treatment of fungal infections.32
These limitations include low water solubility, poor membrane
permeability and other health related side effects etc. Due to the
amphipathic nature of the antibiotic, different types of
aggregation occurs in aqueous solution which directly influences
the solubility and toxicity associated with this molecule and in
turn correlates with the efficacy of the treatment.33 These LNPs
help in controlling the aggregation state amphotericin B in
aqueous medium and thereby improve the therapeutic effect.
There are some clinically approved LNP-amphotericin B
formulations (e.g., Abelcet® and AmBisome®) which are able to
treat serious fungal infections with reduced toxicity side effects.32
The abundance of lipase enzyme in the inflammatory cells of host
and fungal cells promotes the release of less toxic monomeric
form of amphotericin B which is also facilitated by its higher
affinity towards the ergosterol thereby increasing the therapeutic
index.32,34 Various other approaches were also undertaken to
improve the safety of this drug formulation based on the change
in liposome composition and preparation. One such formulation
was FungisomeTM, developed in India showed improved stability,
better biodistribution and therapeutic effect at lower
concentration of drug which reduced side effect significantly.32
The treatment of cutaneous infections through systemic
medication has limitations of poor efficacy and severe side
effects.35 The lipid nanoparticles, both SLNs and NLCs have
gained tremendous attention in developing antifungal
formulations for topical applications.35 The research on LNPs
based topical delivery formulations of different and potent
antifungal agents has shown advantageous therapeutic effects
following adequate skin permeation. The clinical assessment of
SLNs based topical gel containing antifungal agent Fluconazole,
revealed superior outcomes over commercially available
antifungal creams in the treatment of Pityriasis Versicolor.36
Therefore, the use of LNPs in developing antifungal formulations
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assure to deal with limitations associated with many potent
antifungal drugs and give rise to commercially acceptable
medication.
Application of LNPs for the treatment of viral infection:
The lipid nanoparticles have a recognized history of their
application in vaccine development against viral infections. The
mRNA vaccine development has numerous advantages over
conventional technologies.25 For the fact that liposomes have
demonstrated effective protection capability and substantial
delivery of nucleic acid molecules, the use and effect of first
mRNA vaccine was described using liposomes against influenza
virus infection following mice immunization.25,37 This led to the
understanding and subsequent progress in global research and the
development of other mRNA-LNPs vaccines against deadly viral
infections. The mRNA-1440 and mRNA-1325 are examples of
LNPs based vaccines undergoing clinical trial for their effect
against Influenza H10N8 and Zika virus infections
respectively.37,38 The lipid nanoparticles have recently seen their
moment in the development of vaccines against COVID-19.
These vaccines contained LNPs to deliver therapeutic mRNA to
human cells to combat COVID-19 pandemic. The mRNAs are
negatively charged and cannot cross the cell membranes and also
very prone to degradation in the body. Therefore, an efficient
delivery of mRNA is a key challenge to look for its therapeutic
effect in vaccines. In the two conditionally approved mRNA
vaccines developed by the pharmaceutical companies, Moderna
and Pfizer/BioNTech, the viral mRNA was encapsulated within
the LNPs to provide stability and prevent its degradation by
RNAse.39 Both phospholipid based formulations were comprised
of an ionizable lipid which acquires positive charge at low pH of
endosomes and help releasing the LNPs with its contents into the
cytoplasm of the cells. The incorporation of PEGylated lipid
improved the retention time in the systemic circulation while
avoiding the immune attack of host system. The size of these
LNPs were ~ (80-100) nm with a capacity to carry 100
mRNAs/LNPs.13,31 In the cytosol mRNA gets translated to
protein (Spike protein in case of COVID-19) which activates
immune system to produce antibodies against it.39,40 It was the
time to appreciate liposome-based delivery technology and
mRNA therapeutics as well, which saved lives of millions across
the globe. There is still lot more to do and the design and
development of new ionizable lipids with appropriate pKa values
and surface optimization has the potential to advance vaccine
based therapeutics.37
LNPs in other biomedical application: Apart from the ability
of LNPs to deliver drugs and genes, these nanoparticles have
achieved significant importance in other biomedical applications
such as medical imaging, cosmetics, nutraceutical products etc.
The encapsulation of fluorescence probe (quantum dot) with
anticancer drugs is found to be suitable for theranostics
purpose.41,42 To increase the efficacy of traditional imaging
approaches such as computed tomography (CT) and magnetic
resonance imaging (MRI), LNPs can be radio-labelled for the
detection of spreading of cancer.43 LNPs got importance in
cosmetic filed to increase the stability of bioactive and their better
penetration inside the skin. Different products already came in
Chemical Biology Letters

commercial grades where different components e.g., collagen,
hyaluronic acid etc. were encapsulated in the liposomal
formulations.44 The utility of LNPs is very versatile which
includes agriculture, nanoreactors, and applicability as a system
to explore different biological mechanisms.

OUTLOOK
The improvements delivering the desirable clinical impact
using LNPs based nanomedicines seem to be very much realistic,
though it would require smart thinking and rational reasoning
based on the progress achieved so far in different aspects relating
to LNPs and certainly enduring efforts before we realize the goal.
The lack of general consensus on the properties of liposomes that
may yield therapeutic formulations is grounded upon the distinct
performance of LNPs against different targets in different
applications. However, it is evident that the therapeutic effect is
significantly influenced by the type of lipid components, their
part in the composition and resulting surface of the lipid
nanoparticles. The comprehensive investigation of lipid
structures that have managed to yield therapeutic benefits can be
further considered to be modified by considering all the regions
(head group, linker and tail) of the structure because it is the
structure of lipids which imparts different properties to liposomes
or lipid nanoparticles and determines their pharmacokinetic
behaviour and intracellular fate. In this realm, the prominence of
ionizable cationic lipids has been well recognized because of
their excellent potential to impact cellular fate of lipid
nanoparticles, which otherwise was very difficult with cationic
and neutral lipids owing to their toxicity, immune activation and
less efficacy. These ionizable lipids remain nearly neutral at
physiological pH, but acquire positive charge at low pH of
endosomes and thereby interact with their membranes and
facilitate release therefrom. Therefore, development of such
lipids in combination with PEGylated molecules offers an
opportunity to fabricate relatively more viable and efficacious
lipid formulations. Similarly, the surface of the LNPs is very
crucial as it regulates their circulation after administration in the
body and interaction with cellular membranes. It is noteworthy
to mention that the PEGylation of liposomes significantly altered
the surface properties and assisted them escape from
reticuloendothelial system (RES) and stay longer in body which
eventually laid the foundation for the discovery of DOXIL™.
The PEGylation reduces the interaction of particles with different
plasma proteins and does not allow the formation of surrounding
protein corona. Interestingly, not all the protein corona leads to
adverse event of RES recognition and subsequent clearance,
instead function in targeting the tumor cells. The type of plasma
protein binding to liposomes has been correlated with type of
lipid structure and the composition used in the formulation. This
provides a practical and effective approach to closely follow the
physiological environment and allows the development of
targeted liposomes. Therefore, considering the potential of lipid
structure chemistry itself in deciding their circulation property
and intracellular fate and/or targeting ability, further modulations
based on current understanding can be very useful. The another
notable achievement in exploiting the surface of lipid
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nanoparticles is decorating them with monoclonal antibodies
(Mabs) which has led to the development of highly promising
delivery tool, i.e., immunoliposomes (ILs). These
immunoliposomes target different tumor types by virtue of the
ability of Mabs to tightly bind to their receptors on cells. The ILs,
however, could not escape the fate of their recognition by
immune system during circulation. Nonetheless, based on
ongoing research and recent history of managing to succeed in
clinical trials, engineering suitable antibodies and optimizing
their part in suitable liposome composition has the potential to
deliver desirable outcomes. Similarly, the use of lipid
nanoparticles in antitumor immunotherapy or vaccination, has
delivered many formulations which are under clinical trial phase.
The liposome composition and properties influence the outcome
in immunotherapeutic delivery and therefore has the potential to
bring a paradigm shift in cancer treatment. The LNPs have
manifested as remarkable and meaningful support to RNAi
therapeutics which has reflected towards the clinical acceptance
of Onpattro to treat Amyloidosis. The lipid nanoparticles have
made the successful entry to clinic to deliver siRNA & mRNA.
The therapeutic outcomes are by and large influenced by design
of lipid nanoparticles addressing physiological barriers. The
selection of appropriate markers and alternative methods to treat
tumors can also enhance the therapeutic outcomes. Therefore, it
is perceived that different properties arising from various lipid
compositions can be amalgamated with different potential
modalities to provide optimized therapeutic delivery systems.
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