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Drug resistance remains a significant challenge in cancer therapy, leading to treatment
failure and disease progression. This resistance, caused by mechanisms such as efflux
transporter overexpression, altered drug targets, and anti-apoptotic pathways, limits the
efficacy of conventional chemotherapeutics. Lipid carriers, including liposomes, solid
lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs), have emerged as
promising systems to address these challenges. Lipid carriers offer advantages such as
improved drug solubility, stability, enhanced permeability, targeted delivery, and
controlled release. Furthermore, they can circumvent resistance mechanisms like P-
glycoprotein (P-gp)-mediated efflux and improve intracellular drug accumulation
through endocytosis-based uptake. By enabling co-delivery of chemotherapeutic agents
and resistance pathway inhibitors, lipid carriers provide a multifunctional approach to
overcome multidrug resistance. This article provides a detailed overview of the
mechanisms of drug resistance in cancer, the advantages of lipid carriers, their specific
strategies for addressing resistance pathways, and their role in enhancing the therapeutic
efficacy of chemotherapeutic agents.

INTRODUCTION

Overview of cancer treatment challenges

fail to achieve complete remission because of their
inability to distinguish between healthy and
cancerous cells!. This lack of specificity results in

Cancer remains one of the most complex diseases
to treat due to its heterogeneity, genetic instability,
and adaptability to therapeutic interventions.
Traditional  cancer  therapies, such as
chemotherapy, radiotherapy, and surgery, often

systemic toxicity, severe side effects, and dose-
limiting toxicities, which hinder the effectiveness
Additionally, the  tumor
microenvironment (TME), which includes
hypoxia, acidic pH, and immune suppression,

of  treatment.
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creates a protective niche that enables cancer cells
to evade therapeutic agents and promotes
survival®.

Moreover, drug resistance further exacerbates
these challenges. Tumors develop intrinsic
resistance through genetic mutations and adaptive

resistance  after  repeated  exposure  to
chemotherapeutics.  This  phenomenon  is
characterized by reduced drug accumulation,
enhanced DNA repair mechanisms, and
upregulation  of  anti-apoptotic  pathways.
Furthermore, overexpression of  efflux

transporters, such as P-glycoprotein, significantly
lowers intracellular drug concentrations, reducing
treatment efficacy. As a result, there is a growing
need for advanced drug delivery systems that can
target tumors efficiently, enhance drug uptake, and
overcome resistance mechanisms*>.

Importance of addressing drug resistance
mechanisms

Drug resistance in cancer treatment is a major
cause of therapeutic failure, resulting in high
mortality and relapse rates among patients.
Resistance mechanisms can either be intrinsic
(pre-existing) or acquired after exposure to
chemotherapeutics. Intrinsic resistance occurs due
to the inherent genetic instability of cancer cells,
which allows them to survive and proliferate
despite drug treatment®. Acquired resistance, on
the other hand, develops over time as cancer cells
adapt to therapeutic stress through molecular
changes. Understanding and addressing these
resistance mechanisms is crucial for improving
cancer treatment outcomes’*®,

One of the most prominent mechanisms of drug
resistance involves the overexpression of efflux
transporters, particularly ATP-binding cassette
(ABC) transporters like P-glycoprotein (P-gp),
multidrug resistance-associated proteins (MRPs),
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and breast cancer resistance protein (BCRP).
These transporters pump
chemotherapeutic agents out of cancer cells,
reducing intracellular drug concentration and
efficacy. In addition, tumor cells can alter drug

actively

targets, such as topoisomerase or tubulin, making
susceptible to drug binding’.
Overcoming such mechanisms requires advanced
delivery systems that can bypass efflux pumps and
deliver sufficient drug concentrations directly to
target cells.

them less

Addressing drug resistance is further complicated
by the tumor microenvironment (TME), which
provides protective conditions for cancer cells.
The TME is characterized by hypoxia, acidic pH,
and elevated levels of growth factors that promote
cancer cell survival, metastasis, and resistance.
Moreover, cancer cells activate anti-apoptotic

pathways and enhance their DNA repair
mechanisms to evade the effects of
chemotherapeutic agents. By targeting these
resistance mechanisms through innovative

approaches like lipid carriers, therapeutic agents
can be delivered effectively to cancer cells while
minimizing systemic toxicity!®. Lipid carriers
offer the advantage of targeted delivery, controlled
release, and co-delivery of drugs and resistance-
modulating agents, making them an ideal solution
to address these challenges.

The importance of addressing drug resistance
cannot be overstated, as it directly impacts patient
survival, treatment efficacy, and quality of life.

Developing novel strategies to overcome
resistance mechanisms, such as lipid-based
nanocarriers, can significantly ~ improve

therapeutic outcomes. These systems not only
enhance the pharmacokinetics and bioavailability
of drugs but also provide opportunities to inhibit
resistance pathways, such as efflux transporters
and anti-apoptotic proteins'!. Future
advancements in lipid carrier technologies,
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including functionalization and stimuli-responsive
systems, hold promise for overcoming drug

Cancer Drug Resistance
Mechanisms

Lipid Based Drug
Delivery Systems
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resistance and achieving better clinical success in
cancer therapy.
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Figure- Overcoming Cancer Strategies by Lipid Formulations

Mechanisms of Drug Resistance in Cancer

The mechanisms of drug resistance is essential for

designing  effective  therapies. The key
mechanisms include:
Role of ATP-binding cassette (ABC)

transporters in drug efflux

ATP-binding cassette (ABC) transporters are
integral membrane proteins that utilize ATP
hydrolysis to translocate a variety of substrates
across cellular membranes, playing a pivotal role
in drug efflux mechanisms. Recent studies have
provided deeper insights into their structural and
functional dynamics, enhancing our understanding
of their role in pharmacokinetics and multidrug
resistance'?,

Advancements in structural biology, particularly
through  cryo-electron  microscopy,  have
elucidated the conformational changes ABC
transporters undergo during substrate
translocation. These findings have been
complemented by computational modeling,
offering a comprehensive view of the transport

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

mechanisms and aiding in the development of
potential inhibitors to modulate their activity'>!*,

In the context of the blood-brain barrier (BBB),
specific ABC transporters such as P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP),
and multidrug resistance protein 4 (MRP4) have
been identified as key players in limiting the
central nervous system (CNS) penetration of
antiviral agents like ganciclovir. Inhibition of
these transporters has been shown to enhance drug
permeability across the BBB, suggesting a
potential strategy to improve therapeutic efficacy
in CNS infections'.

The role of ABC transporters extends beyond drug
efflux; they are also involved in maintaining
cellular metabolic fitness. For instance, MDR1 (P-
gp) has been implicated in regulating oxidative
stress responses in activated T cells, indicating its
significance in immune cell function and potential
implications in immunotherapy. In cancer therapy,
the efficacy of treatments like photodynamic
therapy (PDT) can be compromised by ABC
transporter-mediated efflux of photosensitizers.
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Studies assessing the susceptibility of various
photosensitizers to transport by P-gp, BCRP, and
MRP1 have highlighted the need to consider
transporter interactions to enhance PDT outcomes.
Furthermore, the interplay between ion channels
and the PI3K/AKT signaling pathway has been
linked to the regulation of ABC transporter
expression, contributing to chemoresistance.
Understanding this relationship opens avenues for
targeting ion channels as a therapeutic strategy to
modulate ABC transporter activity and overcome
drug resistance in cancer cells!>!>!6,

Mechanisms  of  P-glycoprotein  (P-gp)

overexpression and its impact on drug efficacy

P-glycoprotein (P-gp), encoded by the ABCBI1
gene, is an ATP-dependent efflux transporter that
plays a significant role in multidrug resistance
(MDR) by expelling a wide range of
chemotherapeutic agents from cancer cells,
thereby reducing their efficacy. Overexpression of
P-gp in tumor cells is a major obstacle in cancer
treatment, as it leads to decreased intracellular
drug accumulation and diminished therapeutic

outcomes'”.

Table-1: Mechanisms of Drug Resistance in Cancer

Mechanism Description Examples References
Efflux Membrane proteins actively pump P-gp, BCRP, MRP1- Gottesman
Transporters> chemotherapeutics out of cancer cells, mediated drug efflux etal., 2016
lowering intracellular drug
concentration.
Drug Target Cancer cells mutate or alter drug- Mutations in EGFR, Hanahan &
Alterations® binding sites, reducing the efficacy of topoisomerase, tubulin- Weinberg,
targeted therapies. binding proteins 2011
Enhanced DNA | DNA repair enzymes counteract drug- BRCA1/2 mutations Longley &
Repair”’ induced DNA damage, preventing enhancing DNA repair Johnston,
apoptosis. 2005
Anti-apoptotic Upregulation of survival proteins like | Overexpression of Bel-2, | Zahreddine
Pathways™® Bcl-2 and activation of PI3K/Akt Akt, NF-[°B activation & Borden,
pathways lead to resistance. 2013
Epithelial- Cancer cells gain mesenchymal-like Upregulation of Snail, Junttila &
Mesenchymal traits, increasing invasion, metastasis, Twist, and Zeb1 proteins de
Transition and drug resistance. Sauvage,
(EMT)** 2013
Tumor Tumor-associated factors like VEGF-mediated Chen et al.,
Microenvironment hypoxia, acidic pH, and immune angiogenesis, CAF 2016
(TME)® evasion protect cancer cells from interactions, acidic
drugs. microenvironment
Autophagy- Cancer cells use autophagy as a Upregulated Beclin-1 and Owais et
Mediated Drug survival mechanism to evade LC3-II promoting survival al., 1995
Resistance® chemotherapy-induced cell death.
Epigenetic DNA methylation, histone Hypermethylation of tumor | Patel &
Modifications® modifications, and non-coding RNAs | suppressor genes, altered | Patel, 2017
regulate genes responsible for drug miRNA expression
sensitivity.

Impact on Drug Efficacy:
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The overexpression of P-gp in cancer cells leads to
the efflux of a broad spectrum of
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chemotherapeutic agents, including
anthracyclines, taxanes, and vinca alkaloids,
reducing their intracellular concentrations and
therapeutic effectiveness. This efflux activity is a
key mechanism behind the development of MDR
in human cancers'®.

Additionally, P-gp overexpression affects the
pharmacokinetics of administered drugs by
altering their absorption, distribution, metabolism,
and excretion. For example, increased P-gp
activity in the intestinal epithelium can reduce oral
bioavailability of substrate drugs, while its
presence in the blood-brain barrier limits central
nervous system penetration, impacting the efficacy
of treatments for brain tumors'®,

Understanding the mechanisms underlying P-gp
overexpression and its impact on drug efficacy is
crucial for developing strategies to overcome
MDR in cancer therapy. Approaches such as the
use of P-gp inhibitors, modulation of regulatory
pathways, and personalized medicine based on
genetic and epigenetic profiles are being explored
to enhance the effectiveness of chemotherapeutic
agents in resistant cancers.

Overview of Lipid-Based Drug Delivery
Systems

Liposomes

Liposomes have advanced significantly from their
initial  design, incorporating  cutting-edge
modifications that enhance functionality and
expand their applications. Modern liposomes are
now  engineered  with
capabilities, enabling precise control over drug
release. For instance, thermo-sensitive liposomes
release their payload at elevated temperatures,

stimuli-responsive

ideal for use in localized hyperthermia treatments,
while pH-sensitive liposomes exploit the acidic
tumor microenvironment for targeted drug
delivery'®?!. Multifunctional liposomes, often
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referred to as theranostic liposomes, integrate
therapeutic and diagnostic agents into a single
system, allowing simultaneous treatment and real-
time monitoring of disease progression.
Furthermore, surface modifications with ligands
such as aptamers, peptides, and antibodies have
revolutionized active targeting, ensuring that
liposomes bind selectively to  receptors
overexpressed in diseased tissues, such as HER2
in breast cancer or CD44 in metastatic cancers?%-23,

Recent breakthroughs also focus on improving
liposome stability and circulation time through
PEGylation and incorporating cholesterol
derivatives, which resist premature degradation.
Additionally, hybrid liposomal systems, which
combine liposomes with other nanostructures like
dendrimers or gold nanoparticles, have emerged,
offering enhanced drug loading and imaging
capabilities. In gene therapy, cationic liposomes
are optimized to encapsulate CRISPR-Cas9
complexes or siRNA, ensuring efficient delivery
and gene-editing precision’**. These innovations
not only address traditional limitations such as
drug leakage and short shelf life but also position
liposomes as a cornerstone in personalized
medicine, capable of addressing the intricacies of
complex diseases with unprecedented specificity
and efficacy.

Solid Lipid Nanoparticles (SLNs)

Solid Lipid Nanoparticles (SLNs) represent an
advanced drug delivery platform composed of
solid lipids that remain in a crystalline state at
room and body temperatures, encapsulating
therapeutic agents within their hydrophobic
matrix. Unlike conventional carriers, SLNs are
typically made from biocompatible lipids such as
glyceryl monostearate, stearic acid, or
triglycerides, stabilized by surfactants like
polysorbates or lecithins?®?’. Recent innovations
have focused on optimizing the lipid matrix to
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enhance drug loading efficiency and reduce
polymorphic transitions, which can affect
stability®®. Furthermore, the use of hybrid
stabilizers, such as polymer-lipid conjugates, has
significantly extended the shelf life of SLNs by
preventing particle aggregation and maintaining
their colloidal stability over time.

In drug delivery, SLNs offer unique advantages,
including the ability to enhance the bioavailability
of poorly water-soluble drugs, protect labile drugs
from degradation, and provide controlled or
sustained release profiles. Advanced applications
leverage SLNs for site-specific delivery through
surface functionalization with targeting ligands,
such as folic acid or antibodies, enabling precise
interaction with diseased tissues®. SLNs are
particularly impactful in cancer therapy, where
they improve the solubility and efficacy of
chemotherapeutics like paclitaxel, while reducing
systemic toxicity. Additionally, their potential in
gene delivery has been realized through the
encapsulation of nucleic acids, such as siRNA and
DNA, in cationic lipid matrices. The ability to co-
deliver multiple therapeutic agents and incorporate
diagnostic imaging agents positions SLNs as
versatile and promising candidates in the emerging
field of theranostics, offering an integrated
approach to treatment and monitoring*°.

Nanostructured Lipid Carriers (NLCs)

Nanostructured Lipid Carriers (NLCs) are a
second-generation lipid-based drug delivery
system, specifically designed to overcome the
inherent limitations of Solid Lipid Nanoparticles
(SLNs). By incorporating a blend of solid and
liquid lipids, NLCs achieve a less-ordered
crystalline matrix, which significantly enhances
their drug-loading capacity and stability*!2. This
unique structural configuration prevents the
expulsion of drugs during storage, a common issue
in SLNs caused by lipid recrystallization.

U
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Additionally, the inclusion of liquid lipids allows
for encapsulation of a broader range of therapeutic
agents, including hydrophobic and hydrophilic
drugs, while maintaining a controlled and
sustained release profile. These properties make
NLCs ideal for applications
therapeutic  areas,
neurodegenerative diseases, where long-term drug
efficacy is critical®.

in challenging

such as cancer and

The targeting capabilities of NLCs have been
significantly advanced through functionalization
strategies. Ligands such as folic acid, peptides, and
antibodies can be conjugated to the NLC surface
to achieve active targeting of specific cell
receptors, enhancing precision drug delivery.
Furthermore, stimuli-responsive NLCs, designed
to release their payload in response to pH changes,
temperature, or enzymatic activity,
localized drug delivery in diseased tissues. Beyond
single-drug encapsulation, NLCs also enable the
co-delivery of multiple agents, such as
chemotherapeutics and siRNA, opening doors to
combination therapies with synergistic effects.
Their application extends to theranostics, where
NLCs integrate therapeutic and diagnostic
functionalities, allowing real-time tracking of drug
delivery and efficacy. These advanced features
position NLCs as a transformative platform in
personalized medicine and next-generation drug
delivery systems>*%,

ensurc

Advantages of Lipid Carriers in Cancer
Therapy

Enhanced Drug Solubility and Stability

Lipid carriers play a crucial role in enhancing the
solubility and stability of poorly water-soluble
anticancer drugs, a common challenge in cancer
therapy. Hydrophobic drugs, such as paclitaxel
and docetaxel, are effectively encapsulated within
the lipid matrix or bilayer of carriers like solid lipid
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nanoparticles (SLNs), nanostructured lipid carriers
(NLCs), and liposomes®®. This encapsulation
protects the drugs from hydrolysis, oxidation, and
enzymatic degradation, thereby prolonging their
stability and therapeutic efficacy. Additionally,
lipid carriers improve bioavailability by promoting
drug solubilization in the gastrointestinal tract or
ensuring better absorption and

These properties are

bloodstream,
systemic
especially critical for drugs with low oral
bioavailability or those that degrade rapidly in the
physiological environment. The ability of lipid
carriers to preserve the integrity and activity of

distribution.

anticancer agents significantly contributes to their

clinical success?’.

Targeted and Controlled Drug Delivery

Lipid carriers offer significant advantages in
targeted and controlled drug delivery through
surface functionalization and ligand-targeting
strategies. By attaching ligands such as folic acid,
transferrin, or antibodies to the lipid carrier
surface, the system can selectively bind to
overexpressed receptors on cancer cells, such as
folate receptors or HER2. This ligand-receptor
interaction ensures that the drug accumulates
preferentially in the tumor tissue, sparing healthy
cells from off-target effects*®®. Furthermore, lipid
carriers provide controlled and sustained drug
release due to their optimized matrix design, which
maintains therapeutic drug concentrations for
extended periods. Advanced systems such as
stimuli-responsive lipid carriers are engineered to
release drugs in response to tumor-specific
triggers, like acidic pH or elevated temperatures,
further enhancing precision. These targeting and
release capabilities not only improve therapeutic
outcomes but also reduce the required drug doses,
minimizing side effects”.

Overcoming Systemic Toxicity
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Systemic toxicity is a major limitation of
conventional chemotherapeutic agents, which
often affect both cancerous and normal cells. Lipid
carriers address this issue by encapsulating drugs
within their structure, reducing their direct
with  healthy This
encapsulation minimizes off-target effects and
significantly improves the therapeutic index*’. For
instance, liposomal formulations of doxorubicin
(e.g., Doxil) have been shown to reduce
cardiotoxicity by restricting the drug’s distribution
to the tumor site. Additionally, lipid carriers
enable localized drug delivery through passive

interaction tissues.

targeting mechanisms such as the enhanced
permeability and retention (EPR) effect, which
exploits the leaky vasculature of tumors*'“**, This
selective accumulation ensures that the drug is
delivered primarily to the tumor site, reducing
systemic exposure. By enhancing drug delivery
specificity, lipid carriers provide a safer and more
effective cancer treatment modality.

Prolonged Circulation Time

The pharmacokinetics of anticancer drugs can be
significantly improved using lipid carriers with
prolonged circulation times, achieved through
PEGylation and stealth lipid systems. PEGylation,
the process of attaching polyethylene glycol (PEG)
chains to the lipid surface, creates a hydrophilic
shield that prevents recognition and clearance by
the mononuclear phagocyte system (MPS)*. This
stealth property allows lipid carriers to evade
immune detection, thereby increasing their half-
life and ensuring sustained systemic circulation.
Prolonged circulation enhances the likelihood of
the carrier reaching tumor tissue via passive
targeting mechanisms, such as the EPR effect.
Additionally, advanced lipid carriers utilize
flexible stealth coatings and tailored lipid
compositions to maintain their stability and

functionality in the bloodstream. These
modifications not only increase  drug
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bioavailability but also improve therapeutic
outcomes by maximizing drug delivery to the
tumor site while minimizing loss through rapid
clearance®.

Mechanisms by Which Lipid Carriers
Overcome Drug Resistance

Bypassing Efflux Transporters

Lipid carriers play a critical role in overcoming
drug resistance by bypassing efflux transporters
like P-glycoprotein (P-gp), which actively pump
chemotherapeutics out of cancer cells, reducing
intracellular drug concentrations. Unlike free
drugs, lipid carriers deliver therapeutic agents via
endocytosis, enabling direct cytoplasmic release
and circumventing the action of membrane-bound
efflux  pumps. For instance, liposomal
formulations encapsulate drugs within a lipid
bilayer, shielding them from recognition by efflux
transporters***. Case studies have demonstrated
that lipid carriers loaded with P-gp inhibitors, such
as verapamil, can enhance the efficacy of co-
encapsulated chemotherapeutics like paclitaxel,
overcoming multidrug resistance = (MDR).
Nanostructured lipid carriers (NLCs) have also
been utilized to deliver siRNA targeting P-gp
expression, reducing transporter activity and
restoring drug sensitivity in resistant cancer cells.
This dual-action approach of bypassing efflux and
inhibiting transporter function exemplifies the
advanced potential of lipid carriers in combating
resistance®.

Enhanced Tumor Accumulation via EPR Effect

The enhanced permeability and retention (EPR)
effect is a cornerstone of passive tumor targeting,
and lipid carriers are uniquely designed to exploit
this phenomenon. Tumor tissues possess leaky
vasculature and impaired lymphatic drainage,
allowing lipid nanoparticles to accumulate
selectively at the site*’. Additionally, active
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targeting strategies enhance this accumulation by
functionalizing lipid carriers with ligands such as
folic acid or antibodies that bind to overexpressed
receptors on cancer cells. Beyond passive and
active targeting, lipid carriers are engineered to
respond to the tumor microenvironment's unique
conditions, such as acidity or enzymatic activity*.
For example, pH-sensitive lipid systems release
their payload in acidic tumor tissues, ensuring
localized drug delivery. Advanced formulations,
like thermosensitive liposomes, respond to
external hyperthermia to trigger drug release
specifically at the tumor site. These strategies
maximize drug concentration in tumors while
minimizing  systemic effectively
combating resistance associated with poor drug
delivery®.

exposure,

Combating Altered Drug Targets

Resistance often arises from cancer cells altering
or mutating drug targets, rendering conventional
therapies less effective. Lipid carriers mitigate this
by stabilizing chemotherapeutics and enhancing
their interaction with specific targets. For example,
encapsulating small molecules in liposomes or
SLNs protects them from degradation and ensures
their structural integrity until they reach their
intended site of action’®’’. Furthermore, lipid
carriers enhance the bioavailability of target-
specific drugs, such as tyrosine kinase inhibitors,
by improving their solubility and circulation time.
This is particularly beneficial in cases where
resistance stems from mutations that reduce drug
binding. In addition, lipid-based systems can co-

deliver combination therapies, such as
chemotherapeutics with allosteric inhibitors,
ensuring comprehensive inhibition of both

primary and altered targets. By maintaining
therapeutic drug concentrations and stabilizing
their active forms, lipid carriers address one of the
most challenging aspects of drug resistance in
cancer’ ..
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Co-delivery of Therapeutic Agents

The co-delivery of multiple therapeutic agents
using lipid carriers is a transformative approach to
overcoming drug resistance. Lipid systems enable
the simultaneous encapsulation and delivery of
chemotherapeutics and gene therapy agents, such
as siRNA or CRISPR-Cas9, allowing multi-
faceted attacks on resistant cancer cells. For
instance, co-delivering paclitaxel with siRNA
targeting anti-apoptotic genes enhances drug
efficacy by reducing
mechanisms>2. This combination approach ensures
that  cancer cells are  sensitized to
chemotherapeutics while addressing resistance at
the genetic level. Additionally, co-loading two or
more chemotherapeutics with complementary

cellular resistance

mechanisms of action in lipid carriers maximizes
therapeutic synergy and reduces the likelihood of
development. These
therapies are particularly effective against tumors
with heterogenous resistance profiles, ensuring
comprehensive treatment. The ability of lipid
carriers to deliver agents with different
physicochemical properties and release them in a

resistance combination

controlled manner underscores their potential as a
solution to multidrug resistance’>.

Recent Innovations in
Nanocarriers

Lipid-Based

Stimuli-Responsive Lipid Carriers

Stimuli-responsive lipid carriers represent a
significant advancement in drug delivery,
designed to release therapeutic agents in response
to specific environmental triggers. pH-sensitive
carriers, for example, exploit the acidic tumor
microenvironment to release drugs selectively at
the tumor site, minimizing systemic toxicity*.
Temperature-responsive carriers release their
payload when exposed to localized hyperthermia,
enhancing precision in delivery. Redox-responsive
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lipid carriers utilize the high glutathione levels in
cancer cells to trigger drug release intracellularly.
These carriers improve therapeutic efficacy by
ensuring drugs are released only in target tissues,
addressing challenges associated with non-
and resistance

specific drug distribution
53

mechanisms-.

Functionalized and Multifunctional
Carriers

Lipid

Functionalized lipid carriers are engineered with
surface modifications to enhance targeting and
delivery efficiency. Strategies such as conjugating
ligands like antibodies, peptides, or folic acid to
the lipid surface allow carriers to bind specifically
to overexpressed receptors on cancer cells.
Multifunctional lipid carriers combine active
targeting with additional features, such as stimuli-
co-delivery  capabilities,
enabling personalized therapy®'. For instance,
PEGylation
simultaneously attaching targeting moieties
ensures tumor-specific accumulation. These
advancements allow for more precise delivery,
reduced side effects, and the potential for complex
therapeutic interventions, such as combination
therapies®.

I‘CSpOIlSiVCIlGSS or

extends circulation time while

Theranostic Lipid Systems

Theranostic lipid systems integrate therapeutic and
diagnostic functionalities into a single nanocarrier,
enabling simultaneous treatment and real-time
monitoring. By incorporating imaging agents such
as fluorescent dyes or MRI contrast agents
alongside chemotherapeutics, these carriers allow
for non-invasive tracking of biodistribution and
drug release. Theranostic liposomes and lipid
nanoparticles have been used to deliver anticancer
drugs while monitoring tumor progression via
imaging. These enhance treatment
precision by enabling clinicians to visualize the

systems
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delivery process, adjust dosages in real time, and

significant leap toward personalized medicine and

predict therapeutic outcomes, marking a improved patient care®>,
Table-2: Recent Innovations in Lipid-Based Drug Delivery Systems
Innovation Description Application References
Stimuli- Lipid carriers release drugs in pH-sensitive liposomes, Patel et al.,
Responsive response to pH, temperature, thermosensitive SLNs for 2022
Lipid Carriers® enzymes, or redox conditions in tumor-specific drug
tumors. release
PEGylation and | PEGylation prolongs circulation time | Liposomal doxorubicin Choudhuri &
Long- and reduces clearance by the immune (Doxil) evading Klaassen, 2006
Circulating system, enhancing accumulation in mononuclear phagocyte
Systems®* tumors. system
Theranostic Theranostic nanocarriers integrate MRI-visible liposomes, Koudelka &
Lipid therapeutic and diagnostic agents for fluorescence-tagged TurAjnek,
Nanocarriers® real-time imaging and treatment. NLCs for tumor imaging 2012
Co-Delivery of Lipid carriers enable simultaneous Co-delivery of paclitaxel Rawal et al.,
Multiple delivery of chemotherapeutics, and siRNA targeting drug 2021
Therapeutic siRNA, and resistance-modulating resistance genes
Agents® agents.
Functionalized | Surface-modified lipid carriers target Antibody-conjugated Jain et al., 2015
Lipid Carriers overexpressed receptors on cancer lipid carriers for HER2+
for Targeted cells, improving specificity and breast cancer therapy
Delivery®’ efficacy.
Hybrid Hybrid lipid-polymer or lipid-metallic | Gold nanoparticle-lipid Mukherjee et
Nanocarriers®® systems enhance drug loading hybrids for enhanced al., 2009
capacity and stability. photothermal therapy
CRISPR/Cas9- Lipid nanoparticles encapsulate CRISPR-Cas9 lipid Peer et al.,
Loaded Lipid CRISPR/Cas9 to enable gene editing carriers for reversing 2007
Systems® for overcoming drug resistance. resistance mutations
Artificial Al-based modeling optimizes lipid Al-optimized lipid Muthu et al.,
Intelligence formulations, improving drug loading, | carriers for personalized 2014
(AI)-Designed stability, and targeted delivery. cancer therapy
Lipid Carriers”!
CONCLUSION Functionalized lipid carriers enable active
targeting for tumor-specific accumulation.
Lipid carriers provide a versatile platform to tackle Theranostic svst nteorate treat . )
) i ) ystems integrate treatment with real
drug resistance in cancer effectively. These time monitoring, advancing personalized

systems enhance drug delivery, stability, and
targeting, addressing  critical  resistance
mechanisms. By leveraging advanced designs like
stimuli-responsiveness and functionalization, lipid
carriers ensure precise drug delivery to tumor sites.
Co-delivery capabilities further enable synergistic
therapies, overcoming multidrug resistance.
Enhanced circulation time and passive targeting

via the EPR effect improve drug bioavailability.
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medicine. Continuous innovations in lipid carrier
technologies promise better therapeutic outcomes
and clinical success.
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