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Despite the success of present-day chemotherapy, the shortcomings in this treatment, such as the lack of tumor
selectivity, systemic toxicity, multidrug resistances, and insufficient therapeutic effects, still pose a challenge
for successful clinical management of cancer. Active targeting to address these challenges has developed as a
promising approach by taking advantage of biomarkers that are expressed differently on cancer cells and in the
tumor microenvironment. Active targeting utilizes ligand-conjugated delivery systems that can specifically bind to
receptors, which improves the accumulation of the drugs in the tumor, cellular endocytosis, and delivery of the
drug into the cells. In recent years, a number of new developments in the field of nanomedicine have greatly
broadened the scope for achieving active targeting by using intelligent nanocarriers containing antibody and
peptide sequences, aptamers, carbohydrates, and small-molecule ligands. In addition, biomimetic nanoparticles
(NPs), stimuli-responsive delivery systems, artificial intelligence (Al)-assisted design of NPs, and multifunctional
theranostic platforms are revolutionizing precision oncology, providing the potential for individualized treatment
approaches. A bulk of the targeted nanomedicines that have advanced from preclinical to clinical evaluation have
exhibited promising clinical responses with the scope of clinical hurdles associated with tumor heterogeneity,
biological barriers, manufacturability, and regulatory approval. The mini-review outlines the development of active
targeting approaches, recent progress in the design of intelligent nanomedicine empowered by biomarkers,
selected clinical advances, current clinical trials, and future prospects that could expedite the clinical translation of
precision hanomedicine to the mainstream clinical setting.
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Introduction

Cancer remains a significant global health problem,
causing millions of new cases and deaths annually.
Although considerable progress has been made in
surgery, radiotherapy, molecularly targeted therapies, and
immunotherapies, chemotherapy is still a very important
part of treatment for many solid tumors and hematological
malignancies. Conventional chemotherapeutic agents are
not, however, specific and can be widely distributed in the
healthy tissues, therefore causing severe adverse effects

69

such as myelosuppression, cardiotoxicity, nephrotoxicity,
neurotoxicity,  gastrointestinal ~ complications,  etc.
Furthermore, chemotherapy frequently causes multidrug
resistance (MDR), which greatly reduces its long-term
effectiveness. The use of nanotechnology has transformed
the delivery of drug molecules by providing controlled
drug release, extended better
pharmacokinetics, and enhanced accumulation in tumors.

systemic circulation,
The first generation of cancer nanomedicines targeted
disease sites mainly by passive targeting, as shown in
Figure 1, in which the nanoparticles (NPs) were selectively
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delivered into tumors via the enhanced permeability and
retention (EPR) effect. Although the EPR effect was a major
step forward from traditional chemotherapy, there have been
many reports of differences in the efficacy of this effect for
various tumor types, patients, and disease phases, reducing
its widespread use in clinical treatment (1, 2).

Researchers have attempted to overcome these
shortcomings by targeting the drug using molecular
recognition mechanisms, a technique termed active
targeting. Active targeting is obtained by endowing
nanocarriers with ligands that have the ability to specifically
recognize receptors or biomarkers that are overexpressed at
the cancer surface or in the tumor microenvironment. The
signaling through receptor interaction and recognition will
promote receptor-mediated endocytosis, resulting in more
drug accumulating inside the cells and the better therapeutic
effect, with less damage to normal tissues. In the past, the
number of clinically relevant biomarkers was limited, such
as human epidermal growth factor receptor 2 (HER2),
epidermal growth factor receptor (EGFR), folate receptor
(FR), transferrin receptor (TfR), CD44, integrins, prostate-
specific membrane antigen (PSMA) and programmed
death-ligand 1 (PD-L1), while today molecular oncology has
grown at a high rate and these markers are increasing. The
interested sites of such biomarkers are now being the targets
for the development of ligand-functionalized nanomedicines
for the precise delivery of chemotherapeutic drugs, nucleic
acids, proteins, peptides, and imaging agents (3-8).

At the same time, new developments in nanotechnology
have enabled the use of traditional NPs as intelligent
nanomedicine platforms that can recognize and respond
to biological entities like acidic pH, redox potential,
hypoxia, enzymes, and reactive oxygen species (ROS) (9).
Active targeting, stimuli-responsive delivery, imaging,
and immunomodulation are now combined into a single
multifunctional platform with the use of NPs. Tumor
homing and immune evasion are further improved
with biomimetic nanocarriers coated with cancer cell
membranes, red blood cell membranes, platelet membranes,
or extracellular vesicles to create new opportunities for the
personalized treatment of cancer. Technological advances
in computational biology and artificial intelligence (AI) have
also recently facilitated the design of nanomedicines,
allowing prediction of ligand-receptor interactions,
optimization of physicochemical properties of NPs,
and identification of patient-specific biomarkers. These
technologies will be used to develop machine-to-machine
(M2M) nanomedicine that will be specific to tumor
characteristics. Although significant advances have been
made, there are still many obstacles to be overcome for an
active-targeted nanomedicine to be fully and broadly used in
clinical practice (10).

The clinical translation of tumors is still hampered by the
presence of tumor heterogeneity, dense stromal barriers,
protein corona formation, limited tissue penetration,

manufacturing scalability, regulatory complexity, and cost-
effective production. To overcome these hurdles, the team
needs to work with interdisciplinary members, including
nanotechnologists, oncologists, molecular biologists,
pharmacologists, computational scientists, and regulatory
agencies. It is a mini-review that outlines the development
of the active targeting strategies from discovery of molecular
biomarkers as discussed in Table 1, to the development of
intelligent nanomedicine for cancer treatment, focusing on
recent developments in the field, clinically relevant advances,
current efforts in translation, and future directions for the
next generation precision cancer therapeutics.

Evolution of active targeting
strategies in cancer therapy

Targeted drug delivery has revolutionized the treatment
of cancer from a non-specific cytotoxic chemotherapy to
a more selective and precise approach using biomarkers.
The development of intelligent delivery systems that can
actively identify tumor-specific biomolecules and react to
the specific characteristics of the tumor microenvironment
has been stimulated by progress in molecular biology,
nanotechnology, and biomedical engineering. Active
targeting is one of the most promising strategies for
increasing the therapeutic efficacy and reducing systemic
toxicity today (15).

Conventional chemotherapy has been
replaced by passive targeting

Passive targeting has replaced conventional chemotherapy.
Medical treatments of malignancies were limited to
conventional chemotherapy for many years. The cytotoxic
drugs (doxorubicin, paclitaxel, cisplatin, 5-fluorouracil)
indiscriminately killed rapidly dividing cells and caused
severe damage to other rapidly growing tissues, including
bone marrow, gastrointestinal epithelium, hair follicles and
reproductive organs. In addition, the poor aqueous solubility
and rapid systemic clearance, dose-limiting toxicities,
and the development of MDR significantly impacted the
effectiveness of treatment (2).

Nanotechnology has been an important
innovation in oncology since the 1990s as
a new method of drug delivery

Nanocarriers such as liposomes, polymeric NPs,
nanostructured lipid carriers (NLCs), dendrimers, and
polymeric micelles (PMs) have also been found to
enhance drug solubility, shield the drugs from premature
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TABLE 1 | Evolution of active targeting strategies in cancer therapy (11-14).

Period Major milestone

Key advancement

Clinical significance

1970s-1980s Conventional chemotherapy

Non-specific cytotoxic drugs

Passive targeting via enhanced permeability and

High systemic toxicity

Improved pharmacokinetics

Enhanced receptor-specific uptake

1990s Liposomal drug delivery
retention (EPR) effect
2000-2010 Ligand-mediated nanoparticles Antibody and peptide conjugation
(NPs)
2010-2020 Multifunctional nanomedicine

2020-Present Intelligent nanomedicine

Co-delivery, imaging, stimuli-responsive release

Artificial intelligence (AI)-guided design,
biomimetic systems, personalized targeting

Precision drug delivery

Improved clinical translation and
precision oncology

Evolution of Active Targeting in Cancer Therapy

A timeline illustrating the transition from conventional chemotherapy to precision oncology
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FIGURE 1 | Evolution of active targeting in cancer therapy. A timeline illustrating the transition from conventional chemotherapy to
passive targeting, ligand-mediated nanocarriers, multifunctional intelligent NPs, biomimetic systems, Al-assisted nanomedicine, and precision

oncology.

degradation, and extend circulation times, and provide
better pharmacokinetic profiles. The majority of first-
generation nanomedicines were based on the EPR
effect, which was initially defined as the preferential
accumulation of NPs in tumor tissues due to leaky tumor
blood vessels and inadequate lymphatic drainage. The
approach, called passive targeting, has been effective in
the clinical translation of a number of nanomedicines
such as liposomal formulations of anthracyclines and
albumin-bound paclitaxel (16, 17).

It was a major achievement, but further studies showed
that the EPR effect is quite variable, depending on the tumor
type, patient, and disease stage. Nanoparticle accumulation
is also affected by tumor vascularization, stromal density,
interstitial fluid pressure, infiltration by immune cells, and
composition of the extracellular matrix (ECM), all of which
can cause variations in reproducibility and predictability
in clinical applications. The onset of active targeting: To

address the passive accumulation problems as discussed
in Table 2, researchers adopted active targeting, which
involves the functionalization of nanocarriers with ligands
that selectively bind receptors/bio-markers that are over-
expressed on cancer cells.

Active targeting, as shown in Figure 2, does not mainly
promote delivery of NPs to the tumor; rather, it improves
cell-specific recognition of the NPs, receptor-mediated
internalization, intracellular accumulation of the drug, and
therapeutic selectivity after delivery to the tumor. Active
targeting requires the targeting ligands to bind to the
receptors. The nanocarrier is then delivered into the cells of
cancer via receptor-mediated endocytosis, which enhances
the delivery of the drug into the cells and minimizes
interaction with healthy tissues.

The paradigm shift was achieved through advances in
cancer genomics, proteomics, and molecular diagnostics that
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TABLE 2 | Comparison of passive and active targeting strategies

Parameter Passive Active targeting
targeting
Mechanism EPR-mediated Ligand-receptor
accumulation interaction
Tumor specificity Moderate High
Cellular uptake Limited Enhanced
receptor-mediated
endocytosis
Drug selectivity Moderate High
Dependence on tumor High Moderate
vasculature
Personalized therapy Limited Highly feasible
Clinical potential Established Rapidly expanding

led to the discovery of many tumor-associated biomarkers
that are very different from those in normal tissues.

The molecular basis of active targeting

Successful active targeting requires the use of a biomarker
that has desirable biological properties, such as:

e The proteins are highly expressed on tumor cells.
e Low levels of expression in normal tissue

e Efficient receptor-mediated endocytosis

e Reliability at the end of the disease

e The clinical relevance of the findings of this
investigation is applicable to the majority of patients.

The HER2, EGFR, FR, TfR, CD44, integrins (especially
avf3), PSMA, and PD-L1 are some of the attractive
therapeutic targets in several biomarkers. They affect
cell growth, angiogenesis, invasion, immune evasion, and
metastasis, and could be potential targets for therapy and
molecular imaging. These biomarkers have led to the creation
of more precise nanomedicines specific to certain cancer sub-
types, lessening the toxicity of the treatments and increasing
precision in treatment (7, 18, 19).

Evolution of targeting ligands

The breakthrough in active targeting was the creation
of a variety of ligand systems and molecular recognition
of the specific molecular biomarkers. Many factors, like
targeting efliciency, circulation time, immunogenicity, and
clinical translation, are significantly affected by the choice of
ligand. Monoclonal antibodies are among the first targeting
ligands, due to their outstanding specificity towards tumor-
associated receptors.

Antibody-functionalized NPs showed improved tumor
accumulation but generally had a large molecular size,
a rather complex manufacturing process, and higher
production costs. For these reasons, peptides were
investigated, including arginine-glycine-aspartic  acid
(RGD) peptides that bind to integrins. The peptides have

Active Targeting of

Nanoparticles to Cancer Cells

Active-
targeting NPs

G-protein-coupled
receptor

FIGURE 2 | Active targeting of NPs to cancer. Active-targeting NPs functionalized with specific ligands selectively bind to overexpressed
cell-surface receptors, such as G-protein-coupled receptors (GPCRs), on cancer cells. Ligand-receptor interaction triggers receptor-mediated
endocytosis, resulting in nanoparticle internalization and trafficking into intracellular endosomes. This targeted uptake enhances intracellular
drug accumulation, improves therapeutic efficacy, and minimizes off-target toxicity compared with non-specific drug delivery.



10.54646/BJOPS.2026.21

several benefits, such as being smaller, more penetrating
to the tumor, less immunogenic, easily synthesized, and
more chemically stable. But alternatives have emerged, in
the form of aptamers, short single-stranded DNA or RNA
molecules that can bind specific proteins with the affinity of
antibodies. They are attractive for targeted drug delivery and
as nucleic acid therapeutics due to their high specificity, low
immunogenicity, and ease of chemical modification (20-22).

As discussed in Table 3, small molecules like folic
acid, hyaluronic acid (HA), and transferrin are also
commonly employed due to their ability to bind to
receptors that are often over-expressed in cancer cells
and their fairly low production costs and safety profile.
New developments involve so-called dual-ligand systems in
which two different ligands bind two different receptors.
These platforms increase the tumor specificity, leave
the receptor heterogeneity, and decrease the chances of
therapeutic resistance.

Intelligent nanomedicine: the next
evolution

The latest phase in the evolution of active targeting
involves the development of intelligent nanomedicine,
where nanocarriers integrate multiple functionalities into
a single platform. These systems not only recognize tumor
biomarkers but also respond dynamically to biological
stimuli such as acidic pH, hypoxia, ROS, elevated glutathione
levels, enzymes, or external triggers, including light,
ultrasound, and magnetic fields.

Intelligent  nanocarriers can achieve sequential
targeting, controlled drug release, multimodal imaging,
immune modulation, and combination therapy, thereby
maximizing therapeutic outcomes while minimizing oft-
target effects. Biomimetic NPs coated with cancer cell
membranes, erythrocyte membranes, platelet membranes,
or extracellular vesicles further enhance circulation time
and immune evasion.

More recently, Al and machine learning (ML) have
begun to influence nanoparticle design by predicting ligand-
receptor interactions, optimizing nanoparticle size and
surface chemistry, modeling protein corona formation,
and identifying patient-specific therapeutic targets. These
computational tools are accelerating the transition toward
precision nanomedicine and may substantially reduce the
time required for preclinical optimization (28, 29).

Collectively, these advances illustrate the remarkable
evolution of active targeting from simple receptor
recognition to sophisticated, multifunctional nanoplatforms
capable of integrating diagnostics, therapy, and personalized
medicine. Continued progress in biomarker discovery,
materials science, and computational biology is
expected to further expand the clinical potential of
intelligent nanomedicine.

Molecular biomarkers in cancer
targeting

The newest step in the development of active targeting is
the development of intelligent nanomedicine, a platform that
combines several different functionalities. They recognize
biochemical markers of tumors, and they are dynamic with
regard to biological factors such as acidic pH, hypoxia, ROS,
high levels of glutathione, enzymes, etc., and stimuli such as
light, ultrasound, or magnetic fields. By utilizing intelligent
nanocarriers, sequential targeting, controlled drug release,
multimodal imaging, immune modulation, and combination
therapy can be achieved, which can optimize drug delivery
and maximize therapeutic effects with fewer side effects.
The circulation time and immune evasion are yet further
improved by coating biomimetic NPs with the membrane
of cancer cells, erythrocytes, platelets, or EVs. Recently, Al
and ML have started to play a role in the design of NPs
by predicting ligand-receptor interactions, optimizing the
size and surface chemistry of NPs, modelling the formation
of protein corona, and identifying therapeutic targets
specific to patients. Such computational tools are ushering
the transition towards precision nanomedicine and could
significantly shorten the preclinical optimization time. All
these developments demonstrate the impressive progress of
active targeting, moving from receptor recognition to highly
multifunctional nanoplatforms, incorporating diagnostic,
therapeutic and personalized medicine. As the discovery of
biomarkers, as shown in Figure 3 and discussed in Table 4,
with materials science advancements and computational
biology innovations continuing, the clinical applications of
intelligent nanomedicine should grow even more (30-32).

HER2

HER?2 is a member of the epidermal growth factor receptor
family that is a transmembrane receptor tyrosine kinase. It
is also found to be over-expressed in about 20-30% of breast
cancers and also in gastric, ovarian, and endometrial cancers.
Overexpression of HER2 is linked to high malignancy
of tumors, high proliferation rate, increased angiogenesis,
and bad prognosis. Successful monoclonal antibodies like
trastuzumab have made HER2 one of the most clinically
validated targets in oncology. Nanocarriers modified with
trastuzumab or anti-HER2 antibody fragments have been
shown to increase the uptake of these particles by the
receptor, intracellular delivery of the drug, and the toxicity
of these particles against HER2-positive tumors. Several new
classes of targeted NPs, such as HER2-targeted liposomes,
polymeric NPs, and antibody-drug conjugates (ADCs),
are under study for their ability to enhance therapeutic
efficacy while simultaneously limiting cardiotoxicity caused
by traditional chemotherapy (33).
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TABLE 3 | Common targeting ligands used in active nanomedicine (23-27).

Ligand

Target receptor

Major advantages

Representative applications

Monoclonal antibodies

Peptides [e.g.,
arginine-glycine-aspartic
acid (RGD)]

Aptamers

Folic acid

Hyaluronic acid (HA)

Transferrin

Human epidermal growth factor
receptor 2 (HER?2), epidermal growth
factor receptor (EGFR), programmed

death-ligand 1 (PD-L1)
Integrins

Nucleolin, PSMA, EpCAM
Folate receptor (FR)

CD44

Transferrin receptor (TfR)

High specificity

Small size, good tissue
penetration

Low immunogenicity,
chemical stability
Simple conjugation,
inexpensive

Biocompatible, biodegradable

Efficient receptor-mediated
uptake

Breast, lung, colorectal cancers

Glioma, melanoma, angiogenic
tumors

Precision drug delivery and gene
therapy

Ovarian, breast, lung cancers

Triple-negative breast cancer
(TNBC), pancreatic cancer

Brain tumors, leukemia

@ Gain-of-function mutation

@ Loss-of-function mutation

Role unknown

TKR

&EGFR

©FGFR1/2

©VEGFR

© INPP4B

© PIK3CA

©PTEN

© MAGI-AKT3
©CDKN2A  ©MYC
@ BRCA1/2 @ AR
@ TP53 & CCNE
©RB1 © MDM2
© MLL3
MPOPVDDDIDIDDPT

\

.

Genetic Markers in Triple-
Negative Breast Cancer

USH2A

& MYO3A
© PARK2

Cell proliferation, survival, angiogenesis, tumorigenesis, genomic instability

FIGURE 3 | Key genetic biomarkers and oncogenic signaling pathways in TNBC. Schematic representation of the major genetic alterations
and signaling pathways involved in TNBC. Gain-of-function mutations in receptor tyrosine kinases (RTKs), including EGFR, FGFR1/2, and
VEGFR, activate the PISBK/AKT/mTOR signaling cascade, promoting cell proliferation, survival, angiogenesis, and tumor progression. Additional
alterations in genes such as PIK3CA, PTEN, INPP4B, and MAGI-AKT3 further dysregulate intracellular signaling. Frequent mutations in tumor
suppressor genes (BRCA1/2, TP53, RB1, CDKN2A, and MLL3) and amplification of oncogenes (MYC, CCNE, MDM2, and AR) contribute to
genomic instability and uncontrolled cell growth. Other genetic alterations, including USH2A, MYOS3A, PARK2, and BCL, influence apoptosis,
DNA repair, and oncogenesis. Collectively, these molecular abnormalities drive the aggressive phenotype of TNBC and provide potential
therapeutic targets for precision oncology.

©BCL
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TABLE 4 | Major molecular biomarkers used for active targeting in cancer therapy.

Biomarker Common cancers Representative ligand Therapeutic significance
HER2 Breast, gastric Trastuzumab Targeted chemotherapy, antibody-drug conjugates (ADCs)
EGFR NSCLC, glioblastoma, Cetuximab, EGFR peptides Enhanced cellular uptake
colorectal
FR Opvarian, breast, lung Folic acid Cost-effective receptor targeting
CD44 TNBC, pancreatic, colorectal HA Cancer stem cell targeting
avf33 Integrin Glioblastoma, melanoma RGD peptide Anti-angiogenic targeting
TfR Brain tumors, leukemia Transferrin Blood-brain barrier transport
PSMA Prostate cancer PSMA ligands Precision imaging and therapy
PD-L1 Multiple solid tumors Anti-PD-L1 antibodies Nano-immunotherapy
EGFR particular, CD44 has been the subject of much interest

Another receptor tyrosine-kinase that is commonly over-
expressed in non-small cell lung cancer, glioblastoma,
colorectal cancer, and head and neck squamous cell
carcinoma is EGFR. EGFR activates a number of signaling
pathways, including PI3K/AKT and MAPK pathways that
in turn control cell proliferation, migration, survival,
and angiogenesis. Monoclonal antibodies, peptides, and
aptamers, as well as EGFR-binding ligands, have been
used to target EGFR and achieved a great improvement
in selective delivery of chemotherapeutics and nucleic
acids. Additionally, EGFR-targeted NPs have been found
to have the ability to overcome drug resistance, in part by
increasing the intracellular accumulation of the drug and by
sidestepping efflux transporters (6).

Folate receptor

The FR is highly expressed by ovarian, breast, lung, kidney,
and endometrial cancers and is minimally expressed in most
healthy tissues, especially the a-isoform. Folic acid is one
of the most widely studied targeting ligands due to its low
cost, lack of immunogenicity, chemical stability, and ability
to be readily attached to nanoparticle surfaces. Numerous
preclinical studies have shown that folate-functionalized
liposomes, polymeric NPs, solid lipid NPs, and NLCs have
shown improved tumor accumulation, enhanced cellular
uptake, and improved therapeutic outcomes. Thanks to its
simplicity, folate conjugation remains a preferred approach
to active targeting (7, 8).

CD44

CD44 is an adhesion molecule, a cell-surface glycoprotein
that plays a multifunctional role in metastasis, migration,
adhesion, and EMT. It is expressed very strongly in cancer
stem cells and in aggressive cancers like triple-negative
breast, pancreatic, ovarian, and colorectal cancers. In

due to its association with tumor recurrence and resistance
to chemotherapy. Due to its good biocompatibility and
biodegradability, HA, the natural ligand of CD44, is widely
used for functionalization of nanocarriers. HA-coated NPs
are found to be highly endocytosed, penetrative, and
selectively targeted to CD44-overexpressing tumors. In
addition, HA-based systems can be designed to release drugs
in response to the HA-degrading enzymes found in tumors,
allowing for controlled drug delivery (25).

Integrins

Integrins are heterodimeric transmembrane receptors that
mediate cell adhesion, migration, angiogenesis, and tumor
invasion. Of these, avf3 integrin is an interesting molecule
that is highly upregulated in tumor-associated endothelial
cells and in certain aggressive cancers such as melanoma,
glioblastoma, and breast cancer. RGD peptides are ligands
with high affinity to avB3 integrins and are one of the
most widely used targeting peptides. RGD-functionalized
NPs show a more pronounced angiogenic vessel targeting,
penetration of tumor tissue, and accumulation of the drug
in the cell. They also have a relatively small molecular size,
which allows them to be more easily diffused into solid
tumors than larger antibody-based systems (34).

Transferrin receptor

The rapidly growing cancer cells need a large amount of
iron to support DNA synthesis and cellular metabolism,
which leads to an overexpression of the TfR. This
receptor is especially rich in glioblastoma, leukemia, breast
and liver cancer. The transferrin-conjugated NPs are
based on receptor-mediated endocytosis to enhance the
intracellular drug delivery. Furthermore, targeted systems
using transferrin are also promising candidates to traverse the
blood-brain barrier, thereby potentially contributing to the
treatment of primary and metastatic brain tumors. Several
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targeted TfR nanomedicines loaded with chemotherapeutic
agents, siRNA, and gene therapy have been preclinically and
clinically evaluated (26).

The prostate-specific membrane
antigen (PSMA)

It occurs on the surface of prostate cancer cells. PSMA is
a transmembrane glycoprotein that is highly expressed
in prostate cancer cells and tumor neovasculature.
Its expression is limited to normal tissues, and high
internalization following ligand binding makes PSMA a
valuable target for precision oncology. The PSMA-targeted
NPs have been shown to achieve increased accumulation
in prostate tumors and the delivery of chemotherapeutics,
radionuclides, and imaging probes. These are being
combined with theranostic systems where diagnosis and
therapy are targeted (17, 35).

PD-L1 and emerging immunological
biomarkers

The recent success of cancer immunotherapy has broadened
the scope of active targeting from tumor cells to other
targets like immune checkpoints like PD-L1. In some cancers,
PD-L1 is often highly expressed, and it inhibits T-cell
activation by binding to the programmed cell death protein
1 (PD-1) receptor. Anti-PD-L1 antibodies or immune-
modulating ligands can be attached to NPs to selectively
deliver the checkpoint inhibitors to tumors, thus maximizing
the therapeutic efficacy of the treatment through a local
effect while minimizing systemic immune-related side effects.
New biomarkers linked to tumor-associated macrophages
(TAMs), fibroblasts, hypoxia, and ECM remodeling are
also being targeted as a promising avenue for future
nanomedicine (36).

Conclusion and future perspectives

In the field of cancer therapy, active targeting has become
a paradigm shift, as it allows for targeted delivery of drugs
while relying on the recognition of molecular biomarkers that
are specific to the tumor. The identification of biomarkers
like HER2, EGFR, FR, CD44, integrins, TfR, and PSMA has
greatly improved the advancement of ligand-functionalized
drug delivery systems for greater specificity, enhanced
cellular uptake, and less systemic toxicity. Biomarker-guided
active targeting is more precise than passive targeting and
other forms of conventional chemotherapy and can be used
to overcome problems of drug biodistribution and oft-
target effects.

As new biomarkers are discovered because of advances
in molecular biology, genomics, and proteomics, the
range of targeted cancer treatments is growing, and the
development of personalized treatment approaches is greater
than ever before. Moreover, the use of these biomarkers
with multifunctional nanocarriers has led to better selective
delivery of chemotherapeutic drugs, nucleic acids, proteins,
and imaging probes in preclinical and early clinical trials,
with encouraging results.

However, there are still several challenges, such as tumor
heterogeneity, dynamic changes in receptor expression,
biological barriers, poor tissue penetration, large-scale
manufacturing, and regulatory approval. Solving these
challenges will involve a multi-disciplinary strategy
that will integrate molecular oncology, nanotechnology,
pharmaceutical science, computational biology, and clinical
research. More research is needed to identify highly patient-
specific biomarkers, form systems with multiple functions
that can cope with tumor heterogeneity, and integrate Al
and ML to refine ligand selection and design NPs.

Further improvements in the clinical use of active
targeting strategies are anticipated to be brought by
continued development of biomimetic delivery systems,
stimuli-responsive nanocarriers, and precision medicine. All
these innovations promise to help drive biomarker-guided
targeted therapies to routine use in the clinic and enhance
the efficacy of treatment, reduce toxicity, and advance
precision oncology.
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