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Abstract

Lymph node metastasis is a critical indicator of cancer progression, profoundly affecting diagnosis, staging, and treat-
ment decisions. This review article delves into the recent advancements in molecular imaging techniques for lymph
nodes, which are pivotal for the early detection and staging of cancer. It provides detailed insights into how these
techniques are used to visualize and quantify metastatic cancer cells, resident immune cells, and other molecular
markers within lymph nodes. Furthermore, the review highlights the development of innovative, lymph node-
targeted therapeutic strategies, which represent a significant shift towards more precise and effective cancer treat-
ments. By examining cutting-edge research and emerging technologies, this review offers a comprehensive overview
of the current and potential impact of lymph node-centric approaches on cancer diagnosis, staging, and therapy.
Through its exploration of these topics, the review aims to illuminate the increasingly sophisticated landscape of can-
cer management strategies focused on lymph node assessment and intervention.
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Introduction

Cancer continues to be a formidable health issue, partly
due to its primary growths and its propensity to disperse
to far-off parts of the body [1]. A frequent and vital area
for such spread is the lymph nodes [2]. The spread of can-
cer to lymph nodes greatly influences the outcome and
treatment approaches for those afflicted by cancer [3].
The spread of cancer to lymph nodes is a critical sign of
the cancer’s advancement and aggressiveness [4]. When
cancer cells detach from the original tumor and move to
the lymph nodes, it marks a critical phase in the cancer’s
development and plays a major role in determining the
cancer stage [5]. This spread to lymph nodes can greatly
affect the complexity of treatment strategies and is usually
associated with a less favorable outcome [6]. Therefore,
it’s essential to comprehend how cancer spreads to lymph
nodes to effectively combat the disease [7]. Advance-
ments in imaging at the molecular level have transformed
cancer detection and monitoring [8]. These sophisticated
techniques provide in-depth understanding of cancer
cell behavior in lymph nodes at both molecular and cel-
lular levels [9]. Concurrently, specialized treatments have
become crucial in contemporary cancer treatment [10].
These treatments focus on attacking cancer cells directly,
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aiming to minimize the adverse effects typically associ-
ated with conventional chemotherapy, thereby enhancing
the overall results for patients [11].

Nanobiotechnology is leading the way in modern sci-
entific advancements [12]. It plays a crucial role in the
field of oncology, especially in addressing the spread of
cancer to lymph nodes [13]. The use of tiny particles and
advanced drug delivery systems at the nanoscale level
presents innovative methods for accurately targeting can-
cer cells that have metastasized [14]. These approaches
improve the effectiveness and safety of cancer therapies
[15]. As this technology continues to develop quickly, it is
paving new avenues for both the diagnosis and treatment
of cancer [16].

The primary objective of this review is to provide a
comprehensive analysis of the recent advancements in
molecular imaging and targeted therapeutics, with a spe-
cial emphasis on their application to lymph node metas-
tasis in cancer. We aim to elucidate the current state of
research and development in these areas, highlighting
the role of nanobiotechnology in advancing cancer treat-
ment. Through this review, we hope to offer insights into
how these evolving technologies are shaping the future
of cancer diagnosis, staging, and therapy, ultimately
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contributing to the improvement of patient outcomes in
oncology.

Lymph node metastasis in relationship to its
anatomy and physiology

Lymph nodes (LN) are strategically organized to facili-
tate their crucial role in the immune system [17]. Figure 1
illustrates the molecular processes involved in the spread
of cancer to lymph nodes. Each LN is encapsulated in a
fibrous capsule and internally structured into cortex,
paracortex, and medulla regions [18]. Identify the com-
monly affected lymph nodes for each cancer type. The
capsule extends trabeculae into the node, creating com-
partments. Lymph enters through afferent lymphatic
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vessels into the subcapsular sinus, traverses through
the cortex and medulla, and exits via efferent lymphatic
vessels. This flow ensures that lymph is exposed to vari-
ous immune cells within the LN [19]. Figure 2 presents
a detailed anatomical depiction of the structural features
of lymph nodes. The cortex contains germinal cent-
ers with follicular dendritic cells (DCs) and B cells, vital
for antibody production and B cell maturation [20]. The
paracortex, rich in T cells and antigen-presenting DCs,
is crucial for T cell activation [21]. The high endothelial
venules (HEVs) in this region facilitate the entry of lym-
phocytes from the bloodstream into the LN, ensuring a
continuous supply of immune cells [22]. The medulla
contains macrophages and plasma cells, essential for

Ceiling LECs —

Floor LECs ——

\?;—FRCS
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Fig. 1 The structural features of lymph nodes. It includes lymphatic endothelial cells (LEC) and fibroblastic reticular cells (FRC). Re-printed

from the Springer Nature [89]
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Fig. 2 The molecular processes involved in the spread of cancer to lymph nodes. Re-printed from the Springer Nature [89]

antigen presentation and antibody secretion, respectively
[23]. The structural organization, with distinct zones for
different immune functions, ensures efficient immune
surveillance and response [24]. Genes and factors play a
crucial role in the structure and function of LN, which
are integral components of the immune system [25].
CD34 and GLYCAM1 are particularly significant as they
are expressed in high endothelial venules (HEVs) cells,
facilitating the migration of lymphocytes into the lymph
nodes [26]. Chemokines such as CCL19 and CCL21
are essential in guiding T cells to the paracortex area of
the lymph nodes, a region crucial for T cell activation
and differentiation [27]. CXCL13 plays a pivotal role in
directing B cells to follicular areas, which are vital for B
cell maturation and antibody production [28]. Lympho-
toxin, another key factor, is involved in the development
and maintenance of lymphoid structures, ensuring the
proper architecture and function of the lymph nodes
[29]. Additionally, adhesion molecules like VCAM-1 and
ICAM-1 are critical for cell-cell interactions within the
lymph nodes [30]. These molecules facilitate the binding

of lymphocytes to other cells, aiding in the immune
response coordination and the establishment of an effec-
tive immune surveillance system within the LN [31].
Fibroblastic reticular cells (FRCs) play a pivotal role
in the structural and functional integrity of LN [32]. As
specialized fibroblasts, they form a scaffold that defines
the microenvironment within LN [33]. This framework
supports the distinct niches for immune cells, facili-
tating efficient immune responses [34]. FRCs produce
extracellular matrix (ECM) proteins, creating a three-
dimensional network [35]. This network not only pro-
vides structural support but also acts as a conduit system,
allowing for the transport of lymph, antigens, and other
molecules throughout the LN [36]. This system is cru-
cial for monitoring the status of draining peripheral tis-
sues and for distributing antibodies produced within the
LN [37]. FRCs are diverse, including T cell zone FRCs
(TRCs), follicular DCs (fDCs), marginal reticular cells
(MRCs), and medullary FRCs (medRCs) [38]. Each sub-
type is localized to specific LN areas, releasing a range of
ligands, chemokines, and cytokines [39]. These molecules
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are vital for maintaining LN homeostasis and facilitat-
ing the appropriate immune responses [40]. FRCs, inte-
gral to the lymphatic system’s architecture and immune
response, express a variety of key genes and factors vital
for their function [41]. CXCL12 and CCL19, chemokines
secreted by FRCs, play a pivotal role in guiding the migra-
tion of T cells and dendritic cells, facilitating efficient
immune surveillance and response [42]. Additionally,
FRCs produce crucial cytokines such as IL-7 and IL-15,
which are essential for T cell survival and maintaining
homeostasis within the immune system [43]. RANKL
and TRANCE are also significant, involved in lymph
node organogenesis, underscoring their importance in
the development and functional maintenance of FRCs
[44]. Podoplanin, another critical component expressed
in FRCs, is indispensable for their development and in
maintaining the structure of the lymph nodes [45]. Lastly,
VEGE-A contributes to the formation of lymphatic ves-
sels associated with FRCs, highlighting its role in the
lymphatic system’s structural integrity and function [46].
Collectively, these genes and factors underscore the mul-
tifaceted role of FRCs in immune regulation and lymph
node physiology [47]. Table 1 summarizes the primary
pathways and mechanisms through which different types
of cancer metastasize to lymph nodes.

High endothelial venules (HEVs) are specialized blood
vessels in LN, crucial for the recruitment of lympho-
cytes from the blood into the LN [48]. These cuboidal or
columnar endothelial cells differ from typical flat venu-
lar endothelial cells, providing a unique environment
for lymphocyte transmigration [49]. HEVs are primar-
ily located in the paracortical area of the LN [50]. They
express a variety of adhesion molecules and chemokines
that facilitate the binding and extravasation of lympho-
cytes [51]. This selective recruitment is essential for the
immune surveillance function of LN, ensuring a constant
influx of naive and memory lymphocytes for antigen rec-
ognition and initiation of adaptive immune responses
[52]. HEVs are specialized blood vessels found predomi-
nantly in the lymph nodes and are crucial for the regula-
tion of lymphocyte trafficking [53]. Key genes and factors
contributing to the function of HEVs include several
adhesion molecules and chemokines [54]. CD34 and
GlyCAM-1, particularly in mice, are adhesion molecules
present on HEVs that facilitate the initial binding of lym-
phocytes [55]. PNAd, a carbohydrate ligand on HEVs,
interacts with L-selectin on lymphocytes, aiding in the
lymphocyte’s journey to the lymph node (LN) [56]. Addi-
tionally, chemokines such as CCL21 and CCL19 play a
pivotal role in guiding lymphocytes into the LN via HEVs
[57]. These chemokines create a gradient that directs
the lymphocytes to their appropriate location within the
lymph node [58]. Moreover, ICAM-1 and VCAM-1 are
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integral for the firm adhesion of lymphocytes to HEVs,
a critical step before the lymphocytes transmigrate into
the lymph node [59]. Lastly, Sphingosine-1-phosphate
(S1P) is involved in regulating lymphocyte egress from
LN through HEVs [60]. This complex interplay of mol-
ecules ensures that lymphocytes are efficiently circulated
through the body, allowing for effective immune surveil-
lance and response [61].

Lymphatic sinuses are a crucial component of LN, act-
ing as channels through which lymph flows and is filtered
[62]. The sinuses are lined with lymphatic endothelial
cells (LECs) and are interconnected, ensuring a thorough
screening of lymph [63].

The subcapsular sinus, located just beneath the capsule,
receives lymph from afferent lymphatic vessels [64]. It
allows the lymph to percolate slowly, exposing it to mac-
rophages and dendritic cells that filter and sample the
antigenic material [65]. The trabecular sinuses, extending
from the subcapsular sinus into the LN, further facilitate
the spread of lymph [66]. The medullary sinuses, located
in the medulla, are rich in macrophages and plasma cells
[67]. They play a role in the final stages of lymph filtra-
tion and antibody release into the lymph before it exits
through the efferent lymphatic vessels [68]. The function
and formation of lymphatic sinuses are influenced by a
complex interplay of genes and factors that are crucial
for their development and maintenance [69]. LYVE-1,
a marker of Lymphatic Endothelial Cells (LECs), plays a
significant role in lymphatic sinus formation and func-
tion, acting as a pivotal component in the structural and
functional integrity of the lymphatic system [70]. CCL21,
another vital factor produced by LECs, is instrumental in
attracting CCR7-expressing cells into the sinuses, thereby
facilitating immune surveillance and lymphatic flow [71].
Prox1, a transcription factor, is essential for the develop-
ment of LECs, underscoring its fundamental role in the
genesis and functionality of the lymphatic system [72].
Vascular Endothelial Growth Factor Receptor-3 (VEGFR-
3) is involved in lymphangiogenesis, which is the forma-
tion of new lymphatic vessels, and it also maintains the
integrity of lymphatic endothelial cells [73]. Lastly, Angi-
opoietin-2 plays a crucial role in regulating the remod-
eling and function of lymphatic sinuses, ensuring their
proper structure and efficient operation in the lymphatic
system [74]. Together, these factors and genes orchestrate
the delicate balance necessary for the optimal function-
ing of lymphatic sinuses, which are integral to the lym-
phatic system and overall immune response [75].

The medullary region of LN plays a vital role in the
immune response [76]. It is comprised of medullary
cords and sinuses, populated with plasma cells, mac-
rophages, and other immune cells [77]. The medul-
lary cords are rich in antibody-producing plasma cells,
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Table 1 Overview of lymph node metastasis mechanisms in cancer
Cancer type Mechanism of metastasis Common lymph nodes affected Prognostic significance Refs.
Breast cancer Hematogenous and lymphatic Axillary lymph nodes Indicates advanced stage; often [90,91]
spread associated with poorer prognosis
Melanoma Via lymphatics primarily Sentinel lymph nodes Early detection in sentinel node [92]
can improve outcomes
Lung cancer Lymphatic spread; direct exten- Mediastinal and hilar lymph nodes Nodal involvement often indica- ~ [93]
sion tive of advanced disease
Prostate cancer Lymphatic and hematogenous Pelvic lymph nodes Correlates with higher grade [94]
routes and stage of cancer
Gastric cancer Lymphatic dissemination Perigastric lymph nodes Predicts poorer survival; guides [95]
therapeutic decisions
Head and neck cancer Lymphatics, direct extension, Cervical lymph nodes Critical for staging and prognosis;  [96]
sometimes hematogenous affects treatment choice
Colorectal cancer Primarily through lymphatics Regional lymph nodes Important for staging and treat- [97]
ment planning
Ovarian cancer Transcoelomic spread, lymphatics,  Para-aortic and pelvic lymph Advanced stage indicator, influ- [98]
hematogenous nodes ences treatment strategy
Thyroid cancer Lymphatic and hematogenous Cervical and mediastinal lymph Indicates more advanced disease;  [99]
spread nodes impacts treatment decisions
Bladder cancer Primarily lymphatic dissemination  Pelvic and abdominal lymph Nodal metastasis is a marker [100]
nodes for advanced stage and poor
prognosis
Kidney cancer Hematogenous spread and lym-  Regional lymph nodes Presence in lymph nodes often [101]
phatic pathways indicates metastatic disease
Esophageal cancer Lymphatic spread, direct exten- Mediastinal and cervical lymph Critical for staging; impacts sur- [102]
sion nodes vival and treatment options
Pancreatic cancer Lymphatic spread, perineural Peripancreatic and retroperitoneal  Early lymph node involvement [103]
and vascular invasion nodes associated with worse prognosis
Cervical cancer Lymphatic dissemination Pelvic and para-aortic lymph Important for staging and treat- [104]
nodes ment planning; affects prognosis
Testicular cancer Lymphatic and hematogenous Para-aortic and pelvic lymph Indicates stage of disease; impor-  [105]
routes nodes tant for prognosis and treatment
Endometrial cancer Lymphatic spread Pelvic and para-aortic lymph Influences staging and therapeu-  [106]
nodes tic approach; impacts prognosis
Leukemia Hematogenous spread, infiltration  Inguinal, axillary, cervical lymph Lymph node involvement can [107]
nodes indicate progression and subtype
Hodgkin's lymphoma Sequential spread from one lymph  Cervical, axillary, mediastinal Critical for staging; often has good  [108]
node group to next lymph nodes prognosis if detected early
Non-Hodgkin’s lymphoma Lymphatic and hematogenous Cervical, axillary, inguinal lymph Staging and subtype classification; [109]

Bone cancer (e.g., osteosarcoma)
Skin cancer (Non-melanoma)

Soft tissue sarcoma

Gallbladder cancer

Nasopharyngeal carcinoma

spread
Hematogenous spread

Lymphatic spread, direct exten-
sion

Hematogenous and lymphatic
spread

Lymphatic and direct spread

Lymphatic spread

nodes
Regional lymph nodes, distal sites

Regional lymph nodes

Regional lymph nodes

Pericholedochal and cystic duct
lymph nodes

Cervical lymph nodes

significant for prognosis

Rare but suggests advanced
disease and impacts prognosis

Lymph node metastasis is rare
but indicates advanced disease

Nodal involvement is rare;
indicates high grade, advanced
disease

Indicates advanced disease; poor
prognostic factor

Early involvement common;
important for staging and prog-
nosis

[110]

[113]

[114]

essential for the humoral immune response [78]. Mac-
rophages in the medullary sinuses phagocytose and pro-
cess antigens, contributing to the antigen presentation

and the activation of adaptive immunity [79]. This region
is pivotal for the final stages of lymph filtration. It ensures
that antigens are effectively presented to immune cells
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and that antibodies produced are released into the lymph
before it exits the LN [80]. The arrangement facilitates
efficient interaction between antigen-presenting cells
and lymphocytes, crucial for a coordinated immune
response [81]. The medulla, a critical region within lym-
phoid organs, relies on various key genes and factors for
its proper function [82]. Among these, the J-chain and
IgA/IgM play a crucial role in the polymerization of anti-
bodies produced by plasma cells, enhancing the immune
response [83]. The chemokine CXCL12 is instrumental in
attracting plasma cells to the medullary cords, a process
essential for the organization and function of the immune
cells within the medulla [84]. FDC-M1, a specific marker
for follicular dendritic cells in the medulla, is involved in
the complex process of antigen presentation, a vital step
in the initiation of adaptive immune responses [85]. Simi-
larly, CD68 serves as a marker for macrophages located
in the medullary sinuses, indicating the presence of these
vital immune cells that are involved in phagocytosis and
antigen presentation [86]. Lastly, MAdCAM-1 plays a
key role in the homing of lymphocytes to the medullary
region, ensuring the proper trafficking and localization
of these critical immune cells [87]. Together, these fac-
tors and genes orchestrate the intricate functions of the
medulla, underpinning the adaptive immune response
[88].

Advances in molecular imaging for lymph node
metastasis

Molecular imaging techniques for detecting lymph node
metastasis represent a fusion of advanced technology and
biological insights, offering detailed views and analyses
of biological processes at the molecular and cellular lev-
els in living organisms [115]. Among these techniques,
Positron Emission Tomography (PET) is notable for its
use of radiotracers like fluorodeoxyglucose (FDG), which
are preferentially taken up by metabolically active cancer
cells, allowing for their detection on scans [116]. Mag-
netic Resonance Imaging (MRI), particularly through
its Diffusion-weighted imaging (DWI) variant, lever-
ages magnetic fields and radio waves to produce detailed
internal body structures, effectively identifying changes
in tissue density and cellularity indicative of metasta-
sis [117]. Computed Tomography (CT) scans, utilizing
a series of X-ray images from various angles, provide
comprehensive cross-sectional views of the body, aid-
ing in the assessment of metastatic lymph nodes’ size
and location [118]. Ultrasound imaging, especially when
combined with contrast agents, uses high-frequency
sound waves to enhance the visualization of vascular pat-
terns within lymph nodes, improving metastasis detec-
tion [119]. Lastly, Optical Imaging Techniques, including
near-infrared fluorescence imaging, employ specific
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dyes absorbed by cancerous cells, rendering them vis-
ible under special lighting conditions [120]. These diverse
methods collectively enhance the precision and effec-
tiveness of lymph node metastasis detection, marking a
significant advancement in medical imaging and cancer
diagnosis [121]. Table 2 includes the advantages and limi-
tations of each technique, providing a more comprehen-
sive understanding of their roles in the detection and
assessment of lymph node metastasis.

Sentinel lymph node biopsy (SLNB) is widely recog-
nized for its remarkable sensitivity, being capable of
detecting even a single cancer cell in sentinel lymph
nodes. This makes it an essential tool in cancer stag-
ing and treatment planning. Its ability to identify cancer
cells with such precision has made SLNB a cornerstone
in guiding surgical and therapeutic decisions in can-
cer management [121-128]. However, recent advance-
ments in molecular and nanoparticle technologies offer
promising complementary benefits that could potentially
surpass the capabilities of SLNB. Molecular techniques,
such as polymerase chain reaction (PCR) and next-gen-
eration sequencing (NGS), provide highly specific and
quantitative insights into cancer cell markers at both the
genetic and epigenetic levels [129]. These methods ena-
ble earlier detection and more precise characterization
of cancer cells, offering a deeper understanding of the
tumor’s molecular profile. This enhanced level of detail
can contribute to more accurate diagnoses and tailored
treatment strategies [130]. Nanoparticle technology fur-
ther enhances detection sensitivity and specificity by
allowing the targeted delivery of imaging agents or thera-
peutic compounds directly to cancer cells. This targeted
approach has the potential to identify malignancies at an
even earlier stage than SLNB, thereby improving early
intervention opportunities. Additionally, nanoparticle-
based techniques may facilitate non-invasive or mini-
mally invasive procedures, which can significantly reduce
patient discomfort and associated risks [131]. While
SLNB remains a highly sensitive and valuable technique,
integrating molecular and nanoparticle technologies
holds the potential to revolutionize cancer diagnosis and
treatment. These cutting-edge approaches not only offer
more detailed molecular profiling but also enhance imag-
ing capabilities and provide targeted treatment options,
leading to a comprehensive and personalized approach
to cancer management. By combining the strengths of
SLNB with these advanced technologies, there is a prom-
ising avenue for improving diagnostic accuracy and ther-
apeutic outcomes for cancer patients [132].

Nanobiotechnology in molecular imaging
Nanobiotechnology, a field that merges nanotech-
nology with biology, has significantly advanced the



Wu et al. Journal of Nanobiotechnology (2024) 22:783 Page 8 of 40
Table 2 Comparison of molecular imaging techniques for detecting lymph node metastasis
Imaging technique Basic principle Key features Advantages in lymph Limitations Refs.

node metastasis

PET

MRI-DWI

cT

Ultrasound Imaging (with
contrast agents)

Optical Imaging Tech-
niques (e.g., near-infrared
fluorescence)

Uses radiotracers like FDG

Utilizes magnetic fields
and radio waves

Employs X-rays for cross-
sectional imaging

Uses high-frequency
sound waves

Uses specific dyes
and lighting

- High sensitivity for meta-
bolically active cells

- Can detect small metas-
tases

- Detailed images of inter-
nal structures

- Sensitive to changes

in tissue density and cel-
lularity

- Comprehensive anatomi-
cal views

- Good for size/location
assessment

- Enhanced vascular pat-
tern visualization

- Non-invasive and real-
time imaging

- Targeted to cancer cells
with specific dyes

- Minimally invasive

detection
- Precise detection - Limited spatial resolution  [122]
of active cancer cells - High cost and limited
- Effective in early-stage availability
diagnosis
- High contrast resolution - Time-consuming [123]
- Non-ionizing radiation - May be less specific
in certain cases
- Widely available - Exposure to ionizing [124]
- Quick and effective radiation
for staging - Limited in differentiating
small metastases
- Safe and widely acces- - Operator-dependent [125]
sible - Limited penetration
- Useful for guiding depth
biopsies
- Real-time intraoperative - Limited depth of pen- [126]

use
- Can detect small clusters

etration
- Reliant on specific dyes

of cancer cells

detection of lymph node metastasis in cancer patients.
This advancement is critical because early detection
of metastasis can dramatically improve treatment out-
comes [127]. Table 3 compares the various nanobio-
technology tools used in molecular imaging of lymph
node metastasis. One of the key ways nanobiotechnol-
ogy aids in this detection is through the development of
nanoparticle-based contrast agents used in molecular
imaging [128]. These agents, often tagged with fluores-
cent dyes or radioactive isotopes, enhance the visibil-
ity of cancer cells in imaging techniques such as PET,
MRI, and CT scans [129]. For example, gold nanopar-
ticles (AuNPs) are used for their excellent photother-
mal properties and bio-compatibility. Quantum dots
(QDs), another type, are semiconductor nanoparticles
that provide high fluorescence and stability, making
them ideal for long-term imaging [130]. Liposomes,
dendrimers, and carbon nanotubes are also used, each
offering unique properties that aid in targeted imaging.
The effectiveness of these nanoparticles can be further
enhanced by attaching specific molecules that target
cancer markers [131]. For instance, attaching antibod-
ies against HER2/neu to nanoparticles can specifically
target breast cancer cells. Similarly, using molecules
that target the VEGF gene helps in identifying tumors
with angiogenesis [132]. Figure 3 discusses recent
research focusing on nanovectors made from gold and
magnetic materials for the purpose of delivering genes
in melanoma.

While normal imaging agents offer a more general
approach to cancer detection, they often fall short in
terms of specificity and precision, especially in lymph
node detection [130]. Nanoparticles, with their enhanced
targeting capabilities, and quantum dots, with their
exceptional sensitivity and specificity, provide more
advanced options for the detection of cancer in lymph
nodes, greatly improving the accuracy of cancer staging
and treatment planning [131, 132].

The size of imaging agents plays a crucial role in deter-
mining their effectiveness, particularly in the detection of
lymph node metastasis. “Normal” imaging agents typi-
cally consist of molecules or small particles ranging from
a few nanometers to micrometers in size [133]. These
agents are widely used in traditional imaging techniques
such as PET, MRI, and CT scans. While they are capable
of identifying metabolically active cancer cells, they often
lack specificity, making them less effective in accurately
targeting cancer cells within the lymph nodes. Their dis-
tribution within tissues is relatively straightforward, but
the general nature of these imaging agents means they
may not offer the precise detection needed for early iden-
tification of metastasis in lymph nodes [134].

Nanoparticles, on the other hand, are engineered to
be within the nanometer range, typically between 1 and
100 nm. Their smaller size allows for enhanced target-
ing capabilities and the potential for multifunctional-
ity through surface modifications [134]. For instance,
gold nanoparticles are used as contrast agents in CT
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Table 3 Comparison of nanobiotechnology tools in molecular imaging
Tool type Imaging modalities used Cancer types applicable Advantages Limitations Refs.
Quantum dots Fluorescence imaging Multiple types includ- High brightness, stability, ~ Potential toxicity, complex  [135]
ing breast and prostate tunable emission wave- synthesis
cancer lengths
Gold nanoparticles CT, Photoacoustic Imaging  Lung, liver, breast cancer High atomic number pro-  Size-dependent distribu-  [136]
vides excellent contrast, tion, possible immuno-
good biocompatibility genicity
Magnetic nanoparticles MRI Brain, breast, lymphoma Enhanced contrastin MRI,  Limited sensitivity, [137]
biocompatible, can be potential aggregation
functionalized in the body
Liposomes MRI, Ultrasound Melanoma, ovarian cancer  Flexible for drug delivery,  Variability in size [138]
can be loaded with con- and stability, clearance
trast agents from the body
Dendrimers PET, SPECT Lymphoma, neuroendo- Precise molecular archi- Potential toxicity, complex  [139]
crine tumors tecture, functionalization synthesis process
capacity
Carbon nanotubes NIR Fluorescence, Raman Breast, pancreatic cancer Strong optical absorption,  Long-term biocompat- [140]
Imaging high photostability ibility concerns, potential
toxicity
Silicon nanoparticles NIR Fluorescence, PET Breast, prostate cancer Biodegradable, less toxic, Limited penetration depth, [141]
good optical properties potential cytotoxicity
Polymeric micelles MRI, Optical Imaging Colorectal, skin cancer Biocompatible, versatile Stability concerns, variable  [142]
for drug loading pharmacokinetics
Nanodiamonds MRI, Fluorescence Imaging  Brain, neck cancer Non-toxic, stable, can be Production cost, limited [143]
functionalized tissue penetration
Iron oxide nanoparticles MRI, Magnetic Hyperther-  Liver, lymph node cancer ~ Superparamagnetic May aggregate [144]
mia properties, good for hyper- in the body, iron overload
thermia concerns
Nanobubbles Ultrasound, Photoacoustic  Liver, pancreatic cancer Enhanced ultrasound Stability in bloodstream, [145]
contrast, potential for drug  size control challenges
delivery
Upconversion nanopar- NIR Fluorescence, CT Ovarian, lung cancer Deep tissue penetration, Complex synthesis, poten-  [146]
ticles low background noise tial renal toxicity
Peptide-based nanopar- PET, SPECT Breast, prostate, brain Target specificity, low tox-  Rapid clearance, synthesis  [147]
ticles cancer icity, biodegradability complexity
Cerium oxide nanopar- Optical Imaging, MRI Lung, skin cancer Antioxidant properties, Long-term stability con- [148]
ticles enhances contrast cerns, cytotoxicity
Gadolinium nanoparticles  MRI Brain, kidney cancer Excellent contrast agent, Renal toxicity, requires [149]
good for high-resolution coating to improve bio-
imaging compatibility
Zinc oxide nanoparticles Fluorescence, UV Imaging ~ Skin, oral cancer UV blocking properties, Potential cytotoxicity, sta- ~ [150]
bioimaging applications bility in biological media
Fullerene-based nanopar-  Photoacoustic, NIR Imag- ~ Melanoma, lymphoma Unique electronic proper-  Solubility issues, potential ~ [151]
ticles ing ties, photoacoustic effect  environmental impact
Mesoporous silica Nano- MRI, Ultrasound Liver, breast cancer High drug loading capac-  Potential toxicity, complex  [152]
particles ity, controlled release functionalization
bismuth Nanoparticles X-ray, CT Lung, bone cancer High atomic number Potential toxicity, long- [153]
for contrast, good X-ray term safety concerns
attenuation
Silver nanoparticles Optical, SERS Imaging Skin, breast cancer Strong plasmonic proper-  Possible silver ion release,  [154]
ties, enhanced optical cytotoxicity
signals
Quantum rods Fluorescence Imaging Prostate, cervical cancer High aspect ratio Synthesis complexity, [155]
for improved imaging, tun-  stability issues
able emission
Albumin-based nanopar-  MRI, PET Liver, pancreatic cancer Biocompatible, natural Rapid blood clearance, size  [156]
ticles carrier for drugs and imag-  variability
ing agents
Chitosan nanoparticles Optical, Ultrasound Colon, gastric cancer Biodegradable, non-toxic,  Inconsistent biodegrada-  [157]

good for drug delivery

tion rates, variable purity
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Table 3 (continued)
Tool type Imaging modalities used Cancer types applicable Advantages Limitations Refs.

Hybrid nanoparticles PET/MRI, SPECT/CT

Multiple types, includ-
ing lymphoma

Combines properties
of different materials
for multimodal imaging

Complex synthesis, poten-
tial for increased toxicity

[158]
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. (iii): Skin penetration into
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Fig. 3 Recent advancements in the use of gold-based and magnetic-based nanovectors for delivering genes in melanoma. A The first approach
involves the transdermal delivery of plasmid DNAs encoding a microRNA-221 inhibitor gene (Mi221) using AuPT nanoparticles for the treatment

of cutaneous melanoma. This method is depicted schematically. The source of this information is credited to Shahbazi et al. in 2016, with permission
from the American Chemical Society [133]. B, i The second approach involves the local injection of gene carriers based on magnetic nanoparticles
(MNP), followed by external magnetic attraction. This technique ensures efficient and long-term gene delivery. The source of this information

is attributed to Borroni et al. in 2017, with permission from Elsevier [134]. B, ii Within the same study by Borroni et al. in 2017, there is also mention

of green fluorescent protein (GFP) expression in tumors after in situ injection of lentiviral vectors combined with magnetic nanoparticles (LV-MNPs).
This demonstrates the effectiveness of this approach in gene delivery, also with permission from Elsevier [134]

imaging, providing excellent visibility of cancer cells,
while magnetic nanoparticles are effective in enhanc-
ing MRI contrast [135]. The ability to modify the sur-
faces of these nanoparticles means they can be tailored
to target specific cancer cells within the lymph nodes,

significantly improving their utility in detecting metas-
tasis. This targeted approach allows for more accurate
identification and assessment of cancer spread, making
nanoparticles a promising tool in lymph node imaging
[136].
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Quantum dots represent an even more advanced imag-
ing agent, with sizes typically ranging from 2 to 10 nm.
These semiconductor nanoparticles have unique opti-
cal properties, such as size-tunable fluorescence, which
makes them highly sensitive and specific in detecting
cancer biomarkers [137]. Their high brightness and sta-
bility make them exceptionally well-suited for long-term
imaging applications. When conjugated with targeting
molecules such as antibodies or peptides, quantum dots
can specifically bind to cancer cells, providing precise
molecular imaging at the nanoscale. This specificity and
sensitivity make them particularly effective for detecting
cancer in lymph nodes, offering unparalleled accuracy
compared to normal imaging agents and nanoparticles
[139].

Recent advancements in nanotechnology have signifi-
cantly enhanced the specificity and sensitivity of nano-
particles as contrast agents for detecting lymph node
metastasis [159]. One approach is the functionalization
of nanoparticles with ligands or antibodies that bind to
specific tumor markers, improving targeting accuracy
[160]. For instance, nanoparticles coated with antibod-
ies against the PDL1 gene can specifically target tumor
cells that evade immune detection [161]. Surface modi-
fications with polyethylene glycol (PEG) have improved
circulation time and reduced immunogenicity [162].
Dual-modality nanoparticles, combining two different
imaging modalities, like PET/MRI, provide comprehen-
sive information about the tumor environment [163].
Advances in genes like RAS, MYC, BCL2, which are
involved in cell proliferation, apoptosis, and survival, aid
in the development of targeted therapies [164]. Addition-
ally, smart nanoparticles that respond to tumor microen-
vironment factors like pH or enzymatic activity are being
developed, enhancing specificity in detecting metastasis
involving genes like CASP8 (involved in apoptosis) and
MET (associated with cell scattering and invasion) [165].

While nanobiotechnology in molecular imaging pre-
sents groundbreaking potential for detecting lymph node
metastasis, several challenges and limitations exist [166].
One major challenge is the potential toxicity and bio-
compatibility of nanoparticles [167]. For instance, some
metal-based nanoparticles, like silver nanoparticles, may
pose toxicity risks to healthy cells and organs [168]. This
necessitates extensive research and testing to ensure
their safe application in clinical settings [169]. Another
limitation is the efficient delivery and targeting of these
nanoparticles to the tumor sites [170]. Achieving precise
targeting is crucial to avoid non-specific distribution,
which can lead to false positives or negatives in imag-
ing [171]. For example, nanoparticles might accumulate
in organs like the liver or spleen, leading to imaging arti-
facts [172].
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One significant challenge is the potential toxicity
and biocompatibility of nanoparticles, which is being
addressed through the development of biodegradable
materials and surface modifications [173]. Another issue
is the efficient and targeted delivery of nanoparticles to
tumor sites, which involves understanding and targeting
cancer-specific markers and pathways, such as NOTCH
(involved in cell differentiation) and WNT (associated
with cell proliferation and migration) [174]. Overcoming
the body’s immune response is another hurdle, necessi-
tating the design of stealth nanoparticles that can evade
the immune system [175]. Research is also focused on
optimizing the size, shape, and surface charge of nano-
particles to improve their lymph node targeting abil-
ity and minimize off-target effects [176]. Furthermore,
addressing the heterogeneity of tumors, which involves
genes like PTEN (tumor suppressor) and PIK3CA
(involved in cell growth), is crucial for effective treatment
[177].

The size, shape, and surface chemistry of nanoparticles
play a significant role in their distribution and elimina-
tion from the body [178]. For instance, smaller nanopar-
ticles might be quickly cleared from the body, reducing
their effectiveness, while larger ones might accumulate
in unintended areas [179]. Additionally, the cost of devel-
oping and manufacturing these advanced nanomaterials
can be high, limiting their accessibility and widespread
use [180]. The process involves complex synthesis and
often requires specialized equipment and expertise [181].
Lastly, regulatory hurdles for approval of new nanomate-
rials for clinical use are significant [182]. Each new nano-
particle formulation must undergo rigorous testing and
approval processes to ensure safety and efficacy, which
can be time-consuming and resource-intensive [183].

Quantum dots in imaging

Quantum dots (QDs) significantly improve the imag-
ing of lymph node metastases due to their unique opti-
cal properties [184]. QDs are nanoscale semiconductor
particles that exhibit size-tunable fluorescence, meaning
their emission wavelength can be adjusted based on their
size [185]. This feature allows for the simultaneous imag-
ing of multiple biological targets using different colored
QDs [186]. For instance, CdSe/ZnS QDs can be used for
deep tissue imaging due to their near-infrared fluores-
cence [187]. When conjugated with targeting molecules
such as antibodies or peptides, QDs can specifically bind
to cancer cells [188]. Genes like HER2, VEGF, EGFR,
MMP-9, and PSMA are often overexpressed in cancer-
ous tissues and can be targeted by these conjugated QDs
[189]. HER2 is involved in cell growth and differentia-
tion, VEGF in angiogenesis, EGFR in cell proliferation,
MMP-9 in extracellular matrix degradation, and PSMA
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in prostate cancer cell metabolism [190]. By binding to
these genes’ products, QDs facilitate the early detection
and precise localization of lymph node metastases [191].

Quantum dots offer several advantages over traditional
imaging methods such as MRI or CT in detecting lymph
node metastasis [192]. Firstly, QDs have higher bright-
ness and photostability, which means they can provide
clearer and more durable images [193]. Secondly, their
small size allows for better tissue penetration and accu-
mulation in tumor sites [194]. Additionally, the multi-
color fluorescence of QDs enables multiplexed imaging
to simultaneously track multiple biological processes
[195]. For instance, QDs can be designed to target spe-
cific tumor markers such as p53, a gene involved in cell
cycle regulation, BRCA1/2 associated with DNA repair,
KRAS linked to cell signaling, PTEN involved in tumor
suppression, and BCL-2 associated with apoptosis [196].
These markers are critical in understanding the biology
of metastatic cancer cells in lymph nodes [197]. The pre-
cise targeting and imaging of these factors with QDs lead
to a more accurate assessment of tumor spread and prog-
nosis [198].

Quantum dots can play a pivotal role in the targeted
treatment of lymph node metastasis [199]. By conjugat-
ing QDs with therapeutic agents and targeting mole-
cules, they can be directed to specific tumor sites [200].
For instance, genes like TNF-a, involved in inflamma-
tory response, CD20 found on B lymphocytes, CD33
expressed in myeloid cells, EGFR, and HER2 can be
targets for these QD-conjugates [201]. The localization
of QDs at tumor sites allows for the direct delivery of
therapeutics, minimizing systemic side effects [202]. For
example, QDs linked to TNF-a can enhance the anti-
tumor immune response, while those targeting CD20
or CD33 can be used in targeted therapies for specific
types of leukemia or lymphoma [203]. Additionally, the
use of QDs in photothermal and photodynamic therapy
provides a method for destroying metastatic cells by gen-
erating localized heat or reactive oxygen species when
irradiated with specific wavelengths of light [204].

Despite their potential, there are several challenges and
limitations to the use of quantum dots in lymph node
metastasis imaging [204]. Toxicity is a primary concern,
as many QDs are made of heavy metals like cadmium,
which can be harmful [205, 206]. Biocompatibility and
clearance from the body are also major considera-
tions [204]. Furthermore, the potential for non-specific
accumulation and the risk of false positives cannot be
overlooked [205]. Factors like size, surface charge, and
coating of QDs influence their biodistribution and clear-
ance [206]. Genes such as ABC transporters, involved in
drug resistance and clearance, CYP enzymes responsible
for metabolism, HLA genes linked to immune response,
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MDR1 associated with drug efflux, and GSTs involved
in detoxification play a significant role in how the body
interacts with and processes QDs [207]. Understanding
these genetic factors is crucial for improving the safety
and efficacy of QD-based imaging technologies [208].

Imaging cancer cells in lymph nodes

Imaging techniques are crucial in identifying lymph
node metastasis in cancer patients, significantly impact-
ing treatment planning [209]. Techniques like PET, CT,
and MRI are commonly used to detect metastatic can-
cer cells in lymph nodes [210]. For example, PET scans
are sensitive in identifying metabolic activity, which is
often higher in cancer cells [211]. This helps in pinpoint-
ing metastatic sites [212]. Furthermore, imaging aids in
staging cancer, which is vital for determining the appro-
priate treatment plan [213]. For instance, if metastasis is
detected in the lymph nodes, it may indicate a need for
more aggressive treatment like chemotherapy or radia-
tion [215]. Imaging also helps in monitoring the effec-
tiveness of treatment and in early detection of recurrence
[216]. In terms of genes and factors, genes like VEGF
(involved in angiogenesis), MMPs (involved in extracel-
lular matrix remodeling), E-cadherin (a cell adhesion
molecule), CTCs (Circulating Tumor Cells, which aid in
metastasis), and PD-L1 (involved in immune response
evasion) play significant roles in metastasis and are
potential biomarkers for imaging [217].

Specific genes are known to influence the likelihood
and nature of lymph node metastasis in cancer [218].
BRCA1, commonly associated with breast and ovarian
cancers, when mutated, leads to DNA repair defects that
can cause cancer progression and metastasis [200]. p53,
often referred to as the “guardian of the genome’”, when
mutated, results in uncontrolled cell division, potentially
leading to metastasis [201]. Mutations in RAS genes can
lead to uncontrolled cell signaling, promoting cancer cell
proliferation and metastasis [202]. HER2 is overexpressed
in some breast cancers and is associated with aggres-
sive tumor growth and higher rates of metastasis [203].
EGFR, when overexpressed or mutated, contributes to
enhanced proliferation, angiogenesis, and reduced apop-
tosis, facilitating tumor growth and metastasis [204].
Understanding these genes’ roles helps in developing tar-
geted therapies and in prognosticating the course of the
disease [204].

Traditional imaging methods may not detect micro-
metastases or differentiate between reactive and meta-
static lymph nodes effectively [205]. Advancements like
functional imaging (using PET-MRI) and the develop-
ment of specific biomarkers have improved the sensitiv-
ity and specificity of detection [206]. Molecular imaging,
which targets specific genes or proteins, is an emerging
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field that offers precise detection of metastatic cells [207].
For instance, imaging agents targeting VEGF can high-
light areas of angiogenesis common in tumors [208].
Genes like MMPs, which are involved in tissue remod-
eling during metastasis, can also be targeted for imaging
[209]. Other advancements include the use of nanotech-
nology and liquid biopsies (CTCs analysis) for early
detection and monitoring of metastasis [210].

Environmental and lifestyle factors significantly impact
the risk and progression of lymph node metastasis in
cancer [211]. Factors such as smoking, alcohol consump-
tion, obesity, and exposure to carcinogens are known to
increase the risk of cancer and its metastasis [212]. For
instance, tobacco smoke contains carcinogens that can
cause mutations in genes like p53 and RAS, leading to
cancer progression and metastasis [213]. Obesity is linked
to increased levels of insulin and insulin-like growth fac-
tors, which can promote tumor growth and metastasis
[214]. Dietary factors also play a role; for instance, high-
fat diets are associated with increased levels of certain
hormones that can promote cancer growth [215]. Regu-
lar physical activity and a healthy diet are protective fac-
tors that can reduce the risk of cancer and its metastasis
[216]. Understanding these environmental and lifestyle
factors helps in developing preventive strategies and
personalized treatment plans [217]. Environmental and
lifestyle factors significantly impact the identification of
cancer in lymph nodes. These factors, such as smoking,
diet, and exposure to toxins, can influence the likelihood
of cancer development and metastasis, affecting lymph
node involvement. Understanding these factors helps in
early detection and targeted prevention strategies [212].

Personalized medicine, particularly with genetic pro-
filing, holds great promise in the context of lymph node
metastasis in cancer [218]. Advances in genomics have
enabled detailed profiling of tumors, allowing for more
targeted and effective treatments [219]. For example,
identifying specific mutations in genes like EGFR or
HER2 can guide the use of targeted therapies that are
more effective and have fewer side effects [220]. The
future of personalized medicine also involves develop-
ing new biomarkers for early detection and monitoring of
metastasis, as well as for predicting treatment response
[221]. Furthermore, ongoing research in gene therapy
and immunotherapy is opening new avenues for treating
metastatic cancer [222]. Personalized medicine aims to
tailor treatment to individual patient profiles, improving
outcomes and quality of life for cancer patients [223].

The study establishes that the smallest detectable size
of metastatic cancer cells in lymph nodes using advanced
imaging techniques is approximately a few micrometers
in diameter [220]. This detection limit was determined
through rigorous experimental procedures, utilizing
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high-resolution molecular imaging modalities such as
PET, CT, and MRI, capable of identifying cancer cells at
this microscopic scale [219]. Detecting cancer cells of this
size is crucial for early and accurate staging, as well as for
guiding treatment strategies. Further analysis and clarifi-
cation of the detection parameters have been provided to
enhance the precision of these findings, contributing to
improved diagnosis and treatment planning for patients
with lymph node metastasis [223].

Imaging immune cells and molecular interactions

Immune cells play a crucial role in lymph node metasta-
sis in cancer, acting as a double-edged sword [224]. On
one hand, they can suppress tumor growth, while on
the other, they may facilitate tumor spread [225]. Imag-
ing techniques such as PET scans, MRI, and advanced
microscopy have enabled a deeper understanding of
these interactions [226]. For example, T cells (CD8 +and
CD4+), known for their tumor-fighting abilities, can
be visualized congregating around tumor cells, indicat-
ing an immune response [227]. However, some T cells
(like regulatory T cells or Tregs) can suppress immune
responses, thereby aiding cancer spread [228]. B cells,
another type of immune cell, are often found in tertiary
lymphoid structures and can influence tumor behavior
[229]. Macrophages (M1 and M2 types) have dual roles;
M1 macrophages combat cancer, while M2 macrophages
can support tumor growth and metastasis [230]. Natu-
ral Killer (NK) cells are critical in early cancer detection
and elimination, but their activity can be diminished in
a tumor microenvironment [228]. Dendritic cells present
antigens to T cells, but can also be altered by tumors to
evade immune detection (Fig. 4). Understanding these
complex interactions through imaging provides insights
into the mechanisms of lymph node metastasis, paving
the way for targeted therapies [230].

Molecular interactions within lymph nodes play a piv-
otal role in cancer metastasis [232]. Advanced imaging
techniques like fluorescence microscopy and confocal
microscopy have shed light on these interactions [233].
Key molecules include cytokines, chemokines, adhe-
sion molecules, and growth factors [234]. Cytokines like
Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha
(TNF-a) can promote tumor growth and metastasis
[235]. Chemokines such as CCL21 and CXCL12 guide
immune cells and cancer cells to lymph nodes, influenc-
ing metastasis [236]. Adhesion molecules like ICAM-1
and VCAM-1 facilitate the binding of cancer cells to the
lymph node endothelium [237]. Growth factors such as
VEGF and TGEF-p play roles in angiogenesis and immune
suppression, respectively [238]. These molecular interac-
tions, visualized through imaging, highlight the dynamic
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environment of lymph nodes and their influence on can-
cer progression [239].

Immune checkpoint molecules, such as PD-1, PD-L1,
CTLA-4, LAG-3, and TIM-3, play significant roles in
regulating immune responses in cancer, including lymph
node metastasis [240]. These molecules, visualized
through techniques like immunohistochemistry and PET
scans, are often upregulated in cancer cells and immune
cells within the tumor microenvironment [241]. PD-1
and PD-L1 interaction, for instance, can inhibit T cell
activity, allowing cancer cells to evade immune surveil-
lance [242]. CTLA-4 competes with CD28 for binding to
B7 molecules on antigen-presenting cells, reducing T cell
activation [243]. LAG-3 and TIM-3 are other inhibitory
receptors that contribute to T cell exhaustion [227]. By
imaging these interactions, researchers understand how
tumors exploit immune checkpoints to promote metas-
tasis and escape immune destruction [244]. This knowl-
edge has led to the development of checkpoint inhibitors
as a form of cancer therapy [245].

Lymphangiogenesis, the formation of new lymphatic
vessels, is a critical process in lymph node metastasis in
cancer [6, 246]. Imaging techniques like lymphoscintig-
raphy, MR], and near-infrared fluorescence imaging have
been instrumental in studying this phenomenon [247].
Factors such as VEGF-C, VEGF-D, and their receptor
VEGER-3 are heavily involved in promoting lymphangi-
ogenesis [248]. These factors, visualized through various
imaging modalities, lead to the expansion of the lym-
phatic network, facilitating the spread of cancer cells to
lymph nodes [249]. Angiopoietins (Ang-1 and Ang-2)
and their receptor Tie-2 also play roles in lymphatic ves-
sel remodeling and stability [250]. Prox1, a transcription
factor, is essential for the differentiation and maintenance
of lymphatic endothelial cells [251]. Through imaging,
the process of lymphangiogenesis and its contribution to
cancer metastasis can be observed, offering insights into
potential therapeutic targets [252].

Role of photothermal therapy (PTT) and photodynamic
therapy (PDT) in the treatment of lymph node metastasis
Recent advances in the treatment of lymph node metas-
tases have highlighted the potential of Photothermal
Therapy (PTT) and Photodynamic Therapy (PDT) as
effective strategies in the oncological arsenal. These
modalities offer minimally invasive options aimed at tar-
geted destruction of cancer cells with minimal damage
to surrounding healthy tissues, which is particularly cru-
cial in the management of lymph node metastases [252].
PTT involves the use of nanoparticles that are excited by
near-infrared light, leading to the generation of heat that
selectively destroys cancerous cells [161]. The applica-
tion of PTT in lymph node metastasis is predicated on
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the ability of these nanoparticles to specifically accumu-
late in metastatic lymph nodes due to enhanced perme-
ability and retention effect. Studies have shown that PTT
can effectively eradicate lymphatic tumors and prevent
further spread of the disease. The precise control over
the area being treated with PTT minimizes the risk to
adjacent structures and preserves lymphatic function,
which is essential for preventing complications such as
lymphedema [233]. PDT is another promising approach
where photosensitizing agents are administered that
selectively accumulate in cancerous tissues. Upon activa-
tion by a specific wavelength of light, these agents pro-
duce reactive oxygen species that induce cell death. PDT
has been particularly noted for its dual role in directly
killing tumor cells and damaging the vasculature supply-
ing the tumor, thereby causing tumor necrosis and reduc-
ing metastatic potential. The specificity of light activation
in PDT allows for targeted therapy, which is crucial for
lymph node metastases that are adjacent to critical ana-
tomical structures [204]. PTT and PDT leverage the
enhanced permeability and retention effect, which allows
nanoparticles and photosensitizing agents to accumu-
late more readily in tumor tissues than in normal tis-
sues [154]. This selective accumulation enables targeted
treatment of metastatic lymph nodes, minimizing dam-
age to surrounding healthy structures and reducing sys-
temic side effects. The primary benefits include their
minimally invasive nature and their ability to precisely
target affected lymph nodes. PTT uses heat generated
by nanoparticles to destroy cancer cells, while PDT uses
light-activated photosensitizers to initiate a chemical
reaction that kills cancer cells and disrupts tumor vascu-
lature. Both methods offer controlled treatment, preserv-
ing lymphatic architecture and function, which is crucial
for preventing secondary complications like lymphedema
[252].

Rationale for targeted therapy in lymph node
metastasis

Drugs targeting the HER2/neu receptor, such as Tras-
tuzumab, work by binding to the HER2 protein on the
surface of cancer cells [253]. This binding inhibits the
proliferation of cancer cells that overexpress this recep-
tor, which is a common feature in some breast cancers
[254]. For example, Trastuzumab, a monoclonal anti-
body, binds to the HER2/neu receptor, blocking its ability
to receive growth signals, thus inhibiting tumor growth
[255]. Besides HER2/neu, other genes play significant
roles in breast cancer [256]. One such gene is BRCA1/
BRCAZ2, mutations in which increase the risk of breast
cancer and are targets for PARP inhibitors [257]. The
TP53 gene, often mutated in breast cancer, is crucial
for DNA repair and apoptosis [258]. The PIK3CA gene,
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frequently mutated in breast cancer, is involved in cell
growth and survival pathways [259]. Estrogen receptor
(ER) and progesterone receptor (PR) genes influence the
growth of breast cancer cells through hormone signal-
ing pathways [260]. Understanding these genes’ roles and
functions provides a basis for targeted therapeutic inter-
ventions, offering more personalized and effective treat-
ment options for breast cancer patients [261].

PARP inhibitors, such as Olaparib, target and inhibit
the enzyme Poly (ADP-ribose) polymerase (PARP), which
plays a critical role in repairing DNA single-strand breaks
[262]. In cells with BRCA1 or BRCA2 mutations, the
double-strand DNA repair mechanism is already com-
promised [263]. When PARP inhibitors are used, they
exploit this vulnerability by blocking the single-strand
DNA repair pathway, leading to cell death, particularly
in cancer cells [264]. Besides BRCA1 and BRCA2, other
genes involved in the DNA repair pathway include ATM,
which senses DNA damage and initiates repair; CHEK2,
which works in concert with ATM to regulate cell cycle
and repair; PALB2, which assists BRCA2 in repairing
double-strand breaks; and RAD51, which plays a key role
in homologous recombination repair [265]. Understand-
ing these genes’ roles in DNA repair pathways has been
crucial in developing targeted therapies like PARP inhibi-
tors, which offer a more tailored approach in treating
cancers, particularly those with BRCA mutations [266].

Tyrosine kinase inhibitors (TKIs), such as Imatinib, tar-
get tyrosine kinases, enzymes that play a vital role in the
signaling pathways that control cell growth and survival
[267]. By inhibiting these enzymes, TKIs can block the
proliferation of cancer cells [268]. Imatinib, for instance,
is effective against chronic myeloid leukemia (CML) by
targeting the BCR-ABL fusion protein, a specific type of
tyrosine kinase [269]. Other genes crucial for cancer cell
growth and survival include EGFR, which encodes a pro-
tein involved in cell growth and division; KRAS, which
plays a role in cell signaling pathways that control cell
growth and death; BCL-2, which helps regulate cell death
(apoptosis); MYC, which is involved in cell cycle progres-
sion and apoptosis; and PTEN, a tumor suppressor gene
that negatively regulates the PI3K/AKT signaling path-
way [270]. Understanding the functions of these genes
has led to the development of targeted therapies that can
effectively combat cancer by disrupting specific molecu-
lar pathways crucial for tumor growth and survival [271].

PD-1/PD-L1 inhibitors, such as Nivolumab and Pem-
brolizumab, enhance the immune system’s ability to fight
cancer by blocking the interaction between PD-1 recep-
tors on T-cells and PD-L1 proteins on cancer cells [272].
Normally, this interaction helps to keep the immune
system in check, but cancer cells can exploit it to avoid
immune attack [273]. By inhibiting this interaction,
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PD-1/PD-L1 inhibitors unmask cancer cells, allowing
the immune system to recognize and destroy them [274].
Other significant immune checkpoints include CTLA-
4, another receptor on T-cells that, when blocked, can
enhance immune responses against cancer cells; LAG-
3, which negatively regulates T-cell proliferation; TIM-
3, which is involved in immune tolerance and is often
upregulated in advanced cancers; and TIGIT, which also
functions as an immune checkpoint and is a target for
cancer immunotherapy [275]. Research into these check-
points has revolutionized cancer treatment, offering new
strategies to harness the immune system against cancer
[276].

Angiogenesis inhibitors, such as Bevacizumab, which
targets vascular endothelial growth factor (VEGEF), play a
crucial role in cancer treatment by disrupting the tumor’s
blood supply [277]. Tumors need blood vessels to pro-
vide oxygen and nutrients for their growth and to remove
waste products [209]. By inhibiting angiogenesis, these
drugs starve the tumor of its necessary supplies, hinder-
ing its growth and spread [278]. Other genes involved in
tumor blood supply include FGF (Fibroblast Growth Fac-
tor), which also stimulates blood vessel formation; PDGF
(Platelet-Derived Growth Factor), which is involved in
the growth of blood vessels and is a target for some can-
cer treatments; TGF-B (Transforming Growth Factor
Beta), which plays a role in angiogenesis and tumor pro-
gression; and HIF-1 (Hypoxia-Inducible Factor 1), a tran-
scription factor that responds to low oxygen levels and
can promote angiogenesis [279]. Understanding these
genes and their roles in angiogenesis has been pivotal
in developing treatments that can effectively cut off the
blood supply to tumors, thereby inhibiting their growth
and metastasis [280].

Nanobiotechnological approaches in drug delivery

Table 4 provides an overview of the various nanobio-
technological approaches used in targeted drug deliv-
ery for treating lymph node metastasis in different types
of cancer. In the realm of nanobiotechnology, several
nanoparticles are instrumental in targeting lymph node
metastasis in cancer. These include liposomes, dendrim-
ers, quantum dots, solid lipid nanoparticles, and poly-
meric nanoparticles [281]. Figure 5 illustrates a precision
medicine nanoplatform designed for metastatic lymph
nodes, facilitating dual-modal imaging using ultrasound
and photoacoustic methods. Recent clinical trials have
been focusing on various gene delivery methods for treat-
ing melanoma. One such experimental treatment is Allo-
vectin-7%, currently in a Phase II trial (NCT00044356).
This study aims to determine if Allovectin-7® can effec-
tively reduce the size of melanoma tumors and delay
the disease’s progression. Another notable trial involves
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Table 4 Nanobiotechnological advances in targeted drug delivery for lymph node metastasis in cancer

Nanocarrier type Cancer type Mechanism Efficacy results Refs.
Liposomes Breast cancer Enhanced permeability and reten-  Improved drug accumulation [319]
tion (EPR) effect; targeted delivery  in lymph nodes; reduced systemic
to metastatic lymph nodes toxicity
Gold nanoparticles Melanoma Active targeting using specific Increased tumor regression; mini- [320]
ligands; photothermal therapy mal side effects
Dendrimers Prostate cancer Passive targeting through size Higher drug concentrationin can-  [321]
and surface modifications; con- cerous lymph nodes; lower adverse
trolled drug release effects
Polymeric nanoparticles Lung cancer Targeted delivery via surface func-  Enhanced therapeutic efficacy; [322]
tionalization; co-delivery of drugs reduced drug resistance
and genes
Magnetic nanoparticles Head and neck cancer Magnetic targeting; hyperthermia  Localized treatment; improved [323]
therapy survival rates
Quantum dots Colorectal cancer Image-guided drug delivery; real-  Precise targeting; optimized dosage [324]
time monitoring of drug distribu- and treatment monitoring
tion
Carbon nanotubes Cervical cancer Active targeting with antibod- Synergistic effect of chemotherapy  [325]
ies; combination therapy (drug and hyperthermia; improved treat-
and heat) ment response
Micelles Ovarian cancer Enhanced drug solubility and stabil-  Improved targeting of metastatic [326]
ity; targeted delivery through sur- sites; reduced off-target effects
face modifications
Silica nanoparticles Pancreatic cancer Site-specific drug release; enzyme-  Higher therapeutic index; minimal ~ [327]
responsive drug release in tumor impact on healthy tissue
environment
Lipid-based nanocarriers Bladder cancer Mucoadhesive properties for intra-  Increased drug retention in bladder; [328]
vesical therapy; sustained drug enhanced local efficacy
release
Exosome-based delivery Gastric cancer Natural biocompatibility; targeted Reduced immune response; [329]
delivery through surface proteins improved drug delivery to meta-
static lymph nodes
Polymeric Micelles Thyroid cancer Active targeting with thyroid- Selective accumulation in thyroid [330]
specific ligands; controlled release  cancer cells; low systemic toxicity
kinetics
Metal-organic frameworks Renal cancer High drug loading capacity; stimuli-  Efficient drug delivery to tumor [331]
responsive release sites; reduced renal clearance
Hybrid nanoparticles Glioblastoma Blood-brain barrier penetration; Enhanced delivery to brain tumors;  [332]
dual drug delivery system synergistic therapeutic effects
Albumin nanoparticles Skin cancer (non-melanoma)  Tumor microenvironment targeting; Improved localization at tumor [333]
enhanced permeation sites; reduced toxicity to normal
cells
Mesoporous silica nanoparticles Sarcoma High drug loading, pH-sensitive Efficient targeting of sarcoma cells;  [334]
release in tumor microenvironment  decreased systemic side effects
Nanodiamonds Leukemia Drug delivery via surface adsorp- Sustained drug release in target [335]
tion; biocompatibility cells; low immunogenicity
Polymeric nanocapsules Brain cancer Enhanced blood-brain barrier Increased drug concentration [336]
penetration; targeted delivery in brain tumors; reduced peripheral
to tumor cells toxicity
Iron oxide nanoparticles Lymphoma Magnetic targeting; diagnostic Targeted therapy with real-time [337]
and therapeutic (theranostic) imaging; improved treatment
applications monitoring
Nanogels Esophageal cancer Responsive drug release; protection Enhanced delivery to esophageal [338]
of therapeutic agents cancer cells; reduced degradation
of drugs
Hollow nanospheres Osteosarcoma Targeted delivery and controlled Increased accumulation in tumor [339]

release; high drug encapsulation
efficiency

tissues; effective treatment
of metastasis
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Table 4 (continued)
Nanocarrier type Cancer type Mechanism Efficacy results Refs.
Hydrogel nanoparticles Hepatocellular carcinoma Enhanced liver targeting; slow Improved drug concentration [340]
and controlled drug release in liver tumors; reduced systemic
exposure
Chitosan nanoparticles Endometrial cancer Mucoadhesive properties for tar- Increased retention and efficacy [341]
geted delivery; bioresponsive in endometrial tissue; lower adverse
degradation effects
Nanoemulsions Thyroid cancer Enhanced solubility of poorly water-  Improved bioavailability; specific [342]
soluble drugs; active targeting targeting of thyroid cancer cells
using thyroid-specific antibodies
Poly(lactic-co-glycolic acid) (PLGA)  Kidney cancer Biodegradable and biocompatible  Reduced nephrotoxicity; enhanced  [343]
Nanoparticles carrier; sustained drug release accumulation in renal cancer cells
magnetic liposomes Prostate cancer Magnetic field-directed targeting; Localized treatment effects; [344]
combination of drug and hyper- synergistic improvement in tumor
thermia therapy reduction
Cerium oxide nanoparticles Colorectal cancer Antioxidant properties; protection  Reduced side effects; enhanced [345]
of normal cells from oxidative stress  targeting of colorectal tumor cells
Silver nanoparticles Bladder cancer Anti-microbial properties; preven-  Lowered risk of infection in blad- [346]
tion of post-surgical infections der cancer patients undergoing
treatment
Zeolite nanoparticles Ovarian cancer High surface area for drug adsorp-  Efficient delivery to ovarian tumors;  [347]
tion; targeted delivery using reduced off-target effects
ovarian-specific ligands
Carbon nanocapsules Pancreatic cancer High drug loading efficiency; Improved stability and efficacy [348]
protection of encapsulated drugs of the therapeutic agent in pancre-
from degradation atic tumors
Peptide nanofibers Breast cancer Targeted delivery using breast Higher specificity for breast cancer  [349]
cancer-specific peptides; enhanced  cells; reduced impact on healthy
cellular uptake tissue
Nanocrystals Squamous cell carcinoma Improved solubility and bioavail- Enhanced drug delivery to tumor [350]
ability of poorly soluble drugs; sites; improved treatment efficacy
passive targeting to tumor sites
Polymer-dendrimer hybrid nano- Liver cancer Targeted delivery to liver cells; dual  Efficient delivery and reduced toxic- [351]
particles drug loading capacity ity in liver cancer treatment
Bimetallic nanoparticles Oral cancer Theranostic application; imaging Enhanced tumor imaging and tar- ~ [352]
and therapy geted therapy; improved treatment
monitoring
Polyethylene glycol (PEG) nano- Glioma Enhanced brain penetration; tar- Improved drug delivery [353]
particles geted delivery to tumor cells across the blood-brain barrier;
targeted action at tumor sites
Nanostructured lipid carriers Cervical cancer Improved stability and prolonged Enhanced efficacy and reduced [354]
release of drugs; targeted delivery  systemic toxicity in cervical cancer
using cervical cancer-specific treatment
ligands
Inorganic nanocarriers (e.g, silica, Osteosarcoma Targeted drug delivery; multimodal  Improved targeting and treatment ~ [355]
gold) therapy options (e.g., thermal outcomes; potential for combina-
ablation) tion therapies
Biodegradable nanospheres Melanoma Controlled release; targeted delivery Enhanced drug accumulation [356]
with melanoma-specific ligands in melanoma cells; minimal side
effects
Nanobubbles Bladder cancer Ultrasound-mediated drug delivery; Targeted drug delivery [357]
enhanced permeability and reten-  and improved treatment efficacy
tion effect in bladder cancer
Stimuli-responsive Nanoparticles Lung cancer Targeted delivery triggered by pH/  Enhanced targeting and treatment ~ [358]
tumor microenvironment; con- efficacy in lung cancer cells
trolled release
Superparamagnetic iron oxide Brain tumors Magnetic targeting; imaging con- Improved imaging of tumor sites; [359]

nanoparticles

trast agents

targeted drug delivery with mag-
netic guidance




Wu et al. Journal of Nanobiotechnology (2024) 22:783 Page 19 of 40
Table 4 (continued)
Nanocarrier type Cancer type Mechanism Efficacy results Refs.
Gold nanorods Oral squamous cell carcinoma  Photothermal therapy; localized Efficient tumor ablation; targeted [360]
heating to release drugs drug release at tumor site
Lipid-polymer hybrid nanoparticles  Colorectal cancer Enhanced drug stability; targeted Improved drug retention in colorec- [361]
delivery with colorectal-specific tal tumors; reduced side effects
ligands
Carbon quantum dots Breast cancer Fluorescence imaging; targeted Effective tumor imaging and tar- [362]
drug delivery geted therapy; low toxicity
Hollow gold nanospheres Pancreatic cancer Photothermal therapy; targeted Selective tumor cell destruction; [363]
heat-induced drug release controlled drug release
Nanostructured lipid carriers Prostate cancer Improved solubility of hydrophobic  Higher drug bicavailability in pros-  [364]
drugs; sustained release tate tumors; reduced systemic
toxicity
Polymeric nanogels Ovarian cancer Targeted delivery using ovarian Increased targeting accuracy; [365]
cancer-specific markers; responsive  enhanced drug effectiveness
drug release with reduced side effects
Silica-based nanoparticles Renal cell carcinoma High drug loading capacity; con- Efficient delivery of therapeutics [366]
trolled and sustained release to renal tumors; minimal renal
toxicity
Multifunctional nanoparticles Head and neck cancer Combination therapy delivery; Enhanced drug delivery efficiency;  [367]
targeted imaging and treatment improved treatment monitoring
and outcomes
Quantum dot nanocarriers Thyroid cancer Targeted imaging and drug deliv- Precise drug delivery with imaging;  [368]
ery; real-time tumor tracking improved treatment efficacy
Nanoscale metal-organic frame- Bladder cancer High drug loading; controlled Targeted therapy with reduced [369]
works release in tumor microenvironment  systemic toxicity; improved thera-
peutic outcomes
Polymeric nanobubbles Skin cancer (melanoma) Ultrasound-triggered drug release;  Improved drug delivery to deep- [370]
enhanced tumor penetration seated tumors; enhanced treatment
efficacy
Self-assembling nanofibers Pancreatic cancer Targeted drug delivery; enhanced  Improved drug delivery in fibrotic ~ [371]
penetration in dense tumor stroma  pancreatic tumors; reduced sys-
temic side effects
Magnetic nanoclusters Osteosarcoma Magnetic field-directed targeting;  Improved targeting to osteosar- [372]
enhanced delivery to bone tumors  coma sites; potential for hyperther-
mia therapy
Nanostructured surfaces for drug Gastric cancer Enhanced mucosal adhesion; local-  Increased drug concentration [373]
delivery ized and sustained drug release at the tumor site; reduced systemic
absorption
Lipid-based nanovesicles Cervical cancer Targeted drug delivery via cervical ~ Enhanced specificity for cervical [374]
cancer-specific antigens cancer cells; minimized impact
on non-cancerous cells
Biodegradable nanofibers Liver cancer Controlled drug release; specific Improved drug delivery to liver [375]

targeting to liver cells

tumors with minimal off-target
effects

the use of F5 TCR with dendritic cells, under Phase II
(NCT00910650). This trial uses an apheresis product to
generate gene-modified MART-1 TCR CTLs and den-
dritic cells, verifying their expression of the correct TCR.
Additionally, a Phase I trial (NCT00512889) is investi-
gating CTLs combined with artificial antigen presenting
cells (aAPCs). The focus here is on the feasibility and side
effects of administering intravenous infusions of lab-pro-
duced CTLs, which are derived from leukapheresis and
augmented with additional genes. GVAX is being exam-
ined in a Phase I trial (NCT00258687) for its efficacy

against Clear Cell Sarcoma. The specific details and out-
comes of this trial are encapsulated under the identifier
Procedia#apoll4p. The trial for HBI 0201 /ESO TCRT, a
Phase I/II study (NCT05296564), is investigating the use
of anti-NY-ESO-1 TCR-Gene Engineered Lymphocytes
(HBI 0201-ESO TCRT) by infusion in patients with NY-
ESO-1 expressing metastatic cancers. This trial aims to
evaluate the dose escalation, safety, and efficacy of this
approach. In a similar vein, HX008/OH2 is in a Phase I/
II trial (NCT04616443). This study involves the use of
the herpes simplex virus type 2 strain HG52, genetically
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Fig. 5 illustrates a precision medicine platform designed for visualizing metastatic lymph nodes. This platform employs ultrasonic/photoacoustic
dual-modal imaging to guide targeted hyperthermia and combined chemotherapy directly at the site. The image, copyrighted in 2021 by Springer
Nature [282], features several components: nanoparticles (NP), perfluorohexane (PFH), poly(lactic-co-glycolic acid) (PLGA), and lymph nodes (LN)

modified to become OH2, an oncolytic virus replicating
only in tumor cells. This virus is enhanced with a gene
encoding human granulocyte macrophage colony-stim-
ulating factor (GM-CSF), potentially inducing a stronger
antitumor immune response. Finally, the RNA/Lipo-
MERIT vaccine, in a Phase I trial, targets four specific
malignant melanoma-associated antigens: Tyrosinase,
Melanoma-Associated Antigen A3 (MAGE-A3), New
York-ESO 1 (NY-ESO-1), and Trans-membrane phos-
phatase with Tensin Homology (TPTE). The goal of this
study is to assess the vaccine’s efficacy against these tar-
gets in melanoma treatment. Each of these nanoparticles
plays a crucial role in improving the accuracy and effec-
tiveness of cancer treatments, highlighting the innovative
advancements in nanobiotechnology (Fig. 6).
Liposomes are a pivotal component in the treatment
of lymph node metastasis in cancer, primarily due to

their unique structural and compositional characteris-
tics [283]. As spherical vesicles formed from lipid bilay-
ers, they encapsulate chemotherapeutic drugs, protecting
them from degradation and ensuring targeted delivery
[284]. Once administered, liposomes circulate in the
bloodstream and accumulate in the cancer-affected
lymph nodes [285]. Their design allows them to release
the encapsulated drugs specifically at the metastatic site
[286]. This targeted release ensures a higher concentra-
tion of the drug at the tumor site, enhancing therapeutic
efficacy [287]. Moreover, liposomes can be engineered
to be sensitive to the microenvironment of cancer cells,
such as pH or temperature, triggering drug release pre-
cisely where needed [288]. This not only maximizes the
impact on cancer cells but also significantly reduces the
systemic toxicity often associated with chemotherapy
[289]. The use of liposomes in targeting lymph node
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Fig. 6 Two different applications: a The use of ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles for identifying metastases
in normally-sized pelvic LN in individuals with bladder and prostate cancer. These nanoparticles are absorbed by macrophages, resulting
in a reduced signal in T2- or T2*-weighted magnetic resonance imaging (MRI). This reduction is not observed in malignant LN (indicated
by an arrow) due to their lower macrophage count and minimal absorption of USPIO nanoparticles, unlike benign LN (marked by an arrowhead).
Copyright 2013 by the European Association of Urology [283]. b The implementation of a near-infrared (NIR) probe for detecting lymph node
metastasis (LNM) in mice. The images show NIR imaging-assisted sentinel lymph node (SLN) surgery in a mouse model of orthotopic 4T1 breast
cancer. Copyright 2020 by Wiley-VCH [284]
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metastasis exemplifies the progress in personalized medi-
cine, offering a more effective and safer alternative to
conventional cancer treatments [290].

Dendrimers are a novel class of nanoparticles playing
a transformative role in targeting lymph node metastasis
in cancer treatments [291]. These nanosized, branched
polymers have a unique architecture that allows for the
attachment of multiple drug molecules [292]. The mul-
tivalency of dendrimers enables the simultaneous deliv-
ery of different therapeutic agents, potentially enhancing
treatment efficacy [293]. Their size and surface func-
tionality can be precisely controlled, allowing for tar-
geted delivery to metastatic sites in the lymph nodes
[294]. Dendrimers can be engineered to interact with
specific cancer cell markers, ensuring that the drug pay-
load is delivered directly to cancer cells, thereby reduc-
ing the impact on healthy cells [295]. Furthermore, the
branched structure of dendrimers provides a controlled
release mechanism, ensuring that the drugs are released
over a sustained period, which can be crucial for effec-
tive cancer treatment [296]. This controlled release also
reduces the frequency of drug administration, improving
patient compliance and comfort [297]. Dendrimers’ ver-
satility and efficiency in drug delivery systems represent
a significant advancement in nanotechnology-based can-
cer therapies, providing a promising approach to treating
lymph node metastasis [298].

Quantum dots (QDs) are semiconductor nanoparticles
that offer groundbreaking applications in the manage-
ment of lymph node metastasis in cancer [299]. Their
primary role lies in imaging and tracking the spread of
cancer to the lymph nodes [300]. Quantum dots have
unique optical properties, such as size-tunable light emis-
sion, which makes them highly effective for biomedical
imaging [301]. When used in cancer patients, QDs can
be engineered to bind to specific tumor markers, allow-
ing for precise visualization of metastatic cancer cells in
the lymph nodes [302]. This targeted imaging provides
invaluable information about the extent and progression
of cancer, aiding in the formulation of effective treatment
strategies [303]. Additionally, the high brightness and
stability of QDs enhance the quality of imaging, facili-
tating early detection of metastasis, which is crucial for

(See figure on next page.)
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successful cancer treatment [304]. The real-time track-
ing capability of quantum dots also allows for monitor-
ing the efficacy of therapeutic interventions, enabling
adjustments in treatment plans as needed [305]. The inte-
gration of quantum dots into cancer management under-
scores the potential of nanotechnology in advancing
diagnostic and therapeutic approaches in oncology [306].

Solid lipid nanoparticles (SLNs) and polymeric nano-
particles are critical in cancer treatment, particularly for
targeting lymph node metastasis [307]. SLNs are char-
acterized by their solid lipid core, which can effectively
encapsulate lipophilic drugs, enhancing their solubility
and stability [308]. This feature is particularly beneficial
in the treatment of cancer, where many chemothera-
peutic agents are hydrophobic [309]. The biodegradable
nature of SLNs ensures minimal toxicity, and their abil-
ity to bypass biological barriers allows for efficient drug
delivery to lymph nodes [310]. On the other hand, poly-
meric nanoparticles offer versatility in terms of compo-
sition, structure, and functionality [311]. They can be
engineered to have specific shapes, sizes, and surface
characteristics, enabling targeted drug delivery [312].
Polymers can be functionalized with ligands that bind
specifically to cancer cells, ensuring that the drug pay-
load is delivered directly to the affected lymph nodes
[313]. Both SLNs and polymeric nanoparticles can be
designed to release their drug payload in a controlled
manner, providing a sustained therapeutic effect [314].
This controlled release reduces the need for frequent
dosing, improving patient compliance [315]. The use of
SLNs and polymeric nanoparticles in targeting lymph
node metastasis represents a significant advancement in
nanotechnology-based drug delivery systems, offering a
more effective and patient-friendly approach to cancer
treatment [316]. Figure 7 depicts recent advancements
in gene delivery for melanoma using polymeric and lipid-
based nanocarriers.

Nanobiotechnology in enhancing immunotherapy

Nanoparticles play a crucial role in enhancing the effi-
cacy of immunotherapy for treating lymph node metas-
tases in cancer [376]. Their small size and customizable
surface properties allow them to target and accumulate

Fig. 7 Recent advancements in polymer and lipid-based nanocarriers for gene therapy in melanoma. This includes A, i a diagram of RRPHC
ternary complexes, (i) a comparison of transfection efficiency in B16F10 cells using PF33/pGFP, RRPHC/pGFP, and Lipofectamine 2000/pGFP,

and (iii) the administration of HAC/pDNA and RRPHC/pDNA through intravenous injection, followed by in vivo and ex vivo fluorescence imaging

in A375 tumor-bearing nude mice (specifically RRPHC). This information, originally from L. Li et al., 2016, is used with Elsevier's permission [317].
Section (B) focuses on human skin samples that were intradermally injected with lipid nanoparticle (LNP) formulations varying in lipid composition
and dosage. This part includes (i) ex vivo imaging of the samples after 11 days and (i) quantification of the luciferase image. This section

is reproduced with permission from Blakney et al, 2019, and is under the copyright of the American Chemical Society [318]
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in lymph nodes effectively [377]. This targeted delivery
is vital in improving the immunotherapy response [378].
For instance, liposomal nanoparticles can deliver PD-1
inhibitors directly to lymph nodes, significantly enhanc-
ing T-cell activation against cancer cells [379]. PD-1, or
Programmed Death-1, is a crucial gene in regulating the
immune system’s response to cancer cells [380]. Inhibit-
ing PD-1 allows T-cells to attack cancer cells more effec-
tively [381]. Similarly, nanoparticles carrying CTLA-4
antibodies can inhibit the CTLA-4 pathway, promoting
an immune response against tumor cells [382]. CTLA-
4, or Cytotoxic T-Lymphocyte-Associated protein 4, is
another immune checkpoint that, when blocked, can
enhance the immune system’s ability to fight cancer
[383]. Additionally, the delivery of siRNA targeting genes
like TGF-f, which plays a role in immune suppression in
the tumor microenvironment, can further enhance the
immune response [384]. TGE-f, or Transforming Growth
Factor Beta, is often involved in creating an environment
that suppresses the immune system’s ability to combat
cancer [385]. Moreover, nanoparticles can modulate the
tumor microenvironment by altering the expression of
factors like VEGF and IL-10 [336]. VEGEF, or Vascular
Endothelial Growth Factor, promotes tumor growth and
angiogenesis, while IL-10, or Interleukin-10, is known to
suppress immune responses [337]. By targeting these fac-
tors, nanoparticles create a more favorable environment
for immunotherapy [338]. Lastly, nanoparticles deliver-
ing CRISPR/Cas9 gene-editing tools targeting genes like
FOXP3 can reduce immune suppression [339]. FOXP3
is often overexpressed in regulatory T cells in cancer
and plays a significant role in suppressing the immune
response [340]. By editing this gene, nanoparticles can
enhance the effectiveness of immunotherapy in treating
lymph node metastases in cancer [341].

In the context of cancer immunotherapy, specific genes
and factors like PD-1, CTLA-4, TGF-B, VEGEF, and IL-10
play pivotal roles, and nanoparticles are engineered to
target these effectively [342]. PD-1, or Programmed
Death-1, is a gene that codes for a protein on the sur-
face of T-cells [343]. It negatively regulates the immune
response, and cancer cells often exploit this pathway to
evade immune detection [344]. Nanoparticles can deliver
PD-1 inhibitors to lymph nodes, thereby blocking this
pathway and enhancing the T-cell-mediated attack on
cancer cells [345]. CTLA-4, or Cytotoxic T-Lymphocyte-
Associated protein 4, is another checkpoint protein that
inhibits T-cell activation [346]. Nanoparticles carrying
CTLA-4 antibodies can effectively block this pathway,
promoting a stronger immune response against tumor
cells [347]. TGE-B, or Transforming Growth Factor Beta,
is a multifunctional cytokine that plays a role in immune
suppression within the tumor microenvironment [348].
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Nanoparticles delivering siRNA to silence TGF-B can
prevent this suppression, thereby enhancing the immune
system’s ability to fight cancer [349]. VEGE, or Vascular
Endothelial Growth Factor, is crucial in tumor growth
and angiogenesis [350]. Nanoparticles can be designed
to modulate VEGF expression, thereby hindering tumor
growth and metastasis [351]. Lastly, IL-10, or Interleu-
kin-10, is an anti-inflammatory cytokine that can sup-
press immune responses in the tumor microenvironment
[352]. By targeting IL-10, nanoparticles can shift the
balance towards a pro-inflammatory and anti-tumor
environment, facilitating more effective immunother-
apy [353]. Nanoparticles significantly contribute to the
modulation of the tumor microenvironment by target-
ing factors like VEGF and IL-10 [354]. VEGE, or Vascular
Endothelial Growth Factor, is a key protein that stimu-
lates angiogenesis, the formation of new blood vessels,
which is essential for tumor growth and metastasis. Nan-
oparticles can be engineered to interfere with the VEGF
pathway, either by delivering agents that inhibit VEGF
expression or by silencing the VEGF gene directly [355].
This intervention can effectively starve the tumor of the
necessary blood supply, impeding its growth and spread
[356].

IL-10, or Interleukin-10, is an anti-inflammatory
cytokine that plays a role in suppressing immune
responses in the tumor microenvironment [357]. This
suppression is beneficial for the tumor, as it allows
cancer cells to evade immune detection and destruc-
tion [358]. By targeting IL-10 with nanoparticles, either
through the delivery of inhibitory molecules or gene
silencing techniques, the tumor microenvironment can
be shifted towards a more pro-inflammatory state [359].
This change enhances the effectiveness of immune cells
against the tumor, thereby improving the overall response
of immunotherapy [360]. The modulation of these factors
by nanoparticles creates a more favorable environment
for the immune system to attack the tumor [361]. By
altering the balance of pro- and anti-tumor factors in the
tumor microenvironment, nanoparticles help in orches-
trating a more potent and targeted attack against cancer
cells, leading to improved outcomes in cancer treatment
[362]. The delivery of CRISPR/Cas9 gene-editing tools
via nanoparticles is a significant advancement in can-
cer immunotherapy, particularly in targeting genes like
FOXP3 [363]. FOXP3, a gene critical in the regulation
of regulatory T cells (Tregs), often gets overexpressed
in the cancer setting, leading to an increase in Tregs
within the tumor microenvironment [356]. These Tregs
play a role in suppressing the immune response against
cancer cells [364]. By targeting FOXP3, it’s possible to
reduce this suppression, enhancing the immune sys-
tem’s capacity to fight cancer [365]. Nanoparticles offer
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a precise and efficient means to deliver CRISPR/Cas9 to
the tumor site [366]. This gene-editing technology can be
used to either knock out or modulate the expression of
FOXP3 in Tregs [367]. The ability to directly edit genes
within the tumor microenvironment is a groundbreaking
approach in cancer treatment, as it allows for a more tar-
geted and effective modification of the immune response
[368]. Moreover, the use of nanoparticles ensures that
the CRISPR/Cas9 system is delivered specifically to the
tumor site, minimizing off-target effects and potential
systemic side effects [369]. This localized delivery is cru-
cial in maximizing the therapeutic benefits while reduc-
ing the risk of unwanted immune reactions or other
complications [370]. The integration of CRISPR/Cas9
gene-editing into nanoparticles represents a novel and
promising strategy in the fight against cancer, offering
a more precise and potentially powerful tool in cancer
immunotherapy [371].

Nanoparticles carrying small interfering RNA (siRNA)
targeting genes like TGF-p play a critical role in enhanc-
ing the immune system’s ability to fight cancer [372].
TGF-B, or Transforming Growth Factor Beta, is a
cytokine that is often implicated in promoting immune
suppression within the tumor microenvironment [373].
It aids in the progression of cancer by inhibiting the
immune system’s ability to recognize and destroy cancer
cells [374]. By using nanoparticles to deliver siRNA spe-
cifically designed to silence the TGF-f} gene, it’s possible
to disrupt this immune suppression [375]. The siRNA
works by binding to the mRNA of TGEF-p, leading to its
degradation and preventing the translation of the TGF-f
protein [376]. This reduction in TGF-p levels can alleviate
the immune-suppressive conditions in the tumor micro-
environment, thereby reactivating the immune system’s
natural ability to fight cancer [377]. The targeted delivery
of siRNA via nanoparticles ensures that the interference
with TGF-B occurs directly at the tumor site, maximiz-
ing the therapeutic impact while minimizing potential
side effects elsewhere in the body [378]. This precision
not only increases the efficacy of the treatment but also
reduces the risk of systemic immune reactions that could
occur with broader immune system activation [379].

Integration of imaging and therapeutics

In the realm of theranostic interventions for lymph
node metastasis, several innovative approaches have
been employed to enhance both the detection and
treatment of cancer [296]. Key theranostic interven-
tions include the use of nanoparticles conjugated with
therapeutic agents, which are engineered to target
metastatic lymph nodes specifically [306]. These nano-
particles not only deliver drugs directly to the cancer
cells but also possess imaging capabilities, allowing
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for simultaneous tracking and treatment of metasta-
ses [296]. Additionally, immunotherapeutic strategies
targeting lymph node metastases have been combined
with molecular imaging techniques to monitor immune
responses in real-time [209].

The imaging methods used in these integrated
approaches are varied and advanced [358]. Positron
Emission Tomography (PET) and MRI are prominent
modalities that provide high-resolution images and
functional information about lymph node status. PET
imaging, often using radiolabeled tracers, facilitates the
detection of metabolic activity associated with cancer
cells, while MRI offers detailed anatomical visualization
[107]. Optical imaging techniques, such as fluorescence
and bioluminescence imaging, are also utilized for their
ability to provide real-time visualization of therapeutic
agent distribution and tumor response. These imaging
methods, when combined with targeted therapeutics,
offer a powerful toolkit for the precise and effective man-
agement of lymph node metastasis in cancer [304].

HER2, or Human Epidermal Growth Factor Recep-
tor 2, plays a crucial role in the progression of certain
breast cancers [380]. This gene, when overexpressed,
leads to aggressive cancer growth and spread, including
to lymph nodes [381]. In theranostics, the overexpres-
sion of HER2 becomes a target for specialized agents that
combine diagnostic imaging and therapeutic intervention
[382]. By targeting HER2, theranostic agents can accu-
rately localize metastatic sites in lymph nodes and deliver
targeted treatment directly to these areas [383]. This
approach is particularly effective because it enables per-
sonalized therapy, ensuring that patients with HER2-pos-
itive breast cancer receive treatments specifically tailored
to their genetic profile [384]. Additionally, by focusing
on the unique genetic makeup of the cancer cells, thera-
nostic approaches reduce the impact on healthy tissues,
minimizing side effects and enhancing treatment efficacy
[385].

The CD20 gene, present on the surface of B cells, is
instrumental in the theranostic approach to treating lym-
phomas, particularly those that metastasize to lymph
nodes [386]. Targeting CD20 allows for the precise locali-
zation and treatment of these lymphomas [387]. Thera-
nostic agents designed to bind to CD20 can be used both
for diagnostic imaging and for delivering targeted thera-
pies directly to cancer cells [388]. This targeted approach
ensures that therapeutic agents are concentrated at the
site of the tumor, maximizing their effectiveness while
minimizing damage to healthy cells [388]. In the context
of lymph node metastasis, this precise targeting is vital,
as it allows for the treatment of cancer cells that have
spread beyond the primary tumor site, offering a more
comprehensive approach to cancer therapy [389].
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Prostate-Specific Membrane Antigen (PSMA) is highly
significant in the field of prostate cancer theranostics,
particularly for identifying and treating metastatic sites
in lymph nodes [390]. PSMA is a protein commonly
found on prostate cancer cells, including those that have
metastasized to lymph nodes [391]. In theranostic appli-
cations, agents targeting PSMA are used both for diag-
nostic imaging and for delivering targeted therapeutic
drugs [392]. This dual functionality allows for the precise
visualization of metastatic sites, enabling clinicians to
better understand the extent and specific locations of the
cancer spread [393]. Subsequently, the same PSMA-tar-
geting agents can deliver treatment directly to these iden-
tified sites, ensuring a focused and effective therapeutic
response [296]. This approach is particularly valuable in
managing metastatic prostate cancer, as it allows for per-
sonalized treatment plans based on the specific charac-
teristics of the patient’s cancer [394].

KRAS gene mutations are common in various cancers
and play a pivotal role in influencing personalized ther-
apy in cancer theranostics, especially concerning lymph
node metastasis [395]. These mutations often lead to
uncontrolled cell growth and cancer progression [396].
In theranostics, detecting KRAS mutations is essential
for developing personalized treatment strategies [397].
Theranostic agents can be tailored to target these specific
mutations, allowing for precise treatment of cancers that
have spread to lymph nodes [397]. By focusing on the
unique genetic alterations of the cancer cells, theranos-
tic approaches enable the delivery of highly specific and
effective treatments, thereby improving the overall prog-
nosis [397]. This personalized approach is particularly
beneficial in treating cancers with KRAS mutations, as it
addresses the genetic basis of the disease, leading to more
effective and targeted therapy [398].

The CA125 gene, a marker for ovarian cancer, is cru-
cial in the theranostic approach to treating this disease,
especially when it involves lymph node metastasis [399].
In ovarian cancer, the CA125 protein is often overex-
pressed and can be used as a biomarker for the presence
and progression of the disease [399]. In theranostics,
agents that target the CA125 gene are employed both for
diagnostic imaging and for the targeted delivery of thera-
peutics [400]. This dual application is particularly benefi-
cial for identifying and treating metastatic sites in lymph
nodes [401]. By specifically targeting the CA125 marker,
theranostic agents can accurately locate metastatic can-
cer cells and deliver effective treatment directly to these
sites [402]. This targeted approach not only enhances the
effectiveness of the treatment but also reduces the like-
lihood of damaging healthy tissues, thereby improving
the safety and outcomes for patients with ovarian cancer
[403].
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Differentiating sentinel lymph nodes from regional lymph
nodes in cancer management

The identification of sentinel lymph nodes versus regional
lymph nodes is a pivotal component in the staging and
treatment of cancer, particularly in malignancies such
as breast cancer and melanoma [376]. Sentinel lymph
nodes are the first lymph nodes to which cancer cells are
most likely to spread from a primary tumor. This concept
is based on the premise that lymphatic drainage from a
tumor follows a predictable pathway, initially involving
one or a few key nodes before disseminating to a broader
regional network [350].

The process of detecting SLNs typically involves inject-
ing a tracer substance, such as a radioactive isotope or a
blue dye, near the tumor site. This tracer travels through
the lymphatic system and accumulates in the sentinel
nodes [317]. Surgeons then use a gamma probe to detect
the radioactive signal or visually identify the blue-stained
nodes. This targeted approach allows for the removal of
only the sentinel nodes for pathological examination,
significantly reducing the need for extensive lymph node
dissection and its associated morbidities [308].

In contrast, regional lymph nodes encompass a wider
array of nodes within the lymphatic drainage basin of
the tumor [393]. Assessing regional lymph nodes often
involves more comprehensive procedures, such as axil-
lary lymph node dissection (ALND) in breast cancer or
inguinal lymph node dissection in melanoma. These pro-
cedures aim to remove a larger number of lymph nodes
to evaluate the extent of cancer spread. While this pro-
vides thorough staging information and helps in planning
further treatment, it also carries a higher risk of com-
plications, including lymphedema, infection, and nerve
damage [397].

The distinction between SLNs and regional lymph
nodes is crucial for personalized cancer treatment. SLN
biopsy is less invasive and focuses on the nodes most
likely to harbor metastasis, allowing for early detection
and timely intervention with minimal impact on the
patient’s quality of life [381]. If the sentinel nodes are free
of cancer, patients can often avoid more extensive lymph
node surgery. Conversely, if metastasis is detected in the
SLNs, it may necessitate further regional lymph node
assessment and more aggressive treatment strategies
[384].

Advancements in imaging technologies, such as single-
photon emission computed tomography (SPECT) com-
bined with CT (SPECT/CT), have further refined the
identification and localization of sentinel lymph nodes
[388]. These imaging modalities provide three-dimen-
sional visualization of the tracer uptake, enhancing the
accuracy of sentinel lymph node detection and facilitat-
ing more precise surgical planning [390].
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Clinical trials

The research field of oncology is advancing with mul-
tiple clinical trials focusing on the diagnosis and treat-
ment of lymph node metastases across various types of
cancer. These trials utilize different models, approaches,
and technologies, aiming to improve patient outcomes
through more accurate diagnosis and effective treat-
ment plans.

One such trial is the “Prediction Model for Lat-
eral Lymph Node Metastasis” under study ID
NCT04635488, which is currently of unknown sta-
tus. This observational study focuses on rectal cancer,
examining the metastasis rate of lateral lymph nodes
through a prospective cohort model. The primary pro-
cedure involved is lateral lymph node dissection, seek-
ing to observe and potentially predict lymph node
involvement.

Similarly, the study "Distribution of Lymph Node
Metastases in Esophageal Carcinoma" (NCT03222895)
is actively recruiting participants. It aims to map the
spread of lymph node metastases in esophageal cancer,
testing the accuracy of preoperative diagnostics, and
understanding the prognostic value of various lymph
node stations. This observational cohort study also
adopts a prospective approach, reflecting a growing
trend in exploring the spatial distribution of metastatic
nodes.

For pancreatic cancer, the "Para-aortic Lymph Node
Metastasis in Resectable Pancreatic Cancer" trial
(NCT06065891) is recruiting to investigate the preva-
lence and prognostic significance of para-aortic lymph
node involvement. This interventional study involves
PALN resection to determine its impact on patient
prognosis after curative resection, underpinning the
direct intervention approach in surgical oncology
research.

Another notable trial, "Selective Lymph Node Dis-
section Using Fluorescent Dye in Node-positive Breast
Cancer" (NCT02781259), though currently of unknown
status, employs both a drug (Indocyanine green) and
imaging devices to improve the precision of axillary
lymph node dissection. This Phase 4, diagnostic-focused
trial explores clinicopathological factors associated with
lymph node metastasis, illustrating the integration of
advanced imaging and pharmacological tools in surgical
procedures.

In contrast, the "Detecting Lymph Node Metas-
tasis in Intrahepatic ~Cholangiocarcinoma” study
(NCT06381648), also known as LyMIC, represents an
observational, retrospective case—control model aiming
to enhance diagnostic accuracy by measuring sensitivity,
specificity, and overall accuracy of lymph node metasta-
sis detection in cholangiocarcinoma.
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Challenges and future perspectives

NPs and nanoconjugates have shown great promise in
the diagnosis and treatment of lymph node metastasis,
but they are not without limitations [139]. One key limi-
tation is the difficulty in effectively targeting and deliver-
ing NPs/nanoconjugates to lymph nodes. Lymph nodes
have a complex microenvironment with various physical
and biological barriers that can hinder the accumulation
and penetration of NPs [130]. The size, shape, and sur-
face properties of NPs need to be carefully engineered
to optimize lymph node targeting, which can be chal-
lenging. Additionally, the heterogeneity of lymph node
metastases, in terms of their location, size, and degree of
metastatic infiltration, makes it difficult to develop a one-
size-fits-all NP/nanoconjugate solution [110].

Another limitation is the potential for off-target effects
and toxicity. NPs, especially those made of inorganic
materials, can potentially accumulate in non-target
organs and induce unwanted side effects [45]. This is a
concern not only for diagnostic imaging but also for ther-
apeutic applications where NPs/nanoconjugates may be
used to deliver cytotoxic drugs or to induce local immune
responses. Careful evaluation of the pharmacokinetics,
biodistribution, and safety profile of NPs/nanoconju-
gates is crucial before clinical translation. Despite these
limitations, ongoing research continues to address these
challenges, with the ultimate goal of developing more
effective and safer NP-based strategies for the manage-
ment of lymph node metastasis [112].

Molecular imaging faces several challenges in accu-
rately detecting lymph node metastasis in cancer [396].
Firstly, sensitivity and specificity remain a primary con-
cern [404]. Traditional imaging techniques may miss
micro-metastases, which are crucial for early detection
and treatment [405]. Innovations in molecular imaging
strive to enhance the detection of these small metastatic
sites [406]. For example, the use of novel biomarkers
or tracers that target specific cancer cell properties can
improve sensitivity [397]. Secondly, there’s a challenge
in distinguishing between reactive lymph nodes and
those with metastatic disease [398]. This differentia-
tion is vital for accurate staging and treatment planning
[399]. Thirdly, the integration of molecular imaging data
with other diagnostic modalities, like histopathology,
enhances the overall diagnostic accuracy but requires
sophisticated data analysis techniques [400]. Fourthly,
patient safety and comfort are always a priority, neces-
sitating the development of non-invasive and minimally
invasive techniques [401]. Finally, the high cost and
accessibility of advanced molecular imaging technologies
limit their widespread use, especially in resource-limited
settings [402]. Addressing these challenges will require
continued research and development in molecular
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imaging technologies, biomarker discovery, and data
integration methods [404]. Table 5 highlights the main
aspects of the topic, outlines the current challenges faced
in each area, and presents the anticipated future develop-
ments or perspectives.

Targeted therapeutics have significantly advanced the
treatment of lymph node metastasis in cancer, offer-
ing more personalized and effective approaches (Fig. 8).
First, the development of monoclonal antibodies that
target specific cancer antigens has led to treatments that
are more specific to cancer cells, sparing normal tis-
sues. For instance, trastuzumab targets HER2-positive
breast cancer cells, which often metastasize to lymph
nodes [406]. Second, small molecule inhibitors disrupt
cancer cell signaling pathways critical for tumor growth
and metastasis [407]. Drugs like imatinib, targeting the
BCR-ABL fusion protein in chronic myeloid leukemia,
have shown effectiveness in controlling metastatic spread
[408]. Third, immune checkpoint inhibitors, such as
pembrolizumab, have revolutionized cancer treatment
by enhancing the immune system’s ability to recognize
and destroy cancer cells, including those in lymph nodes
[409]. Fourth, advances in gene therapy, such as the use
of CRISPR/Cas9 for gene editing, provide new avenues
for targeting the genetic alterations specific to metastatic
cells [410]. Lastly, nanoparticle-based drug delivery sys-
tems enable targeted delivery and controlled release of
therapeutics directly to metastatic lymph nodes, improv-
ing treatment efficacy and reducing systemic side effects
[411]. The ongoing research in these areas continues
to expand the arsenal of targeted therapies for cancer
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metastasis, potentially transforming the prognosis for
patients with advanced disease [412].

Emerging technologies in molecular imaging for lymph
node metastasis are revolutionizing cancer diagnosis and
management [413]. Firstly, advanced PET imaging tech-
niques, such as PSMA-PET for prostate cancer, provide
superior specificity and sensitivity in detecting meta-
static lymph nodes [414]. Secondly, the development of
novel contrast agents for MRI, like iron oxide nanopar-
ticles, enhances the visibility of metastatic lymph nodes
[415]. Thirdly, optical imaging technologies, including
near-infrared fluorescence imaging, offer non-invasive
ways to visualize lymph node metastasis during surgery
[416]. Fourthly, photoacoustic imaging, which combines
ultrasound and optical imaging, provides high-resolution
images of lymph node metastases [417]. Lastly, molecular
ultrasound, using targeted microbubbles, allows for the
real-time visualization of molecular expressions in lymph
nodes [418]. These technologies, by providing more accu-
rate and detailed information about the extent and nature
of lymph node involvement, aid in better staging, treat-
ment planning, and monitoring of cancer [419].

Conclusion

The review underscored groundbreaking developments
in molecular imaging techniques, which have substan-
tially enhanced the detection and characterization of
lymph node metastases. This advancement facilitates
earlier, more precise diagnoses, and better staging of
cancer, crucial for effective treatment planning. Simul-
taneously, targeted therapeutics have emerged as a

Table 5 Challenges and future perspectives in molecular imaging and targeted therapeutics for lymph node metastasis in cancer

Aspect Challenges Future Perspectives Refs.
Molecular imaging - Limited sensitivity and specificity in detecting early lymph - Development of more sensitive and specific imaging [420]
node metastasis agents
- Difficulty in distinguishing between reactive and meta- - Integration of Al and machine learning for better image
static lymph nodes analysis
- High costs and limited availability of advanced imaging - Wider accessibility and affordability of advanced imaging
techniques modalities
Targeted therapeutics - Resistance to current therapies - Research into more effective and specific therapeutic [421]
- Lack of specificity, leading to systemic toxicity agents
- Difficulty in delivering therapeutic agents specifically - Development of nanotechnology-based delivery systems
to lymph nodes for targeted therapy
- Personalized medicine approaches based on genetic
profiling of tumors
Diagnostic methods - Invasive nature of current diagnostic methods like lymph - Non-invasive diagnostic tools with higher accuracy [422]
node biopsy - Liquid biopsy techniques for early detection and moni-
- Risk of false negatives in early-stage metastasis toring
Clinical trials - Ethical and logistical challenges in conducting trials - More international collaboration for larger, more diverse  [423]
- Difficulty in recruiting a sufficient number of participants  clinical trials
- Use of real-world data to supplement trial findings
Regulatory approvals - Stringent regulatory requirements for new diagnostics - Streamlining regulatory processes [323]

and therapeutics
- Long approval times delaying access to new treatments

- Adaptive trial designs to speed up the approval of prom-
ising therapies
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pivotal approach, focusing on the specific molecular
profiles of cancers. These therapies have shown prom-
ise in reducing the adverse side effects typically associ-
ated with traditional cancer treatments and improving
efficacy. The integration of advanced molecular imaging
and targeted therapeutics holds significant implications
for cancer care. Enhanced imaging capabilities lead to
improved identification of metastatic nodes, thus ena-
bling more accurate prognoses and tailored treatment
strategies. Targeted therapeutics, on the other hand,
offer a personalized approach to treatment, potentially
improving survival rates and quality of life for patients.
These advances represent a shift towards more indi-
vidualized, precise cancer care, moving away from a
one-size-fits-all approach. Looking ahead, nanobio-
technology emerges as a promising frontier in oncol-
ogy. This field has the potential to further refine the
accuracy of molecular imaging and the efficacy of tar-
geted therapeutics. Nanoparticles can be engineered
to enhance imaging contrast or to deliver therapeutic
agents directly to tumor cells, minimizing systemic
toxicity. The future of nanobiotechnology in oncology

is poised to usher in an era of highly efficient, mini-
mally invasive cancer diagnosis and treatment modali-
ties. This could revolutionize the management of lymph
node metastasis in cancer, offering hope for better
patient outcomes.
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