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Abstract 

Lymph nodes play a pivotal role in tumor progression as key components of the lymphatic system. However, 
the unique physiological structure of lymph nodes has traditionally constrained the drug delivery efficiency. Excit-
ingly, nanomedicines have shown tremendous advantages in lymph node-specific delivery, enabling distinct recog-
nition and diagnosis of lymph nodes, and hence laying the foundation for efficient tumor therapies. In this review, 
we comprehensively discuss the key factors affecting the specific enrichment of nanomedicines in lymph nodes, 
and systematically summarize nanomedicines for precise lymph node drug delivery and therapeutic application, 
including the lymphatic diagnosis and treatment nanodrugs and lymph node specific imaging and identification 
system. Notably, we delve into the critical challenges and considerations currently facing lymphatic nanomedicines, 
and futher propose effective strategies to address these issues. This review encapsulates recent findings, clinical 
applications, and future prospects for designing effective nanocarriers for lymphatic system targeting, with potential 
implications for improving cancer treatment strategies.
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Introduction
Cancer is a significant health threat with high incidence 
and mortality rates, and most cancer-related deaths are 
attributed to metastasis. Only a fraction of metastatic 

patients, approximately one-fifth, achieve a long-term 
survival time of over five years [1]. Metastasis occurs 
when tumor cells from the primary site spread and col-
onize organs throughout the body, resulting in organ 
dysfunction and failure, as observed in prostate cancer, 
lung cancer, pancreatic cancer, and other malignan-
cies [2, 3]. Common routes of cancer metastasis include 
hematogenous, implantation, and lymph node metasta-
sis. Although a large amount of research focuses on the 
hematogenous route of cancer metastasis, the major-
ity of metastases in epithelial tumors originate from 
lymph nodes spreading through the lymphatic system 
[4]. Clinically, lymph nodes surrounding the cancer 
lesions are often examined to verify whether metastasis 
has occurred, aiding in tumor staging and determina-
tion of treatment plans. Additionally, research indicates 
that lymph node metastasis not only plays an important 
role in the distant metastasis process but also has a sig-
nificant impact on local recurrence [5]. The treatment 
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plan and prognosis of a patient are directly related to 
the involvement and effective intervention of the lymph 
nodes. Furthermore, as an essential component of the 
immune system, lymph nodes contain a rich popula-
tion of immune cells, providing a platform for effective 
immunotherapy [6]. Thus, harnessing the characteris-
tics of the lymphatic system for accurate identification 
of lymph nodes and targeted drug delivery is paramount 
for improving cancer diagnosis, staging, and therapeutic 
efficacy. Developing drug delivery systems based on the 
lymphatic system is an effective approach to improving 
cancer treatment. With the rapid advancement of drug 
preparation technology, novel drug delivery systems 
exhibit unique features, among which nanomedicine 
based on nanotechnology holds great promise and gar-
ners significant attention.

Nanomedicine exhibits excellent tumor delivery effi-
ciency due to its high penetration and retention effects 
in solid tumors [7], which has significant advantages in 
cancer recognition, diagnosis, and treatment of metasta-
sis [8]. These advantages include: (1) Nanocarriers pos-
sess more effective and controllable biological activity 
and imaging performance, and can improve the solubil-
ity, bioavailability, and stability of the delivered drugs 
through chemical functionalization, hydrophilic-hydro-
phobic interactions, and electrostatic interactions [9]; (2) 
Nanomedicine can improve drug pharmacokinetics and 
tissue distribution by extending circulation time or pre-
venting rapid clearance by the reticuloendothelial system 
[10]; (3) The high surface area of nanomedicine is condu-
cive to more surface modification, and efficient drug sur-
face functionalization can achieve personalized diagnosis 
and treatment applications; when targeted ligands are 
surface-modified, targeted tissue or cell enrichment and 
bioavailability of target lesions can be improved through 
receptor-ligand interactions [11]. Based on these advan-
tages of nanomedicine, the US Food and Drug Admin-
istration (FDA) and the European Medicines Agency 
(EMA) have approved a variety of nanomedicine for the 
diagnosis, treatment, and imaging recognition of cancer 
and metastasis, such as nanocarbon and abraxane, et al. 
[12, 13], which has a promising future for improving the 
dilemma of cancer treatment.

Targeted intervention of the lymphatic system is an 
effective way to improve cancer treatment. Many stud-
ies have emphasized the potential of lymphatic-targeted 
nanomedicine in disease diagnosis, imaging recognition, 
and metastasis treatment [14, 15]. However, the complex 
anatomical structure and physiological function of the 
lymphatic system present challenges in designing and 
developing effective lymphatic-targeted nanocarriers for 
drug delivery, limiting clinical translation [16]. Based on 
the reported methods and design criteria of lymphatic 

nanomedicine delivery systems [17], this review focuses 
on the materials used for targeted delivery of nanocarri-
ers for diagnosis, treatment, and imaging recognition of 
the lymphatic system (Fig.  1). Firstly, the composition, 
physiological function, and factors affecting lymphatic 
nanomedicine delivery of the lymphatic system are intro-
duced. Then, the design and application of lymphatic-tar-
geted nanocarriers are discussed, with a particular focus 
on the design strategies, physicochemical properties, and 
current clinical applications of delivery carriers in diag-
nosis, treatment, and imaging recognition. Finally, we 
discuss the complexity, potential pitfalls, and opportuni-
ties of local drug delivery techniques in lymphatic nano-
medicine delivery systems.

The composition and physiological functions 
of the lymphatic system
The lymphatic system, comprising of primitive lymphatic 
vessels formed by lymphatic endothelial cells, serves as a 
crucial conduit for the body. The capillary lymphatic ves-
sels exhibit incomplete intercellular junctions, thereby 
enabling the transport of interstitial fluid via a process 
influenced by the mechanical expansion instigated by 
skeletal muscle movements and lymphatic drainage. 
This permits a unidirectional transit of body fluids, sol-
utes, and cells from the peripheral tissues towards lymph 
nodes [18, 19]. The fluid assimilated into the lymphatic 
system, referred to as lymph, subsequently merges into 
larger collecting lymphatic vessels. The propulsion of 
lymphatic fluid in the lymphatic system comes from the 
active pumping motion of surrounding smooth muscle 
cells, and is directed by one-way valve structures that 
restrict backflow and guide the fluid away from the tis-
sue drainage site and towards the direction of flow [20, 
21]. Lymph nodes are distributed along the lymphatic 
network, and their structure and physiology are shown in 
Fig. 2. Before the lymph ultimately returns to the subcla-
vian vein, immune cells sample and filter antigens carried 
by the lymph [22]. It has been reported that most of the 
proteins carried by lymph come from the filtering at the 
first draining lymph node [23].

The special structure of lymph nodes not only guides 
the concentration and interaction of antigens, antigen 
presenting cells, and lymphocytes, but also affects the 
biological distribution of cancer cells, pathogens, or 
nanoparticles in the lymph. Specifically, lymph enters 
the lymph node through the afferent lymphatic ves-
sels in the subcapsular sinus (SCS). The SCS is com-
posed of a single layer of LECs interspersed with 
macrophages and dendritic cells that collect lymph, 
and this single-layer structure can impede lymph from 
entering the lymph node parenchyma and guide lymph 
to diffuse through the cortical sinuses [24, 25]. LECs 
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are also arranged in the SCS that connects to the med-
ullary, transverse, and cortical sinus structures [26], 
and finally exits the lymph node through the effer-
ent lymphatic vessels [27]. Nonetheless, a canal sys-
tem composed of collagen fiber networks in the above 
process, enabling lymph and solutes within the SCS 

to infiltrate deeper into the lymph node parenchyma, 
such as most of the resident white blood cells [28, 29]. 
In addition, the lymphatic system is an important car-
rier for immune cells and proliferating cancer cells 
and plays an important role in the occurrence, devel-
opment, and metastasis of cancer. As the main site 

Fig. 1 A schematic represents the application of lymph node-specific nanomedicine (upper panel), design strategies (middle panel) 
and optimization strategies (below panel). Upper panel shows the schematic of the main application of lymph node-specific nanoparticles, 
including lymph node diagnosis and drug delivery and enhanced image recognition. And the mode of administration of subcutaneous 
injection, intravenous injection and intralymphatic injection. Middle panel illustrates the lymph node specific nanomedicine design strategies 
including vesicle detach, surface modification, responsive drug release, and NPs dissociate. Below panel illustrates the lymph node specific 
nanomedicine optimization strategies
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of cancer metastasis, fully utilizing the unique nano-
structure biological distribution performance of lymph 
nodes for effective intervention can be an effective 
approach for cancer treatment.

Factors affecting the specific delivery 
of nanomedicine to the lymphatic system
The lymphatic system has also been increasingly rec-
ognized as a valuable pathway for the targeted delivery 

Fig. 2 Structure and physiology of lymph nodes. A cross section of a lymph node is shown. The architecture of the lymph node can be divided 
into distinct areas: fluid-filled lumen structures (lymphatics, high endothelial venules (HEVs), capillaries and sinuses), cellular locations (B cells 
in follicles, dendritic cells and T cells in the paracortex and macrophages in the subcapsular sinus and medulla) and structural units (cortex, 
paracortex and medulla). Lymphocyte extravasation occurs in the HEVs. The distribution of antigens within the reticular structure is regulated 
by haemodynamic size and molecular weight by the capsule and conduit. Circulating lymphocytes enter through the vasculature and exit 
through the efferent lymphatics [22]. Copyright © 2019 Springer Nature
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of nanomedicines. This targeted approach can poten-
tially enhance the therapeutic efficacy of drugs while 
minimizing systemic side effects, especially for diseases 
primarily affecting the lymphatic system such as lym-
phomas and lymphatic metastasis of solid tumors. The 
specific enrichment of nanomedicines within the lymph 
nodes, however, is contingent on a multitude of factors 
including nanoparticle characteristics (size, shape, sur-
face charge, and composition), drug properties, as well 
as physiological conditions. Importantly, nanoparticles 
must be designed and engineered in a manner that allows 
them to exploit the unique anatomical and physiological 
features of the lymphatic system for enhanced lymphatic 
uptake, retention, and subsequent lymph node targeting. 
Among the physicochemical properties, the nanoparti-
cle size, shape, and surface properties of nanomedicines 
are the most important factors. We will briefly introduce 
these factors below.

Nanoparticle size
The size determine of particles has a significant impact 
on their absorption and retention effects in the lymphatic 
system [30]. For example, larger particles can be absorbed 
into the lymphatic system due to barrier effects that limit 
their absorption by the portal vein system. While nano-
particles with smaller diameters are typically more effi-
cient in entering the lymphatic vessels and reaching the 
lymph nodes. This is mainly due to the unique structure 
of lymphatic capillaries, which are designed to take up 
interstitial fluid and small particles from the surround-
ing tissues. The size of nanoparticles also influences 
their rate of transport within the lymphatic system [31]. 
Smaller nanoparticles (below 10  nm) are rapidly trans-
ported to the bloodstream, leading to less accumulation 
in the lymph nodes. Intermediate-sized nanoparticles 
(10–100  nm) exhibit higher lymph node accumulation 
because they can effectively enter the lymphatic capil-
laries and are transported at a slower pace, allowing for 
their retention in the lymph nodes. However, nanopar-
ticles larger than 100  nm might have limited access to 
lymphatic capillaries, and hence, less efficiently reach the 
lymph nodes.

Another important parameter that affects the absorp-
tion of nanomedicines by the lymphatic system is the 
molecular weight. The higher the molecular weight, the 
stronger the absorption performance of the lymphatic 
system. Because the exchange capacity of capillaries 
becomes narrow, entering the lymphatic system becomes 
a way for drugs with higher molecular weight [32]. Stud-
ies have shown that when the molecular weight of the 
drug is greater than 16,000 D, the absorption of the lym-
phatic system will increase significantly, especially for 

colloidal materials, which can achieve active targeting 
due to their high molecular weight [33].

Therefore, nanoparticle size is a crucial parameter 
in designing efficient drug delivery systems targeting 
the lymphatic system. Properly sized nanoparticles can 
achieve optimal lymphatic uptake, transport, and lymph 
node accumulation, contributing to improved therapeu-
tic outcomes.

Nanoparticle shape
The shape of nanoparticles plays a critical role in their 
enrichment in lymph nodes, largely by affecting their 
transportation, biodistribution, cellular uptake, and 
clearance. Nanoparticles of various shapes, such as 
spherical, rod-like, discoidal, or worm-like, interact dif-
ferently with biological systems. In terms of lymphatic 
uptake and transport, some studies have indicated that 
rod-shaped nanoparticles can have higher lymphatic 
uptake compared to spherical ones due to the elongated 
aspect ratio [34, 35]. This shape can mimic the natural 
aspect ratio of viruses and proteins that the lymphatic 
system is adapted to transport, enhancing their move-
ment through the lymphatic system to the lymph nodes. 
The shape of nanoparticles can also influence their inter-
action with immune cells in the lymph nodes [36]. For 
instance, non-spherical nanoparticles may have higher 
interactions with dendritic cells, macrophages, and other 
antigen-presenting cells (APCs) due to their increased 
surface area, leading to improved immunostimulation. 
Therefore, the shape of nanoparticles must be carefully 
considered when designing targeted drug delivery sys-
tems for the lymphatic system.

Surface properties of nanoparticle
In terms of surface properties, the factors that affect the 
absorption of nanomedicine by the lymphatic system are 
mainly surface charge and hydrophilic-lipophilic balance. 
For example, when using liposomes as drug delivery car-
riers, negatively charged liposomes are more favorable for 
lymphatic absorption than positively charged liposomes. 
Patel found through labeling liposomes with 125 iodine 
that the absorption order of lymphatic system was nega-
tive > positive > neutral. Moreover, it has been found that 
compared with positively charged liposomes, negatively 
charged liposomes have longer retention time in the lym-
phatic system [37]. Therefore, by changing the surface 
charge of nanodrugs, the uptake of cells and the trans-
port and bioavailability of nanodrugs by lymphatic sys-
tem can be enhanced. In order to improve the lymphatic 
absorption performance of nanodrugs, the hydrophilic-
lipophilic balance of the surface properties of nanod-
rugs should also be considered. An appropriate balance 
between hydrophilicity and lipophilicity can achieve 
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optimal lymphatic absorption. It is generally believed that 
when the distribution coefficient or logarithmic P value 
is greater than 4.7, it means that the lymphatic affinity is 
about 50,000 times that of the blood inlet and it is condu-
cive to effective dissolution in triglycerides and lymphatic 
absorption [38].

Administration route
Every route of drug administration possesses its inherent 
characteristics, which can significantly alter the biologi-
cal distribution and metabolic behavior of a drug within 
the body, thereby significantly affecting the efficiency of 
drug accumulation at the target site. In general, for nan-
odrugs to achieve lymph node targeting, they first need 
to efficiently enter the lymphatic system [39]. Hence, 
the degree of contact between the drug administration 
method and the lymphatic system is an important fac-
tor. The lymphatic system is a crucial site for immune 
responses, so nanodrugs are prone to come into contact 
with the immune environment, which enhances their 
capture by immune cells, thereby improving the effi-
ciency of their entrance into the lymph nodes. In addi-
tion, the biological barriers faced by different routes of 
administration vary, which can severely affect the bio-
availability of the drug [40]. Typically, routes of admin-
istration include oral, intravenous, nasal, subcutaneous, 
and lesion injection.

Subcutaneous administration is the most common and 
effective method for achieving lymph node targeting [41, 
42]. This is because subcutaneous administration allows 
drugs to directly contact the skin environment rich in 
immune cells. These immune cells capture the nano-
drugs and transport them to the lymph nodes via lymph 
vessels. Furthermore, subcutaneous administration, as 
a local injection, can significantly improve the retention 
of the drug, thereby enhancing its efficacy. For instance, 
some researchers have loaded nanoparticles onto 
microneedle patches, which when applied directly to the 
skin, can facilitate dermal administration [43]. Micronee-
dles have sustained-release capabilities, thus enabling 
a slow and continuous release of the nano-drugs. These 
are then captured by the dendritic cells in the skin and 
transported to the lymph nodes, facilitating the specific 
activation of T cells and achieving long-term immuno-
therapeutic effects. Intravenous injection allows drugs 
to enter the systemic circulation, thereby reaching all 
parts of the body, including the lymph nodes. However, 
nanodrugs administered intravenously may be rapidly 
cleared by the kidneys or liver. Therefore, the efficiency 
of lymph node targeting by this method is usually low, as 
the drug first needs to enter the interstitial fluid from the 
blood vessels before entering the lymphatic system [44]. 
However, studies have shown that specially designed 

nanodrugs can significantly avoid clearance by the kid-
neys and liver while effectively targeting the lymph nodes. 
Intranasal administration is another non-invasive route 
of administration that can target nasal-related lymphoid 
tissues. However, most drugs may be cleared and swal-
lowed by mucociliary movement, limiting the quantity of 
drugs entering the lymphatic system [45]. Direct injec-
tion into the lymph vessels or lymph nodes can directly 
administer drugs into these structures, thereby achieving 
extremely high lymph node targeting efficiency. However, 
this method requires high technical skills and is highly 
invasive [46]. While orally administered drugs need to 
undergo stomach acid breakdown, intestinal absorption, 
and first-pass metabolism in the liver, all of which can 
reduce the bioavailability of the drug and affect its ability 
to reach the lymph nodes, thus, it is generally few used 
for lymph node administration [47].

In summary, the enrichment of nanoparticles in lymph 
nodes is a multifactorial process influenced by various 
aspects of nanoparticle design. Three critical parameters, 
size, shape, and surface properties, govern the behavior 
of these nanoparticles within the biological environment 
and their subsequent accumulation within the lymphatic 
system. By optimizing these parameters, nanoparticles 
can be designed to have enhanced lymphatic uptake and 
accumulation, providing improved efficacy for the deliv-
ery of drugs, vaccines, and diagnostic agents to the lym-
phatic system. As we further understand the impact of 
these factors on nanoparticle behavior in biological sys-
tems, we can better exploit the unique properties of nan-
oparticles for effective lymphatic targeting.

Types of nanocarriers for lymphatic system drug 
delivery
Nanocarrier-based drug delivery systems have been 
widely used to improve drug targeting, enhance bioavail-
ability, and prolong circulation time. When combined 
with lymph node-based therapies and imaging recogni-
tion, nanocarriers can effectively enhance cancer immu-
notherapy and surgical resection. In this section, we will 
mainly summarize the nanocarrier materials used for 
lymphatic system drug delivery from two aspects: dis-
ease diagnosis and treatment, and lymph node imaging 
recognition and clearance. We will also review the latest 
research progress and provide insights for designing bet-
ter targeted nanocarriers for the lymphatic system in the 
future.

Lymphatic diagnosis and treatment nanomedicines
Liposome‑based nanoparticles
Liposomes, also known as phospholipid vesicles, were 
discovered in the 1960s and are composed of phos-
pholipid bilayers with a hollow structure [48, 49]. As a 
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drug delivery carrier, the phospholipid bilayer and hol-
low structure of liposomes can carry various drugs [50]. 
Although liposomes have good biocompatibility, their 
targeting ability is poor. To achieve ideal use, effec-
tive targeting proteins need to be integrated during the 
use of liposomes, or the particle size, charge, and sur-
face properties of the liposome targeting carrier need 
to be improved to achieve greater absorption and accu-
mulation in the lymphatic system [51, 52]. As shown in 
Fig.  3A, surface modification using polyethylene glycol 
(PEG)-lipids enables the development of pH-sensitive 
cationic lipids and the design of multifunctional lipid 
nanoparticles. This strategy has significantly enhanced 
the performance of lipid nanoparticles. PEGylated lipid 
nanoparticles, known as  Doxil®, have been approved as 
anticancer drugs, while pH-sensitive cationic lipid nano-
particles are currently undergoing clinical trials. Fur-
thermore, extracellular vesicles composed of proteins, 
mRNA, miRNA, and DNA, and prepared by embedding 
membrane proteins, MHC molecules, and integrins into 
phospholipid membranes, provide an ideal carrier for the 
delivery of nuclear medicine (Fig.  3B). In other words, 
extracellular vesicles can be considered as naturally 
occurring drug delivery vehicles within the human body. 
In terms of disease diagnosis and treatment, liposome-
based nanoparticle carriers targeting the lymphatic sys-
tem are mainly used for effective delivery of vaccines to 
achieve efficient anti-tumor immune activation [53].

Vaccine adjuvants can promote antigen uptake and 
induce immune responses at low doses for cancer treat-
ment. Among them, adjuvants applied to protein vaccines 
are the most common, especially liposomes prepared 

from dimethyl dioctadecyl ammonium bromide (DDAB) 
and trehalose-6,6-dibehenate (TDB) as raw materials can 
be an effective vaccine adjuvant. It has been reported 
that small molecule monolayer liposomes composed of 
DDA and TDB can induce a strong  CD8+ T cell response 
without the need for Toll-like receptor (TLR) agonists, 
effectively avoiding the potential risks brought by TLR 
agonists. Moreover, the use of biotin-avidin complex 
can further prolong the retention time of DDAB:TDB 
liposomes in the lymphatic system [54]. For example, a 
study developed a nanovaccine based on polyethylene gly-
col phospholipid derivatives and peptides, which showed 
strong tumor specificity and immunogenicity [55]. In 
addition to adjuvants for protein vaccines, liposomes 
can also be used as adjuvants for nucleic acid vaccines. 
Numerous studies have shown that liposomes can pro-
mote the entry of nucleic acid vaccines into the cytoplasm 
and prevent their enzyme degradation, with strong anti-
tumor effects. For example, a cationic lipid YSK12-C4 was 
developed and assembled it with siRNA-containing nano-
particles to synthesize an efficient non-viral carrier, which 
could efficiently transfer siRNA to dendritic cell (DC) and 
promote gene silencing in mouse DC, enhancing tumor 
immune response [56]. In addition to being used as a vac-
cine adjuvant delivery, the new antigen-lipid nanovac-
cine can also enhance tumor suppression when combined 
with anti-PD1 antibodies or Treg inhibitory peptide P60, 
providing an effective synergistic treatment strategy for 
tumor immunotherapy [57]. Furthermore, lipid nano-
particle also exhibited a significant lymph node targeting 
ability [58]. A research study focuses on a lymph node-
targeted mRNA vaccine based on lipid nanoparticles. This 

Fig. 3 Design of cationic liposome nanomaterials for lymphatic targeting based on polyethylene glycol surface modification and functionalization. 
A An example of a lipid nanoparticle composed of phospholipids, targeting ligands, PEGylated lipids, drugs, and nucleic acids. B An example 
of an extracellular vesicle (EV) containing phospholipids, receptors, proteins, nucleic acids, MHC (major histocompatibility complex) molecules, 
and ligands [53]. Copyright © 2018 Elsevier B.V
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vaccine utilizes a specific delivery system to introduce 
mRNA encoding antigen targets into the body, leading to 
protein expression and stimulation of a specific immune 
response, thereby providing immune protection to the 
body. As shown in Fig. 4A, illustrates the structure of the 
lipid nanoparticle carrier, including the side chain, linker 
type, tail length, and tail composition. It also shows the 
influence of the chemical structure on mRNA expres-
sion within the lipid nanoparticle carrier (Fig. 4B). In this 
system, active lipids, cholesterol (Chol), helper lipids, 
and DMG-PEG all affect mRNA transfection within the 
lipid nanoparticle carrier (Fig.  4C). Following injection 
in a mouse model, both 113-O12B and ALC-0315 exhibit 
noticeable drainage signals, with ALC-0315 showing 

significantly higher expression in the liver (Fig.  4D, E). 
This confirms that 113-O12B possesses superior lym-
phatic targeting capability. Additionally, phosphatidyl 
serine also could be modified onto lipid nanoparticle to 
enhance uptake by peritoneal macrophages [59], which 
are then delivered to the lymphatic system to exert their 
immune-activating effects.

Micelles based nanoparticles
Micelles are ordered molecular aggregates composed of 
amphiphilic single-layer molecules with hydrophilic and 
hydrophobic parts, which can take on various shapes, 
such as spherical, layered, and rod-shaped structures 
[60, 61]. During micelle formation, the hydrophilic polar 

Fig. 4 Screening and optimization of lipid nanoparticles (LNPs) with targeting ability to lymph nodes (LNs). A The chemical structure of lipids used 
in this study. B The bioluminescence within inguinal LNs after treatment with LNP/mLuc. C The bioluminescence within inguinal LNs after treatment 
by LNP/mLuc. D Representative images of bioluminescence distribution in mice treated with 113-O12B/mLuc and ALC-0315/mLuc. E Ratio 
of radiance in liver and inguinal LNs after subcutaneous injection of mLuc [58]. Copyright © 2022 National Academy of Sciences
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groups form the outer layer, while the hydrophobic polar 
groups aggregate to form the core of the micelle, which 
can effectively carry hydrophobic drugs, improve the 
solubility of molecules, and prolong the circulation time 
of drugs in the body [62]. Micelles designed in nanodrug 
delivery systems are expected to achieve efficient anti-
tumor therapy under low toxicity conditions. For exam-
ple, micelle polymers based on methoxy-polyethylene 
glycol-distearoyl phosphatidylethanolamine and doxo-
rubicin can increase the uptake of A375 cells to doxoru-
bicin. If injected subcutaneously, the micelles absorbed 
by the lymphatic system can aggregate in lymph nodes 
and kill tumor cells within the lymph nodes [63].

A large number of T cells and dendritic cells accumu-
late in lymph nodes. Intervention in lymph nodes can 
achieve effective immunotherapy. A lot of research has 
shown that micelle drug delivery carriers targeted to the 
lymphatic system have a good impact on cellular immune 
function in the body [64, 65]. For example, Jewell found 
that the nano delivery system prepared by encapsulating 
Toll-like receptor-3 ligand polyinosinic-polycytidylic acid 
(PolyIC) in biodegradable polypropylene glycol-ethylene 
glycol copolymer particles had excellent sustained release 
effect and lymph node retention time. It can increase the 
accumulation of Toll-like receptor agonists in APC in 
lymph nodes and persistently activate DC for immuno-
therapy [66].

In addition, micelles can aggregate in lymph nodes 
to effectively inhibit tumor lymphatic metastasis. For 
instance, β-benzyloxycarbonyl-L-aspartic acid-polyethyl-
ene glycol was utilized to produce paclitaxel micelles that 
targeted the lymph nodes of axillary metastasis of breast 
cancer. The micelles could release the drug in response to 
pH changes and inhibit tumor growth and axillary lymph 
node metastasis [67]. Studies have shown that small 
micelles (< 50  nm) can inhibit lymph node metastasis, 
reduce recurrence, and improve survival rates. A report 
demonstrated that even after systemic injection of plati-
num-based anticancer drugs in a homologous melanoma 
model, 50  nm polymer micelles can still target lymph 
node metastasis and inhibit the growth of metastatic 
lesions, whereas larger nanocarriers cannot penetrate the 
metastatic site [68]. Curcumin-loaded porphyrin micelles 
(T-MP) were successfully prepared with a size smaller 
than 50  nm using a surfactant-stripping method. These 
micelles were modified with trastuzumab antibodies 

and exhibited excellent photothermal conversion effi-
ciency. They demonstrated targeted photothermal abla-
tion of HT-29 colon cancer cells overexpressing HER2. 
Compared to non-targeted micelles (nonT-MP), T-MP 
exhibited enhanced accumulation in metastatic lesions 
of colonic mesenteric lymph nodes. Following surgical 
resection of primary tumors, minimally invasive photo-
thermal therapy using T-MP significantly prolonged the 
survival of mice with metastatic lymph nodes. The thera-
peutic effect was comparable to or even better than that 
of traditional lymph node dissection, the experimental 
procedure is shown in Fig.  5A, where the temperature 
of the sentinel lymph node treated with T-MP increases 
from 27.3  °C to 54.3  °C, significantly higher than the 
non-T-MP-treated node (46.5  °C) (Fig.  5B). This obser-
vation can be attributed to the improved distribution of 
T-MP within the metastatic lymph node compared to 
non-T-MP. Furthermore, in metastatic lymph nodes sub-
jected to T-MP-assisted photothermal therapy, a greater 
number of tumor cells exhibiting characteristics such as 
cellular shrinkage, nuclear fragmentation, and solidifica-
tion, indicative of cell death, can be observed (Fig.  5C). 
In a lymph node metastasis mouse tumor model, tumor 
recurrence is significantly delayed and suppressed after 
T-MP treatment (Fig.  5D, E), leading to improved sur-
vival time (Fig. 5F) and changes in body weight (Fig. 5G) 
[69]. Hence, in the design of nanocarrier-based drug 
delivery systems, the size of the nanocarrier plays a criti-
cal role in its ability to reach metastatic sites.

Drug delivery systems based on inorganic nanoparticles
Inorganic nanoparticles have been used as drug delivery 
carriers for various diagnostic and therapeutic applica-
tions due to their unique physical, electrical, magnetic, 
and optical properties. By relying on different sizes, 
structures, and precise ratios, inorganic nanocarriers can 
deliver therapeutic drug molecules to specific tumor sites 
through lymphatic vessels [70, 71]. With the assistance of 
special functions such as sound, electricity, and magnet-
ism, nanodrugs can penetrate deep into tissues and exert 
unique anti-tumor effects through heat induction. Cur-
rently, commonly used inorganic materials include gold, 
iron, silica, and carbon, which will be discussed one by 
one below.

Gold nanoparticles have received widespread atten-
tion in the design of nanomedicine delivery systems 

Fig. 5 Photothermal therapy and anti-tumor evaluation of T-MP in metastatic sentinel lymph nodes in a mouse model of HER2 HT-29 colon 
cancer cells. A Illustration of the treatment of the surgical resection of orthotopic tumor and follow-up laser irradiation of the meta-static LNs. 
B Temperature increase of the metastatic LNs was recorded using Testo 890 thermal imager. C Representative TEM images of LN sections 
after photothermal therapy. D Representative bioluminescence imaging of the mice before tumor resection and after tumor resection 
and photothermal therapy. E Quantified bioluminescence intensity in panel D. F Survival of the mice with indicated treatments. G Mice body 
weight [69]. Copyright © 2021 OAHOST

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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for the lymphatic system due to their excellent drug-
loading capacity, unique surface properties, and natural 
adjuvant effects [72]. Nanocarriers based on gold nano-
particles have diverse morphologies, such as spheri-
cal, rod-shaped, and nanocages, and their sizes can be 
adjusted as needed to facilitate better absorption by the 
lymphatic system. The role of gold nanoparticle carri-
ers in cancer diagnosis and treatment mainly lies in their 
ability to effectively induce antigen-specific immune 
responses, thereby inhibiting tumor growth [73]. For 
example, amphiphilic gold nanoparticles coated with 
hexanethiol and 11-mercaptoundecanesulfonic acid was 
used for the delivery of TLR7 ligands, as an immune 
stimulant for tumor lymph nodes, which can cause local 
immune activation and stimulate cytotoxic T cells to 
respond to tumors [74]. Additionally, gold nanoparticle 
carriers can be combined with hyperthermia to inhibit 
tumor metastasis. For instance, neutral polyethylene gly-
col multialloy nanorods with a diameter of approximately 
10  nm can be delivered to tumor cells in lymph nodes 
through lymphatic vessels, thereby achieving local photo-
thermal therapy [75].

Iron oxide nanoparticles have been widely studied in 
nanomaterials research due to their inherent magnetism 
and paramagnetism, and have been applied in various 
fields such as electronics, environment, and biomedi-
cine [76]. By precisely shaping the structural properties 
based on iron oxide nanoparticles, diagnostic and thera-
peutic drugs can be effectively delivered to the lesion site. 
Furthermore, the inherent magnetic and paramagnetic 
properties of iron oxide can be utilized to achieve specific 
drug delivery functions, thereby improving the therapeu-
tic effect of drugs. The specific functions mainly include 
guiding drug delivery with the magnetism of the ions, 
solving the problem of drug control release in nanocar-
riers, and achieving synergistic magnetic hyperthermia 
therapy [77].

Ultra-small superparamagnetic iron oxide nanopar-
ticles had faster lymphatic drainage rates, earlier accu-
mulation in sentinel lymph nodes, and greater particle 
accumulation in lymph nodes when injected in the lym-
phatic system [78]. Iron oxide nanoparticles coated 
with lauric acid and human serum albumin (HSA) and 
adsorbed the anti-tumor drug mitoxantrone onto HSA, 
resulting in an average diameter of 7  nm. The result-
ing ions exhibited stronger stability and linear release 
kinetics within 72  h [79]. Furthermore, some research 
groups have prepared magnetic nanocarriers by coating 
them with temperature-sensitive polymers to achieve 
enhanced drug release through particle exchange in a 
magnetic field. For example, mesoporous magnetic ions 
were developed to load doxorubicin based on chitosan, 
which exhibited enhanced tumor therapy efficacy under 

an alternating magnetic field [80]. Lipid-polyethylene 
glycol-coated iron oxide nanoparticles that continuously 
released doxorubicin and could raise the temperature to 
 43◦C under magnetic field intervention to produce suffi-
cient heat, achieving effective combination of chemother-
apy and hyperthermia [81]. This is an effective approach 
that utilizes the magnetic and biological properties of 
ions to bind or load drugs onto nanoscale iron oxide car-
riers, thus improving the therapeutic efficacy of drugs.

Mesoporous silica nanoparticles (MSNs) have attracted 
significant attention in cancer vaccine, adjuvant design, 
and cancer therapy due to their controllable pore struc-
ture, surface modifiability, and biocompatibility. MSNs 
with mesoporous structures have high drug loading 
capacity, which can enhance the immunogenicity of anti-
gens. For example, mesoporous silica rods (MSRs) were 
designed to adsorb polyethyleneimine (PEI) to enhance 
the immunogenicity of antigens. After one injection of 
the MSR-PEI vaccine containing E7 peptide, 80% of large 
tumor lesions were cleared in the TC-1 mouse tumor 
model, and long-lasting memory immunity was induced 
[82]. MSNs can also be used for combined immunostim-
ulation and drug delivery to enhance anti-tumor therapy. 
Further, a biodegradable dendritic mesoporous organo-
silica nanoparticle was reported that can transport anti-
gen protein OVA and TLR9 agonist to APC and induce 
endosomal escape [83].

Carbon-based nanomaterials have great potential in 
lymphatic drug delivery due to their large internal space 
for high drug loading and the ability to provide person-
alized active functional groups through chemical cova-
lent modification [84]. Currently, graphene nanoparticles 
and carbon nanotubes are widely used as carbon-based 
nanodelivery materials. For instance, polyethylene gly-
col-modified graphene nanoparticles serve as a highly 
modular and biodegradable antigen vaccine platform that 
can quickly and efficiently accumulate (15–20%ID/g) in 
lymph nodes and persist for a long time. According to the 
report, carbon nanotubes and loaded gemcitabine into 
magnetic multi-walled carbon nanotubes with diameters 
of 40–60 nm, producing nanotubes with dual functions of 
carbon-based materials and  Fe3O4. These nanotubes can 
reduce cancer lymphatic metastasis and achieve stronger 
anticancer therapy under magnetic guidance [85].

Nanoparticle drug delivery systems based on hydrogels
Hydrogels are three-dimensional networks composed of 
crosslinked hydrophilic polymers, and are widely used 
in drug delivery and tissue engineering due to their bio-
degradability, drug release effects, and excellent biocom-
patibility [86]. In particular, newly developed injectable 
hydrogels, which can be administered in situ, have been 
widely studied due to their advantages such as reducing 
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systemic adverse reactions, drug dosage, and targeting 
of lesions [87]. Previous studies have found that drug 
nanocarriers with excellent lymphatic system target-
ing properties can be prepared based on hydrogels with 
reasonable materials and ratios [88]. A cholesterol-
poly(ethylene glycol)-poly-l-lysine nanogel based on a 
synthetic long peptide antigen could effectively present 
 CD8+ T cell antigens and inhibit tumor growth after sub-
cutaneous injection in mice [89].

The application of hydrogel nanoparticles as drug 
delivery carriers in the lymphatic system mainly 
involves inducing immune therapy of humoral and cel-
lular responses and antigen presentation, recruiting 
immune cells to guide the design of anti-tumor vaccines. 
For example, the covalently connected small molecule 
TLR7/8 agonists of imidazoquinoline to degradable poly-
mer hydrogel nanoparticles with a diameter of 50  nm. 
The prepared nanogel combined the effective trigger-
ing of TLR7/8 with local injection sites and immune 
activation of draining lymph nodes, maintaining the 
unchanged activation performance of TLR7/8 in  vitro. 
After intratumoral injection, the immune-stimulating 
nanogel could enhance the therapeutic effect of locally 
applied imidazole drugs [90]. The targeting of hydrogel 
nanoparticles could be significantly improved through 
polyethylene glycol and proposed a design strategy for 
polymer hydrogel nanoparticles that could effectively tar-
get multiple immune cell subpopulations within lymph 
nodes. The initiation of antigen-specific T cells in lymph 
nodes increased with the accumulation of nanoparticles 
in lymph nodes. Based on the excellent lymphatic drain-
age effect of polyethylene glycol, polyethylene glycol-
polymethyl acrylic acid nanoparticles can efficiently 
deliver peptides, improving antigen presentation capabil-
ity [91].

Novel nanocapsules
Nanocapsules are a newly developed lymphatic system 
nanodrug delivery carrier in recent years. Due to the con-
trollable capsule size, distribution particle size, and good 
biocompatibility, they have been widely used in the devel-
opment of lymphatic targeted drug delivery platforms for 
drug control release and antigen and adjuvant delivery 
[92, 93]. Research found that small-sized (100 nm) poly-
amino acid nanocapsules have better lymphatic absorp-
tion and biological distribution characteristics. Using 
100  nm nanocapsules, a highly loaded and sustained-
release paclitaxel nanocarrier can be prepared. At the 
same time, nanocapsules can form a storage pool at the 
injection site, with slow lymphatic drainage and long 
lymphatic retention time [94]. In addition, lipid nano-
capsules can effectively promote APC lymphatic drainage 
transport and significantly improve the therapeutic effect 

of tumor vaccines by loading protein or peptide antigens 
[95].

Biomimetic delivery system
With the deepening of research, many biomimetic nano-
carriers have emerged in targeted lymphatic system 
nanocarriers, mainly including cell membrane-derived 
nanovesicles, DNA nanocage based carriers, which not 
only have good targeting properties but also have broad 
prospects in immune activation [96]. DNA nanoparticles 
targeted to Langerhans cells have been shown to have 
good immune cell recruitment and induction of cellular 
immunity. For example, a new structure–function rela-
tionship was used to prepare a pH-sensitive cationic lipid 
nanoparticle with a suitable combination of hydrophilic 
head groups and hydrophobic tails, which could promote 
liver cell targeting and endosome escape and affect the 
use of siRNA [97].

However, due to the insufficient number of tumor-
specific effector T cells in the patient’s body and the 
inhibitory effect of the tumor immune suppressive 
microenvironment on immune cells, not all patients 
respond to immunotherapy. To address this issue, cell 
membrane-derived nanovesicles were developed to as 
a new kind of lymph node targeting nanocarriers. As 
reported, E. coli membrane was utilized to prepare as 
nanocarrier to wrap gold nanoparticles with a particle 
size of about 40 nm to prepare an antibacterial vaccine. 
When delivered by subcutaneous injection to the drained 
lymph nodes of mice, it can induce rapid activation 
and maturation of DCs, resulting in a robust antibody 
response and Th1- and Th17-based cellular responses to 
E. coli [98]. This combined application strategy provides 
a possibility for drug encapsulation and vaccine delivery 
using cell membrane collected from immune cells such 
as macrophages, B cells, dendritic cells, and NK cells, 
and provides a promising strategy for inhibiting cancer 
development and metastasis by inducing or modulating 
immune responses [99]. As shown in Fig.  6. engineered 
cell membrane nanovesicles were constructed for inte-
grated antigen self-presentation and immune-inhibitory 
reversal. In this study, the authors generated recombi-
nant adenoviruses expressing membrane-targeted modi-
fied green fluorescent protein (rAd-GFP) or ovalbumin 
(rAd-OVA) by infecting dendritic cells (DCs) with the 
viruses. Immature DC2.4 cells were transduced with 
the viruses to express membrane-targeted model anti-
gen GFP and differentiate into mature DCs (Fig.  6A). 
Finally, DCNV-rAd-Ag was isolated using multiple-step 
density gradient ultracentrifugation, resulting in the pro-
duction of 37.43 ± 6.68 mg of dendritic cell nanovesicles 
(DCNVs) (Fig.  6B). These DCNVs exhibited uniform 
vesicular morphology (Fig. 6C) with an average diameter 



Page 13 of 29He et al. Journal of Nanobiotechnology          (2023) 21:292  

of approximately 108 nm (Fig. 6D). The obtained DCNV-
rAd-Ag showed similar levels of major functional mem-
brane proteins on its surface compared to the parental 
DC-Rad-Ag cells (Fig.  6E). Mass spectrometry analysis 
revealed significant upregulation of proteins on DCNV-
rAd-GFP, as well as upregulation of various co-stimula-
tory molecules such as CD80, CD86, and CD40, which 

play important roles in antigen presentation and enhanc-
ing immune responses (Fig. 6F, G) [100].

Furthermore, a hybrid exosomes (aMT-exos) were 
also designed by incorporating isolated tumor cell 
nuclei into activated M1-like macrophages. Experimen-
tal evidence demonstrated that aMT-exos could accu-
mulate in lymph nodes and various tumors in xenograft 

Fig. 6 Design and partial characterization of gene-engineered cell membrane nanovesicles for integrated antigen self-presentation and immune 
checkpoint blockade. A Generation of DCNVs derived from adenovirus-infected mature dendritic cells. B Schematic illustration of the generation 
of DCNV-rAd-Ag. C Cryo-electron microscopy. D Dynamic light scattering analyses. E The western blot on membrane proteins from DCNV-rAd-GFP. 
F Comparison of upregulated immune-response-related proteins in NVs and DCs. G The relative abundance of antigen presentation 
and migration-related proteins on DCNV-rAd-GFP [100]. Copyright © 2022 The Authors
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mice. Moreover, they were capable of inducing T cell 
activation in lymph nodes through both the classical 
antigen presentation by cells and a unique "direct exo-
some interaction" mechanism (Fig. 7) [101]. Indeed, the 
application of these novel nanoscale lymphatic deliv-
ery systems primarily focuses on new therapies for 
acquired immunodeficiency syndrome (AIDS) and anti-
viral treatments. In the context of tumor diagnosis and 
treatment, research and design studies are relatively 
limited and mostly at the stage of basic animal research. 
However, it is possible that this area will become a 
major research hotspot in the future. As scientists con-
tinue to explore and understand the potential of these 
systems, there may be advancements in utilizing them 
for tumor-related applications. In summary, we sum-
marized a variety of typical nanosystems for lymph 
node delivery diagnosis or treat disease in recent years 
(Table 1).

Nanoparticle for lymph node specific imaging 
and identification
For most malignant tumors, the presence of lymph node 
metastasis is of great significance in guiding treatment 
and improving prognosis [102]. Developing a reliable 
lymph node identification technique to evaluate lymph 
node metastasis in cancer patients and guide complete 
lymph node dissection is a research hotspot to improve 
long-term surgical treatment outcomes. To accurately 
image, identify and evaluate lymph node function, 
researchers have developed various lymphatic nanocarri-
ers for imaging, such as liposomes, dendrimers, quantum 
dots, and nanobubbles, based on nanotechnology. This 
section will elaborate on the design and application of 
these nanocarrier materials.

Liposomes
Liposomal nanocarriers have been used not only for can-
cer diagnosis and immune-activating therapy but also as 

Fig. 7 Preparation and anticipated tumor inhibition mechanism of macrophage-tumor chimeric exosomes. Biologically reprogrammed 
macrophage-tumor chimeric exosomes were constructed by introducing tumor nuclei into activated macrophages (aMT-exos). This strategy 
generated exosomes with tumor components as well as classical activated macrophage (M1) properties, including tumor-antigen-MHC 
molecules, co-stimulatory molecules, immune-activated cytokines and other tumor components [101]. Copyright © 2021 American Association 
for the Advancement of Science



Page 15 of 29He et al. Journal of Nanobiotechnology          (2023) 21:292  

Ta
bl

e 
1 

D
ia

gn
os

is
 a

nd
 tr

ea
tm

en
t n

an
op

ar
tic

le
 d

el
iv

er
y 

sy
st

em
 fo

r l
ym

ph
at

ic
 s

ys
te

m

N
an

op
la

tf
or

m
N

an
op

ar
tic

le
 s

iz
e

En
ca

ps
ul

at
io

n/
Pa

yl
oa

d/
Co

m
po

ne
nt

s
Ta

rg
et

 s
ite

s
Ly

m
ph

at
ic

 ta
rg

et
in

g 
sy

st
em

A
.R

D
is

ea
se

 m
od

el
s

A
pp

lic
at

io
n

Re
f

Li
po

so
m

es
12

9 
±

 5
 n

m
si

RN
A

C
D

4+
 T

 c
el

ls
In

te
rn

al
is

at
io

n
i.v

/
Sy

st
em

ic
 G

en
e 

Si
le

nc
in

g;
 

Ta
rg

et
ed

 th
er

ap
ie

s
[5

3]

Li
po

so
m

es
20

–3
0 

nm
N

eo
an

tig
en

s; 
Va

cc
in

e 
ad

ju
va

nt
Ly

m
ph

 n
od

es
Ce

ll-
m

ed
ia

te
d 

tr
af

oc
a-

tio
n 

vi
a 

D
C

s
s.c

M
el

an
om

a 
(B

16
-F

10
)

Va
cc

in
at

io
n;

 A
nt

itu
m

or
 

im
m

un
ot

he
ra

py
[5

8]

M
ic

el
le

 p
ol

ym
er

s
20

 ±
 5

 n
m

D
O

X
Ly

m
ph

 n
od

es
Pa

ss
iv

e 
ta

rg
et

in
g

s.c
M

el
an

om
a 

(A
37

5)
Ly

m
ph

 n
od

e 
m

et
as

ta
si

s 
an

d 
an

tit
um

or
 c

he
m

o-
th

er
ap

y

[6
3]

Po
ly

(la
ct

id
e-

co
-g

ly
-

co
lid

e)
 m

ic
ro

pa
rt

ic
le

s
30

0 
±

 2
1 

nm
Po

ly
IC

A
PC

s 
in

 L
ym

ph
 n

od
es

Ce
ll-

m
ed

ia
te

d 
tr

af
oc

a-
tio

n 
vi

a 
A

PC
s

i.L
N

/
Va

cc
in

at
io

n;
 A

nt
itu

m
or

 
im

m
un

ot
he

ra
py

[6
6]

M
ic

el
le

 p
ol

ym
er

s
55

 n
m

Ep
iru

bi
ci

n
M

et
as

ta
tic

 a
xi

lla
ry

 ly
m

ph
 

no
de

s
Pa

ss
iv

e 
ta

rg
et

in
g

i.v
Br

ea
st

 c
an

ce
r (

M
D

A
-M

B-
23

1-
D

3H
2L

N
)

Su
pp

re
ss

io
n 

of
 a

xi
lla

ry
 

ly
m

ph
 n

od
e 

m
et

as
ta

si
s

[6
7]

M
ic

el
le

 p
ol

ym
er

s
30

 n
m

Pl
at

in
um

Ly
m

ph
 n

od
es

Pa
ss

iv
e 

ta
rg

et
in

g
i.v

M
el

an
om

a 
(B

16
-F

10
)

N
on

-in
va

si
ve

 m
an

ag
e-

m
en

t o
f n

od
al

 d
is

ea
se

[6
8]

M
ic

el
le

 p
ol

ym
er

s
40

 n
m

Cu
rc

um
in

 T
ra

st
uz

um
ab

M
et

as
ta

tic
 m

es
en

te
ric

 
se

nt
in

el
 ly

m
ph

 n
od

es
A

ct
iv

e 
ta

rg
et

in
g 

vi
a 

ig
an

ds
i.v

Co
lo

re
ct

al
 c

an
ce

r 
(H

T-
29

)
Ly

m
ph

 N
od

e 
M

et
as

ta
si

s 
H

om
in

g 
an

d 
Ph

ot
ot

he
r-

m
al

 T
he

ra
py

 in
 O

rt
ho

-
to

pi
c 

Co
lo

re
ct

al
 T

um
or

 
M

od
el

[6
9]

G
ol

d 
N

Ps
5 

nm
TL

R7
 li

ga
nd

Ly
m

ph
 n

od
es

Pa
ss

iv
e 

ta
rg

et
in

g
s.c

Co
lo

n 
ca

rc
in

om
a

A
nt

itu
m

or
 im

m
un

o-
th

er
ap

y
[7

3]

Po
ly

m
er

ic
 g

ol
d 

na
no

ro
ds

10
66

 n
m

Po
ly

et
hy

le
ne

 g
ly

co
l

Ly
m

ph
 n

od
es

Pa
ss

iv
e 

ta
rg

et
in

g
i.L

N
M

XH
10

/M
o/

lp
r m

ic
e

In
 v

iv
o 

N
IR

 fl
uo

re
sc

en
ce

 
im

ag
in

g;
 A

nt
i-t

um
or

 
eff

ec
t o

f P
TT

[7
4]

O
ut

er
 m

em
br

an
e 

ve
si

cl
es

41
.9

 ±
 0

.9
 n

m
G

ol
d 

N
Ps

D
C

Ce
ll-

m
ed

ia
te

d 
tr

af
oc

a-
tio

n 
vi

a 
A

PC
s

s.c
/

A
nt

i-b
ac

te
ria

l v
ac

ci
na

-
tio

n
[7

5]

Iro
n 

ox
id

e 
N

Ps
15

–5
8 

nm
/

Ly
m

ph
 n

od
es

En
do

cy
to

si
s 

an
d 

pi
no

-
cy

to
si

s
s.c

/
In

 v
iv

o 
op

tic
al

 im
ag

in
g

[7
7]

C
N

Ts
 a

nd
 c

ar
bo

n 
N

Ps
40

–6
0 

nm
8–

12
 n

m
/

Ly
m

ph
 n

od
es

In
te

rn
al

is
at

io
n

s.c
Pa

nc
re

at
ic

 c
an

ce
r 

(B
xP

C
-3

)
M

ag
ne

tic
 ly

m
ph

at
ic

 
ta

rg
et

in
g 

dr
ug

-d
el

iv
er

y 
sy

st
em

; T
re

at
m

en
t 

of
 tu

m
ou

r m
et

as
ta

si
s

[8
4]

H
yd

ro
ge

ls
50

 n
m

Im
id

az
oq

ui
no

lin
e

D
ra

in
in

g 
ly

m
ph

 n
od

es
Pa

ss
iv

e 
ta

rg
et

in
g

s.c
/

A
nt

itu
m

or
 im

m
un

o-
th

er
ap

y
[8

9]

H
yd

ro
ge

ls
20

0 
nm

Po
ly

et
hy

le
ne

 g
ly

co
l

D
C

Li
pi

d 
ra

ft
-m

ed
ia

te
d 

tr
af

o-
ca

tio
n 

vi
a 

D
C

s
s.c

O
T-

1 
m

ic
e

Th
e 

ly
m

ph
at

ic
 d

el
iv

er
y 

of
 a

nt
ig

en
s

[9
0]

N
an

oc
ap

su
le

s
24

2 
±

 6
 n

m
Po

ly
gl

uc
os

am
in

e/
Sq

ua
le

ne
Po

pl
ite

al
 ly

m
ph

 n
od

e
Ce

ll-
m

ed
ia

te
d 

tr
af

oc
a-

tio
n 

vi
a 

A
PC

s
s.c

/
Im

m
un

os
tim

ul
at

in
g

[9
3]



Page 16 of 29He et al. Journal of Nanobiotechnology          (2023) 21:292 

Ta
bl

e 
1 

(c
on

tin
ue

d)

N
an

op
la

tf
or

m
N

an
op

ar
tic

le
 s

iz
e

En
ca

ps
ul

at
io

n/
Pa

yl
oa

d/
Co

m
po

ne
nt

s
Ta

rg
et

 s
ite

s
Ly

m
ph

at
ic

 ta
rg

et
in

g 
sy

st
em

A
.R

D
is

ea
se

 m
od

el
s

A
pp

lic
at

io
n

Re
f

Li
pi

d 
na

no
ca

ps
ul

es
/

O
va

lb
um

in
/P

ol
yi

no
si

ni
c-

po
ly

cy
tid

yl
ic

 a
ci

d/
 

M
on

op
ho

sp
ho

ry
l l

ip
id

 A

D
ra

in
in

g 
ly

m
ph

 n
od

es
Ce

ll-
m

ed
ia

te
d 

tr
af

oc
a-

tio
n 

vi
a 

A
PC

s
In

tr
at

ra
-

ch
ea

l 
ad

m
in

is
-

tr
at

io
n 

s.c

O
T-

1 
m

ic
e

Pu
lm

on
ar

y 
N

an
op

ar
tic

le
 

Va
cc

in
at

io
n

[9
4]

C
hi

m
er

ic
 e

xo
so

m
es

30
–1

50
 n

m
M

1-
lik

e 
M

ac
ro

ph
ag

e;
 

E.
G

7 
Tu

m
or

 c
el

l n
uc

le
i

Ly
m

ph
 n

od
es

; T
um

or
s

Pa
ss

iv
e 

ta
rg

et
in

g
In

tr
at

u-
m

or
al

 
in

je
ct

io
n

Ly
m

ph
om

a;
Br

ea
st

 c
an

-
ce

rs
; M

el
an

om
a

A
ct

iv
at

io
n 

in
 th

e 
im

m
un

e 
re

sp
on

se
 

an
d 

th
e 

tu
m

or
 m

ic
ro

en
-

vi
ro

nm
en

t

[1
01

]



Page 17 of 29He et al. Journal of Nanobiotechnology          (2023) 21:292  

delivery agents for imaging agents in lymphatic system 
applications. Many imaging agents can be covalently 
or non-covalently bound to different compartments of 
liposomal nanocarriers and hydrophilic dyes can also be 
encapsulated within the aqueous interior. At the same 
time, receptor or molecule attachment to the surface of 
liposomal nanocarriers can be used to construct molecu-
lar probes with targeting properties [103, 104].

For lymph node imaging using liposomal nanocarri-
ers, commonly used imaging agents are 99mTc or blue 
dyes. For example, Osborne prepared liposomes labeled 
with 99mTc for lymphatic imaging [105]. However, subse-
quent studies have shown that 99mTc-labeled liposomal 
nanocarriers have poor stability and are not conducive 
to long-term stable labeling of lymph nodes in vivo [37]. 
To solve the problem of poor stability, blue dye liposomes 
were later invented for long-term imaging of lymph 
nodes. A blue dye-encapsulated liposomes as a potential 
system could maintain blue staining in lymph nodes for 
more than a week after subcutaneous injection in living 
animals [106]. The team further prepared blue liposomes 
containing glutathione by combining 99mTc with blue dye, 
which could be traced in both directions by lymphatic 
channels and radiation detection instruments, and used 
for lymphatic scintigraphy and intraoperative lymph 
node identification [107]. However, clinical trials of this 
system are essential to further demonstrate their efficacy.

Dendrimers
Dendrimers are highly defined, branched macromol-
ecules with high-end functional groups and compact 
molecular structure, produced through cascade branch-
ing. The asymmetrical polyamide nanofilm has two lay-
ers: a porous layer of spherical polyamide dendrimers 
at the bottom and a dense layer of polyamide at the top, 
with highly ordered nanopore structure [108]. After sev-
eral generations of development, geometrically enclosed 
nanoscale structures with host–guest container charac-
teristics have been formed. These nanostructures have 
different internal composition components such as car-
bon, nitrogen, silicon, sulfur, phosphorus, or metals, 
leading to their widespread attention in biomedical func-
tions, especially for cancer diagnosis and imaging [109].

In cancer lymph node imaging and identification, den-
drimers are mainly used for magnetic resonance imag-
ing, fluorescence imaging and SPECT/CT imaging. For 
example, Talanov prepared a dual-purpose dendrimer 
for MRI and fluorescence imaging using PAMAM den-
drimers covalently linked with GdIII-DTPA chelates 
and near-infrared fluorescent dye Cy5.5. The dendrimer 
nanocarrier can provide clear MRI and fluorescence 
images of lymph nodes and locate lymph nodes and 
their related lymphatic channels. This study effectively 

demonstrates the huge potential of dendrimers as a plat-
form for developing magnetic resonance and optical 
imaging of the lymphatic system [110]. Waldmann also 
demonstrated that PAMAM-G6 dendrimers are one of 
the best MRI imaging agents, even in the imaging iden-
tification of metastatic lymph nodes [111]. Niki [112] 
determined the optimal dendritic polymer structure for 
sentinel lymph node (SLN) imaging through the prepara-
tion of 12 different generations (G2, G4, G6, and G8) and 
different terminal groups (amino, carboxyl, and acetyl) 
(Fig.  8A). In his study involving intradermal injection 
of radiolabeled dendritic polymers into the right foot of 
rats, it was found that all G2 dendritic polymers primar-
ily accumulated in the kidneys. Dendritic polymers with 
amino, acetyl, and carboxyl end groups larger than G4 
were mainly distributed in the injection site, blood, and 
SLNs. Within the SLNs, macrophages and T-cells were 
unable to recognize dendritic polymers with carboxyl 
end groups. Finally, successful imaging detection of SLNs 
was achieved through single-photon emission computed 
tomography using dendritic polymers with carboxyl end 
groups larger than G4 (Fig.  8B). Subsequent in-depth 
studies have found that the unique diagnostic character-
istics provided by dendrimers have played a unique role 
in the development of many biomedical applications. 
Their applications in proteomics clearly demonstrate 
their enormous potential in developing new biomedi-
cal devices and methods for human disease imaging and 
identification, especially in potential applications for 
lymph node imaging.

Quantum dots
Quantum dots are nearly spherical semiconductor par-
ticles with a diameter of approximately 2–8  nm, typi-
cally composed of atoms from the II-VI or III-V groups 
of the periodic table. Due to their unique semiconductor 
properties and size-dependent fluorescent properties, 
quantum dots have become an attractive diagnostic and 
imaging material. Compared to current diagnostic tech-
niques, nanocrystals based on quantum dots can provide 
a long-lasting, strong, and stable fluorescent signal at a 
low cost, and also have strong resistance to photobleach-
ing [113]. Quantum dots can be covalently linked to 
antibodies, peptides, nucleic acids, or other ligands, 
endowing them with unique targeting capabilities [114].

As a semiconductor material, one of the earliest in vivo 
research applications of quantum dots is mainly for the 
localization of the reticuloendothelial system (RES) and 
lymph nodes, mainly used for near-infrared fluores-
cence imaging. A kind of near-infrared quantum dots 
with an emission wavelength of 850  nm was used for 
sentinel lymph node localization. In this study, real-
time tracking was performed by injecting quantum dots 
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subcutaneously into live mice, and it was found that sen-
tinel lymph nodes could be located 1 cm below the skin 
surface, reducing the surgical incision guided by con-
ventional radioactive labeling for sentinel lymph node 
removal [115]. In recent years, more and more research 

has been conducted to explore different materials that 
can be used to prepare the surface or core of quantum 
dots. For example, quantum dots with a core/shell/shell 
structure composed of InAsxP_(1-x) alloy, InP, and ZnSe, 
showed tunable emission in the near-infrared region 

Fig. 8 Synthesis scheme of the 12 types of dendrimer for biodistribution assay and SPECT imaging (A), and the fused SPECT/CT images 
of radiolabeled dendrimer-injected rats after 24 h. Left and right panels are anterior and lateral views, respectively. Arrows and arrow heads indicate 
the SLN and the injection site, respectively (B) [112]. Copyright © 2015 Elsevier Inc
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and have been successfully used in sentinel lymph node 
localization experiments in various animal models [116]. 
However, all of these studies are based on quantum dots 
as a technological hypothesis and animal model verifi-
cation, and further validation is needed for their lymph 
node imaging detection effects.

Other nanomedicines use to lymph node imaging
Due to the unique functions of nanoscale imaging 
probes, they can be adapted to different imaging modes, 
making them an ideal system for enhancing lymph 
node identification and localization. Currently, many 
types of nanoscale particles for lymphatic system imag-
ing have been reported, such as fluorescent nanogels 
(Fig.  9), which serve as highly efficient molecular imag-
ing probes that can specifically, sensitively, stably, non-
invasively, and safely locate sentinel lymph nodes, thus 
predicting tumor metastasis and guiding therapy. In 
the mouse model study, the results showed that FDNG 
rapidly and selectively diffused to the left lung and left 
anterior descending branch less than 1  min after injec-
tion (Fig. 9A, B). When methylene blue was injected into 
the same site, the green fluorescence overlapped with 
the blue dye, allowing for accurate localization of the 
SLNposition (Fig.  9C, D). In ex  vivo imaging, a strong 
fluorescent outline of the SLN was visible, while adja-
cent adipose tissue did not exhibit fluorescence (Fig. 9E, 
F), indicating high specificity of FDNG for SLN diagno-
sis and ensuring the accuracy of SLN biopsy. Addition-
ally, further immunofluorescence staining demonstrated 
the accumulation of abundant FDNG within the SLN in 
the left lung, providing direct evidence of FDNG’s spe-
cific uptake by SLN (Fig. 9G, H) [117]. In addition to the 
above-mentioned nanodelivery materials, other major 
ones include radiopharmaceutical colloid nanoparticles 
and ultrasound nanobubbles.

Radiopharmaceutical colloids were first proposed in 
1955 and were primarily used for preoperative treat-
ment of breast cancer patients [118]. As research pro-
gressed, radioactive gold was gradually replaced by 99mTc 
due to its easy availability, low cost, and excellent imag-
ing properties [119]. The size range of standard radio-
active nanocolloids is 10 nm to 1000 nm, and they have 
high potential for clinical translation. Reported lymph 
node targeting agents include sulfur colloid labeled with 
99mTc, as well as other agents such as 99mTc-labeled dex-
tran, 99mTc-hydroxyethyl starch, and 99mTc-human serum 
albumin [120]. However, none of these fully meet the cri-
teria for an ideal imaging agent, and the search for the 
best nanocolloid radiopharmaceutical continues.

Ultrasound is the most common biomedical imaging 
modality, and ultrasound contrast agents are mainly 

used to increase the reflectivity or backscatter of blood 
and tissue. Nano-bubbles, as a new type of nanocarrier, 
are currently being widely studied in combination with 
ultrasound for identification of sentinel lymph nodes 
[121]. The preparation material of nano-bubbles mainly 
consists of a double-layered shell of perfluorocarbon 
nanodroplets or albumin and an inner layer of a biode-
gradable polymer called polyethylene glycol. This shell-
core structure can effectively encapsulate gases such as 
nitrogen for tracking using ultrasound imaging tech-
niques [122, 123]. During the ultrasound imaging pro-
cess, since nano-bubbles can rupture and form smaller 
bubbles, some have suggested using nano-bubbles to 
carry therapeutic drugs and injecting them into cells 
through the explosion of the nano-bubbles to achieve 
drug delivery and controlled release in lymph nodes. 
However, this process can cause thermal tissue dam-
age, and its feasibility needs further study [124]. We 
also summarized a variety of typical nanomedicine for 
lymph node imaging and identification in recent years 
(Table 2).

Although current studies report that a variety of 
nanocarriers, including liposome-based nanoparticles, 
micelles-based nanoparticles, inorganic nanoparticles, 
hydrogel nanoparticles, and orther novel nanoparti-
cles, can all achieve lymph node targeting, and each 
carrier has its unique advantages. However, liposome-
based nanoparticles are seem like the most promising 
for lymph node targeting delivery due to several unique 
characteristics. Firstly, liposome nanoparticles have 
good biocompatibility and high safety, making them 
excellent drug delivery carriers. Therefore, drugs based 
on liposomes are easy to be clinically translated. Sec-
ondly, liposomes have strong modifiability. The surface 
of liposomes can be modified with ligands or antibodies 
to enhance targeting to specific cell types or tissues. In 
addition, their size, charge, and other properties can be 
adjusted to improve their ability to accumulate in the 
lymphatic system. Moreover, liposome nanoparticles 
can also accumulate in the lymph nodes through pas-
sive targeting effects. For example, one study showed 
that LNPs based on lipid molecule 113-O12B could 
specifically target lymph nodes, which was significantly 
stronger than the targeting ability of LNPs based on 
lipid molecule ALC-0315 produced by Pfizer/Biotech 
[58].

While liposome-based nanoparticles show great 
promise for lymph node targeting delivery, other types 
of nanoparticles also offer potential benefits and could 
be chosen depending on the specific circumstances. 
Further research is needed to determine the most effec-
tive nanocarrier for this purpose.
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Clinical application status of nanomedicine 
for lymphatic system delivery
Despite substantial progress in lymphatic drug delivery 
in recent years, there are relatively few nanomedicines 
on the market that achieve pharmacokinetics or thera-
peutic effects through lymphatic delivery. So far, the 

most extensively studied polymer is polyethylene glycol 
ester, several of which have been approved by regulatory 
agencies. For example, in 1994, pegylated asparaginase 
(Oncaspar) for the treatment of acute lymphoblastic leu-
kemia was approved by the FDA. However, most mac-
romolecular bioproducts and drug delivery systems are 

Fig. 9 Simplified preparation of nanogel, modified spectral analysis of fluorescent agent, and imaging of mouse axillary lymph nodes 
before and after front limb injection. Fluorescent (A) and optical (B) images of FDNG (5-AF) selectively entering LVs and SLN. Fluorescent (C) 
and optical (D) images of FDNG(5-AF) and methylene blue co-injected mice after skin removal. Fluorescent (E) and optical (F) images of dissected 
SLN and adjacent fat tissues. G Immunohistofluorescence staining of dissected SLN from FDNG(5-AF) treated mouse after 12 h of injection. (H) The 
partially enlarged image of (G) [117]. Copyright © 2014 Elsevier Ltd
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Table 2 Nanoparticle of lymph node imaging and identification

Nanoplatform Nanoparticle 
size

Imaging 
methodology

Imaging sites Imaging 
agents

A.R Encapsulation/
Coating/
Component

Features Ref.

Liposomes 33 nm γ-camera imag-
ing

Regional lymph 
nodes

99mTc s.c / Lymphatic 
scintigraphy

[103]

Liposomes 136 nm γ-camera imag-
ing

Popliteal nodes 99mTc s.c Biotin; Avidin The delivery 
of chemothera-
peutic drugs, 
vaccine anti-
gens, and bio-
logic agents 
to lymph nodes

[104]

Liposomes 115.3–148.9 nm γ-camera imag-
ing

Sentinel lymph 
nodes

99mTc Blue dye s.c Blue dye; Glu-
tathione; Biotin

Lymphatic 
scintigraphy 
and intraop-
erative lymph 
node identifica-
tion

[105]

PAMAM Den-
drimers

/ MRI-FI Sentinel lymph 
nodes

GdIII-DTPA Cy5.5 s.c / Magnetic reso-
nance and opti-
cal imaging 
of the lymphatic 
system

[108]

PAMAM -G6 
Dendrimers

9 nm MR Sentinel lymph 
nodes

GdIII Peritumoral 
injection

/ Localization 
of sentinel 
lymph nodes 
in human breast 
cancer

[109]

Quantum Dots 10 nm FI Sentinel lymph 
nodes

NIR QDs s.c Oligomeric 
phosphine

Direct 
visual guidance 
through-
out the entire 
SLN mapping 
procedure

[113]

Quantum Dots 15 nm FI Sentinel lymph 
nodes

NIR QDs s.c InAsxP1-x/InP/
ZnSe

NIR Sentinel 
lymph node 
mapping

[114]

Microbubbles 50–100 nm Contrast-
enhanced 
ultrasound

Sentinel lymph 
nodes

Microbubbles i.d Sulfur hexafluor-
ide

Sentinel lymph 
node identifica-
tion in early-
stage breast 
cancer

[119]

Nanocarbon / Endoscopy Sentinel lymph 
nodes

Nanocarbon 
suspension

Intrathyroid 
injection

/ Clear lymph 
node clearance 
in PTC patients; 
Decrease 
in parathyroid 
damage

[123]

Nanocarbon 150 nm Endoscopy Lymph nodes Nanocarbon 
suspension

Submucosal 
injection

/ Tracking lymph 
node metasta-
ses of colorectal 
cancer

[124]

Nanoparticles / PET/CT MRI Lymph nodes 68 Ga-PSMA 
Ferumoxtran-10

i.v PSMA Ferumox-
tran-10

Diagnosis 
of Lymph Node 
Metastases 
in Prostate Can-
cer Patients

[125]

Nanotracer 
agents

7 nm γ-camera imag-
ing

Sentinel lymph 
nodes

99mTc i.d Mannose DTPA Melanoma 
Sentinel Lymph 
Node Mapping

[128]
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developed for the treatment of cancer or inflammatory 
diseases, and clinical drugs for the lymphatic system are 
relatively scarce.

Lymph node biopsy and dissection is a routine method 
for various cancer surgeries, such as thyroid cancer, 
breast cancer, colorectal cancer, and lung cancer. Cur-
rently, there are few nanomedicines used for biopsy and 
intraoperative lymph node dissection, mainly nanocar-
bon. For example, nanocarbon was utilized in endoscopic 
examination of thyroid cancer patients to clinically trace 
VI grade sentinel lymph nodes and protect the parathy-
roid glands. The results showed that nanocarbon, as a 
lymph node tracer, could better evaluate and allow for 
clearer lymph node clearance in papillary thyroid car-
cinoma patients [125]. Another research found that 
through a randomized controlled study (Fig. 10) that car-
bon nanospheres suspension is safe as a colon and rectal 
cancer tracer. More importantly, nanocarbon can sig-
nificantly increase the number of detected lymph nodes 
in colorectal cancer, helping to improve the accuracy of 
lymph node staging and even improve patient survival 
[126].

Other nanomedicines used for lymph node imaging 
include avidin-methotrexate anti-10-nanoparticles. A 
research found through a study of 45 patients with pri-
mary or recurrent prostate cancer that prostate-specific 
membrane antigen PET/CT and avidin-methotrexate 
anti-10-nanoparticle-enhanced MRI (nano-MRI) can 
both identify suspicious sentinel lymph nodes missed 
by another method. However, nano-MRI seems to be 
superior in detecting smaller suspicious LNs [127]. Fur-
thermore, there are radioactive nanotracer agents such 
as 99mTc sulfur colloid or the newer molecular imaging 
tracer 99mTc-tilmanocept, which are used for lymph node 
imaging. Additionally, tumor-targeted ultra-small hybrid 
C dots have been utilized for this purpose. Relying on 
these types of nanotracer agents enables the acquisition 
of structural and functional information about lymphatic 
drainage [128]. For example, a silica-based nanohybrid 
platform composed of fluorescently labeled 124I cRGDY-
PEG-C dots [129], consisting of near-infrared dye mole-
cules, PEG, and cyclic arginine-glycine-aspartate peptide 

(CRGDY), has received FDA Investigational New Drug 
(IND) approval. Currently, it is undergoing SLN  testing 
in melanoma patients to evaluate the feasibility of using a 
combination of FDA-approved near-infrared fluorescent 
cRGDY-conjugated C dots and a handheld fluorescence 
imaging system to detect tumor-carrying lymph nodes 
in the intraoperative setting. A schematic illustration of 
SLN localization in the head and neck region is shown in 
Fig. 11.

In the design of lymphatic system-targeted nanomedi-
cines, safety, efficacy, and potential for clinical translation 
are important factors to consider. Changing the prepara-
tion materials and methods of nanomedicines may lead 
to their clinical translation. A pure drug nanosystem 
based on supercritical technology that can be used for 
the pure drug nanonization of clinical fluorescent imag-
ing agents [130, 131]. The constructed carrier-free indo-
cyanine green nanoparticles (NanoICG) have smaller 
and more uniform sizes and better fluorescent perfor-
mance compared to ICG molecules, without any molecu-
lar structure changes, and have demonstrated excellent 
imaging performance and effects in liver cancer surgery 
fluorescence navigation and lymph node imaging recog-
nition. Importantly, this nanosystem can achieve stable 
loading of fluorescent dyes and targeted antibodies to 
prepare fluorescent probes with excellent targeting per-
formance, providing an effective way for the precise iden-
tification of lymph nodes in clinical work [132].

In conclusion, while the progress in lymphatic drug 
delivery is substantial, clinical applications remain scarce. 
The future holds great potential for the refinement and 
expansion of this field, leveraging nanomedicine’s unique 
advantages for lymphatic system delivery.

Challenges and perspectives
The rapid advancement in molecular, biological, and 
genetic diagnostic technologies has sparked extensive 
exploration into diagnostic and imaging identification 
patterns within the lymphatic system, as well as investi-
gations into its role in cancer initiation, progression, and 
metastasis. Among these, the development of nanomedi-
cines offers a new direction for cancer intervention via 

Table 2 (continued)

Nanoplatform Nanoparticle 
size

Imaging 
methodology

Imaging sites Imaging 
agents

A.R Encapsulation/
Coating/
Component

Features Ref.

Ultrasmall silica 
NPs

10 nm PET-FI Sentinel lymph 
nodes

124I Cy5/Cy5.5 s.c PEG; CRGDY NIR 
dyes

Detection 
of tumor-
carrying 
lymph nodes 
in the intraop-
erative setting

[129]
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the lymphatic pathway [133]. A significant advantage of 
nanocarrier drugs is their capacity to augment lymphatic 
drug absorption, enhance drug retention, and extend 
action time, building on the lymphatic system’s inherent 
high permeability, retention effect, and structural and 
physiological functions [134]. For instance, the coupling 
of nanocarriers with antibodies or peptides enables the 
delivery of therapeutic drugs or dyes to specific lymph 
nodes, facilitating diagnostic and imaging identification 
guided excision, thus enriching the precision medicine 
repertoire [135]. In particular, the development of mul-
tifunctional nanoparticles may contribute significantly to 
the localization and diagnostic treatment of lymph nodes 
in various types of cancer. Additionally, nanocarrier for-
mulations can deliver both imaging and therapeutic 

agents simultaneously, hence providing real-time moni-
toring of therapeutic effects during treatment through 
imaging.

Despite the innovative strides in nanotechnology 
resulting in the development of diverse lymphatic system 
nanocarriers, most designs remain at the stage of fun-
damental animal research. For further clinical progress, 
some key aspects should be considered for optimal clini-
cal translation, such as: (1) Discerning if the combination 
or coupling of therapeutic agents, imaging agents, and 
carriers or ligands will change the pharmacokinetics and 
biodistribution of the carried drugs, and if it will cause 
new side effects; (2) Minimizing the toxicity of complex 
nanostructures to prevent or reduce the additional side 
effects of nanocarriers, such as cardiac, renal, and hepatic 

Fig. 10 Schematic illustration of intramesorectal injection of nanocarbon (A) and intraoperative imaging and clearance images of mesorectal 
lymph nodes during surgery (B) and anterior resection of rectum (C) [126]. Copyright © 2020 Foundation of Clinical Oncology



Page 24 of 29He et al. Journal of Nanobiotechnology          (2023) 21:292 

function damage, as well as damage to the nervous sys-
tem caused by crossing the blood–brain barrier. These 
issues are crucial and have not yet been fully researched. 
Potential solutions may include altering the nanodrug 
preparation technology, optimizing the nanodrug prepa-
ration materials, and selecting suitable administration 
routes. For example, the pure drug nanotechnology could 
prepare drugs without using organic solvents or toxic sol-
vents [136]. In addition, choosing clinical drugs or drug 
components as raw materials for preparing lymphatic 
system nanodrugs or selecting suitable routes of admin-
istration is expected to avoid serious side effects, simplify 
the process, and accelerate the clinical application pro-
cess of nanodrugs. For example, several orally high lipo-
philic drugs based on modified or unmodified proteins or 
antibodies currently available on the market or in clinical 
trials, and non-enteric administration systems for biolog-
ical preparations have shown the potential for lymphatic 
transmission, which can be explored or utilized.

Looking ahead, the advancement of material science 
and pharmaceutical science, particularly the construc-
tion of molecular conjugates with specific affinity for the 
lymphatic system, will further propel the development of 
lymph system-specific nanomedicines. The production 

of superior lymphatic system-targeted nanomedicines 
requires the improvement of nanomedicine preparation 
techniques and enhanced material science research. This 
includes: (1) Developing ligands targeting lymph node-
specific biomarkers to increase nanoparticle retention 
in lymph nodes through active targeting; (2) Optimiza-
tion of nanoparticle size, shape, and surface properties 
to improve passive targeting efficiency; (3) Designing 
lymphatic system microenvironment-specific respon-
sive nanoparticle carriers to achieve targeted delivery to 
lymph nodes and even specific cells within the lymph 
nodes; 4) Advancing environmentally friendly and safe 
nanotechnology preparation techniques to increase the 
rate of clinical translation. These methods will facilitate 
the development of efficient and lymphatic system-tar-
geted nanomedicines.

Furthermore, to promote the development of lym-
phatic system nanomedicines, there is a need to enhance 
our understanding of the structure, physiological func-
tions, and lymphatic biology of the lymphatic system 
itself. Lymphatic acquisition is not only determined by 
size, but also by a series of transport and metabolic pro-
cesses. Additionally, the occurrence and progression of 
cancer are interconnected with the status of lymphatic 

Fig. 11 Schematic of SLN mapping in the head and neck using 124I-cRGDY-PEG-Cdots. A Injection of 124I-cRGDY-PEG-C dots about an oral cavity 
lesion with drainage to preauricular and submandibular nodes. B 124I-cRGDY-PEG-ylated core–shell silica nanoparticle with surfacebearing 
radiolabels and peptides and core-containing reactive dye molecules (insets) [129]. Copyright © 2013 The Royal Society of Chemistry
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vessels and lymph nodes. The staging of cancer can affect 
the structure and function of the lymphatic system, and 
the physiological and treatment status of the lymphatic 
system can also impact the outcome of cancer. Limited 
understanding of tumor heterogeneity and lymphatic 
remodeling during tumor progression hinders the clinical 
translation of lymphocyte-targeted therapies. By modu-
lating the immune response through the lymphatic sys-
tem, reconstructing tumor-related microenvironments, 
and their integration, it may be possible to change the 
paradigm of cancer treatment and significantly improve 
patient survival rates in the foreseeable future [137]. 
Therefore, in the future, nanomedicines may focus on the 
overall disease progression process and the interactions 
between drugs, which could be a key area of research.

In summary, this review article summarizes various 
lymphatic targeting drug delivery methods based on 
strategies such as nanoparticle-based approaches, viral 
vectors, immune cells, and targeting ligands. These meth-
ods not only play important roles in cancer and lymph 
node metastasis treatment but also provide important 
references for the treatment of other diseases such as 
tuberculosis, HIV/AIDS, and influenza. For instance, 
in the treatment of tuberculosis, lipid nanoparticles or 
polymer nanoparticles can be prepared using nanotech-
nology, and their size, surface modification, and drug 
encapsulation can be adjusted to selectively accumulate 
in the lymph nodes after injection, thereby achieving 
improved therapeutic effects. In the treatment of HIV/
AIDS, viral vectors can be used to deliver vaccine genes 
into lymph nodes, activating the immune response of 
the lymphatic system. This targeted immune activation 
can enhance immune protection against HIV, providing 
new strategies for the treatment of HIV/AIDS. Addition-
ally, in the treatment of viral infections such as influenza, 
nanoparticles or viral vectors can be utilized to directly 
target and detect infected lymph nodes, enabling precise 
drug delivery and early detection of infections, thereby 
providing crucial information for treatment and control 
strategies.
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