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INTRODUCTION 

Oral bioavailability represents the proportion of an 
orally administered drug that successfully enters the systemic 
circulation, playing a crucial role in assessing its efficacy. 
However, achieving optimal oral bioavailability poses 
considerable challenges due to various factors, including 
inadequate solubility, limited permeability across the intestinal 
epithelium, extensive first-pass metabolism, and the presence of 
efflux transporters [1]. A notable obstacle in oral drug delivery 
lies in circumventing the impact of first-pass metabolism, 
which can be overcome by redirecting drug delivery toward 
the intestinal lymphatic system [2,3]. An effective strategy 
for enhancing drug solubility in lipids and thereby improving 
oral bioavailability involves the design of lipophilic prodrugs, 

leveraging the enhanced transport offered by the lymphatic 
system.

The lymphatic system, an intricate network of vessels, 
nodes, and organs, harmoniously upholds fluid balance, supports 
immune function, and facilitates lipid absorption. With its ability 
to bypass the liver and evade first-pass metabolism, the lymphatic 
system assumes a significant role in drug delivery. Comprising 
lymph nodes, lymphatic vessels, and widely distributed lymphoid 
organs throughout the body, this intricate system plays a vital role 
in the transportation of drugs, particularly large molecules and 
lipophilic compounds that encounter challenges in penetrating 
blood capillaries. A comprehensive comprehension of the 
lymphatic system’s anatomy and physiology serves as a crucial 
foundation for devising targeted strategies for drug delivery 
along this distinctive route.

This review aims to delve into uncharted territories 
in drug delivery by centering on the delivery of drugs to the 
lymphatic system. The study will intricately explore the 
physiological and pharmaceutical barriers that influence 
drug bioavailability in the context of oral administration. 
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ABSTRACT
This article explores the physiological and pharmaceutical barriers influencing drug bioavailability for the oral route 
of administration, as well as the different pharmaceutical technologies and drug delivery systems that have been 
explored to enhance oral drug absorption. The manuscript also examines the advantages and limitations of drug 
delivery to the lymphatic system and presents the future directions and challenges associated with this approach. 
Specifically, the manuscript highlights that drug delivery to the lymphatic system holds promise for improving drug 
bioavailability and efficacy. It emphasizes the advantages of delivering drugs to the lymphatic system, including 
enhanced drug solubility, stability, lymphatic transport, and the ability to target specific lymphatic vessels. The 
manuscript further explores future directions in this field, such as developing novel formulations, targeting specific 
lymphatic vessels, and combination therapy. However, the manuscript acknowledges significant challenges for 
the clinical translation of lymphatic drug delivery approaches. Regulatory hurdles, safety concerns, and cost and 
scalability are vital obstacles to address. The manuscript concludes by emphasizing the importance of addressing 
these challenges and fostering further research and collaboration to optimize the clinical translation of lymphatic 
drug delivery. Online F
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bioavailability of drugs. These particles can encapsulate drugs 
and protect them from degradation within the gastrointestinal 
tract while improving drug absorption through increased surface 
area and extended residence time in the gut. Nanoparticles can 
be fabricated from diverse materials such as lipids, polymers, 
and metals. Various nanoparticle-based drug delivery systems, 
including liposomes, solid lipid nanoparticles, polymeric 
nanoparticles, and gold nanoparticles, have been explored to 
improve oral bioavailability.

By formulating nanoparticles with different materials, 
such as polymers, lipids, or inorganic substances, drug solubility 
can be enhanced, degradation can be prevented, and targeted 
delivery can be achieved. Nanoparticles can incorporate drugs 
into their structure or use drug-loaded coatings on their surface. 
This protective capability ensures drug stability within the 
gastrointestinal tract, facilitates efficient drug absorption, and 
assists drug transport across the intestinal epithelium. Promising 
examples of nanoparticle-based approaches encompass 
polymeric nanoparticles, lipid nanoparticles (liposomes and 
solid lipid nanoparticles), and inorganic nanoparticles like gold 
nanoparticles.

While nanoparticles provide a versatile platform 
for improving oral bioavailability, challenges such as 
biocompatibility concerns (Certain materials used in nanoparticle 
formulations may raise biocompatibility issues, necessitating 
thorough biocompatibility studies), manufacturing issues (The 
scalability and reproducibility of nanoparticle manufacturing 
processes can be challenging, impacting their widespread 
application), and limited targeting precision (Achieving precise 
targeting with nanoparticles remains a challenge, as unintended 
interactions with off-target tissues may occur) warrant careful 
consideration in their application [9].

Permeation enhancers
Permeation enhancers play a crucial role in improving 

drug absorption by increasing the permeability of the intestinal 
epithelium. These compounds can exert their effects through 
various mechanisms, such as disrupting the lipid bilayer of 
cell membranes, promoting paracellular transport, or inhibiting 
efflux transporters. Surfactants, bile salts, fatty acids, and 
chelating agents are permeation enhancers in drug delivery. 
However, it is essential to note that using permeation enhancers 
may pose challenges, including potential toxicity and irritation 
in the gastrointestinal tract.

Permeation enhancers modify the properties of 
biological barriers, like the intestinal epithelium, to enhance 
drug absorption. They can improve drug solubility, disrupt 
tight junctions between epithelial cells, alter the activity of 
efflux transporters, or increase membrane permeability. Typical 
permeation enhancers encompass surfactants, bile salts, fatty 
acids, and chelating agents. For instance, sodium caprate, a 
surfactant, has been demonstrated to enhance paracellular 
transport and improve the oral bioavailability of specific drugs.

While permeation enhancers play a crucial role in 
improving drug absorption, concerns such as potential toxicity 
(Some of the permeation enhancers, particularly at higher 
concentrations, may exhibit toxicity and pose risks of irritation 
in the gastrointestinal tract), non-targeted effects (The action 

Furthermore, it will provide an in-depth investigation of 
diverse pharmaceutical technologies and drug delivery systems, 
encompassing nanocarriers, micelles, cyclodextrins, and lipid-
based carriers, which have been extensively studied to enhance 
oral drug absorption. In addition, the review will shed light on 
the impact of variability in the gastrointestinal tract on oral drug 
absorption and pharmacokinetics [4–6].

By meticulously examining the challenges associated 
with oral bioavailability and thoroughly scrutinizing the 
anatomical features of the lymphatic system, we intend to 
illuminate the inherent advantages, strategic approaches, 
and recent advancements in lymphatic drug delivery. This 
comprehensive analysis of existing literature will offer valuable 
insights into the promising prospects of this often overlooked 
and underutilized route for improving drug delivery and 
optimizing therapeutic outcomes [7].

APPROACHES TO IMPROVE ORAL 
BIOAVAILABILITY

Prodrugs
Prodrugs, inactive derivatives of active drug moieties, 

undergo enzymatic biotransformation in the body to release 
the active parent drug. This chemical modification strategy 
is widely employed to enhance drug properties such as 
aqueous solubility, lipophilicity, stability, mucosal membrane 
permeability, and therapeutic index. By improving water 
solubility and gastrointestinal permeability and overcoming 
first-pass metabolism, prodrug design can effectively enhance 
the oral bioavailability of drugs. Various prodrugs exist, 
including those utilizing ester, amide, carbonate, carbamate, 
azo, glucuronidic, and glycosidic bonds.

Prodrug development aims to optimize drug solubility, 
permeability, stability, or target selectivity, ultimately leading 
to improved oral bioavailability. Prodrugs are designed to 
release the active pharmacological agent at the target site 
through specific enzymatic or chemical reactions in the body. 
For instance, the prodrug enalapril undergoes conversion to its 
active form, enalaprilat, in the liver, resulting in enhanced oral 
bioavailability and prolonged therapeutic effects. The strategic 
utilization of prodrugs offers excellent potential for overcoming 
oral bioavailability challenges and achieving improved drug 
delivery outcomes.

Prodrugs offer excellent potential for enhancing oral 
bioavailability; however, challenges such as enzyme specificity 
(Prodrug activation relies on specific enzymatic pathways, and 
variations in enzyme expression among individuals may impact 
the predictability of prodrug conversion), variable absorption 
rates (The rate of prodrug activation and subsequent release 
of the active drug may vary among patients, affecting the 
consistency of therapeutic outcomes), and chemical stability 
(Some prodrugs may exhibit limited chemical stability, leading 
to premature activation or degradation before reaching the 
target site) need careful consideration in their design to ensure 
consistent and reliable drug delivery [8].

Nanoparticles
Nanoparticles, submicron-sized particles, provide 

a versatile and practical platform for enhancing the oral 
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of permeation enhancers may not be specific to the intended 
drug, potentially affecting the absorption of co-administered 
substances), and the need for long-term safety assessments (The 
long-term safety of using permeation enhancers, especially 
with chronic administration, requires thorough investigation) 
underscore the importance of careful consideration in their 
application.

In summary, various approaches, including prodrugs, 
nanoparticles, and permeation enhancers, can enhance 
the oral bioavailability of drugs. These approaches offer 
different strategies to improve drug solubility, protect against 
degradation, and enhance absorption within the gastrointestinal 
tract. It is crucial to consider the advantages and limitations of 
each approach, as the optimal choice depends on the specific 
characteristics of the drug being developed or administered. 
Researchers and pharmaceutical scientists can optimize drug 
delivery and improve therapeutic outcomes by carefully 
selecting the appropriate approach [10].

THE LYMPHATIC SYSTEM AS A DRUG DELIVERY 
ROUTE

Anatomy and physiology of the lymphatic system
The lymphatic system is a complex network of 

lymphatic capillaries, lymph nodes, and lymphatic vessels that 
plays a crucial role in maintaining tissue fluid balance, immune 
function, and lipid absorption Figure 1.

Lymphatic capillaries
Lymphatic capillaries, the smallest vessels of the 

lymphatic system, play a crucial role in the uptake of interstitial 

fluid, macromolecules, immune cells, and drugs from the tissues. 
Composed of a single layer of overlapping endothelial cells, 
they form a one-way valve system that allows for the entry of 
substances into the lymphatic system. These thin-walled capillaries 
are distributed throughout the body, collecting excess interstitial 
fluid and dissolved substances like drugs. As the capillaries 
merge, they give rise to larger lymphatic vessels, facilitating the 
transport of the collected lymph fluid through lymph nodes and 
ultimately returning it into the bloodstream. This intricate network 
of lymphatic capillaries and vessels forms the foundation for drug 
delivery via the lymphatic system [4] Figure 2.

Lymphatic nodes
Lymph nodes are small, bean-shaped structures 

distributed along the body’s lymphatic vessels. These organs 
filter lymphatic fluid and eliminate foreign particles, including 
bacteria, viruses, and cancer cells. In addition, lymph nodes 
are vital in the immune response, activating lymphocytes and 
producing antibodies to combat infections.

Lymph nodes serve as specialized organs along the 
lymphatic network, hosting various immune cells that filter and 
capture foreign particles, pathogens, and antigens in the lymph 
fluid. They also play a pivotal role in initiating immune responses 
and generating immune memory. Knowledge of the anatomy and 
distribution of lymph nodes is critical for targeted drug delivery, 
as these nodes can serve as potential sites for drug accumulation 
and interaction with the immune system [11] Figure 3.

Figure 1. Illustrates the lymphatic system as a circulatory system in the body.

Figure 2. Lymphatic capillaries in the breast. 

Figure 3. Represents the cross-sectional view of a lymphatic node. 
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surface properties, can influence the efficiency of lymphatic 
transport. Understanding the mechanisms underlying lymphatic 
transport is crucial for designing and developing drug-delivery 
systems that can effectively target the lymphatic system. By 
harnessing lymphatic transport, drug delivery to the lymphatic 
system can be enhanced, offering opportunities for improved 
therapeutic outcomes and bypassing first-pass metabolism [13].

Lymphatic drainage
Lymphatic drainage refers to the process by which 

the lymph fluid and any absorbed drugs or particles are drained 
from the lymphatic vessels back into the bloodstream. This 
vital process involves larger lymphatic trunks that eventually 
connect to the thoracic or right lymphatic duct, leading to the 
subclavian veins. By bypassing the liver, drugs delivered via 
the lymphatic system can avoid first-pass metabolism, resulting 
in increased systemic circulation of the active drug form and 
improved therapeutic outcomes.

The lymphatic drainage process is facilitated by 
the rhythmic contraction of lymphatic smooth muscles and 
the presence of one-way valves that prevent the backflow 
of lymphatic fluid. These mechanisms ensure the efficient 
movement of lymph fluid and its contents, including drugs, 
toward the bloodstream. It is worth noting that understanding 
the specific anatomical pathways, such as the thoracic duct and 
right lymphatic duct, is crucial for targeted drug delivery to the 
lymphatic system.

Using the lymphatic drainage pathway, drugs can 
bypass the liver’s first-pass effect, significantly impacting their 
bioavailability. This advantage allows for a higher concentration 
of the active drug to reach systemic circulation, increasing its 
therapeutic potential. Moreover, avoiding first-pass metabolism 
reduces the potential for drug degradation and inactivation, 
further enhancing drug efficacy.

Lymphatic drainage plays a vital role in drug delivery 
by ensuring the return of lymphatic fluid and absorbed 
substances to the bloodstream. By harnessing this pathway, 
drugs can bypass hepatic metabolism, improving bioavailability 
and therapeutic outcomes. Understanding the mechanisms 
and anatomical pathways of lymphatic drainage is essential 
for designing effective drug delivery systems that target the 
lymphatic system.

In summary, the lymphatic system is an important 
route for drug delivery as it can bypass the liver and avoid first-
pass metabolism. The lymphatic system consists of lymphatic 
capillaries, lymph nodes, and vessels that work together to transport 
lymphatic fluid and immune cells throughout the body [2].

DRUG DELIVERY SYSTEMS THAT DELIVER DRUGS 
VIA THE LYMPHATIC SYSTEM

Lipid-based formulations
Lipid-based formulations are a common approach 

for delivering drugs to the lymphatic system. Lipids are 
naturally transported via the lymphatic system, and lipid-
based formulations can enhance drug solubility and stability 
and protect drugs from degradation in the gastrointestinal 
tract. Lipid-based formulations include liposomes, solid lipid 

Lymphatic vessels
Lymphatic vessels, larger than lymphatic capillaries, 

consist of multiple layers of smooth muscle cells and serve as 
conduits for lymphatic fluid and immune cells. These vessels 
transport lymph from the tissues to the lymph nodes and 
ultimately to the bloodstream. In addition, they play a crucial 
role in maintaining fluid balance and lipid metabolism within 
the body.

Similar in structure to blood vessels but with thinner 
walls and valves that prevent backward flow, lymphatic 
vessels facilitate the movement of lymph fluid and its contents, 
including absorbed drugs and particles. The lymphatic vessels 
propel the collected lymph and any substances toward larger 
lymphatic trunks, eventually reaching the venous circulation 
and bypassing the liver’s first-pass effect. The unique 
characteristics of lymphatic vessels make them an attractive 
avenue for drug delivery, particularly for substances that face 
challenges crossing blood capillaries [3] Figure 4.

Mechanisms of drug delivery to the lymphatic system

Lymphatic uptake
Lymphatic uptake refers to how drugs or particles 

are absorbed from the administration site into the lymphatic 
capillaries. This uptake can occur through various mechanisms, 
including diffusion, convection, and active transport. The 
unique structure of lymphatic capillaries, characterized 
by discontinuous endothelial cells and loose intercellular 
junctions, allows for the easy entry of macromolecules and 
lipophilic compounds. Targeting lymphatic uptake holds 
significant promise in drug delivery strategies as it offers 
several advantages. Utilizing the lymphatic system as a drug 
delivery route can improve drug bioavailability, particularly for 
substances susceptible to first-pass metabolism. Furthermore, 
bypassing the liver’s first-pass effect through lymphatic uptake 
can enhance therapeutic outcomes. Therefore, understanding 
and harnessing the mechanisms of lymphatic uptake plays a 
crucial role in developing effective strategies for delivering 
drugs to the lymphatic system [12].

Lymphatic transport
Lymphatic transport is the process by which drugs 

or particles, once absorbed into the lymphatic capillaries, are 
transported through the lymphatic vessels toward the lymph 
nodes and eventually reach the bloodstream. This transport is 
facilitated by the contraction of lymphatic smooth muscles and the 
rhythmic propulsion of lymphatic valves, ensuring unidirectional 
flow and preventing the backflow of lymphatic fluid. Various 
factors, including particle size, charge, hydrophobicity, and 

Figure 4. Illustrates the lymphatic vessels. 
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proteins, it becomes possible to target specific receptors on 
lymphatic endothelial cells, facilitating the uptake of drugs 
into the lymphatic system. Various protein-based formulations 
have been developed, including albumin-based nanoparticles, 
immunoglobulin G (IgG)-based nanoparticles, and lymphatic-
targeting peptides. These formulations offer improved stability, 
controlled release, and enhanced targeting capabilities. For 
instance, BIND-014 is a protein-based nanoparticle formulation 
of docetaxel that demonstrates effective lymphatic delivery and 
is used in cancer treatment.

Albumin-based nanoparticles are submicron-sized 
particles composed of human serum albumin, which can 
encapsulate hydrophobic drugs. These nanoparticles offer 
several advantages, including enhanced drug solubility, 
improved stability, and facilitation of lymphatic drug transport. 
Utilizing albumin as a drug carrier makes it possible to 
harness its binding properties for efficient transport through 
the lymphatic system. An example of an albumin-based 
formulation is Abraxane, which consists of paclitaxel albumin-
bound nanoparticles. This formulation has shown efficacy in 
treating breast, pancreatic, and lung cancers [24–26].

IgG-based nanoparticles are submicron-sized particles 
composed of IgG that can target the neonatal Fc receptor on 
lymphatic endothelial cells, facilitating their uptake into the 
lymphatic system. Lymphatic-targeting peptides are short 
peptides that can bind to lymphatic endothelial cells and 
promote the uptake of drugs into the lymphatic system.

Conjugating drugs to carrier proteins can enhance their 
lymphatic delivery and improve pharmacokinetic properties. 
The protein carrier facilitates the interaction with lymphatic 
transporters and receptors, enhancing drug accumulation in 
lymphatic tissues. Kadcyla (ado-trastuzumab emtansine) is 
a protein-drug conjugate used to treat HER2-positive breast 
cancer [27].

Examples of drugs delivered via protein-based 
formulations include paclitaxel, doxorubicin, and siRNA. These 
drugs have been shown to have improved bioavailability and 
therapeutic efficacy when delivered via the lymphatic system 
using protein-based formulations.

In summary, lipid-based and protein-based 
formulations are two approaches for delivering drugs to the 
lymphatic system. Lipid-based formulations can enhance drug 
solubility and stability and protect drugs from degradation in 
the gastrointestinal tract, while protein-based formulations 
can target specific receptors on lymphatic endothelial cells, 
facilitating their uptake into the lymphatic system. Examples 
of drugs delivered via these formulations include methotrexate, 
paclitaxel, and doxorubicin.

ADVANTAGES AND LIMITATIONS OF DRUG 
DELIVERY TO THE LYMPHATIC SYSTEM

Advantages

Enhancing bioavailability
Drug delivery to the lymphatic system offers several 

advantages for enhancing drug efficacy and bioavailability. 
First, it improves bioavailability by bypassing the liver’s first-

nanoparticles, and self-emulsifying drug delivery systems 
(SEDDSs).

Liposomes are lipid-based vesicles composed of a lipid 
bilayer that can encapsulate hydrophilic and hydrophobic drugs 
within their aqueous cores or lipid bilayers. These spherical 
vesicles offer controlled release, improved stability, and 
enhanced drug solubility. Liposomes can facilitate lymphatic 
drug transport by utilizing the lymphatic system as a drug 
delivery route, enhancing drug bioavailability. An illustrative 
example of a liposomal formulation is Doxil (doxorubicin 
liposome), commonly employed in cancer treatment. Although 
Doxil is administered intravenously, it serves as an example to 
highlight the potential of liposomal formulations in enhancing 
drug delivery and improving therapeutic efficacy. This example 
underscores the versatility of liposomal formulations, even 
if the specific administration route differs from the context 
discussed in this article [9,14–17].

Solid lipid nanoparticles are submicron-sized particles 
with a solid lipid core that can encapsulate hydrophobic drugs. 
They can protect drugs from degradation and enhance drug 
absorption by increasing their residence time in the gut [18,19].

Lipid-indinavir nanoparticles have emerged 
as groundbreaking strategies, showcasing a substantial 
enhancement in drug delivery to lymph nodes compared to 
traditional methods [20,21]. Simulations further suggest the 
potential for less frequent, yet potent dosing, offering improved 
control over viral replication in critical lymphoid tissues [22]. 
The adaptability of lipid-based formulations is exemplified 
by a three-in-one nanoformulation, holding the potential for 
sustained drug concentrations in lymph node cells [23]. These 
advancements underscore the transformative impact of lipid-
based drug delivery on optimizing therapeutic efficacy for 
lymphatic targeting.

SEDDS, or self-emulsifying drug delivery systems, are 
lipid-based formulations that can spontaneously form fine oil-
in-water emulsions in the gastrointestinal tract when exposed 
to aqueous fluids. These formulations offer advantages such as 
increased drug solubility, enhanced absorption, and improved 
lymphatic uptake and transport. An example of a SEDDS 
is Sandimmune (cyclosporine), used to improve lymphatic 
delivery and exert immunosuppressive effects. By leveraging 
the self-emulsifying properties of SEDDS, drug solubility, and 
lymphatic drug delivery can be significantly improved.

Nanoemulsions are oil-in-water or water-in-oil 
emulsions with droplet sizes in the nanometer range. They 
can incorporate lipophilic drugs and improve their solubility, 
absorption, and lymphatic transport. One example is Intralipid, 
a nanoemulsion formulation that delivers fat-soluble vitamins 
and nutrients [20–23].

Examples of drugs delivered via lipid-based 
formulations include methotrexate, paclitaxel, and cyclosporine. 
These drugs have been shown to have improved bioavailability 
and therapeutic efficacy when delivered via the lymphatic 
system using lipid-based formulations.

Protein-based formulations
Protein-based formulations present an alternative 

strategy for drug delivery to the lymphatic system. By engineering 
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lymphatic function. When drugs are delivered to the lymphatic 
system, they can interact with lymphatic cells and trigger 
immune activation, releasing pro-inflammatory cytokines. This 
inflammatory response within the lymphatic tissues should be 
carefully monitored and controlled to prevent adverse effects 
and maintain proper lymphatic function. Monitoring the 
inflammatory response can help assess the safety and efficacy 
of drug delivery systems targeting the lymphatic system [13].

Limited number of drugs
There currently needs to be a limited number of drugs 

approved for lymphatic system drug delivery, which can restrict 
the widespread clinical application of this approach. Developing 
lymphatic-targeted formulations necessitates extensive 
research, including rigorous clinical trials, to establish their 
safety, efficacy, and regulatory approval. This limitation poses 
challenges and limits the availability of lymphatic drug delivery 
options for numerous therapeutic agents. However, ongoing 
research and advancements in drug delivery technologies 
continue to expand the potential of this approach, offering hope 
for developing more approved drugs designed explicitly for 
lymphatic system delivery in the future.

In summary, drug delivery to the lymphatic system 
offers several advantages, including improved bioavailability, 
targeted delivery, and reduced first-pass metabolism. However, 
there are also limitations to this approach, such as the risk of 
lymphatic system toxicity, the potential for an inflammatory 
response, and the limited number of drugs approved for 
lymphatic system drug delivery.

Overall, drug delivery via the lymphatic system 
provides significant benefits, including enhanced bioavailability, 
targeted delivery, and reduced first-pass metabolism. However, 
it is essential to be aware of the potential limitations, such 
as the risk of lymphatic system toxicity, the potential for an 
inflammatory response, and the limited number of approved 
drugs. These factors should be carefully considered and 
addressed during the development and evaluation of lymphatic 
drug delivery systems to ensure their safety and effectiveness.

FUTURE DIRECTIONS AND CHALLENGES

Future directions

Developing novel formulations
Developing novel formulations is a promising future 

direction for drug delivery to the lymphatic system. Recent 
advancements in formulation design have paved the way for 
improved drug solubility, stability, controlled release, and 
targeting capabilities. Novel formulations can enhance drug 
solubility, stability, and lymphatic transport and target specific 
vessels. Such formulations include lipid-based nanoparticles, 
protein-based nanoparticles, and lymphatic-targeting peptides. 
These innovative formulations hold great potential for 
improving drug delivery to the lymphatic system [30,31].

Exploration of new drug delivery systems and 
technologies, such as nanoparticles, liposomes, micelles, and 
hydrogels, is another aspect of future research. These systems 
can enhance lymphatic drug delivery by improving drug 

pass metabolism and delivering drugs directly to the systemic 
circulation. This is particularly beneficial for drugs with low 
solubility or poor absorption through other routes. For example, 
the liposomal formulation of Doxil has demonstrated enhanced 
bioavailability by utilizing the lymphatic system as a drug 
delivery route. Second, delivering drugs to the lymphatic 
system allows for targeted delivery to lymphatic tissues and 
lymph nodes, where diseases often originate or spread. This 
can be achieved using targeted protein-based nanoparticles or 
lymphatic-targeting peptides [3].

Targeted delivery
The lymphatic system provides a targeted delivery 

route for drugs to effectively treat diseases that spread through 
this system, including cancer and infectious diseases. By 
harnessing the lymphatic transport mechanism, drugs can 
be selectively directed toward specific lymphatic tissues or 
lymph nodes, allowing for precise and efficient treatment. This 
targeted approach enhances therapeutic efficacy, particularly in 
the case of diseases like cancer where lymphatic metastases are 
involved [1].

Reduce the first pass metabolism
The lymphatic system can reduce the first-pass 

metabolism of drugs by bypassing the liver and delivering drugs 
directly to the systemic circulation. Drugs delivered via the 
lymphatic system can bypass the liver’s first-pass effect, where 
drugs undergo metabolism and degradation before reaching 
systemic circulation. This is achieved through the anatomical 
route of drug transport through the lymphatic vessels, such 
as the thoracic duct, which drains directly into the systemic 
circulation, thus avoiding metabolism in the liver. By avoiding 
first-pass metabolism, drugs delivered through the lymphatic 
system can maintain their pharmacological activity and achieve 
higher systemic concentrations, improving therapeutic efficacy 
[1,4,28].

Limitations

Toxicity
Drug delivery via the lymphatic system can increase 

the risk of lymphatic system toxicity, including lymphedema, 
fibrosis, and inflammation. Directly targeting the lymphatic 
system for drug delivery may carry the risk of lymphatic 
system toxicity, which can occur due to the accumulation 
of drugs or drug carriers in the lymphatic tissues. This 
accumulation can cause local tissue damage or systemic 
toxicity, leading to adverse effects. For example, in certain 
studies involving liposomal formulations, the accumulation 
of liposomes in the lymph nodes has been associated with 
lymph node fibrosis and inflammation. To minimize these 
risks, it is crucial to carefully consider factors such as 
dosage, formulation, and toxicity profiles. Understanding 
the mechanisms through which lymphatic system toxicity 
can occur is essential for developing safe and effective drug 
delivery strategies [29].

Drug delivery via the lymphatic system can induce an 
inflammatory response, leading to tissue damage and impaired 
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One example of combination therapy is the simultaneous use of 
chemotherapy and immunotherapy for cancer treatment.
•	 �Exploration of combination therapies involving lymphatic 

drug delivery to enhance treatment efficacy.
•	 �Investigation of synergistic drug combinations that can 

target multiple pathways involved in lymphatic diseases or 
metastatic cancers.

•	 �Study of combination therapies that can promote 
lymphangiogenesis or modulate lymphatic function for 
therapeutic purposes.

Combining different therapeutic approaches or drugs 
synergistically presents an exciting strategy for enhancing 
lymphatic drug delivery. Combination therapy can address 
multiple disease mechanisms simultaneously and improve drug 
delivery to target sites. For instance, combining chemotherapy 
agents with immunomodulatory drugs or immune checkpoint 
inhibitors can enhance the immune response within the 
lymphatic system and improve treatment outcomes. Recent 
advancements in combination therapy have demonstrated 
promising results in preclinical and clinical studies. Further 
exploration of combination therapy in lymphatic drug delivery 
holds great promise for optimizing treatment strategies and 
improving patient outcomes.

In addition, it is essential to emphasize the significance 
of preclinical and clinical studies in validating the safety and 
efficacy of these novel formulations. Rigorous evaluation 
through preclinical models and clinical trials is crucial to 
ensuring the translation of promising drug delivery strategies into 
clinical practice. These studies play a vital role in understanding 
the developed formulations’ pharmacokinetics, biodistribution, 
toxicity, and therapeutic potential. These innovative approaches 
can only pave the way for practical and effective drug delivery 
to the lymphatic system through comprehensive evaluation and 
validation.

Overall, these future directions hold immense potential 
for advancing drug delivery to the lymphatic system, improving 
treatment outcomes, and addressing the challenges associated 
with current approaches. Continued research and collaborative 
efforts in these areas will contribute to the development of safe, 
targeted, and efficient strategies for delivering drugs to the 
lymphatic system [34,35].

Challenges

Regulatory bodies
Regulatory hurdles are a significant challenge for 

drug delivery to the lymphatic system. The regulatory approval 
process for lymphatic system drug delivery is complex and 
time-consuming, which can limit the clinical translation of this 
approach. To address these challenges, regulatory agencies 
must establish guidelines and frameworks to approve lymphatic 
drug delivery systems. Robust preclinical and clinical studies 
are required to demonstrate lymphatic delivery formulations’ 
safety, efficacy, and pharmacokinetic profiles. Standardized 
protocols and guidelines should also be developed to evaluate 
the performance and quality of lymphatic drug delivery systems. 
Overcoming these regulatory hurdles is essential for ensuring 
the successful advancement and implementation of lymphatic 

encapsulation, release kinetics, and targeting capabilities. 
Advancements in formulation design are vital to enhancing 
drug stability, controlled release, and targeting capabilities. 
Investigating novel materials and carriers can also optimize 
drug solubility, lymphatic transport, and lymph node targeting. 
These advancements in drug delivery systems and technologies 
offer promising opportunities for more effective and targeted 
drug delivery to the lymphatic system.

In summary, developing novel formulations and 
exploring new drug delivery systems and technologies represent 
an exciting future direction for drug delivery to the lymphatic 
system. These approaches can improve drug solubility, stability, 
lymphatic transport, and targeting capabilities, enhancing 
therapeutic outcomes. Continued research and development in 
these areas will contribute to the advancement of drug delivery 
strategies tailored to the unique challenges and opportunities 
presented by the lymphatic system.

Targeting lymphatic vessels
Targeting specific lymphatic vessels is another 

promising future direction for drug delivery to the lymphatic 
system. Specific lymphatic vessels can be targeted to treat 
diseases that spread through the lymphatic system, such as 
cancer and infectious diseases. By selectively targeting certain 
lymphatic vessels, drug delivery can be tailored to specific 
disease sites or regions, enabling more precise and targeted 
therapy.
•	 �Development of strategies to target specific lymphatic vessels 

and lymph nodes for improved drug delivery.
•	 �Utilizing lymphatic-targeting ligands, such as antibodies or 

peptides, enhances the selectivity and specificity of drug 
delivery to specific lymphatic sites.

•	 �Research on identifying specific lymphatic markers or 
receptors that can be targeted for enhanced lymphatic drug 
delivery.

Recent advancements in imaging techniques and 
molecular targeting strategies have opened opportunities 
for identifying and selectively targeting lymphatic vessels 
associated with specific diseases. For example, targeted ligands 
such as antibodies or peptides can enhance the selectivity 
and specificity of drug delivery to specific lymphatic sites. 
Furthermore, ongoing research focuses on identifying specific 
lymphatic markers or receptors that can be targeted for 
enhanced lymphatic drug delivery. These advancements offer 
promising avenues for improving the efficacy and specificity of 
drug delivery to the lymphatic system.

Drug delivery can be optimized by targeting specific 
lymphatic vessels, allowing for increased therapeutic efficacy 
and reduced toxicity. This approach holds great promise for 
developing more personalized and effective therapies in the 
field of lymphatic drug delivery [3,6,7,32,33].

Combination therapy
Combination therapy is a promising future direction 

for drug delivery to the lymphatic system. By targeting multiple 
pathways involved in disease progression, combination therapy 
can enhance drug efficacy and reduce the risk of drug resistance. 
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drug stability, controlled release, and targeting capabilities, 
have been achieved. In addition, research on the utilization of 
lymphatic-targeting ligands, identifying specific lymphatic 
markers or receptors, and studying synergistic drug combinations 
for lymphatic drug delivery have been conducted [39].

However, regulatory hurdles remain significant 
challenges, including the need for specific guidelines and 
frameworks for the approval of lymphatic drug delivery 
systems and safety concerns such as assessing and mitigating 
potential adverse effects on the lymphatic system. Furthermore, 
the cost and scalability of developing and manufacturing novel 
formulations for lymphatic drug delivery must be addressed to 
facilitate widespread clinical implementation [40].

To overcome these challenges, ongoing research 
focuses on developing cost-effective and scalable manufacturing 
processes for lymphatic drug delivery systems. In addition, the 
economic feasibility and accessibility of lymphatic drug delivery 
technologies are being considered to ensure their clinical 
application. Streamlining production, reducing manufacturing 
costs, and enhancing scalability without compromising quality 
or efficacy are essential areas of exploration.

CONCLUSION
Drug delivery to the lymphatic system offers 

promising avenues for improving drug bioavailability and 
efficacy. Developing novel formulations, such as lipid 
and protein-based formulations, shows great potential for 
enhancing drug solubility, stability, and lymphatic transport. In 
addition, targeting specific lymphatic vessels can improve drug 
efficacy and minimize toxicity. Combination therapy, involving 
synergistic drug combinations, further enhances treatment 
outcomes by addressing multiple disease pathways.

However, the clinical translation of drug delivery to 
the lymphatic system faces challenges that must be addressed. 
Regulatory hurdles, safety concerns, and cost and scalability 
issues pose significant barriers to the widespread adoption 
of lymphatic drug delivery approaches. To overcome these 
challenges, future research should focus on developing 
cost-effective and scalable manufacturing processes, robust 
preclinical and clinical studies to assess safety and efficacy, 
and establishing standardized protocols and guidelines for 
evaluating lymphatic drug delivery systems.

Drug delivery to the lymphatic system has the potential 
to revolutionize drug therapy and improve patient outcomes. 
Researchers can unlock the full potential of lymphatic drug 
delivery by advancing novel formulations, targeting specific 
lymphatic vessels, and addressing regulatory and safety 
challenges. Continued research, collaboration, and innovation 
in this field will drive the progress of personalized medicine 
and transform the landscape of disease treatment. The future of 
drug delivery to the lymphatic system is bright, and its impact 
on improving therapeutic efficacy and patient well-being cannot 
be underestimated.
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drug delivery strategies, ultimately benefiting patients and 
healthcare providers [36].

Safety concerns
Safety concerns pose significant challenges for drug 

delivery to the lymphatic system. Delivering drugs via the 
lymphatic system increases the risk of adverse effects, including 
lymphatic system toxicity and inflammatory responses, which 
can result in tissue damage and impaired lymphatic function.

To address these safety concerns, thorough assessments 
and mitigation strategies are essential. It is crucial to evaluate 
potential adverse effects of lymphatic drug delivery, such as 
lymphatic system toxicity, inflammatory responses, and tissue 
damage. Long-term safety profiles and potential complications 
from sustained drug exposure in the lymphatic system should 
be carefully examined. Understanding the biodistribution and 
clearance mechanisms of drug carriers or nanoparticles can also 
help minimize systemic toxicity and accumulation.

By systematically assessing and mitigating safety 
concerns, researchers and clinicians can enhance the safety 
profile of lymphatic drug delivery and minimize the risk of 
adverse effects. This approach is vital for successfully translating 
lymphatic drug delivery strategies into clinical practice [37,38].

Cost and scalability
Cost and scalability pose significant challenges 

for drug delivery to the lymphatic system. Developing and 
producing novel formulations for lymphatic drug delivery can 
be expensive and time-consuming, impeding their widespread 
clinical application. To address these challenges, it is crucial to 
focus on the following aspects:
•	 �Development of cost-effective and scalable manufacturing 

processes tailored explicitly for lymphatic drug delivery 
systems.

•	 �Consideration of the economic feasibility and accessibility 
of lymphatic drug delivery technologies to ensure their 
widespread implementation in clinical settings.

•	 �Exploration of strategies aimed at streamlining production, 
reducing manufacturing costs, and enhancing scalability 
without compromising the quality and efficacy of the delivery 
systems.

Efforts to optimize cost and scalability factors are 
essential to enhancing the feasibility and practicality of lymphatic 
drug delivery and ensuring that innovative therapies can reach a 
broader patient population. Translating lymphatic drug delivery 
systems from the laboratory to clinical practice can be accelerated 
by prioritizing cost-effectiveness and scalability, benefiting 
patients who need targeted and effective treatments.

In summary, the development of novel formulations, 
such as lipid-based nanoparticles, protein-based nanoparticles, 
and lymphatic-targeting peptides, targeting specific lymphatic 
vessels, and combination therapy, such as combining 
chemotherapy with immunotherapy, are promising future 
directions for drug delivery to the lymphatic system.

The exploration of new drug delivery systems and 
technologies, such as nanoparticles, liposomes, micelles, and 
hydrogels, has shown potential for improving lymphatic drug 
delivery. Advancements in formulation design, such as enhanced 
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