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Nano-sized drug delivery systems incorporating chemotherapeutic drugs (“nano-chemotherapeutics”) have
been widely employed for the treatment of solid tumours. The dimensions of nanoparticulate drug delivery
systems alsomake them ideal vectors for improving drug exposure to the lymphatic system, potentially enhanc-
ing the treatment of lymph-residentmetastases. This review examines the physical properties of nanoparticulate
drug delivery systems that promote lymphatic exposure and lymph node retention, and discusses methods for
improving lymphatic access. Drug delivery systems that have been investigated for the treatment of lymph
node metastasis are also reviewed, and recent advances towards active targeting approaches for lymphatic
metastases highlighted.

© 2014 Elsevier B.V. All rights reserved.

1. Current treatment strategies for lymphatic metastases and the
limitations of these approaches

Tumour metastasis is the primary cause of cancer-related mortality.
Wide intercellular pores between adjacent lymphatic endothelial cells
and an incomplete underlying basement membrane impart the lym-
phatic systemwith properties that facilitate the invasion andmetastatic
spread of cancer cells. As such, the network of lymphatic vessels is a pri-
mary route for themetastatic dissemination of a wide variety of cancers
and the arrest of disseminated cancer cells within sentinel lymph nodes
draining a solid tumour is of prognostic significance in a large number of
cancers [1,2]. Lymph node-resident metastases also have the potential
to act as a reservoir for cancer cells, resulting in spread beyond the initial
metastatic site and advancement of the malignancy [3–5]. The eradica-
tion of cancerswithin the lymphatic system is therefore a key treatment
goal in a range of cancers and an important determinant of patient
prognosis.

Treatments for lymph node metastases vary, but commonly involve
surgical removal of the sentinel lymph nodes (lymphadenectomy) and
radiotherapy. These are invasive procedures and are associated with
side effects including pain, some loss of movement and lymphedema
[6]. Nonetheless, the relatively limited range of effective treatment op-
tions for metastatic cancer dictates that collateral effects such as these
are usually deemed acceptable. Themajor limitation of lymphadenecto-
my, however, is that data supporting the effectiveness of this approach
is limited and in most cases there is a poor correlation between the re-
moval of the sentinel lymph nodes draining a tumour and improved

survival [7]. This is particularly true in advanced cancers where metas-
tases have spread beyond the sentinel nodes.

A further obstacle to the treatment of lymph node-resident cancers
is the delivery of sufficient quantities of a chemotherapeutic to the
lymphatics and lymph nodes in order to facilitate cancer killing, whilst
limiting toxicity elsewhere. In this regard, the biopharmaceutical prop-
erties of small-molecule chemotherapeutics commonly dictate poor
lymphatic uptake [8,9], precluding effective treatment of lymph node
resident tumours. For example, a recent study in rats has shown that
the maximum concentration of doxorubicin in the lymph of animals
given a 1 min intravenous (IV) infusion of the drug is approximately
8-fold lower than in plasma [8]. Drug formulations or delivery systems
that promote lymphatic targeting therefore provide significant oppor-
tunity for improved treatment options in metastatic cancer. This con-
cept is supported by recent work showing that improving the
lymphatic exposure of small molecule chemotherapeutics or proteins
may lead to a significant reduction in the growth rates of lymphaticme-
tastases [9,10].

Nano-chemotherapeutics have been widely investigated for their
use in cancer therapy to improve drug delivery to solid tumours [11],
and several formulations are approved for clinical use [12]. In most
cases, the advantages of nanoparticulate approaches to tumour delivery
stem from their ability to enhance plasma circulation time (often as a
result of avoidance of clearance by the mononuclear phagocyte system
(MPS) due to the presence of polyethylene glycol (PEG) polymer chains
on the particle surface) and to simultaneously reduce free drug concen-
trations in the systemic circulation. In the vicinity ofmost solid tumours,
angiogenesis is increased in order tomaintain nutritional supply to rap-
idly dividing cells. As such tumour associated blood vessels are often
poorly formed and have relatively wide fenestrations. This allows long
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circulating drug delivery systems to more effectively extravasate at the
tumour site and forms the basis for the enhanced permeability and
retention (EPR) effect, first described by Matsumura and Maeda in
1986 [13] and since exploited by many research groups to enhance de-
livery to solid tumours [14]. However, dispersed cancer cells and lym-
phatic micrometastases with volumes less than 10 mm3 are poorly
vascularized and therefore passive targeting by EPR is difficult [15].

In some cases, nano-chemotherapeutics may also assist in overcom-
ingmulti-drug resistance (MDR), a property that many cancers develop
following prolonged exposure to high drug doses. The mechanisms by
which MDR develops include increased expression of drug efflux pro-
teins (such as P-glycoprotein) that ‘pump’ drug out of cancer cells, re-
ducing intracellular concentrations below lethal levels [16,17];
decreased expression of the drug uptake transporters required to deliv-
er drugs to the intracellular environment, thereby reducing drug
internalisation [18] and inhibiting intracellular pathways; and activa-
tion/deactivation of gene mutations, resulting in cellular resistance to
apoptosis [17]. Nano-chemotherapeutics enhance the responsiveness
of MDR cancer cells to drug therapy by multiple mechanisms [19], in-
cluding the inhibition of, and competitive binding to, drug efflux
pumps such as P-gp [20]; direct interactionwith cell membranes induc-
ing structural changes such as greater fluidity and differences in the
composition of lipid rafts [21] leading to enhanced cellular drug entry;
and promotion of drug uptake via endocytotic mechanisms [22] that
avoid efflux process. The utility of nanoparticle-based delivery systems
can also be enhanced by the attachment of targeting ligands to the sur-
face of theparticle, enhancing cellular specificity and inmost cases stim-
ulating receptor mediated internalisation into cancer cells.

Nanoparticulate drug delivery systems therefore provide a range of
potential advantages for systemic chemotherapy [23]. Many of these
advantages are equally beneficial for the treatment of lymph-resident
metastases, however, the physical dimensions of nanomaterials also
provide an additional benefit since they inherently promote drainage
into the lymphatic capillaries after interstitial (subcutaneous (SC), intra-
dermal (ID), intramuscular (IM) etc.) administration, and in some cases
appear to promote lymph access across systemic capillary beds after IV
administration.

Several approaches to enhanced drug delivery to the lymph have
been described including access to the intestinal lymphatics after oral
administration [24,25] and access to the peripheral lymphatics after
parenteral administration [8,25]. With the potential exception of some
gastrointestinal or mesenteric cancers, parenteral approaches to lym-
phatic targeting are of most utility for the treatment of localised or dis-
seminatedmetastatic tumours and are the focus of this review. Some of
the publishedwork to this point has explored non-drug-loaded delivery
systems [26,27], however the goal of these studies, i.e. to achieve greater
concentrations of therapeuticwithin the lymphatic system, is consistent
with improved therapeutic endpoints. As such, this review describes re-
cent advances in lymphatic targeting using nano-sized drug delivery
systems and highlights approaches that have led to enhanced treatment
wherever possible.

2. The lymphatic system

The lymphatic system has some similarities to the vascular system,
but unlike the blood circulation, lymph flow is unidirectional and re-
trieves excess extracellular fluid, macromolecules, foreign cells and an-
tigens from the periphery and returns them to the systemic circulation.
The lymphatics also provide a conduit for the trafficking of lymphocytes.
Thus, as blood circulates throughout the capillary beds,fluid and plasma
proteins extravasate from the vasculature into the surrounding intersti-
tium. Although somefluid re-enters the systemic circulation via the post
capillary venules [28], a proportion is collected by blind-ended initial
lymphatic capillaries. These vessels comprise a single layer of endothe-
lial cells that lack a prominent basement membrane. The initial lymph
capillaries contain no muscle fibres, but are bound to the surrounding

extracellular matrix by anchoring filaments. This forms a dynamic rela-
tionship between the lymphatics and the surrounding environment, fa-
cilitating the opening of cellular junctions and fluid entry into the
lymphatics with movement and increases in interstitial pressure
(Fig. 1).

From the lymph capillaries, lymph fluid drains into lymphatic
collecting vessels where it passes through at least one, and usually
many, lymph nodes. Lymph enters the nodes through one of many af-
ferent channels, is filtered vianode-residentmacrophages, lymphocytes
and reticular fibres, and exits via a single efferent vessel. Collecting ves-
sels converge into lymphatic trunks, which in turn empty into one of
two lymphatic ducts that deposit lymph directly into the systemic circu-
lation at the junctions of the left and right subclavian and internal jugu-
lar veins in the neck.

Lymph is transported towards the neck via the contraction of
smooth muscle that is present in the walls of all lymphatic vessels (ex-
cluding the initial lymphatics) and indirectly via contraction of skeletal
muscles and by respiration [29]. Drug molecules that are introduced
into the interstitial environment by e.g. SC injection therefore have the
potential to be taken up by not only the blood capillaries, but also by
the lymphatic capillaries from where lymph flow transports drug (or a
drug delivery system) back to the systemic circulation via a series of
lymph nodes.

3. Mechanisms of lymph node metastasis

The mechanisms of lymph node metastasis are still incompletely
understood. Several hypotheses have been proposed, howevermost re-
main controversial with differences between tumour types complicat-
ing conclusions. In spite of these uncertainties, there are a number of
factors that are acknowledged to play key roles in the spread of malig-
nant disease. In the metastatic cascade, cells must first disseminate
from the primary tumour, andmigrate towards blood or lymphatic ves-
sels. Cells then travel towards distal organs, and must finally arrest and
adhere at distal sites. Initialmetastatic arrestwithin lymph nodes is typ-
ically within the nodes sentinel to the primary tumour, followed by sec-
ondary nodes and then increasingly towards distal nodes. As such,
sentinel node biopsy is often used as a predictive factor for lymph
node involvement in cancer. As the lymph nodes are often the initial
point of metastatic cell growth, sentinel node biopsy is also useful in
many cases for determining the malignancy of the disease.

The preference for cells to disseminate via the blood or the lymph
may reflect one of many factors, including mechanisms attracting cells
to a particular vascular or lymphatic environment (chemokine signal-
ling), the viability of cells under high shear forceswithin the vasculature
vs lower shear forces in the lymph, and the physical availability of blood
versus lymph capillaries [30]. The lymphatic systemmay provide amore
favourable route for metastatic spread than the vascular system for rea-
sons that include preferential cell access across the more permeable
lymphatic endothelium, wider lymph vs blood vessels, and slower
flow rates and reduced pressure in the lymph when compared to the
blood circulation, reducing cell damage by shear stress and mechanical
deformation. In addition, cell viability may be higher in the lymph,
which is comprised of similar components to the interstitial fluid,
whereas serum toxicity can reduce cancer cell viability in the blood
[28] (Fig. 2).

3.1. Lymphangiogenesis

In the case of lymphnodemetastasis, the formation of new lymphat-
ic vessels (lymphangiogenesis) is a common (but not essential) precur-
sor to malignant spread. Lymphangiogenesis occurs not only at the
primary tumour but also at metastasis positive lymph nodes and senti-
nel lymph nodes prior to the arrival of metastasising cancer cells
[31–33]. Lymphangiogenesis at the sentinel lymphnode has been corre-
lated with an increased incidence of lymph node metastasis [31].
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