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Abstract

Cancer chemotherapeutic agents are often administered systemically. Following systemic adminis-
tration, numerous biological factors associated with the tumours influence the delivery of the drugs
to the tumours. These factors have been extensively studied for the last 2 decades. The influence of
these biological factors has brought about a drastic change in the design of drug delivery systems to
solid tumours. This review discusses the various biological factors influencing drug delivery to
tumours and the subsequent development of injectable delivery systems (i.e., lipid-based nanopar-
ticles (SLNs)) for adequate delivery of drug to solid tumours.

Introduction

Cancer is a disease characterized by the formation of abnormal tissue (neoplasm) —
basically a change in the way cells proliferate and differentiate. Tumours (collection of
abnormally growing cells) are either benign (non-cancerous) or malignant (cancerous).
The term solid tumour is used to distinguish between a localized mass of tissue and
leukaemia (tumour with fluid properties). Over 85% of human cancers are solid
tumours. The effectiveness of cancer therapy in solid tumours depends on the adequate
delivery of the therapeutic agent to tumour cells. Inadequate delivery of drugs to the
tumour cells would result in residual tumour cells, which in turn would lead to
regrowth of tumours and even result in the development of resistant cells. Recent
advances in the molecular targeting approach have led to the discovery of novel
therapeutics, including monoclonal antibodies, cytokines, sense or antisense oligonu-
cleotides, viral and non-viral gene vectors and genetically engineered cells (Adams
1998; Harper etal 1999; Muggia 1999; Schwarze et al 1999; Vasey et al 1999; Wolf et al
1999; Pagnan etal 2000). Delivery of newer agents to solid tumours, because of the
relatively large size of these agents, poses new challenges beyond those encountered
with traditional small-molecule cytotoxic agents. Following systemic administration,
drug delivery to cells in solid tumours involves three processes — transport within
a vessel, transport across vasculature walls into surrounding tissues and transport
through interstitial spaces within a tumour (Jain 1989). These processes are determined
by the physicochemical properties of a drug or particle (e.g., molecular or particle
size, diffusivity, drug binding to cellular macromolecules) and the biological
properties of a tumour (e.g., tumour vasculature, extracellular matrix components,
interstitial fluid pressure (IFP), tumour cell density and tissue structure and
composition).

Role of membrane transport in drug transport and accumulation
in the tumour

Blood vessels, as well as lymphatic tissues, effect the perfusion and drainage of tissues,
including solid tumours. Differences between the tumour vasculature and that of the
normal tissues play an important role in the delivery of bioactive agents to the solid
tumour. Some of the important biological factors of tumours, which are different from
those of the normal tissues, to be considered while designing the delivery of drugs to
solid tumours are described below.
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Tumour vasculature

Blood supply to the tumour plays an important role in the
delivery of therapeutic agents to solid tumours (Liotta etal
1974; Yamaura & Sato 1974; Folkman 1990, 1995). Small
tumours, which are less than 2mm in diameter, receive a
blood supply from the surrounding host tissues. The growth
and enlargement of these tumours are usually accompanied by
newly formed microvessels (Folkman 1995). Tumour vascu-
lature is functionally and morphologically different from the
vasculature in normal tissues. Tumour blood vessels are gen-
erally more heterogeneous in distribution, larger in size and
more permeable (Yamaura & Sato 1974). Similarly, there are
notable quantitative differences in the vasculature in trans-
planted animal tumours and spontaneous human tumours
(e.g., higher vascular density and better blood circulation in
transplanted tumours because of the absence of sinuses) (Falk
1982; Lauk et al 1989). The vascularization of the implanted
tumour is also likely to be different from that in spontaneous
tumours. Neovascularization would be required to support
the growth of the relatively large number of implanted tumour
cells, whereas early-stage spontaneous tumours can be sup-
ported by the normal tissues until the tumour size exceeds
2mm in diameter, a process that frequently requires months
or years (Folkman 1995). Tumour vasculature is highly het-
erogeneous in terms of density, length and diameter; the dis-
tribution of vessels depends on the location within a tumour
and the tumour size. Four regions are categorized on the basis
of tumour vasculature: avascular necrotic regions with no
vasculature; seminecrotic regions characterized by capillaries,
precapillaries and post capillaries extended, without branch-
ing, toward the avascular necrotic region; stabilized microcir-
culation regions characterized by many venular and venous
drainage vessels and few arteriolar vessels; and tumor advance
front regions where flow is similar to percolation in porous
medium (Endrich et al 1979). Generally, the peripheral regions
of a tumour show higher blood-vessel density than the central
regions (Tannock & Steel 1969). The ratio of avascular and
seminecrotic regions to well-perfused region is also a function
of tumoursize (i.e., larger avascular regionsin larger tumours),
which partly explains the lower average drug concentration in
larger tumours (Endrich et al 1979; Jain et al 1984; Jain 1989).
Heterogeneity in tumour vasculature contributes to uneven
drug distribution within solid tumours. One of the unique
features of the tumour microvessels is their leakiness as a result
of the discontinuity of endothelium (Tannock & Steel 1969;
Horiet al 1990). Unlike normal tissues, tumours show elevated
levels of growth factors, such as vascular endothelial growth
factor or VEGF, also called vascular permeability factor
(Collins et al 1993; Roberts & Palade 1995), basic fibroblast
growth factors or bFGF (Dellian et al 1996; Hobbs et al 1998)
and other vasoactive factors (bradykinin and nitric oxide).
High levels of bradykinin result in vasodilatation and
enhanced extravasation of large molecules and their retention
in tumours (Maeda et al 1988; Matsumura et al 1988).

Tumour blood flow

Tumour blood flow affects drug transport through the vas-
cular spaces in a tumour. Blood flow is determined by the
difference between arterial and venous pressure and flow

resistance. The latter, in turn, is affected by the viscosity of
blood and geometry of the blood vessels (Folkman 1990).
Unlike normal tissues, tumours show a greater blood viscos-
ity due to the presence of tumour cells and large molecules
(e.g., protein and collagen) drained from the extravascular
space, a larger vessel diameter and a longer vessel length. The
net result is a greater flow resistance in tumour blood vessels.
Also unlike normal tissues, tumour tissues have similar arter-
ial pressure and a lower venous pressure (Peters et al 1980).
Most blood vessels in the internal regions of a tumour are
veins or venules, whereas the peripheral regions of a tumour
have few arteries or arterioles (Hori etal 1990, 1991).
Therefore, the arteriole—venule pressure difference as a driv-
ing force for blood flow is negligible in the central region of a
tumour, but is greater in the periphery. This, in part, explains
the heterogeneous blood flow within a solid tumour; blood
flow is lower in the centre but higher in the periphery of the
tumour relative to the blood flow in the surrounding normal
tissues (Straw etal 1974; Endrich etal 1979; Beaney etal
1984; Hori etal 1991). On the whole, the average blood
flow in tumours is lower than in normal tissues.

Drug transport through blood vessels. Drug molecules
are extravasated from blood vessels after being trans-
ported to a tumour via the blood circulation. The extra-
vasation of molecules is associated with fluid movement
across the vasculature wall. Since the exchange of fluid is
dependent on the hydrostatic and osmotic pressure differ-
ence between blood vessels and interstitial space, the
microvascular pressure (MVP) plays an important role
as a determinant of transvascular drug transport as well
as blood flow in tumour tissues (Folkman 1990). Tumour
vasculature is leaky and highly permeable, hence the
major pathway of drug transport across the tumour
microvascular wall is by extravasation via diffusion or
convection through the discontinuous endothelial junc-
tions. Transcytosis plays a comparatively minor role
(Drummond etal 1999). The pore size of tumour micro-
vessels limits the distribution of molecules or particles
bigger than 1 um across the tumour vasculature. The dif-
ference in vascular permeability between tumour and nor-
mal tissues partly explains the passive tumour targeting
(i.e., the tumour-selective delivery) of macromolecules
such as liposomes and drug-conjugated high-molecular-
weight polymers (Folkman 1990).

Lymphatic drainage

Lymphatic vessels have wide distribution throughout the
body and are more permeable to fluid and solutes than the
blood capillaries. The major function of the lymphatic
system is to return the interstitial fluid to the blood circu-
lation. In most normal and inflammatory tissues, macro-
molecules are cleared from tissues via the lymphatic
system (Beaney et al 1984). An impaired lymphatic system
is characteristic of solid tumours. Larger particles, such as
tumour cells detached from a primary tumour, can enter
the lymph by passing between the endothelial cells of the
lymphatic capillaries (O’Driscoll 1992).



Drug transport through the lymphatic system. The lack
of lymphatic drainage in solid tumours has two effects on
drug delivery and retention in solid tumours. Defective lym-
phatic flow in solid tumours decreases the clearance of high-
molecular-weight compounds from tumour interstitium
(Iwai etal 1984; Sinn etal 1990; Wu etal 1993; Seymour
etal 1994; Northfelt etal 1996; Noguchi etal 1998; Muggia
1999). This, together with leaky tumour blood vessels, results
in enhanced accumulation and retention of high-molecular-
weight compounds in solid tumours, a phenomenon recog-
nized as the enhanced permeability and retention (EPR)
effect (Vasey et al 1999). EPR is predominant for compounds
with molecular weights larger than 40kDa but negligible
for smaller molecules that readily redistribute to the blood
circulation via diffusion or convection (Muggia 1999). EPR
is affected by tumour size (Kerbel 2000). Studies show
that enhanced retention as a result of impaired lymphatic
drainage is considered more important than enhanced extra-
vasation from greater blood-vessel permeability for the accu-
mulation of high-molecular-weight compounds in tumours
(Noguchi etal 1998). The lack of lymphatic system in solid
tumours increases interstitial fluid pressure (IFP). This may
be a major reason for the limited extravasation of macro-
molecules in spite of leaky microvasculature in tumours.
Enhanced IFP induces outward convective flow, inhibiting
the transvascular transport of molecules as well as transport
in tumour interstitial space.

Drug transport through interstitial space. Transport of
small molecules in interstitial space is mainly by diffusion,
whereas transport of large molecules is mainly by convec-
tion (Jain 1994). Drug diffusion depends on diffusivity.
Concentration gradient and convection depends on hydrau-
lic conductivity and pressure difference. The net convection
flow in the tumour interstitium is outward from the core of
a tumour due to the higher IFP in tumours compared with
normal tissues. After extravasation, drugs move through
the interstitial space to reach tumour cells located distal to
blood vessels (Jain 1989). Vascularization is a function of
tumour size. The ratio of avascularization and poorly vas-
cularized regions to well-vascularized region increases with
tumour stage, which is indicative of size (Endrich et al 1979;
Jain & Ward-Hartley 1984). The intercapillary distance in
solid tumours also increases with tumour size in mouse
mammary tumour (Dellian etal 1996) and rat tumors
(Vaupel 1977).

Tissue components

In addition to physiological and biological factors, factors
such as tissue components, including cellular molecules,
extracellular matrix components and tumour structure
and components, also affect drug transport, accumulation
and retention in tumours. These are discussed briefly below.

Cellular macromolecules

Most anti-cancer drugs target macromolecules such as pro-
teins and nucleic acids. Hence, they extensively bind to intra-
cellular or extracellular macromolecules. The relationship
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between cellular drug binding and drug penetration into
solid tumours has been studied using three-dimensional
spheroids (Sasaki etal 1984). Tumour cell spheroid studies
show drug binding, penetration and spatial distribution
within spheroids. Drugs that do not bind to cellular macro-
molecules or cannot cross cell membranes readily penetrate
spheroids. 5-Fluorouracil, cisplatin, thymidine-5'-triphos-
phate, sucrose, inulin and monoclonal antibody against
anti-carcinoembryonic antigen are evenly distributed in thyr-
oid cancer cell spheroids within 15 min (Erlichman & Viogen
1984; Nederman & Carlsson 1984; Nederman etal 1988). In
contrast, drugs like doxorubicin, daunomycin, actinomycin
D, methotrexate, vinblastine and paclitaxel bind to the cel-
lular macromolecules and remain localized in the periphery
of spheroids (West etal 1980; Erlanson etal 1992). Despite
uneven intratumoral distribution, these high-binding drugs,
because of their extensive binding and retention in cells,
show a higher average concentration per spheroid as com-
pared with low-binding drugs.

Extracellular matrix composition

The extracellular matrix of solid tumours is composed of
macromolecules such as fibrous proteins (e.g., collagen
and elastin) and polysaccharides (hyaluronan and proteo-
glycan). These macromolecules are produced by the host
cells, but their production is regulated by tumour cells
(Gullino & Grantham 1963; Muggia 1999). The physiolo-
gical functions of extracellular matrix in normal tissues
are to maintain homoeostasis, stabilize the spatial and
functional regulation between cells (e.g., generating tissue
cohesiveness), pose as a barrier to bacterial invasion and
regulate macromolecule transport through the interstitium
(Winlove & Parker 1995). In a tumour, the extracellular
matrix proteins are a source of physical resistance to drug
transport (Liotta & Rao 1985). The presence of collagen
in the tumour extracellular matrix contributes to drug
transport resistance in the interstitium (Netti etal 2000).
Studies reveal that collagen is a major determinant of
resistance to drug transport in solid tumours and suggest
reduction of collagen content in tumours as a method for
enhancing drug delivery to solid tumours. As the studies
concentrated on the diffusivity of the macromolecules and
not on the spatial drug distribution, it may not follow
that the reduction in collagen would bring an even dis-
tribution of macromolecules throughout a tumour (Pluen
etal 2000).

Tumour structure and composition

Tumor cell density. Diffusion through the tumour inter-
stitial space is a major mode of drug transport in solid
tumours. A larger fraction of interstitial space or a
decrease in tortuosity would result in more rapid drug
diffusion. Tumour histocultures have been used to study
the spatial relationships between interstitial space, tumour
cell density and drug penetration in solid tumours (Kuh
etal 1999; Jang etal 2001; Zheng etal 2001). Stromal
tissues and interstitial space in tumours are important
determinants of drug delivery and transport.
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Angiogenesis. In the initial growth phase (up to 1-2mm
in diameter), tumour cells can obtain oxygen and nutrients
from the existing blood supply to the surrounding normal
tissues. Angiogenesis is required to support the further
growth of tumours beyond the microscopic stage. During
angiogenesis, new blood vessels sprouting from mature
blood vessels in the surrounding normal tissues grow
toward tumour cells. The maintenance of these new vessels
requires the presence of growth factors such as VEGF,
which is recognized as the key inducer of tumour angiogen-
esis (Kerbel 2000).

Drug-induced cell death. Many anti-cancer drugs act by
inducing apoptosis. The apoptosis process involves a
sequence of events including cell shrinkage, increased
cytoplasmic density, chromatic condensation and segrega-
tion into sharply circumscribed masses and the formation
of membrane-bound surface apoptotic bodies. Apoptotic
cells are phagocytosed from the midst of living tissues by
neighbouring cells or macrophages without eliciting an
inflammatory reaction. Studies in histoculture systems
have shown that drug-induced apoptosis leads to
decreased tumour cell density and expanded interstitial
space, which in turn results in an enhanced rate of drug
penetration to the inner layers of a solid tumor (Kuh etal
1999; Jang etal 2001; Zheng etal 2001). In addition to
apoptosis, anti-cancer drugs can also induce necrosis.
Whether a drug induces apoptosis or necrosis appears to
be dependent on the intensity of the initial drug-induced
insult, with necrosis occurring at higher intensity.
Although both apoptosis and necrosis produce cell death
and thereby reduce tumour cell density, there are signifi-
cant differences in the nature of cell death by these two
processes. Apoptosis occurs in an orderly fashion and
does not elicit inflammation, whereas necrotic cell death
is accompanied by extensive inflammation. Whether
inflammation and the resulting pathological changes
(e.g., accumulation of cells and fluid) alter drug transport
in tumours is unknown. Apoptosis, because it occurs in
cells scattered throughout a tumour, would result in
expansion in interstitial space throughout a tumour. This
is more desirable than space expansion in isolated areas of
a tumour, as would be expected in the case of necrosis,
where cell death occurs in large groups of contiguous
cells. Finally, apoptosis induction typically requires
lower drug concentrations and is therefore more readily
attainable as a result of clinically relevant doses (Nicotera
etal 1999).

Experimental approaches to enhance
drug delivery

Altering tumour blood flow

These methods depend on the existing vasculature and
may improve the drug delivery to vascular regions of
tumours but will not improve the delivery to avascular
regions. Local hyperthermia enhances the delivery of
radioimmunoconjugates and monoclonal antibodies in
animals (Cope etal 1990; Gridley etal 1991; Wilder etal

1993; Schuster etal 1995; Mittal etal 1996; Kinuya etal
1999) and in man (Chen etal 2001), presumably through
an initial increase in tumour blood flow. However, further
studies have shown that hyperthermia leads to dilatation
of precapillary arterioles and results in a decrease in the
arteriolar—venular pressure gradient and thereby in a
decrease in tumour blood flow. Hence, enhanced drug
delivery by local hyperthermia results from factors other
than increased blood flow (Endrich & Hammersen 1986;
Folkman 1990). The efficiency of vasopressors to increase
tumour blood flow has been tested: angiotensin II was
effective, whereas adrenergic vasopressors (adrenaline
and methoxamine) were not effective (Edlich etal 1966;
Suzuki etal 1981; Trotter etal 1991; Hori etal 1993). Ata
systemic blood pressure of 100—-150 mmHg, angiotensin II
enhances tumour blood flow without changing the blood
flow to normal organs such as the liver, brain or bone
marrow (Suzuki etal 1981; Trotter etal 1991). The selec-
tive increase in tumour blood flow results from the loss of
autoregulation of blood flow and homoeostasis in tumour
blood vessels (Suzuki etal 1981), presumably because
tumour blood vessels lack both smooth muscle cells sur-
rounding the endothelial cells and angiotensin II receptors
(Vaupel 1977). In contrast, other vasopressors, such as
adrenaline and methoxamine, reduce rather than enhance
tumour blood flow. This is because these molecules act on
different sites of the arteriole network (Hori etal 1993).
The concept of using angiotensin II to improve the deliv-
ery or efficacy of chemotherapeutic agents to solid
tumours has been verified experimentally. Studies have
shown that the anti-tumour effects of mitomycin C
against a subcutaneously implanted hepatoma tumour in
rats, including reduction of tumour size, reduction of
lymph node metastases and prolongation of survival
time, were significantly improved by angiotensin II-
induced hypertension (Suzuki etal 1981).

Drug retention in tumour

The EPR effect is being evaluated as a passive tumour-
targeting approach to deliver macromolecules. Tumour-
selective accumulation of soluble macromolecules, such as
polymeric drug conjugates (e.g., poly(styrene-co-maleic acid-
half-n-butylate)-conjugated neocarzinostatin (Iwai etal
1984; Seymour etal 1994; Noguchi etal 1998; Muggia
1999) and PKI1[N-(2-hydroxypropyl)-methacrylate amide
copolymer doxorubicin] (Muggia 1999), proteins (Sinn et al
1990) and liposomes (Wu etal 1993; Northfelt etal 1996)),
has been demonstrated. Some of these compounds are cur-
rently in clinical evaluation (Northfelt etal 1996; Vasey et al
1999). Theoretically, increasing the levels of vasoactive fac-
tors such as VEGF, bFGF, bradykinin and nitric oxide may
enhance vessel permeability. However, this approach may
have limited practicality because of the instability of these
molecules. Furthermore, these molecules have biological
activity that may counteract the advantage of increased
drug delivery. For example, VEGF is associated with enhan-
cing tumour growth and metastasis and bFGF is associated
with tumour resistance to chemotherapy .The use of an
angiotensin-converting enzyme inhibitor such as enalapril
or tempocapril also inhibits the degradation of bradykinin,



to increase the EPR effect. However, this principle has not
been verified experimentally or clinically.

Modulating vascular and interstitial pressure

A high MVP results in an increase in transvascular fluid
filtration (i.e., convection flow across the vascular wall),
and enhances transvascular drug transport to tumours
(Nicotera etal 1999). Similarly, lower IFP results in the
same effects. Hence, a larger difference between MVP and
IFP may result in a greater convection flow and fluid
extravasation and thereby enhance the delivery of macro-
molecules (Jain 1989; Netti etal 1999).

Theoretically, either decreasing IFP or increasing MVP
may enhance drug delivery to solid tumours. This
approach has been evaluated in experimental model sys-
tems (Jain 1989; Griffon-Etienne etal 1999; Netti etal
1999) but has yet to be tested in patients. So far, there
are no practical methods to successfully increase MVP.

Apoptosis-inducing pretreatment

Drug transport in the tumour interstitium increases with
expansion of the interstitial space and reduction in tumour
cell density. The use of apoptosis-inducing pretreatment
has been investigated for highly-protein-bound drugs
(paclitaxel, doxorubicin) to increase tumour transport
(Kuh etal 1999; Zheng etal 2001). These drugs, as such,
induce apoptosis. In-vitro studies using histocultures of
xenograft and human patient’s tumours, as well as in-vivo
studies in tumour-bearing animals, have shown that tissue
priming with these drugs enhances the rate and extent of
drug delivery and eliminates the steep drug concentration
gradient between the periphery and the core of solid
tumours. The ability of tissue priming to enhance drug
delivery to solid tumours may explain the finding that

Table 1
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pretreatment with intravenous diphtheria toxin enhanced
the delivery of a 36-kDa polymeric contrast agent, admi-
nistered 44 h later, to human BRO melanoma xenograft in
mice. The pretreatment resulted in a more even distribu-
tion and enhanced delivery to the vascular and avascular
regions of the tumour by about two fold (Ranney etal
1988; Ranney 2000).

The above biological characteristics and their impact
on drug delivery to the tumour have been summarized in
Table 1.

Formulation design based on biological factors

Research on the role of the above-mentioned factors on
drug transport and the accumulation of drugs in tumour
cells has been ongoing for the last two decades. Drug trans-
port efficiencies utilizing biological factors such as EPR effect
(i.e., the enhanced permeability and retention), which is
affected due to the leaky tumour vasculatures, resulting in
cellular uptake of particles of the size of 400nm, have
resulted in the design of particulate or colloidal drug delivery
systems (Nomura etal 1998; Monsky etal 1999). This col-
loidal drug delivery system is comprised of various novel
carrier systems, such as fat emulsions, liposomes, micropar-
ticles and nanoparticles, prepared from different biodegrad-
able polymers. The conventional systemic administration of
bioactive compounds poses many problems, among which
are their short in-vivo half-lives and their toxic side effects.
In some cases, multiple injections of therapeutic agents are
needed for the required dose to reach the desired target.
Over the past few years, researchers have paid great atten-
tion to improving drug efficacy by developing new drug
delivery systems. The major goals of drug delivery systems
are to reduce the total dose of drug and concentrate it at the

Biological characteristics of tumour and significance in drug delivery

Tumour features Characteristics

Impact on drug delivery

Anatomical
Vasculature Heterogeneous distribution,
large size and permeable
Leaky microvessels
Elevated levels of growth
factors and bradykinin
Lymphatic system Impaired lymphatic system
Interstitial pressure
Tissue components
Cellular matrix

Increased intra fluid pressure

Presence of protein and nucleic
acids

Presence of fibrous protein
(collagen) and polysaccharide

Extracellular matrix

Tumour structure
Increased interstitial space and
decreased tortuosity
Angiogenesis and presence
of VEGF
Apoptosis

Facilitates extravasation of large
molecules and retention in tumours

Enhanced permeability and retention effect
of the drug in tumours
Increases transport of large molecules to the tumours

Ensures retention of high binding drugs
to the tumours
Resistance of drug delivery to the tumours

Rapid drug diffusion into the tumours

Facilitates the drug delivery to the tumour
due to extravasation of molecules

Expands the interstitial spaces in the tumours
for increased drug transport
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target site by using targeting and controlled release. Drug
delivery systems are needed to control the location in which
a drug is deposited and to manage the time of drug delivery.
Incorporation of a drug within biodegradable, biocompati-
ble injectable colloidal particles has been shown to be a
promising approach for drug delivery. Fat emulsions
(Wretline 1981), liposomes (Lasie 1998) and polymeric
nanoparticles (Allemann etal 1993) have been some of the
formulations that have been developed from the 1960s.
Issues such as physical stability, difficulties in up-scaling,
lack of specific tumour targeting (Collin-Gold etal 2000)
and cytotoxicity of the polymers (Smith & Hunneyball
1986) have been the reasons for the limitation of the delivery
systems.

In recent years, due to these drawbacks of the carrier
systems, research groups have focused on nanoparticles
prepared using lipid matrices. This system has the com-
bined advantages of other innovative carrier systems, such
as physical stability, protection of incorporated labile
drugs from degradation, controlled release and excellent
tolerability, and at the same time minimizes the associated
problems.

Solid lipid nanoparticles (SLNs) in tumour targeting
These are particles made from solid lipids, which are solid
at room temperature and also at body temperature. The
main features of SLNs with regard to parenteral applica-
tion are the excellent physical stability, protection of
incorporated labile drugs from degradation, controlled
drug release depending on the incorporation model,
good tolerability and site-specific targeting. The potential
disadvantages include insufficient loading capacity, drug
expulsion after polymeric transition during storage and
relatively high water content of the dispersions.

Due to their size, SLNs may be injected intravenously
and used to target drugs to particular organs. The parti-
cles, as with all intravenously injected and colloidal parti-
cles, are cleared by the liver and spleen. To facilitate drug
targeting in tumour tissue, a reticuloendothelial system
avoidance (stealth) facility may be incorporated. In poly-
oxyethylene—polypropylene copolymers, like pluronic
F188, the hydrophobic portion of the molecule forms the
nanoparticle matrix, while the water-soluble polyoxyethy-
lene block forms a hydrophilic coating on the particle.
Stealth SLNs increase accumulation in the tumour (Chen
etal 2001) and also allow brain delivery of anti-cancer
drugs not capable of crossing the blood—brain barrier
(Yang etal 2001).

Administration of SLNs and drug release. The SLNs are
generally injected either intravenously, intramuscularly or
subcutaneously or to the target organ. Because of their
minimum size below 1 ym, SLN formulations can be used
for systemic body distribution with a minimized risk of
blood clotting and aggregation leading to embolism.
SLNs also provide a sustained release depot of the drug
when administered subcutaneously or accumulated in the
mononuclear phagocytic systems (MPS). Incorporated
drug is gradually released on erosion (e.g., degradation

by enzymes) or by diffusion from the particles. The rate of
release may be controlled by the nature of the lipid mate-
rial (Fundaro et al 2000), particles size (Scholer et al 2001)
and choice of surfactant (Scholer et al 2001, 2002) and also
by the inner structure of the SLNs. The particle size of
intravenously administered drug must be below 5um to
avoid blocking fine capillaries, leading to embolism. The
size of the SLNs can be brought much lower than 5 ym by
using appropriate production techniques and controlling
the parameters.

Pharmacokinetic profiles of lipid-encapsulated drugs. Com-
parison of drugs incorporated in SLNs versus unincorpo-
rated drug leads to different pharmacokinetic profiles, as has
been described for doxorubicin (Zara etal 1999; Fundaro
etal 2000) and paclitaxel (Migiglitta etal 2000). Drug-
loaded SLNs showed three- to five-fold enhancement of
plasma peaks. Interestingly, plasma concentrations for
doxorubicin SLNs showed an exponential curve with high
AUC, a lower rate of clearance and a small volume of
distribution compared with free drug (Zara etal 1999;
Fundaro etal 2000). The biphasic behaviour is probably
due to the slow distribution of doxorubicin in SLNs. SLN
formulations reduced the cardiotoxic side effects of doxo-
rubicin in Wistar rats and prolonged the metabolization of
doxorubicin to doxorubicinol. Uptake of the SLNs in cells
of the MPS differed with the size and the composition of the
particles. Uptake of SLNs can be avoided by PEGylation,
leading to long-circulating particles called stealth SLNs.
Though much work has been done on stealth SLNs, only a
few reports on their in-vivo behaviour have been published.
Interestingly, stealth doxorubicin SLNs showed similar
circulating time and pharmacokinetic behaviour to unmodi-
fied nanoparticles (Fundaro etal 2000). The main reason
might be the similar low surface hydrophobicity of both
types of particles, avoiding adsorption of blood proteins
mediating liver uptake. The modified tissue distribution of
doxorubicin in SLNs was related to slower distribution and
passage of particles through biological barriers and slow
drug release from the lipid matrix into the blood. The
biopharmaceutical behaviour may explain the lower blood
concentration and reduction of severe side effects.

Tissue distribution and drug targeting. Concentration of
SLNs within the Kupfer cells of the liver is predominantly
found after intravenous injection of non-stealth SLNs. The
systemic use of colloidal carriers is limited by the presence of
MPS, and it is consequently necessary to avoid such recog-
nition. SLN carriers are mostly recognized by macrophages
due to the physicochemical characteristics of particle size,
surface charge and surface hydrophobicity. Investigation of
the anti-cancer drug camptothecin incorporated for intrave-
nous administration to target brain has shown promising
sustained release, reduced dosing and decreased systemic
toxicity when administered in SLN form (Yang etal 1999).

Interactions with constituents of blood. Cellular binding
of SLN formulations with emphasis on erythrocytes is
important because it affects not only blood clotting and



embolic effects but also may change pharmacokinetic
behaviour. SLNs have distinct affinity for red blood cells
depending on the surfactant used. Flow cytometric studies
showed that a SLN formulation consisting of Compritol
as matrix material and Tween 80 and Poloxamer 188 did
not bind to erythrocytes (SLN binding <10.0%). In
contrast, when Span 85 was used, the blood cell affinity
of labelled SLNs was increased, leading to significant
aggregation of red blood cells (75.3%) (Weyhers etal
1995).

The interaction of SLN with the major circulatory
protein, serum albumin, has been investigated recently.
By photon correlation spectroscopy (PCS) and atomic
force microscopy (AFM), albumin adsorption onto the
particle surface formed a capping layer of 17 nm, increas-
ing the size of the tested particle population only slightly
(Olbrich etal 1999). AFM imaging revealed that the SLNs
are protected by this layer against flattening on surfaces.
At physiological albumin concentrations (35, 50 g L") the
increased size was not important enough to explain blood
cell aggregation (Olbrich etal 1999).

Excipients used in parenteral SLNs and their safety. So
far no SLN parenteral product has been used commer-
cially but intensive research on SLNs in bioassays have
been reported recently (Muller etal 2000). Most of the
studies have been conducted with glycerides composed of
fatty acids, which are mostly accepted as safe. The type of
excipient (i.e., the surfactants and the lipids) account for
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the tolerability. For the formulation of parenteral SLNs,
the surfactant has to be of the GRAS status. Many sur-
factants, such as lecithin, Tween 80, Poloxamer 188, Span
85 and sodium glycocholate, have been used in bolus
injections. These have been found to have good tolerabil-
ity in mice. Cetyl palmitate SLNs prepared with different
surfactants caused no acute toxicity and no increase in
liver and spleen weight (Muller etal 2000). No significant
histological abnormality was found after autopsy.

The efficiency of the lipid nanoparticles administered
parenterally in-vivo depends on the particles size. The
particle size is, in turn, affected by the factors such as
preparation, stability and sterilization. The effect of
these parameters has been studied extensively and some
of the important references for detailed information have
been tabulated in Table 2.

In-vitro release of drugs from SLNs. For SLNs loaded
with different drugs, varied release profiles have been
observed. Stealth and non-stealth tripalmitin SLNs loaded
with paclitaxel have been prepared as an alternative par-
enteral administration, as the commercially available pro-
duct Taxol is a toxicologically critical micellar solution of
the drug in Cremaphor EL (Cavalli etal 1993). During
sustained in-vitro release, 0.1% of the paclitaxel was
released into the receptor medium (phosphate buffer, pH
7.4) after 120 min; this correlates to first pseudo zero-
order kinetics. Similar results have been obtained in the
in-vitro release profiles for doxorubicin and idarubicin

Table 2 Various formulation aspects and features that influence size and eventually the efficiency of the SLNs

Formulation aspects Features

References

Preparation
High pressure homogenization

Preparation performed at both room
and cold temperatures

Schwarz etal 1994;
Cortesi etal 2002

Cold homogenization employed for
thermolabile and hydrophilic drugs

Microemulsion method

Yields narrow particles size

Gasco 1993

Performed by dispersing warm drug
Microemulsion in excess of cold water

Recent methods
Solvent emulsification

Excess water removed by

lyophilization /ultrafiltration

W/O/W double emulsion
size of 100 nm

Can incorporate hydrophilic drugs
Yields average particle size in ym,

High-speed stirring

Gives narrow distribution with particle

Eldem etal 1991

Cortesi etal 2002

hence needs to be reduced to nm size

Gives broad size distribution

Westensen etal 1997

Short physical instability
Product cannot be used for parenteral use

Stability
up to 3 years

More than 1 year, can be stable

Westensen 1994,
Shahgaldian etal 2003

Stability can be increased by
spray drying and lyophilization

Sterilization

Procedures like autoclaving
and gamma filtration have been
used successfully

Schwarz etal 1994;
Lim & Kim 2002;
Shahgaldian etal 2003
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(0.1% after 120min) in comparison with the reference
solutions of the drugs, which exhibited burst release
(Yang etal 1999). In-vitro release of camptothecin from
stearic acid SLNs in conjunction with potential targeting
to the brain, using a dialysis bag technique at 37°C,
revealed a sustained release that could be fitted to a
Weibull distribution (t'2 =23.1h) (Chen etal 2001).

Conclusions

The biological properties of a tumour, such as microvessels
density, IFP and interstitial space, are dynamic properties
that change with time and are affected by drug-induced
apoptosis or necrosis. This is especially true for drugs that
show high binding to macromolecules, because their trans-
port is mainly by convection, which is affected more by the
above dynamic biological properties as compared with
small molecules, which are transported by simple diffusion.
Some of a tumour’s biological factors have opposite effects
on drug delivery and transport in solid tumours and these
factors are interdependent. A better understanding of the
contribution of these various factors may lead to therapeu-
tic strategies that permit passive or active tumour targeting.
Most anti-cancer drugs belong to the classical low-molecu-
lar-weight drugs. In the near future, a number of therapeu-
tic molecules like proteins or nucleotides, and drugs in gene
therapy (Olbrich etal 2001), may be expected to be deliv-
ered. Due to their physical and chemical instability in the
gastrointestinal tract, these drugs must be administered
parenterally. Very few publications exist about protein or
peptide formulations with SLNs. Alternative gene delivery
system called lipoplexes have been developed. The effi-
ciency of lipoplexes in the transfection of cos-1 cells with
the (-galactosidase gene has been discussed and found to
be effective (Olbrich etal 2001). For the last four decades,
the field of drug delivery systems has witnessed drastic
changes from the use of polymers to the use of lipid
matrices in the preparation of stable injectable for-
mulations. With research now focused on nanoparticles
prepared from lipid matrices, this is expected to be a viable
system in the delivery of the newer molecules as described
above. As the technology used in the SLNs has various
advantages, such as easy production, higher physical stabi-
lity, lower cytotoxicity and increased transfection, we can in
the near future expect an increasing contribution in the
effective treatment of cancer.
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