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Targeted drug delivery to tumor sites is one of the ultimate goals in drug delivery. Recent progress in nano-
particle engineering has certainly improved drug targeting, but the results are not as good as expected. This is
largely due to the fact that nanoparticles, regardless of how advanced they are, find the target as a result of
blood circulation, like the conventional drug delivery systems do. Currently, the nanoparticle-based drug
delivery to the target tumor tissues is based on wrong assumptions that most of the nanoparticles, either
PEGylated or not, reach the target by the enhanced permeation and retention (EPR) effect. Studies have
shown that so-called targeting moieties, i.e., antibodies or ligands, on the nanoparticle surface do not really
improve delivery to target tumors. Targeted drug delivery to tumor sites is associated with highly complex
biological, mechanical, chemical and transport phenomena, of which characteristics vary spatiotemporally.
Yet, most of the efforts have been focused on design and surface manipulation of the drug carrying
nanoparticles with relatively little attention to other aspects. This article examines the current misunder-
standings and the main difficulties in targeted drug delivery.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Controlled drug delivery systems have advanced over the last
60 years [1]. Numerous delivery systems have been developed, and
literally hundreds of controlled release formulations have been in
clinical use. Such successful applications, however, have been limited
to only a few types of formulations, such as oral and transdermal
delivery systems. There are still many delivery systems to be opti-
mized, including poorly soluble drug formulations, protein delivery
systems, self-regulated insulin delivery devices and targeted drug de-
livery systems. Of these, targeted delivery to tumors has received
great attention recently, partly due to the increased anticipation of
achieving it using nanotechnology-based delivery systems. The emer-
gence of nanotechnology has resulted in development of numerous
nanostructures; various terms have been used to describe them such as
nanocarrier, nanovehicle, nanosystem, nanodisc, nanoworm, nanorod,
and nanotube. For simplicity, all nanostructures, regardless of their actual
shape and nature, will be described in this paper as nanoparticles. The
term “nanoparticles” also include drug–polymer conjugates, drug–
protein conjugates, liposomes, polymer micelles, dendrimers, and
drug nanocrystals, all of which have existed since the 1960s [2].

The ultimate goal of targeted drug delivery is to deliver most of
the administered drug to the target, while eliminating or minimizing
the accumulation of the drug at any non-target sites. This, however, is

a challenge that may not be achieved in the near future. Targeted de-
livery may occur if the drug formulation is injected directly to the tar-
get site, and such localized administration is not feasible or practical
in most cases. Unless specifically mentioned otherwise, targeted de-
livery here means delivery of the intravenously (iv) administered
dose to the target site, e.g., solid tumors. Targeted drug delivery sys-
tems are designed to facilitate drug delivery to the tumor sites with
minimum side effects associated with the use of free drugs [3]. This
has been one of the main reasons of using nanoparticles. As pointed
out by Florence in 2007, however, nanoparticle-based targeted drug
delivery has not fulfilled its expectations [4], and this remains true
today.

Almost the whole decade of 2000s has been consumed by developing
various nanoparticles for targeteddrug delivery to tumors, and the results
are not, on the whole, encouraging. This is not surprising since advances
in any field come in small increments and over time the cumulative ad-
vances make big differences. At the same time, however, it needs to be
clearly understood why nanoparticle delivery systems have not been
able to meet our expectation even remotely. Only with such an under-
standingwewill be able to design the right nanoparticles for true targeted
delivery. For example, the so-called nanotechnology-based formulations,
such as paclitaxel-albumin complex and paclitaxel in polymer micelles,
are as good as the conventional formulation of Cremophor/ethanol-based
formulation, but not any better in treating cancers. If targeted drug deliv-
ery has been achieved, the treatment should have been betterwithmuch
less side effects. The lower side effect should allow increase in the admin-
istered dose for superior results, but this has not happened. It seems, for
example, that the nanoparticle formulation of paclitaxel is simply for
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solubilizing poorly soluble drug for iv administration, rather than for
achieving true targeted delivery. It will be beneficial to review current
understanding, as well as misunderstanding, of issues in targeted drug
delivery.

2. A simplified version of current targeted drug delivery
by nanoparticles

As the field of nanotechnology-based drug delivery has advanced, it
is necessary to remove unjustified reliance on PEGylated nanoparticles
accumulating in tumors by the enhanced permeation and retention
(EPR) effect. Developing truly targeted drug delivery systems has to
be based on clear understanding on the problems that must be solved.
Treating tumors requires delivering therapeutic agents in optimal
quantities to tumors. The iv administered agent will have to circulate
in the blood stream, extravasate (i.e., cross the vascular walls) into the
interstitium, and penetrate tumors [5]. As described in Fig. 1-A, one
has to understand that the majority of the iv administered drug is not
going to the target tumor. The actual accumulation of the administered
dose varies depending on the nanoparticle formulation, drug, drug
assay method, and other experimental parameters, but it usually is
less than 5% [6]. Sometimes higher values are observed depending on
the assay method [7] or the type of nanoparticles [8]. Fig. 1-B shows
three main factors affecting the overall drug delivery to tumors.

For iv administered nanoparticles to reach the target, they have to cir-
culate in the blood. Since nanoparticles have nomeans of self-propulsion,
reaching the target is purely based on the movement of blood passing
through the target, wherever it may be [4]. The presence of ligands on
the nanoparticle surface, so-called “active targeting”, does not change
the chances of nanoparticles reaching the target. During blood circulation,
a significant portion of the nanoparticles are taken up by the reticuloen-
dothelial system (or mononuclear phagocyte system) of the spleen,
liver, and lungs [9]. A conventional idea is that the chances of reaching
the target would increase by prolonging the blood circulation time, such
as through PEGylation [9,10]. PEGylation is also thought to prevent or de-
crease the uptake by the reticuloendothelial system. The nanoparticles
used for drug delivery are usually larger than 100 nm. Because the
threshold size for efficient renal clearance is known to the kinetics of up-
take [11] or 70 kDa [12], the renal clearance of nanoparticlesmay not be a
dominant mechanism for elimination of nanoparticles from blood. The
presumed threshold sizes, however, need confirmation by more data.
One may anticipate that the drug remains inside the nanoparticles and
is released only at the target site, but in reality the drug is released during
circulation. Depending on their nature, the nanoparticles may not remain
intact in the blood, which results in premature dumping of the encapsu-
lated drugs.

The extravasation of nanoparticles from blood vessel to the
interstitium of tumors is thought to be achieved by the enhanced per-
meation and retention (EPR) effect. The term “EPR effect,” however,
has been abused by applying it ubiquitously as if all of the iv admin-
istered nanoparticles go only to the tumors. According to the original
paper by Maeda, proteins accumulate better in tumors than do
nanoparticles [13]. Even if nanoparticles reach the tumor site, they
have to penetrate the tumor microenvironment, known to be signifi-
cantly different from that of normal tissues. The dense extracellular
matrix and elevated interstitial fluid pressure of tumors makes drug
penetration more difficult than in normal tissues.

3. Current uncomfortable facts in targeted drug delivery

3.1. There is no targeted delivery, but simply random distribution

A minor portion of iv administered nanoparticles end up in tumors,
primarily as a result of blood circulation (Fig. 1-A). Nanoparticles do not
have any propulsive force leading the system to the target [14], and
thus, the so-called “homing” mechanism by the antibody or ligand
grafting is at the mercy of blood circulation. There has been some mis-
understanding in targeting, expressed in the concept of passive and ac-
tive targeting. When these termswere first used, theywere intended to
distinguish delivery systemshaving ligands from thosewithout. As time
passed by, however, the original reasoningwas lost, and the termswere
used as if the delivery systems are really designed to target any partic-
ular site in the body. Perhaps this has misled the subsequent develop-
ment on targeted drug delivery.

One example illustrating the irrelevance of the presence of ligand on
the liposomes in targeting is described byKirportin et al. [8]. The presence
of themonoclonal antibody (anti-HER2) of immunoliposomes did not in-
crease their accumulation at the tumor tissue significantly over the con-
trol, as shown in Fig. 2. In fact, the pharmacokinetic profiles of the
control (non-targeted) and immunoliposomes are almost identical. Fur-
thermore, it is important to note that the liposome levels reached 7–8%
of the injected dose/g tumor tissue whether the tumor overexpressed
HER2 or not. The only thing that the antibody or ligand on the nanopar-
ticle surface presents is the higher chance of binding and/or internaliz-
ing into tumor cells, if the cells happen to overexpress a receptor at the
time when nanoparticles are nearby. As shown in Fig. 2-insert, uptake
of the immunoliposomes by the HER2-overexpressing tumor cells
was an order of magnitude higher than the control liposome.
HER2-coated poly(DL-lactic acid) nanoparticles also showed no dif-
ference in biodistribution as compared with the control nanoparticle
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Fig. 1. Delivery of intravenously (iv) administered nanoparticles to the target tumor.
(A)The majority of the administered nanoparticles end up in the non-target organs
and only a small fraction reaches the target tumor. (B) The nanoparticles circulate in
blood to reach target tumors by extravasation. The drug leaks out of the nanoparticles
during circulation, and the majority of the nanoparticles end up in non-target organs.
The nanoparticles reaching the target tumor face a tumor microenvironment different
from that of normal tissues.
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[15]. Another recent study also showed that many targeting ligands
for brain targeting did not really target to the brain in vivo when at-
tached to liposome [16].

3.2. Overexpression of receptors has little to do with targeted delivery

The inability to change the biodistribution of liposomes by the pres-
ence of surface antibody suggests that the biodistribution is not likely to
be altered by the presence of other ligands either. In fact, the tumor ac-
cumulation of an albumin–folate conjugate was not any different from
that of albumin in rodent tumor models [17]. No significant differences
were observed between folate-conjugated PLGA nanoparticles in phar-
macokinetics and biodistribution as compared with the control micelle
[18]. Such lack of differences may be due to another fact that themajor-
ity of the folate conjugate is captured by the liver which is a major stor-
age organ of excess folate [17]. A significant portion of pH-sensitive
micelles with surface-grafted folate is known to accumulate in the
liver and spleen [19]. Since the accumulation in tumor is based on
blood circulation, the presence of antibody or ligand on nanoparticle
surface may be irrelevant in determining biodistribution. This leads to
another point that overexpression of the receptors on cancer cells is ac-
tually not associated with increasing the amount of nanoparticles
reaching tumor sites.

The presence of antibody or ligand on the nanoparticle surface may
increase the cellular uptake if the cells in contact with nanoparticles
happen to have overexpressed receptors. Overexpression on cancer
cells means that the normal cells also express the receptors. Since the
total number of normal cells is much larger than the number of cancer
cells, it is reasonable to consider that most of the ligand is captured by
thenormal cells. Considering the fact that not all tumor cells overexpress
receptors all the time, it is plausible that inconsistent results are
achieved by antibody/ligand-conjugated nanoparticles. In addition, the
kinetics of uptake and receptor recycling need to be considered. The
goal of nanoparticle delivery is to maximize the drug concentration
within the tumor tissue. Thus, the faster cellular uptake is preferred.
Comparative studies between receptor-mediated endocytosis (i.e.,
receptor-specific) and fluid phase endocytosis (i.e., non-specific) have
shown that the former occurs at a significantly faster rate and more
efficiently than the latter [20,21]. This information, however, should
be interpreted cautiously, since its primary relevance to drug delivery
is whether the receptor-mediated endocytosis can occur fast but

repeatedly in the presence of high concentrations of antibody/
ligand-conjugated nanoparticle. The receptor-mediated endocy-
tosis is saturable, so that the efficiency of endocytosis decreases
once the receptors are saturated [22] In addition, the rate of re-
ceptor recycling time also affects the drug uptake efficiency. For
example, the folate receptor recycling in tumors varies from 6 h
to 20 h depending on the tumor cell type [23]. The efficiency of
receptor-mediated endocytosis depends on the concentration of
the nanoparticle near target cells and dosing frequency.

Cancer is not one but a highly heterogeneous set of diseases, and
thus no one cancer form can represent all cancers [24]. Even for a specif-
ic cancer, inter-individual variation is extremely large. Even in the same
patient, cancer cells may behave differently depending on different
stages of the progression [24]. The receptors on cancer cells are highly
variable in density or structure [25]. This is one of the reasonswhy iden-
tifying a molecular target on cancer cells does not always lead to suc-
cessful treatment of the disease. It is noted, however, the presence of
ligand on nanoparticles can enhance receptor-mediated transcytosis
[26], and it can be effective in transporting nanoparticles beyond
40–50 μm (3–5 cell layers) away from the tumor vasculature [27].
This suggests that transcytosis into the core of tumors can be possible
using antibody/ligand-grafted nanoparticles.

3.3. The EPR effect results in improved delivery, but not targeted delivery

Nanoparticles have been assumed to target tumors, and this mis-
understanding is most likely due to the unrestricted use of the EPR ef-
fect concept. The EPR effect, as clearly indicated in a recent review by
Professor Maeda and his group [28], improves the therapeutic effects
of nanoparticles as compared with the conventional chemotherapy
with low molecular weight drugs. The key point here is the relative
improvement in accumulation at tumors as compared with conven-
tional small drug molecules. The EPR effect does not explain the abso-
lute accumulation of nanoparticles.

Small molecules do not show the EPR effect, because they can freely
pass through the blood vessels into the tumor as well as the normal tis-
sue, and diffuse back into blood capillaries [13]. In contrast, macromo-
lecular drugs, e.g., drug–albumin conjugates, pass through the blood
vessels around the tumor and do not diffuse back into blood capillaries
or end up in lymphatic system. One of the drug conjugates first used by
Professor Maeda was SMANCS (a conjugates of styrene and maleic acid
copolymer (SMA) and neocarzinostatin (NCS)). The molecular weight
of NCS is 12,000 Da and two SMA chains of 2000 Da each were conju-
gated to make the 16,000 Da molecule. In comparison, the molecular
weight of albumin and IgG is 68,000 Da and 150,000 Da, respectively.
Matsumura andMaeda concluded thatmacromolecules of a certainmo-
lecular range (15,000 to 70,000) and with certain properties can effec-
tively accumulate in a solid tumor [13].

The study byMatsumura andMaeda presents thedata on the percent
of the recovered protein [13], as shown in Table 1. SMANCS accumulated
in the tumor only at the level of 5% during 72 h of observation. During

Fig. 2. Tumor pharmacokinetics of anti-HER2 immunoliposomes (Anti-HERs ILs) versus
control PEGylated liposomes (Ls) in s.c. BT-474 breast cancer xenografts in nude mice.
(Inset) uptake of anti-HER2 immunoliposomes (cross-hatched column on the right)
versus control liposomes (empty column on the left) in HER2-overexpressing breast
cancer cells (SK-Br-3) in vitro (redrawn from reference [8]).

Table 1
Tissue distribution of two 51Cr-labeled proteins in tumor-bearing mice after iv injection
(from reference [13]).

Tissue/organ Proteins recovered as % of injected doses/g of specimen at 3
different times (h)

SMANCS Bovine albumin Mouse IgG

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

Tumor 4.92 4.0 4.71 6.85 6.95 7.22 7.98 5.65 6.56
Blood 0.86 0.49 0.24 4.06 1.90 0.95 5.27 2.28 2.24
Liver 42.42 50.71 42.92 16.05 13.28 15.09 6.88 2.56 4.55
Kidney 2.43 2.8 2.75 4.17 3.46 3.47 5.15 2.25 2.00
Spleen 24.21 40.40 36.4 6.09 5.63 4.7 4.09 1.91 2.88
Lung 2.36 2.98 2.13 2.47 1.76 1.6 4.36 1.91 2.12
Heart 1.25 1.58 1.70 1.80 1.53 1.17 2.4 1.25 1.58
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this time, SMANCS was mostly recovered in the liver and spleen (60–
90% of the injected dose, as indicated by bold font in Table 1). On the
other hand, for bovine albumin about 7.0% of the injected dose was
found in the tumor, while only about 15% and 6% was found in the
liver and spleen, respectively. A similar trend was observed with
mouse IgG. Collectively, the data clearly indicate that albumin and IgG
accumulate more and are retained in the tumor tissue longer, with less
accumulation in the liver and spleen. The comparison here is for only
one new synthetic system, SMANCS, and a general conclusion may re-
quire more head-to-head comparisons between novel nanoparticles
and other formulations [9]. Nevertheless, the information in Table 1 sug-
gests that syntheticmaterialsmay not be as good as endogenous protein
in escaping the reticuloendothelial system.

Nanoparticles are much larger than albumin or IgG. Thus, nano-
particles will be much less efficient in passing through the blood vessel
as compared with the proteins and water-soluble polymers. This will
drastically decrease the amount of nanoparticles leaking to the tumor
tissue. Furthermore, nanoparticles, in particularmade of artificial mate-
rials such as PLGA, block copolymer, dendrimer, and polymer conju-
gates, may be more prone to elimination by the reticuloendothelial
system. This may be one of the reasons why the total amount of
nanoparticles accumulating in tumor tissues is still only in the order
of 5% of the injected dose as described in the vast majority of data in
the literature. Thus, it will not do any good for advancing the targeted
drug delivery if we continue to assume, without any scientific basis,
that nanoparticles, regardless of their properties, will automatically go
to the tumor tissue by the EPR effect. Although nanoparticles have
been reported to deliver more drugs to the tumor tissue than the same
drugs in a solution formulation, this does not mean that nanoparticles
have targeted drug delivery properties. Since more than 90% of the
injected dose does not end up in the target, nanoparticle-based therapy
relying on the EPR effect may be better called “improved delivery.”

3.4. Drug release can occur before reaching the target site

It has been assumed, without any clear reason, that drug mole-
cules loaded in nanoparticles are released only after the nanoparticles
reach the target, i.e., around the tumor cells or after endocytosed into
the tumor cells. Only a few studies have examined the pharmacoki-
netics of a drug independent of its delivery system. Studies have
reported that the drug loaded in nanoparticles, such as PEGylated li-
posomes and polymer micelles, release the loaded drug right after
iv administration. When doxorubicin-loaded liposomes were iv ad-
ministered, doxorubicin was cleared faster than the liposomal carrier.
As shown in Fig. 3, doxorubicin starts to leak from liposome soon after

administration. In 3 h, only about 10% of the total administered doxo-
rubicin remains, while about 50% of the liposome circulates in the
blood [29].

The faster clearance of the drug compared with the nanoparticles
leads to a question on the usefulness of PEGylation. If the loaded drug
is released before nanoparticles reach the tumor site, the long-term
circulation by the PEGylated nanoparticles, even if it occurs, may
not be as useful as presumed. This is aside from the fact that the per-
centage of the PEGylated nanovehicles circulating after 24 h is much
less than 10% of the injected dose. Furthermore, another point to be
considered for PEGylated nanoparticles is that PEGylation may result
in accelerated blood clearance (ABC) phenomenon. The ABC phenom-
enon refers to the decline of the prolonged blood circulation of
PEGylated nanoparticles following the second dose a few days later,
resulting from the formation of anti-PEG IgM [30]. Further under-
standing on the effect of PEGylation on the ABC phenomenon is still
warranted [31]. The problems associated with premature drug re-
lease, however, can be alleviated if nanoparticles are properly modi-
fied. For example, recent studies on polymer micelles have shown
that drug release can be delayed until they are endocytosed by cancer
cells, if either the shell or core of polymer micelles is crosslinked
[32,33].

3.5. Reaching the tumor tissue is not the same as improved delivery

The ultimate goal of targeted drug delivery is to achieve both sys-
temic and intracellular targeting. Intracellular targeting, unless the
nanoparticles are introduced directly to the target cells, occurs only
after the systemic targeting is achieved. For this reason, systemic
targeting has been the target of extensive studies. Reaching the
tumor tissue following blood circulation and extravasation is not
the endpoint of the targeted drug delivery.

Nanoparticles face a tumor microenvironment much different from
the extracellular matrix (ECM) of normal tissues. It is well known that
cancer cells develop drug resistance, and this is attributed to unique fea-
tures of tumor-associated stromal ECM and ECM remodeling [3]. The
tumor microenvironment has denser ECM, making drug penetration
more difficult, than the normal ECM. The cellular packing density is an-
other factor to consider in efficient drug delivery. This point is clearly
demonstrated by a simple experiment using multicellular layers of can-
cer cells of different cellular packing density [5]. As shown in Fig. 4, the

Fig. 3. Blood kinetics of 111In labeled temperature-sensitive liposomes containing
doxorubicin. The percentage of the injected dose (%ID) is plotted per gram blood
(left axis) and for the total blood (right axis) (redrawn from reference [29]).

Fig. 4. Penetration of anticancer drugs as a function of time through multicellular layers
derived from human colon carcinoma cell lines. The penetration of doxorubicin (A),
5-FU (B), methotrexate (C), and paclitaxel (D) through highly packed (Ea, ●) and
loosely packed (Ra, ○) sublines (redrawn from reference [5]).
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penetration of four anticancer drugs (paclitaxel, doxorubicin, metho-
trexate, and 5-fluorouracil) through the multicellular layers of cancer
cells has been shown to be a function of cellular packing density. Even
for those small molecular drugs penetration through tightly packed ep-
ithelioid sublines was significantly lower than through the loosely
packed round sublines. This leads to a question as to how nanoparticles,
which aremuch larger than the drugs, will be able to diffuse through the
tumor microenvironment and tightly packed tumor cells.

More difficulties are caused by transport hindrances due to ele-
vated tumor interstitial fluid pressure (IFP) and abnormal ECM
structure [34–36]. As shown in Fig. 5, the IFP of a solid tumor stays
at elevated level and sharply decreases at the periphery of the
tumor. Even though it is not fully understood, this elevated IFP is
thought to result from anomalous characteristics of tumor vascular
structure including high vascular permeability and lack of well-
developed lymphatic vessels. This elevated IFP adversely affects the
transport of therapeutic agents in several different levels: (i) less ex-
travasation of the agents [37]; and (ii) radially outward interstitial
fluid movement at the periphery of tumor. Consequently, the elevated
IFP contributes to insufficient delivery of drugs to the interior of tumors.
Moreover, it not only diminishes the significance of convection in the
interstitial transport, but also induces adverse convection — oozing
drugs out of tumors. The magnitude of this outward interstitial fluid
movement is estimated to be 0.1–0.2 μm/s for a 1 cm isolated tumor
[34], and an order of magnitude less for a subcutaneous tumor [38].

Thus, the elevated tumor IFP makes diffusion a primary transport
mechanism in tumor interstitium. Higher collagen content and the con-
sequent dense organization of collagen fibrils, however, result in low
diffusivity for therapeutic agents. Moreover, since diffusion decreases
drastically as the size of drug increases, transport of macromolecules
and nanoparticles is significantly limited in tumor interstitial space
[35,39–41].

For successful interstitial drug transport, therefore, these physio-
logical barriers must be overcome. A wide variety of methods have
been proposed and investigated to enhance the interstitial transport,
but the main underlying strategies are either lowering tumor IFP
[42–44], or modulating tumor ECM structure [35,45]. However, due
to complex interaction involving various physiological parameters,
the control or manipulation of tumor IFP and ECM structure still

warrants further research. The xenograft models have mainly been
used to study these, but newmodels to allow systemic study of the ef-
fects of these physiological parameters are highly desired.

Thus, nanoparticles may accumulate in the tumor tissue, confirmed
with improved fluorescence signals or other imaging signals, but it is
not clear whether this is associated with improved drug delivery to
the tumor cells. As mentioned above, the majority of the drug is re-
leased from liposome, and most likely from other nanoparticles, within
several hours [29]. The drug release from nanoparticles before reaching
tumor tissues works against targeted drug delivery to tumor sites. In
fact, the accumulation of empty nanoparticles at tumors may in fact
negatively impact the drug delivery. The liposomes accumulating at
the tumor site by way of the EPR effect are known to linger for days,
and the extravasated liposomes can remain near blood vessels for a
week [46], providing physical barriers for the subsequent liposomes
and/or free drugs.

4. Future

To develop truly targeted drug delivery systems we have to realize
that there may be a limit in drug delivery to the targeting of tumors by
nanoparticles [14]. The current overestimation of targeted drug delivery
stems from a few oversimplifications of the complex biotransport phe-
nomena. It should be recognized that targeted drug delivery cannot be
tested using an in vitro cell culture model which lacks these complex
transport processes. When nanoparticles are directly introduced to the
cultured cells, the interaction between the two is virtually guaranteed
due to the physical proximity. The presence of ligands on the nano-
particles facilitates cellular interaction, leading to internalization into
cancer cells. This, however, is hardly targeted drug delivery. Assessing
targeted drug delivery absolutely requires using in vivo models in
which the iv administered nanoparticles undergo distribution through-
out the body, in both normal and neoplastic tissues, and elimination by
the reticuloendothelial system. Xenografts are themost commonly used
model for the in vivo biodistribution study for drug development aswell
as testing of drug delivery systems. The wide use of xenografts is, in
large part, due to their high degree of reproducibility while maintaining
some biological properties of human tumors [24].

It is not uncommon to see that the drug delivery to tumors has in-
creased substantially by the nanoparticles in the xenograft models.
Whether we call this targeted drug delivery or not, it must be recog-
nized that more than 90% of the injected does end up in or near normal
tissues and organs. Another challenge of targeted drug delivery, as any
other drug delivery strategies, is that therapeutic agents have to be de-
livered in sufficient quantities at a rate designed to produce beneficial
results [4]. Although the tumor size usually shrinks by administration
of the nanoparticle formulations, the still remaining question is wheth-
er nanoparticle formulations can eradicate tumors.

Albumin is the main energy and nutrition source for the tumor
growth [47], and it can be used as a valuable biomarker of cancer [48].
Considering the excellent properties of albumin allowing accumulation
and retention in the tumor tissue, the use of albumin for targeted drug
delivery is not surprising [49–52]. What is surprising, however, is that
albumin has not been exploited more extensively in targeted drug de-
livery. It may be due to the fact that the drug delivery field has been oc-
cupied by the notion of nanoparticles and did not pay too much
attention to albumin [53]. While albumin may not be a perfect solution
either [54], it provides an alternative approach [55].

Development of truly targeted drug delivery systems which are
not simply better than the control but deliver the majority of the
injected dose to the target tumor tissue requires drastic changes in
our current approaches. Changes in strategies, experimental methods,
evaluation criteria on successful delivery are required. The drug
delivery community needs to escape from the cozy assumption that
PEGylated nanoparticles with the aid of the EPR effect will somehow
magically eliminate the target tumor. It is too good to be true, and in

Fig. 5. Interstitial fluid pressure (IFP) and velocity distribution of a tumor grown in sub-
cutaneous tissue. The center and the boundary of the tumor are indicated by r/R=0,
and r/R=1, respectively. IFP ( ) stays at elevated level at the interior of the tumor
and sharply decreases at the periphery. Due to this pressure gradient, radially outward
interstitial fluid motion is induced at approximately 0.02 μm/s ( ). This outward con-
vection in conjunction with less extravasation due to elevated IFP is believed to lead in-
sufficient delivery of therapeutic agents (redrawn from reference [38]).
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fact, it has not been shown that the nanoparticles are any better than
traditional non-nano systems and formulations. The difficulty in
targeted drug delivery to tumor tissue is that the problem is beyond
the preparation of new types of nanoparticles. Nanoparticles will
have to transport through highly complex tumor-associated ECM
which varies its biological, mechanical, and chemical properties in a
spatiotemporal manner. There has been only a few study on the
quantitative cellular uptake of nanoparticles in vivo [56], and thus, it
is not clear whether the results of in vitro studies have any bearing
in the real targeted drug delivery in animals, not to mention in
humans [57]. Only a deeper understanding of the human physiology
and tumor biology will allow us to develop truly targeted delivery
systems. Accepting the fact that it is extremely difficult to achieve
targeted drug delivery would allow us to find new ways to treat can-
cer. It is time to think beyond PEGylated nanoparticles and the sup-
port of the EPR effect. It is time to think beyond the approach we
have been taking.
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