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ABSTRACT Dendrimers have well-organized high branches
with a layered architecture providing a series of versatile
chemical modification for various purposes. Consequently, this
dendrimer nanotechnology explores a new promising class of
nanoscale carriers for therapeutic drugs and imaging reagents
using passive and active targeting approaches. By controlling
dendritic structures, the biological fate of dendrimer/den-
drimer-based drugs can be significantly altered based on their
intrinsic physicochemical properties, including the hydrophilicity
of the unit molecules, particle size, surface charge, and
modification. Accordingly, pharmacokinetic aspects play an
important role in the design and development of dendrimer
systems for successful in vivo application and clinical translation.
This review focuses on the recent progress regarding dendritic
architectures, structure-related toxicity, and critical factors
affecting the pharmacokinetics and biodistribution of den-

drimer/dendrimer-based drugs. A better understanding of the
basic aspects of dendritic systems and their pharmacokinetics
will help to develop a rationale for the design of dendrimers for
the controlled delivery of drugs and imaging reagents for
therapeutic or diagnostic purposes.

KEY WORDS biodistribution . dendrimer. drug delivery .
imaging . pharmacokinetics

INTRODUCTION

Regarding the advance of polymer technology, the design of
polymers for pharmaceutical application has been practically
controlled by modifying the polymeric structure, size, topol-
ogy and, ultimately, the physicochemical properties using
polymer chemistry. This leads to a number of developments
in polymer therapeutics, including polymeric drugs and
micelles, which have not only been used in research field but
also transferred to the clinic (1). The major polymeric
therapeutic agents on the market or used in clinical trials
are polymer–protein or –drug conjugates and polymeric
micelles which are mainly based on polyethylene glycol
(PEG) conjugation (PEGylation) and entrapment of drugs in
micelles, respectively (1,2). These approaches demonstrate
improvements in drug solubility, stability, and toxicity as well
as a reduction in systemic clearance with enhanced
permeability and retention (EPR) for effective cancer
chemotherapy (1,3). Unfortunately, these polymers still
present challenges as far as pharmaceutical development is
concerned due to their intrinsic heterogeneity, which greatly
influences their biological fate and activity, resulting in
variability in therapeutic outcomes (1).

During the past several decades, highly branched
spherical macromolecules have emerged due to the pio-
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neering works of the Vogtle (4) Denkewalter (5), Tomalia
(6) and Newkome (7) groups. This has been characterized
as a new class of polymers which was first named a
“cascade” molecule by Vogtle et al. (4) and later renamed as
a “dendrimer” to emphasize the tree-like structure of larger
dendritic molecules (5,6). Unlike conventional linear
polymer and polymeric micelles, dendrimers can be
prepared by controllable branched chemistry. Therefore,
they possess a unique dendritic structure with attractive
features, including their nano-size range, monodispersity,
rigid globular structure with high physical stability, and a
large number of peripheral functionality for versatile
chemical modification (8). According to these unique
advances, the emerging role of dendrimers in pharmaceu-
tical fields has been highlighted by their extensive applica-
tions for therapeutic and diagnostic purposes, including the
passive or active delivery of anticancer drugs (9), contrast
agents (10) and nucleic acid drugs (11,12). As a general
principle for designing dendrimers, there are many critical
factors, such as their biocompatibility and pharmacokinetic
characteristics, before dendrimer-based drugs can be used
as biomedicines. The dendritic structure, modification and
physicochemical properties of dendrimers have been
reported in association with alterations in the toxicity and
biodistribution of dendrimers and dendrimer-based drugs.
These emphasize the importance of the systemic evaluation
of structure-related pharmacokinetics to fully assess any
pharmacodynamic interactions.

In this review, we relate the dendritic structure, chemical
modification and physicochemical properties of dendrimers
to biocompatibility and pharmacokinetic considerations,
including biodistribution and excretion data, based on
recent advances. More broadly, the future prospects based
on pharmacokinetic aspects are discussed to develop a
rationale for the design of dendrimers, allowing the
controlled delivery of drugs and imaging reagents for
therapeutic or diagnostic purposes.

DENDRITIC ARCHITECTURE

Composition

Dendrimers, consisting of a central core, internal cavity
(void space) and peripheral groups, are well-defined and
highly branched macromolecules which govern globular
structure with monodispersity (6) (Fig. 1a). Dendrimers are
generally synthesized stepwise using divergent or conver-
gent methods. Regarding the divergent method first
developed by the Tomalia (6) and Newkome (7) groups,
dendrimers grow exponentially outwards by conjugation of
repeated branch units to the end groups of the central core.
On the other hand, the Frechet groups demonstrated a

convergent synthesis starting from the periphery of den-
drimers toward the central core in which this part is termed
“dendron” and finally linking to the core molecule to
introduce a complete dendrimer (13). The degree of
branching is dictated by the multiplicity of the central core,
while the dendritic structure of branch units is character-
ized in a layer defined as generation (G) in which the
central core is sometimes referred to as generation zero
(G0). The higher the generation the larger the particle size,
the larger internal cavity, the higher the peripheral groups,
the more rigid the structure (Fig. 1a and Table I).
Generally, a theoretically monodisperse dendrimer size
can be obtained by both synthetic methods. However, a
perfectly dendritic structure of a higher generation den-
drimer could be successfully prepared by the convergent
method due to the lower steric hindrance of the crowded
peripheral groups during synthesis (14). Besides the central
core and internal cavity, the peripheral groups on the
surface of dendrimers crucially determine the overall
physicochemical properties of dendrimers, such as their
solubility, charge, hydrophobicity, and hydrophilicity.
These properties have been reported to be closely associ-
ated with biocompatibility, biodistribution, and pharmaco-
kinetic characteristics (15–18), as will be discussed in this
review. A vast number of dendrimers have been designed
with structural difference used in biological applications,
including polyamidoamines (PAMAM) (6), polypropylenei-
mines (PPI) (19), polyamides or polypeptides (20), polyester
(21), and polymelamine (22) dendrimers. Recently, poly-
triazole dendrimers synthesized by “click chemistry” (23)
and “geometrically disassembling” or degradable den-
drimers have been developed for controllable structure
cleavage by light, enzymes or single triggering events (24).
This is a new concept in dendrimer chemistry for improved
biological applications although these approaches are still in
their infancy. By varying the central core (i.e. ammonia
(AC), ethylenediamine (EDA)) and peripheral groups (i.e.
amine, carboxylate, hydroxyl, succinate), commercially
available PAMAM (Starburst™) and PPI dendrimers has
been widely used for therapeutic and diagnostic purposes.
In addition, polypeptides or amino acid lysine dendrimers
have been recently developed as biodegradable dendrimers
for potentially safer pharmaceutical vehicles for future
clinical applications (25). The literature reports discussed
in this review are mainly based on the investigation of these
dendrimers (Fig. 1b-c).

Structure-related Toxicity

Toxicity evaluation is extremely important for the develop-
ment of nanomaterials, including polymers and dendrimers,
which will be used clinically. The toxicity of polymers is a
complex issue involving the molecular function and physico-
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Fig. 1 (a) Dendritic architecture
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classified by charge.
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chemical nature of polymers, route of administration, dose,
biodistribution characteristics, and physiological interaction
(26). Although an in vitro test can suggest potential toxicity, it
is not directly related to the in vivo effect. Accordingly,
Duncan and colleagues have developed a series of in vitro and
in vivo toxicity tests as a screening step before preclinical
assessment studies (16). The in vitro screening (MTT assay) is
commonly performed by cytotoxicity testing in a panel of
cells. More in vivo-related assays have been established using
a hematocompatibility assay (lysis of red blood cells and
complementary activation), and a polymer biodegradation
test. Short- and long-term biodistribution studies as well as
the immune response and metabolic fate of polymers are
important criteria for evaluation of in vivo toxicity. Since the
in vivo toxicity of polymers is a consequence of their high
deposition in tissues or organs, this highlights the tissue/
organ-specific toxicity and toxicokinetic aspects which will be
discussed based on the pharmacokinetic and biodistribution
viewpoint in the following section.

The potential toxicity of dendrimers has been extensively
studied using the in vitro MTT assays and permeability in a
number of cell lines. Despite differences in cell types and
experimental conditions, the general toxicity of dendrimers
is defined in a surface charge-, generation-, and
concentration-dependent manner. Roberts et al. showed
that cationic PAMAM G7 dendrimers exhibited less than a
10% cell viability in Chinese hamster lung fibroblast V79
cells at 100 nM compared with G5 dendrimers at 10 μM
and G3 dendrimers at 1 mM, which was irrespective of the
exposure times of 4 and 24 h (27). An extended study was
reported by Malik et al. using a variety of dendrimer types
(PAMAM, PPI with a diaminobutane (DAB) and a
diaminoethane (DAE) core, carbosilane–polyethyleneoxide
(CSi–PEO)), surface molecules (amine, carboxylate), and
different generations (G1–4) (28). Cationic dendrimers were
cytotoxic to B16F10 cells (IC50=50–300 μg/ml) and
produced hemolysis (at 1 mg/ml) in a generation-
dependent manner corresponding to the effect of lysine
dendrimers (29). Surprisingly, cationic PAMAM den-
drimers were less toxic than cationic DAB– and DAE–PPI
dendrimers having an equal number of surface amine

groups. In contrast, anionic and neutral dendrimers
produced much less hemolysis than their cationic counter-
parts; however, enhanced toxicity was observed by the
lower generation of CSi–PEO dendrimers, suggesting
greater accessibility of the potentially toxic central core to
the cells (28). Hong et al. reported the cytotoxic mechanism
of cationic dendrimers on the integrity of cell membranes
using a lipid bilayer membrane model and cell cultures (30).
Cationic PAMAM dendrimers induced a loss of cell
integrity determined by the release of the enzyme lactode-
hydrogenase and pore-formation (15–40 nm in diameter) in
a lipid bilayer model involving generation dependence.

To overcome structure-induced cytotoxicity, many
approaches have been developed based on the suppression
of the cationic surface by PEGylation, acetylation, and
modification with anionic, neutral, and ligand molecules.
PEGylation, using PEG MW 2–5 kDa, of cationic PAMAM
dendrimers significantly reduced the toxicity in a number of
cells, including Caco-2 cells (31), endothelial cells (32), and
hemolysis (33) compared with the unmodified counterparts.
In addition, Kolhatkar et al. demonstrated that acetylation or
amidation of amine groups on the PAMAM surface led to
ten-fold lower cytotoxicity without loss of permeability
across Caco-2 cells (34). Interestingly, folate-conjugated or
folate-acetylated (Ac) PAMAM dendrimers produced less
hemolysis and in vivo gross toxicity, respectively (35,36).
These findings support the linear relationship between the
cationic charge density on dendrimers and cytotoxicity.
Recently, the Szoka groups demonstrated the low cytotox-
icity of neutral surface- or PEG–polyester dendrimers,
irrespective of their size, in MDA-MB-231 cells (37,38).
Interestingly, Hashida and colleagues reported a new
approach to reduce the cytotoxicity of lysine G6 dendrimers
by surface modification with glutamic acid, called KG6E
dendrimers (39). The glutamate residues having an equal
number of amines and carboxylates could maintain chemical
functionality while compromising cytotoxicity compared
with cationic PAMAM G5 dendrimers.

Similar to the in vitro toxicity, cationic polymelamine
dendrimers induced subchronic liver toxicity by increasing
the serum alanine transaminase level after intraperitoneal

Generation MW Number of
surface groups

Hydrodynamic
diameter (Å)a

Hydrodynamic volume
(ml mol−1 ×10−21)b

1 1043 6 15.8 0.761

2 2411 12 22.0 2.55

3 5147 24 31.0 7.66

4 10619 48 40.0 19.1

5 21563 96 53.0 63.1

6 43451 192 67.0 –

7 87227 384 80.0 –

Table I Characteristics of
PAMAM Dendrimers with
Ammonia Core

Data from (6,44)
a Determined by size exclusion
chromatography
bDetermined in methanol
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injection of 10 mg/kg (40) correlated to the dose-
dependent release of this enzyme following intravenous
injection of lysine and PAMAM G6 dendrimers (41).
Increasing the dose to 160 mg/kg led to acute liver necrosis
and mortality 12 h post-injection (40). On the other hand,
PEGylated cationic polymelamine (42) and PEG–polyester
dendrimers (43) were very well tolerated in mice after
intraperitoneal or intravenous administration at a dose of
1 g/kg.

Dendritic Vehicles for Therapeutic Drugs
and Imaging Reagents

The dendrimer generations 4–6 (10–50 kDa, 4–7 nm in
diameter), despite slight differences in each type of
dendrimer, have been exploited as suitable vehicles for
biological application due to synthesis reproducibility,
adequate internal cavity and peripheral functionality,
controllable biodistribution, and acceptable cost (18,44).
According to the flexibility of the chemical modification,
hydrophobic cavity and positive surface potentials, den-
drimers offer a platform for high payload drugs or imaging
reagents for efficient passive delivery by PEGylation (45–
47) and active targeting using folate (36,48,49), antibody
(39,50,51) and sugar moieties (52). Dendrimers have
widely been used as delivery vehicles for anticancer or
nucleic acid drugs, which is not limited to conjugation or
complexation at the periphery but also involves encapsula-
tion in the internal cavity.

Dendrimer conjugation of anticancer drugs, including
methotrexate (53–55), doxorubicin (56–59), and camptothe-
cin (60), and imaging reagents (i.e. gadolidium (Gd)) (10,61)
can provide a high payload which results in the reduction
of the administered dose for minimizing side-effects,
maximizing therapeutic outcomes, and improving contrast
property. The application of dendrimers for magnetic
resonance imaging (MRI) was first demonstrated by
Wiener et al. using Gd-radiolabeling PAMAM dendrimers
(PAMAM–Gd) with a DTPA chelate (61). The high
multiplicity of Gd–DTPA on PAMAM dendrimers increases
the longitudinal relaxation giving higher signal intensity in
the surrounding tissue. Furthermore, dendrimer conjugation
may increase the complex stability of Gd–DTPA, exhibit
intravascular retention and reduce renal toxicity, which can
be observed in free Gd–DTPA (Magnevist®). As will be
discussed later, the dendritic structure allows changes of the
signal intensity and organ-specific imaging of dendrimer-
based Gd, and this has been extensively studied by
Kobayashi and colleagues (10). In addition, tumor imaging
with a targeting ligand using folate-conjugated PAMAM–Gd
showed a contrast signal in tumor tissue for 24 h, while free
Gd–DTPA exhibited a short half-life of 20 min after
injection in tumor-bearing mice (62). The tumor targeting

of dendrimer-based drugs has been well-documented using
FDA-approved antibodies, such as trastuzumab (39,51,54)
and cetuximab (63,64), against epidermal growth factor
HER2 and EGF receptors, respectively. Recently, trastuzu-
mab conjugation to anionic amino acid KG6E dendrimers
or PAMAM-Ac dendrimers has been used as an effective
targeting system for HER2-overexpressing breast cancer
cells with less non-specific interactions in vitro (39,51,54).
Furthermore, methotrexate-conjugated trastuzumab-cationic
PAMAM dendrimers exhibited anticancer activity after
tumor uptake, despite having only a modest effect compared
with anionic PAMAM conjugation (53). The low activity of
methotrexate-conjugated cationic PAMAM dendrimers was
due to the brief retention of cationic dendrimers in lysosomes
resulting in insufficient drug release (53,65). This empha-
sizes the great impact of the cleavable linker and dendrimer
properties on drug release. A tailored drug release has been
proposed for effective drug release at the target site using
cleavable linkers. Most of the attention has been directed
towards the cleaving process in lysosomes or the cellular
environment of hydrolytic esters (54), amides (53,66) with
glycine spacer (60), pH-sensitive hydrazones (43,56,57), and
reducible disulfides (67). Najlah et al. directly compared the
release of ester- and amide-linked conjugates of naproxen
to PAMAM G0 dendrimers in 80% human plasma and
liver homogenate (66). An amide-linked naproxen exhibited
a poor release, whereas the ester linkage was rapidly
hydrolyzed by esterases to produce drug release with a
half-life of almost 1 h. As reported by Szoka and
colleagues, doxorubicin-functionalized bow-tie (56,57) and
PEG–polyester dendrimers (43) with a hydrazone linkage
have been shown to be a very effective cure for cancer in vivo
and in vitro, respectively. This was suggested to be due to the
cleavage of the hydrazone at a low pH in the lysosomes. In
addition, the reducible disulfide linking system has been
developed by the Kannan group to attach N-acetyl cysteine
(anti-oxidant and anti-inflammatory agent) to cationic
PAMAM dendrimers for the treatment of inflammation
(67). The cleavage of the disulfide bond was triggered by a
disulfide exchange reaction with intracellular, rather than
plasma, glutathione for rapid release of N-acetyl cysteine for
a 16-fold increased anti-oxidative efficacy in activated
microglial cells.

Another role of the dendritic vehicle is the encapsu-
lation in the dendritic cavity for improved solubility and
increased payload of poorly water-soluble drugs (i.e.
anticancer and anti-inflammatory agents) (17,44). Unlike
micelles, dendrimers are thermodynamically stable, so
they, are sometimes referred to as “unimolecular micelles”
or “dendritic box” for drug encapsulation that can be used
as promising drug vehicles in host-guest chemistry (8,68).
The mechanism has been proposed to be a hydrophobic
interaction involving hydrogen bonding, a π-π interaction
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of the encapsulated drugs and the internal cavity of the
dendrimers or the electrostatic complexation of positive
and negative charges on the dendritic periphery and drug
molecules per se (69). The encapsulation efficiency has been
suggested for generation-dependent fashion observed by
incorporation of phenobarbital in PAMAM (G3–6) (70),
paclitaxel in polyglycerol (G3–G5) (71), and methotrexate
in polyester-co-polyether (dendrimer series G1–G2) (72)
dendrimers. The higher generations of polyester-co-
polyether series 2 dendrimers provided a relatively slower
release profile with lower burst release (72). The larger
internal cavity and denser periphery of the higher
generation dendrimers is more capable of increasing the
drug encapsulation and potentially prolonging the drug
release. PEGylation of dendrimers has been shown to
enhance solubilization (45) and improve release profile
due to steric hindrance (71). Kojima et al. demonstrated that
the increased encapsulation of methotrexate and paclitaxel
in PEG–PAMAM dendrimers was in parallel to the higher
generations of PAMAM and molecular mass of PEG.
However, PEG with high MW of 5 kDa reduced the drug
encapsulation due to the agglomeration of the PEG chain
occupying the dendritic cavity available for drug molecules
(45,73). Similar to the PEG effect, surface modification of
PPI (74) and PAMAM G4 (49) dendrimers with mannose
and folate resulted in a slower release of encapsulated
lamivudine and indomethacin, respectively. The effective
therapy of dendrimer-encapsulated drugs has been
extensively studied in vitro (75), but only a few in vivo
studies have been done. Malik et al. first investigated the
in vivo application of PAMAM-complexed cisplatin for
cancer treatment after intravenous administration (76).
The high tumor accumulation of cisplatin delivered by
PAMAM dendrimers, rather than free drug, significantly
suppressed the tumor growth in a solid tumor mouse
model, indicating a successful EPR effect for drug release
at the tumor site. Subsequently, in vivo studies of non-
covalently bound anti-inflammatory drugs in cationic
PAMAM dendrimers have produced good results; however,
the premature or rapid release before reaching the target site
is still problem for clinical use (17,35,49,77).

Considering the role of dendrimers in drug delivery, a
direct comparison of the effectiveness of dendrimer-
conjugated or encapsulated methotrexate was clearly
reported by Baker and colleagues (78). Conjugated meth-
otrexate exhibited higher anticancer activity with lower
systemic toxicity, whereas its encapsulated counterpart had
a similar effect to the free drug, which might be caused by
the premature release of methotrexate after administration.
Dendrimer-conjugated drugs with tailored drug release
effect have been suggested as a superior delivery system.
Nevertheless, there is a need for optimization of the
dendrimer-drug system not only by conjugation but also

by noncovalent interaction to obtain a suitable release
profile at the target site by linker chemistry, modification
with PEG or targeting ligands, and the administration route
of choice (8,17,24).

The role of dendrimers as a non-viral vector gene
transfecting agent has been established based on the
positive surface charge for complexation with the
phosphate backbone of DNA which has been reported
by many groups. The transfection efficiency using
dendrimers, such as PAMAM (79), and lysine dendrimers
(80) is sometimes difficult to achieve since the number of
positive charges and the size or generation of dendrimers
critically affect DNA binding or complexation (81),
aggregation (79), cytotoxicity (29) and, ultimately, gene
expression level (80,82), which is discussed in other reviews
(12).

GENERAL PHARMACOKINETICS
AND BIODISTRIBUTION

The fundamental pharmacokinetics and biodistribution
are principally based on anatomical and physiological
characteristics, the physicochemical properties of macro-
molecules and their interactions (83,84). In a simple
model, such as intravenous administration, macromole-
cules are immediately introduced into the blood circula-
tion with restricted diffusion to the extravascular space.
Then, the circulating macromolecules are eliminated from
the blood pool and distributed to particular organs for
disposition, which reflects the plasma clearance by these
organs or tissues. Based on the clearance concept, the
tissue distribution of macromolecules in linear pharmaco-
kinetic model can be characterized by tissue uptake; this
clearance is assumed to be independent of their plasma
concentration, and their efflux from tissue is very low (83).
For the active targeted macromolecules with saturated
uptake process, the tissue uptake clearance depends on
their plasma concentration following non-liner Michaelis-
Menten kinetics with limited maximum clearance. In
general, the specific tissue uptake of macromolecules
critically depends upon the organ blood flow, capillary
permeability and nature of the macromolecules. Macro-
molecules with a molecular weight less than 30–50 kDa or
a diameter of 5–6 nm, such as recombinant human
superoxide dismutase (SOD) (MW 32 kDa), easily enter
into the glomerular capillaries of the kidney and undergo
glomerular filtration, then excrete into the urine (84,85).
The larger macromolecules are trapped in the liver by
passing through the hepatic fenestrae with a pore size of
about 100 nm (86). The positively charged macromole-
cules, including cationized bovine serum albumin (cat-
BSA) (MW 70 kDa) and SOD (cat-SOD) (MW 34 kDa),
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are electrostatically adsorbed to the negatively charged
cellular surface in most organs, especially kidney (85,87)
and liver (88). Because of a high hepatic blood flow and
many fenestraes for direct interaction with liver cells (86),
cationic macromolecules predominantly accumulate in the
liver parenchymal cells (88), whereas polyanionic mole-
cules, such as succinic-modified BSA (suc–BSA) (MW
70 kDa), are selectively taken up by liver nonparenchymal
cells via scavenger receptors (89). In some cases of active
targeting, such as galactosylated BSA, this protein is
extensively taken up via galactose receptors upon entering
the liver and exhibit a high hepatic clearance identical to
the hepatic plasma flow rate (85000 μL/h), which is
considered as a maximum hepatic clearance of this protein
in mice. The target-specific clearance of targeted macro-
molecules might not solely involve a high affinity of ligand-
receptor interaction but also a balance of the aforemen-
tioned physicochemical properties and administered dose
with the receptor-triggered clearance becoming saturated
at a high dose (84). In addition, larger macromolecules
with neutral or weak anionic charges or hydrophilicity,
including BSA (MW 67 kDa) or immunoglobulin (IgG)
(MW 150 kDa), potentially escape from opsonization for
uptake by the reticuloendothelial system (RES) (i.e. liver
and spleen), resulting in a prolonged blood circulation
with a high area under the curve (AUC) (90). This
phenomenon suggests that the neutral or anionic surface
charge of the designed dendrimers reduces the nonspecific

interaction or opsonization for the desired plasma profiles.
Figure 2 summarizes the relationship between the dispo-
sition characteristics and general physicochemical proper-
ties of macromolecules based on the clearance concept.

For the use of macromolecule-conjugated drugs, the
release kinetics of drugs from macromolecules are a
second important issue to evaluate the effectiveness of
delivery systems for therapeutic purposes in the intended
target tissue such as tumor tissue (15,83). Unlike those of
nonconvalent encapsulation with a burst effect, the release
kinetics of conjugated drugs commonly follow first-order
kinetic process with respect to drug concentration, the rate
of which is a function of drug concentration and markedly
affected by the nature of the linkers and the microenvi-
ronment conditions. The ester-linked drugs, such as
camptothecin–PEG–lysine (60) and naproxen–PAMAM
(66) dendrimers, are more rapidly cleaved in physiological
condition compared to other linkages (66,91). This process
is more susceptible for nonenzymatic hydrolysis, since
enzyme may hardly access due to steric hindrance of
crowded dendrimer surface (60,91). The enzyme-triggered
drug release is dependent on the dendrimer structure for
enzyme access, the concentration of dendrimer-linked
drugs and enzymes in Michealis-Menten kinetic model.
However, the in vivo drug release studies at the target site
are very difficult to carry out. At this site, the released
drugs exhibit pharmacological actions depending on their
concentration. The effectiveness of macromolecule-
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conjugated drugs compared with free drugs can be
evaluated in term of therapeutic availability (TA) based
on the total drug amount as a function of the AUC at the
target site (92). In the case of no redistribution of released
drug from the target site, the TA value could be predicted
by the tissue uptake clearance parameters. The pharma-
cological response produced as a consequent effect of
released drugs is one of the main pharmacodynamic
parameters which is closely related to the release kinetics.
Although the in vivo release kinetics are pharmacodynam-
ically important, it might be possible to ignore them when
the drug could pharmacologically function in conjugated
form (54,93) or if there was rapid release of the non-
covalently bound drug from macromolecules (35,49,77).
Based on these assumptions, the in vivo release kinetics
might alternatively be estimated by a pharmacological
activity ratio, tissue uptake clearance, and other pharma-
cokinetic parameters. These values in some literature
reports have been discussed and summarized in Tables II
and III.

FACTORS AFFECTING THE BIODISTRIBUTION
AND PHARMACOKINETICS OF DENDRIMER/
DENDRIMER-BASED DRUGS

Ideally, dendrimers are developed to deliver drugs to target
tissues to obtain sufficient therapeutic efficacy and avoid
toxic effects on the healthy bystander cells which are
associated with the potential organ-specific toxicity of the
free drugs. This could be accomplished by optimization of
the biodistribution characteristics of dendrimers. A large
number of biodistribution and pharmacokinetic studies
have mainly used empty dendrimers. However, the surface
conjugation of drugs or labeling probes in dendrimer-based
drugs may significantly change the overall properties of
dendrimers resulting in different pharmacokinetic profiles
from the dendrimer itself (43,94). The metabolic products
of dendrimer-based drugs, such as a dendrimer fragment
and free drug, could be involved in the redistribution at a
later time (25,95). It is of paramount importance to
carefully investigate the biodistribution and pharmacoki-
netics of the empty dendrimer and dendrimer-based drug
in parallel.

The biodistribution and pharmacokinetics of dendrimers
were systematically studied using a series of PAMAM,
DAB–PPI, PEG–polyester and lysine dendrimers with
different physicochemical properties, including the central
core, peripheral groups, charge, hydrophilicity, hydropho-
bicity, and surface modification. The following discussion
summarizes the biological disposition and pharmacokinetic
parameters of dendrimers to obtain a generalization helpful
for the design of dendrimers for drug delivery (Table II)

and imaging (Table III); however, some variables are
unavoidable due to differences in experimental methods.

Size and Generation

Since the size and charge act in concert to influence the
whole body distribution of dendrimers, it is sometimes
difficult to identify the distinct effect of these factors on
different types of dendrimers even using a similar experi-
mental design (27,96,97). A series of works reported by
Kobayashi and colleagues came to a conclusion about the
effect of size or generation on the biodistribution character-
istics of dendrimers using MRI analysis (98,99). Cationic
PAMAM dendrimers with EDA and AC cores, G1–10
(MW 1–935 kDa, 1–15 nm in diameter) were conjugated
with a bifunctional DTPA derivative (1B4M) as a chelator
for Gd. Almost 100% 1B4M modification was obtained to
yield saturated 153Gd-radiolabeling PAMAM dendrimers
(PAMAM–Gd) with an overall negative surface charge and
increased MW (MW 7–3820 kDa for G1–10) compared
with the unmodified counterparts (10). After intravenous
injection in mice, PAMAM–Gd was rapidly cleared from
the blood circulation and mainly distributed to the liver,
spleen and kidney by means of their size. Increased
generation resulted in prolonged blood retention and
reduced renal excretion as demonstrated with PAMAM–
Gd G5–8 (MW 88–954 kDa) in a corresponding MRI
angiography study (98,99). However, too high a genera-
tion is unlikely to increase the blood retention since the
RES (liver and spleen) can recognize the larger particles,
such as PAMAM–Gd G9, for rapid elimination from the
blood pool (99,100). This is in agreement with the
theoretical MW cutoff of glomerular filtration for rapid
renal excretion of PAMAM–Gd G2–4 with a MW range of
15–59 kDa (10,98). Interestingly, PAMAM–Gd G5 under-
went partial filtration (~59% of dose/g) even though it had
a higher MW (88 kDa) than the MW cutoff for glomerular
filtration. Importantly, the more compact the structure of
dendrimers than nonspherical proteins or linear macro-
molecules at the same MW could account for this
observation (85,98,101). The biphasic blood clearance
profiles showed a higher distribution half-life of the α (5–
13 min) and β elimination (~1 h) phase for dendrimers G5–
8. However, the elimination half-life of Gd–DTPA and
PAMAM–Gd G3 was significantly higher due to their
smaller size (1–3 nm) for ready extravasation to the
surrounding tissue, resulting in a high background in the
MRI images (98). Accordingly, PAMAM–Gd G6 might be
the smallest generation for low renal excretion (~15% of
dose/g) with restricted blood retention indicating that G6–
8 were optimal for vascular imaging (98,99). Interestingly,
the function of a high generation is more pronounced in the
tumor microvasculature of a solid tumor mouse model,
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Table II Dendrimers for Drug Delivery and Their Therapeutic Availability (TA)

Application Model Active agent Dendrimer Interaction
(linkage)

TAa Ref.

Anticancer

1. In vitro cytotoxicity MTX-sensitive cells Methotrexate PAMAM-G2.5-COOH Conjugation
(amide)

1–3 (53)
MTX-resistant cells 8–24

2. Intravenous KB solid tumor mice Methotrexate Folate-PAMAM-G5-Ac Conjugation
(amide)

4.5b (36)

C26 solid tumor mice Doxorubicin Bow-tie polyester Conjugation
(hydrazone)

9 (56)

C26 solid tumor mice Doxorubicin PEG-polyester Conjugation
(hydrazone)

~14 (57)

C26 solid tumor mice Camptothecin PEG-lysine G2 Conjugation
(glycine-ester)

14.5 (60)

B16 solid tumor mice Doxorubicin PEG-PAMAM-G4 Conjugation
(cis-aconityl)

38 (115)

Healthy rats 5-fluorouracil PEG-PAMAM-G4 Encapsulation 0.71 (33)

3. Intraperitoneal 24JK-FBP solid tumor mice Boron Folate-PEG-PAMAM-G3-Ac Conjugation
(amide)

>6b (48)

SHIN3 peritoneal
disseminated mice

Gadolinium Avidin-PAMAM-G4-1B4M Complexation 366 (130)
3.4b

LM3 solid tumor mice 5-Aminolaevulinic acid Propionamido carbamino benzene
dendrimer G2

Conjugation
(ester)

more
sustained

(157)

4. Intratumoral F98EGFR intracerebral tumor
rats

Boron EGF-PAMAM-G4 Conjugation 73 (50)
2180c

5. Oral Healthy rats Doxorubicin PAMAM-G4-NH2 Complexation 317d (148)

Anti-inflammatory therapy

1. In vitro LPS-stimulated microgial
cells

N-Acetyl cysteine PAMAM-G4-NH2 Conjugation
(disulfide)

3–4 (67)

2. Intravenous Carrageenan-induced paw
edemic rats

Flurbiprofen PAMAM-G4-NH2 Complexation 1–1.8 (35)

Adjuvant-induced arthritic
rats

Indomethacin PAMAM-G4-NH2 Complexation 2–3 (158)
1.9d

3. Intraperitoneal Adjuvant-induced arthritic
rats

Indomethacin Folate-PAMAM-G4-NH2 Complexation 3–4 (49)
1.5–2b

Various arthritic rat models – PAMAM-G4-NH2 – 2.3–2.7 (159)
PAMAM-G4-OH

4. Transdermal Carrageenan-induced paw
edemic rats

Indomethacin PAMAM-G4-NH2 Complexation 2–2.4d (77)
PAMAM-G4-OH Encapsulation

Healthy rats Ketoprofen PAMAM-G5-NH2 Complexation 2.7d (160)
Difuinisal 2.5d

Anti-thrombotic therapy

1. Intratracheal Healthy rats Enoxaparin (0.5–1%) PAMAM-G2 or G3-NH2 Complexation 2–2.2 (140)

Miotic and Mydriatic activity

1. Ocular Healthy rabbits Pilocarpine nitrate or
tropicamide

PAMAM-G1.5-COOH Encapsulation 1.1–1.6 (161)
PAMAM-G4-NH2

PAMAM-G4-OH

Antimararial therapy

1. Intravenous Healthy rats Chloroquine
phosphate

Chondroitin coated lysine-PEG-
G5

Encapsulation 1.6e (162)

a The ratio of total drug amount or drug activity of dendrimer–drug to free drug in the target tissue
b The ratio of total drug amount in ligand-modified to unmodified dendrimers in the target tissue
c The ratio of total amount of dendrimer–drug in the target tissue following non-intravenous to intravenous administration
d The ratio of total drug amount of dendrimer–drug to free drug in plasma
e The ratio of plasma drug concentration of dendrimer–drug by intravenous to free drug by intramuscular injection
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which reflects the EPR effect (99). Although PAMAM–Gd
G7 remained longer in normal blood vessels, it was also
penetrated through leaky tumor vessels with an upper limit
pore size of 12 nm and produced a poorer contrast in the
tumor vasculature compared with PAMAM–Gd G8
(99,102). In addition, PAMAM–Gd G8 also exhibited
restricted distribution in lymphatic vessels with a low
permeability to surrounding tissues after intracutaneous
injection (103,104). One more important factor is the central
core molecules which are attributed to the hydrophobicity of
dendrimers. DAB–PPI dendrimers (hydrophobic DAB core)
revealed a more rapid blood clearance for predominant
accumulation which was more than two-fold higher in the
liver compared with PAMAM dendrimers of a similar
generation and surface functionality (105). As previously
mentioned, this might be explained by the opsonization for
recognition by RES. Taking these factors into consideration,
the dendrimer type and generation critically influence the
biodistribution profiles associated with the organ-specific
passive targeting of dendrimer–Gd for MRI imaging: for
example, PAMAM–Gd G2–4 for the kidney/bladder,
PAMAM–Gd G4–7 for normal vasculature, PAMAM–Gd
G8 for the tumor vasculature or the lymphatic circulation,
and DAB–PPI–Gd for the liver (10) (Fig. 3).
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Table III Dendrimers for Imaging

Application Imaging agent Dendrimer (route of
administration)

Accumulation
ratioa

Signal/
Noise ratiob

Ref.

1. Sentinel lymph node (1B4M-Gd)64 MRI PAMAM-EDA-G4
(intracutaneous)

– 3 (103)

(1B4M-Gd)256 MRI PAMAM-EDA-G6 (subdermal) increased 3 (104)

(1B4M-Gd)128 MRI PPI-DAB-G5 (intracutaneous) – 4–5 (103)

(1B4M-Gd)191 and (Cy5.5)2 Dual MRI
and fluorescence

PAMAM-EDA-G6 (direct
injection to mammalian glands)

– increased (163)

2. Lymphatic vessel (normal and
metastatic/inflamed lymph vessles)

(1B4M-Gd)1024 MRI PAMAM-EDA-G8
(intracutaneous)

– increased (103)

3. Blood vessel (1B4M-Gd)192 MRI PAMAM-AC-G6 (intravenous) 7 – (98)

(1B4M-Gd)512 MRI PAMAM-EDA-G7 (intravenous) 18 4–5 (99)

(1B4M-Gd)62 MRI PEG2-PAMAM-EDA-G4
(intravenous)

7 4–4.5 (114)

4. Tumor 99mTc PET Porphyrin dendrimer
(intravenous)

– 8–10 (164)

(DTPA-99mTc)8 SPECT Folate-PEG-PAMAM-G5
(intravenous)

2.3 increased (165)

(DTPA-Gd)30-60 and Rhodamine B22
Dual MRI and fluorescence

PAMAM G4-5 (intravenous) increased – (166)

5. Tumor blood vessel (1B4M-Gd)1024 MRI PAMAM-EDA-G8 (intravenous) 13 3–5 (99)

6. Angiogenesis (ischemic model) (76Br)8 PET cRGD-PEG-dendrimer
(intravenous)

2–2.5 2.5–4 (133)

7. Liver (1B4M-Gd)64 MRI PPI-DAB-G4 (intravenous) 37 2.5 (105)

(1B4M-Gd)2048 MRI PAMAM-EDA-G9 (intravenous) 21 2–2.5 (99)

aCalculated from the concentration ratio of dendrimer-conjugated probe to free probe at the target site
bDetermined by the signal intensity ratio of target to adjacent muscle tissues
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Surface Modification

Charge

The surface of cationic dendrimers is commonly composed
of amine groups exhibiting positive charges in a physiolog-
ical environment. This is not only associated with potential
toxicity (see section on structure-related toxicity) but also
nonspecific accumulation after administration. Upon intra-
venous or intraperitoneal injection, cationic PAMAM
dendrimers exhibit a fast clearance from the body with a
low blood level (~1% of dose) and high accumulation in the
liver, kidney, spleen, lung and pancreas without any specific
preference (27,28,106). This is coincident with the rapid
blood clearance with low AUC and high hepatic and renal
clearance of lysine and ornithine dendrimers in a charge-
dependent manner (41) as shown in Fig. 2. However, there
was negligible urinary excretion, suggesting tight binding of
these amino acid dendrimers in the kidney. Recently, Boyd
et al. examined the fate of lysine dendrimers and their
biodegradability by tracking lysine dendrimers with an
interior 3H-lysine branch unit to preserve the positive
surface charge (25). The natural (L-form) and unnatural (D-
form) lysine were capped at the periphery of the L-lysine G3
dendrimer to obtain L- or -D-lysine G4 dendrimers,
respectively. The profile of the L-lysine G4 dendrimer was
characterized by an initially rapid fall then an increase to a
maximum plateau of the plasma concentration, whereas the
D-lysine G4 dendrimer showed only a rapid clearance
without redistribution in the blood pool. Unlike the
unnatural D-lysine dendrimers, L-lysine dendrimers were
expected to undergo proteolytic degradation into free 3H-
lysine amino acid. This would support the incorporation of
free 3H-lysine for protein biosynthesis resulting in redistri-
bution at the later phase. Accordingly, the high volume of
distribution correlated with the rapid blood clearance
reflects the rapid binding of cationic lysine dendrimers
partly to the vascular endothelium in a process driven by
electrostatic interactions (25,107). This nonspecific binding
is closely involved in the significantly high uptake via
endocytosis with low permeability of cationic PAMAM G4
dendrimers across Caco-2 cells in a generation-dependent
fashion (34,108,109).

On the other hand, anionic COOH– (G2.5–5.5) (28) and
neutral acetyl (Ac)– (G5) (110) PAMAM dendrimers showed
a higher blood circulation (20–40% of dose) with a lower
liver accumulation, which was coincident with the EPR effect
of anionic PAMAM G3.5 complexed-cisplatin for effective
chemotherapy (76). It might not be essential in all cases for
prolonged blood retention by anionic manipulation. Recent-
ly, Kaminskas et al. studied the biodistribution of anionic
arylsulfonate or succinate-modified lysine dendrimers G3–4
(95). The anionic arylsulfonate-lysine dendrimers (MW 10–

14 kDa) were highly retained in the blood circulation with a
five-fold increase in half-life more than succinate-lysine
dendrimers (MW 7.4 kDa), which were predominately
eliminated by urinary excretion similar to succinate-
PAMAM G4 dendrimers (111). As expected, the more
anionic charge and greater size of the arylsulfonate-lysine
dendrimers, the higher their uptake in the RES, which might
be due to the scavenger receptor-mediated process as
previously described (89,95). In parallel with the cationic
lysine dendrimers, the metabolizable arylsulfonate-lysine
dendrimers could be redistributed as a metabolic product
and finally excreted into the urine, whereas the non-
metabolizable counterpart remained in the liver for 30 h.

The effect of the anionic surface property has been focused
on the epithelial permeability in terms of oral drug delivery.
Anionic PAMAM dendrimers (G2.5–3.5) displayed a higher
serosal transfer rate with a lower uptake in the rat intestine-
everted sac system compared with cationic species (108).
Unlike that of cationic dendrimers, the increased permeabil-
ity is correlated with the increased size of the anionic
dendrimers (112) and the increased degree of acetylation in
cationic dendrimers (34). Kitchens et al. extensively studied
the permeability of anionic (COOH–), cationic (NH2–) and
neutral (OH–) charged PAMAM across Caco-2 cells
examined using FITC-labeled dendrimers and 14C-mannitol
as a paracellular transport marker (112). The overall rank
order of PAMAM permeability was postulated as G3.5–
COOH > G2–NH2 > G2.5–COOH > G1.5–COOH >
G2–OH. The high permeability of charged PAMAM
dendrimers (except for G2–NH2) was presumably caused
by the reversible reduction of trans-epithelial electrical
resistance (TEER) and disruption of tight junction proteins
for opening this channel (112). Kolhatkar et al. alternatively
demonstrated that the permeability enhancement of fully
Ac–PAMAM G4 dendrimers was a function of the reduced
hydrophilic repulsion for a more compact structure assembly
and suppression of nonspecific cellular binding (34). How-
ever, the enhanced paracellular transport by partially and
fully Ac–PAMAM G4 dendrimers was not associated
linearly with the TEER values, since a modest uptake was
also observed. The epithelial transfer mechanism of anionic
dendrimers might be dominated by the paracellular route,
whereas that of cationic or acetylated dendrimers might
involve a combined effect on the paracellular and trans-
cellular pathways (34,108,112).

PEGylation

Despite reduced nonspecific interaction, the neutral den-
drimers such as polyester dendrimers (MW 3.8–24 kDa)
could not produce a sufficiently long blood circulation,
since their small and compact dendritic architecture
resulted in rapid renal excretion (43,113). PEGylation
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associated with increased hydrophilicity and reduced
opsonization (90) is commonly used to overcome this
problem through the EPR effect, which has been widely
used for passive tumor targeting (3). Margerum et al. first
reported the PEGylation of PAMAM–Gd G2–3 for predict-
ing biodistribution (106). After intravenous injection, PEG–
PAMAM–Gd with PEG-2 and -5 kDa (MW 20–69 kDa)
showed a 15–110-fold increased blood half-life (2.8–20 h)
compared with the parent species. Correspondingly,
PAMAM–Gd G4 dendrimers with 1 or 2 molecules of
PEG-20 kDa (MW 77–97 kDa) had a modest effect with
only a 2–3-fold increased blood half-life (2.5 h) with 10–
20% of the blood level, dramatically reduced renal
accumulation, and increased urinary and fecal excretions
(114). Hashida and colleagues showed the almost 20-fold
increased blood retention time for 20–40% of the blood level
over 24 h when lysine G6 dendrimers were modified with
60% surface functionality of PEG-5 kDa (MW 400 kDa) (41).
These dendrimers exhibited a high AUC and low hepatic
and renal clearance at 24 h post-injection (Fig. 2). Accord-
ingly, the increased blood half-life with the EPR effect of
PEGylated dendrimer-doxorubicin with PEG-5 kDa (MW
40–115 kDa) induced the tumor accumulation of doxorubi-
cin for effective anticancer activity in tumor-bearing mice
(58,115). In addition, the increased generations of PEGy-
lated lysine (G3 to G4) with PEG-2 kDa (MW 34 to 68 kDa)
(116) and PEGylated bow-tie dendrimers (G1 to G3) with
PEG-10 kDa (MW 22 to 85 kDa) (38) prolonged blood
retention time from 24 to 75 and 8 to 40 h, respectively.
However, this enhanced effect of dendrimer generation was
less pronounced in PEGylated lysine dendrimers with PEG-
0.2 kDa (MW 6–11 kDa) (116).

Although the PEG effect in these studies shows the same
trend for increased blood retention, the disparity in the
degree of enhancement illustrates the significant role of the
number and molecular mass of PEG which govern the total
MW and architecture flexibility of PEGylated dendrimers.
As expected, at least a two-fold increased elimination half-
life and decreased localization in the liver and kidney were
observed with the 60% PEGylation (PEG-5 kDa) of lysine
G6 dendrimers (MW 400 kDa) (46) and 100% PEGylation
(PEG-0.57 kDa) of lysine G4 dendrimers (MW 22 kDa)
(117) compared with the 8% (MW 66 kDa) and 50% (MW
13 kDa) PEGylation counterparts, respectively. Albeit
sufficient shielding of the nonspecific binding in the liver,
partially (50%) PEG–lysine G4 dendrimers with PEG-
0.57 kDa were not able to resist kidney accumulation, even
with additional surface modification with 50% acetylation
(117) or methotrexate conjugation (55). This was
explained by their total MW being lower than 30–50 kDa
for glomerular filtration compared with their fully PEGy-
lated counterparts. Kaminskas et al. studied a series of fullly
and partially PEGylated lysine dendrimers with different

PEG molecular mass on the changes in biodistribution
profiles (55,117). The blood half-life of PEGylated lysine
G4 dendrimers (MW 11–68 kDa) increased from 0.7 h to
75.4 h when the PEG mass increased from 0.2 to 2 kDa.
On the other hand, the renal clearance was almost
completely abolished while the non-renal clearance was
predominant. This phenomenon was more pronounced
with higher generations of lysine dendrimers. The increased
generations and PEG molecular mass resulting in the
greater total MW of PEGylated dendrimers strongly affects
the length of blood retention, reduction in liver accumula-
tion and renal clearance (55,117). These emphasize the
impact of the total MW of PEGylated dendrimers
controlled by not only the degree of PEGylation but also
the molecular mass of PEG for alteration of biodistribution
and excretion. Nevertheless, these might not be the only
factors, since Gillies et al. reported the effect of PEG and
architecture flexibility of bow-tie polyester dendrimers on
pharmacokinetic behavior (38,118). Asymmetrically
PEGylated bow-tie polyester dendrimers G2–3 with PEG-
5, -10 or -20 kDa on one side of the dendron (MW>
40 kDa) showed similar results to those discussed above.
Interestingly, the higher total MW of bow-tie G2 with four
molecules of PEG-10 kDa (MW 34.9 kDa) had a nine-fold
higher urinary excretion compared with the lower total
MW of G3 with eight molecules of PEG-5 kDa (MW
28.3 kDa). This suggests that the more flexible lower
branched dendrimers are more easily deformed and pass
through the glomerular pores, resulting in a higher urinary
excretion despite the slightly higher MW (15), which
correlates to the phenomenon of linear or loosely coiled
polymers (101,119). More interestingly, PEGylated bow-tie
G3 dendrimers with a total MW ~160 kDa (t1/2=50 h) had
a significantly lower half-life compared with PEGylated
lysine dendrimers with a total MW of 68 kDa (t1/2=75 h),
suggesting that the potentially higher clearance was due to
the greater flexibility of the bow-tie polyester dendrimers
(38,116). Recently, Lim et al. directly compared the PEG
effect in symmetrical PEG-modified polytriazine den-
drimers to asymmetrical PEG-modified bow-tie polyester
dendrimers (120). Based on the total MW and flexibility
assumption, asymmetrically PEG-modified bow-tie den-
drimers seem to require a longer PEG of 10–20 kDa
(MW 85–160 kDa) to obtain a similar half-life of 40–50 h as
symmetrically PEG-modified dendrimers with a shorter
PEG of 2 kDa (MW 30–70 kDa). The relationship between
the blood half-life and PEG is summarized in Fig. 4.

Targeting Ligand

A number of studies involving the active targeting approach
have examined in tumor chemotherapy and diagnosis using
antibody, folic acid, avidin-biotin complex, RGD peptide,
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and carbohydrate molecules. These targeting ligands are
recognized by the corresponding receptors which are highly
expressed on the tumor cells compared with restricted
expression in normal cells. It is widely known that the
ligand-receptor interaction is critically dependent on the
binding affinity and ligand density for targeting molecules
(121–123). Taking this into consideration, the multivalency
of conjugated ligands on dendrimers can improve tumor
targeting. Therefore, highly tumor-targeted dendrimers
would alter the biodistribution profiles, and their efficiency
could be evaluated as a ratio of the amount at the target
(tumor) to the non-target site in parallel with the therapeu-
tic availability (TA) as described above.

The antibody-dendrimer targeting molecules were ex-
tensively studied by Barth, Yang et al. Anti-EGF antibody
was conjugated with boronated PAMAM G4 dendrimers
for targeting to EGF receptor-expressing tumor cells,
including solid B16 melanoma (124) and intracerebral
implanted EGFR-transfected C6 (50) and F98 glioma
(125) models, in boron neutron capture therapy (BNCT).
At 24 h post-intratumoral injection, boronated PAMAM-
EGF conjugates were highly localized (22–33% of dose/g)
in EGFR-positive glioma with a tumor/blood ratio of 16
compared with the amount in wild-type glioma (5–9% of
dose/g) or non-targeted PAMAM dendrimers in EGFR-
positive cells (0.3% of dose/g) (50). Accordingly, the high
tumor/brain ratios (3.5–16 in range) of PAMAM–EGF
conjugates indicated the efficient targeting to EGFR-
positive tumors. The greater EGFR specificity of cetuximab

and L8A4 antibodies showed the increased accumulation in
EGFR-positive glioma by 1.5–2-fold for antibody–
PAMAM or combined antibody–PAMAM conjugates,
respectively (63,64,126). These led to the improved accu-
mulation of methotrexate or boron molecules delivered by
EGF antibody–PAMAM conjugates with a high target/
non-target ratio for prolonged survival in EGF-positive
glioma-bearing mice (63).

Folic acid, a small targeting molecule, has been
extensively used with folate-binding proteins on tumor
cells, including ovarian and oral-epidermal carcinoma,
because of their small size, easy handling for chemical
conjugation, high stability and low cost (9,36). Folate-
modified PAMAM dendrimers showed significantly high
accumulation (6–9% of dose/g) with a tumor/blood ratio
of 35 in folate-overexpressing human KB tumors in
immunodeficient mice over four days after intraperitoneal
(48) and intravenous administrations (36). However, the
tumor accumulation, as much as 2% of the dose/g, was
comparable with the blood level in case of unmodified
PAMAM dendrimers (48,127). This suggested a selective
accumulation of folate-modified PAMAM only in folate-
positive rather than folate-negative tumors (127). However,
the low hepatic and renal localization was also observed
due to the presence of folate receptors in hepatic macro-
phages and renal proximal tubules (36,48,49,127).
Corresponding to the pharmacokinetic behavior of folate–
PAMAM dendrimers, folate–PAMAM–methotrexate con-
jugates elicited as much as ten-fold higher suppression of
tumor growth compared with free methotrexate at an
equivalent dose (36).

Another targeting molecule is the avidin-biotin complex
system, since it has been shown to be taken up extensively
by tumor and liver cells (128). Wilbur et al. showed that
125I-labeled iodobenzoate-biotinylated PAMAM den-
drimers (G0–4) were quickly cleared, giving low blood
levels and high kidney and liver accumulation compared
with their unmodified counterparts (129). The use of the
avidin-biotin system has been extended for MRI, Gd-
neutron capture therapy and gene delivery in a collabora-
tion between the Kobayashi, Brechbiel and Konishi groups
(130,131). After intraperitoneal administration, avidin-
modified PAMAM–Gd G6 conjugates exhibited specific
accumulation in intraperitoneally disseminated SHIN3
ovarian cancer cells (103% of dose/g) with 366- and 3.4-
fold greater values than Gd–DTPA (0.28% of dose/g) and
unmodified PAMAM–Gd (30% of dose/g), respectively
(130). The tumor/normal tissue ratio was greater than 17
at 6 h and increased to 638 at 24 h post-dosing. Interestingly,
this system could be applied for activated clearance of biotin–
PAMAM–Gd from the body using an avidin chase (131). The
concept of an avidin chase is based on the binding of avidin
to biotin macromolecules for subsequent high accumulation
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in the liver via avidin recognition. The circulating biotin–
PAMAM–Gd in the blood pool was cleared within 2 min
following injection of avidin after 4 min. This mechanism
might not affect the formerly vascular leaked molecules.
Therefore, the imaging of vascular leakage could be improved.

Other targeting molecules, such as cyclic RGD peptide
(132,133), mannose (52), and transferrin (134), have been
conjugated with dendrimers and exhibited effective target-
ing. The use of ligands that can be recognized by normal or
non-target tissue, such as folate or avidin, can produces less
targeting efficiency, which may potentially influence thera-
peutic outcomes and side effects. It is noteworthy that the
types of receptors which are restricted expressed only on the
target cells, and the receptor binding affinity for tuning
disposition is exhibited only in the target cells.

Routes of Administration

The anatomy and physiology are barriers for accessibility of
drug molecules to the target site which crucially depends on
the route of administration. In this regard, the same
dendrimers administered by different routes could show
different biodistribution and pharmacokinetic profiles
resulting in altered therapeutic efficacy and side effects. As
there is ready access to the systemic circulation by
intravenous administration, the rapid and high exposure
to most organs induces nonspecific interactions and
excretion, although active targeting is used. Lower expo-
sure, especially to the RES, seems to reduce the potential
for accumulation in non-target tissues. According to this
assumption, Malik et al. demonstrated a two-fold increased
blood level (35–40% of dose) with reduced hepatic
accumulation of anionic PAMAM dendrimers after intra-
peritoneal administration compared with systemic adminis-
tration via the tail vein (15–20% of dose) (28). In order to
design hepatic targeting vectors for oligonucleotides, the
avidin-biotin system was selected (135). Although avidin-
oligonucleotide complex resulted in high hepatic targeting,
the avidin–PAMAM/oligonucleotide complex did not
successfully target the liver (only 20% of dose/g) because
a large amount was trapped in the lungs (125–180% of
dose/g). This was probably due to the positive charge and
large complex size corresponding to the PAMAM G9/
plasmid DNA complex (136). However, the intraperito-
neally injected avidin–PAMAM/oligonucleotide complex
exhibited high tumor accumulation in peritoneal dissemi-
nated SHIN3 tumor-bearing mice because of the direct
target accessibility (137), although only moderately high
hepatic uptake was observed (130).

Local administration directly to the target site is used for
improved biodistribution and pharmacokinetics resulting in
effective delivery and therapeutic efficacy. A key example is
the brain delivery system, since the blood-brain barrier

hinders drug penetration to the brain. After intravenous
administration, the delivery of dendrimer-based drugs to
the brain was significantly improved using transferrin (134)
or EGF antibody (50) as targeting ligands. However, only
0.07 or 0.01% of dose/g was observed in the transferrin
receptor-expressing brain tissue or EGF-positive glioma
cells, respectively. As for boronated PAMAM–EGF con-
jugates, a high accumulation (5–20% of dose/g) was
observed in the liver and spleen, where there was a
response by the EGF receptors present (138) or the inherent
propensity of the dendrimers (105). The accumulation in
these non-target organs was negligible (less than 0.2% of
dose/g) after intracerebral or intratumoral administrations
(50). More pronounced targeting of PAMAM–EGF con-
jugates was observed by intracerebral injection with
pressure called “convection enhanced delivery” (63,139).
The pressure gradient induces the homogenous distribution
of PAMAM–EGF conjugates to large regions of the brain
resulting in a larger volume of distribution (7.2-fold
increase) and two-fold higher accumulation in the EGF-
positive glioma compared with conventional intracerebral
injection (63,64,126,139). Other local administration
routes, including intratracheal or pulmonary administration
(140), and transdermal delivery (77,141) of dendrimer-
based drugs, have been demonstrated. Similar findings
were obtained for the increased localization of dendrimer-
based drugs at the target site and prevented RES uptake via
the hepatic first-pass effect for improved bioavailability and
the avoidance of side effects in agreement with previous
studies of liposomal drugs given by intratracheal adminis-
tration (142,143).

The role of subcutaneous administration of den-
drimers has been studied for lymphatic distribution after
absorption to peripheral and central lymphatic system,
and systemic distribution by blood absorption pathway
(144). This could lead to a 50-fold increased tumor
accumulation of subcutaneously injected anionic
PAMAM–cisplatin for enhanced anticancer activity in
B16F10 tumor-bearing mice compared with intravenous
injection (76). Kaminskas et al. demonstrated the increased
lymphatic accumulation of PEGylated lysine dendrimers
of different sizes (145). Although the lymphatic disposition
of dendrimers was closely related to the function of PEG
and the dendritic size, injection by the subcutaneous route
only slightly prolonged the plasma half-life (1.5–2-fold
increase) and gradually increased the lymphatic accumu-
lation with a two-fold higher bioavailability (29%) of
PEGylated-lysine dendrimers (PEG-0.57 kDa) in a lymph-
cannulated rat model. However, the clear effect obtained
by different routes was meaningless in lysine dendrimers
modified with larger PEG, since the redistribution be-
tween the blood and lymphatic circulation occurred after
a prolonged circulation half-life (104,145).

Designing Dendrimers for Drug Delivery and Imaging 1513



Oral delivery is the major route for clinical use and by
far the most convenient with good patient compliance.
However, the main problems include low bioavailability
involving poor water solubility, low penetration across
intestinal membranes (absorption into blood circulation)
and side effects. Dendrimers have been used as absorption
enhancers as well as drug vehicles (146). It seems that the
biodistribution of orally administered dendrimers might
spread out along the gastrointestinal tract, leading to very
low drug concentrations after systemic absorption. Florence
and colleagues demonstrated that alkylated (C12) lysine G4
dendrimer (MW 6.3 kDa) was extensively recovered in the
small intestine (5–17% of dose), especially Peyer’s patches,
whereas only 1–3% was found in the blood and less than
1% in the liver, spleen and kidney over 24 h (147). In
addition, Ke et al. demonstrated the enhanced bioavailabil-
ity of doxorubicin complexed with PAMAM G3 den-
drimers after oral administration (148). The plasma
profile of doxorubicin in PAMAM dendrimers was charac-
terized by a rapid increase after 1 h (14 μM) with later
gradual decrease (5 μM) over 24 h providing a 300-fold
increase of AUC compared with the very low systemic
absorption of free doxorubicin (less than 1 μM). Although
orally administered dendrimer-based drugs showed better
bioavailability than free drugs, it was much lower drug
concentration in the blood circulation compared to intra-
venous administration. The oral delivery of dendrimer-
based drugs encounters many tasks and needs further
investigation and development.

Although systemic administration provides rapid distri-
bution to target and non-target organs, local administration
would be superior for desired biodistribution with higher
bioavailability and pharmacokinetics, especially in the case
of drugs with poor access to the target site.

PERSPECTIVE FOR CLINICAL TRANSLATION

Although the number of publications on dendrimer
research has gradually increased over the past two decades,
only a few dendrimers are undergoing clinical trials
compared with other nanoparticles such as liposomes
(149). The dendrimer–Gd conjugate, Gadomer-17, was
first clinically used as an MRI imaging agent by Schering
(150). The pharmaceutical application of dendrimers has
recently undergone the clinical translation since the first
dendrimer called Vivagel® has been translated from
research studies to clinical trials as a new FDA drug
application (151). Vivagel®, developed by Starpharma
(Melbourne, Australia), is a formulation of polyanionic
lysine G4 dendrimers with an anionic surface of naphtha-
lene-disulfonate (SPL7013) in a Carbopol® gel. It exhibits
antiviral activity against HIV and HSV for the treatment

of sexually transmitted infections and is given by intra-
vaginal administration (152). Complete preclinical and
phase I clinical studies have shown that 0.5–3% SPL7013
formulations are safe and well tolerated after seven-day
vaginal application without systemic absorption (151–
153). A phase II clinical trial of Vivagel® is ongoing with
fast track status. Another dendrimer undergoing preclin-
ical study is the multiantigenic peptide PHSCN-lysine
dendrimer for inhibition of invasion and growth of breast
cancer cells via α5β1 integrin-selective recognition in a
metastatic murine cancer model (154).

In 2006, the FDA launched a Nanotechnology Task Force
for critical regulatory issues regarding nanomaterials contain-
ing drug products. Since they contain FDA-approved drugs,
nanoparticle formulations are classified as a new formulation
with required submission of an Investigational New Drug
Application (IND), not a New Molecular Entity (NME) (149).
Accordingly, guidelines for IND are being developed to
address specific issues of nanomaterials containing drug
products which have unique or physicochemical properties
distinct from drug molecules. This highlights the importance
of biodistribution and pharmacokinetics as a topic of the
Absorption, Distribution, Metabolism and Excretion
(ADME) assessment. The FDA requires biodistribution and
pharmacokinetic studies of each component of nanomate-
rials containing drugs compared with free drugs. In the case
of dendrimer-based drugs, this means that the studies of
dendrimer, free drug, and dendrimer-drug assembly are
needed which could be conducted using dual-labeled
pharmacokinetics in each species. The impact of dendrimer
physicochemical properties on biodistribution behavior has
been clearly emphasized in this review. Although it could
contribute to generalizations regarding various concerns, the
disparity of data from various sources and experimental
methods leads to a slightly different conclusion. One of most
important factors is the labeling methods, which could trigger
a change in dendrimer surface properties, dendrimer-
disattachment of unstable probes (110,155), redistribution of
probe after metabolism (25,83,156), or receptor recognition
of labeling probe (43). These may affect the alteration of
pharmacokinetic profiles. In addition, the FDA recommends
a long-term study as a standard guideline to assess the safety
and efficacy. As reported in the literature, dendrimers
such as PAMAM are well-tolerated in mice without any
serious toxicity over time (42,43). However, some vacuo-
lization of the cytoplasm in the liver was observed after
long-term administration of cationic PAMAM dendrimers
G3–7 at 2.5–10 mg/kg (27). It is important to consider not
only the properties of the dendrimer or dendrimer-based
drug but also the experimental design for careful evalua-
tion and interpretation of pharmacokinetic and biodistri-
bution studies with regard to safety and efficacy during
clinical use.
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CONCLUSION

The unique dendritic structure of dendrimers consisting of
a central core, internal cavity and surface functions makes
dendrimers an ideal vector for drug or imaging molecules
for therapeutic or diagnostic purposes. Dendrimer-based
drugs can be prepared by chemical conjugation, physical
encapsulation or complexation. The controllable properties
of dendrimers, including size, charge, and chemical
modification, provide an excellent platform for passive
and active targeting. These properties dramatically affect
the biodistribution and pharmacokinetic characteristics
influencing safety and efficacy of dendrimers. By using a
size of more than 30–50 kDa with a slight anionic surface
charge or PEGylation, dendrimers can be obtained with
low cytotoxicity and prolong the blood retention with less
nonspecific binding after intravenous administration. The
pharmacokinetics can be further improved using ligand-
modified dendrimers which can be recognized by the
corresponding receptors restricted only at the target tissue
to increase accumulation for effective therapy. Finally, the
appropriate route of administration will provide the desired
pharmacokinetic parameters, especially better accessibility
to the target site. The distinct biodistribution and pharma-
cokinetics influenced by dendrimer properties suggest their
function as organ-specific applications for particular pur-
poses. This review hopefully gives some useful information
on pharmacokinetic considerations for the rationale design
of dendrimers for the controlled delivery of drugs and
imaging reagents for therapeutic or diagnostic applications.
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