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Abstract: Dendrimers are an attractive platform for macromolecular imaging due to the presence
of multiple terminal groups on the exterior of the molecule. Through application of appropriate
metal ion chelates, large numbers of metal ions for imaging (paramagnetic or radioopaque)
and therapy (radioactive particle emitters) may be conjugated to the dendrimer in combination
with a targeting vector, through classic organic synthetic techniques. Thus, a large amount of
these metal ions potentially may be site specifically delivered directly into the body with the
dendrimer as the vehicle with the targeting vector directing the modified dendrimer. The
development of targeted macromolecular agents with acceptable blood retention times and
selective organ uptake then has the potential for various biological applications. A review of
comparative studies of dendrimers with various externally appended imaging and targeting agents
is presented herein.
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[. Introduction technique currently lacks sensitivity, and the pursuit of
Cancer, congenital heart disease, and a variety of vasculaimprovements is a burgeoning field of activity. While the
abnormalities are often fatal in patients who are not fortunate sensitivity of the instrumentation continues to be improved
enough to receive proper diagnosis and detection at an earlyand refined, the abundance of water molecules in tissues

stage. Imaging the compression of airways and vasculaturemakes it a worthwhile modality for exploitation. When a
has shown to be an effective diagnosis in patients sufferingwater molecule or any other molecule with a magnetic
from these potentially fatal defectsHowever, currently =~ moment is placed within a magnetic field, it aligns itself in
approved contrast agents are unable to detect anomalieshe direction of the field. The dipole moment is expressed
smaller than a few centimeters using magnetic resonanceds a vector, which, upon excitation using a RF pulse, moves
imaging (MRI). While advances in magnet strength, sensitiv- t0 an excited state, where it precesses about the axis of the
ity, and scanning techniques have aided in enhancing imagesmagnetic field. Signals are then obtained as the vector
it is imperative that contrast agents also improve to maximize realigns to the static magnetic field, its ground state. The
the potential of this imaging modality. amount of time the vector takes to realign itself back to the
MRI has the possibility to be the most accurate imaging original magnetic field is associated with relaxation times,
modality to date; however, despite an apparent maturity, the T1 and T2. T1 relaxation corresponds to the energy given
off as the vector returns to its original amplitude aligned
* Author to whom correspondence should be addressed. Mailing within the magnetic field. T2 relaxation, however, corre-
address: Radioimmune & Inorganic Chemistry Section, Radi- sponds to the incoherence in magnetic field as the spin vector
ation Oncology Branch, NCI, NIH, 10 Center Drive, Building  precesses about the plane perpendicular to the ground state,
10, Room B3B69, Bethesda, MD 20892-1002. Tel: 301-496- \yhich is directly affected by the mobility of the proton. The

L (éSthh Fax; (3';012 ‘g).z'DlgIB' E-rga}ill:”martiﬂws@maginih.gova signals obtained give correlated images of the spin vectors
(1) Eichhorn, J.; Fink, C.; Delorme, S.; Ulmer, H. Rings, Slings an in the magnetic field.

Other Vascular Abnormalities. Ultrafast Computed Tomography ) ) ) ) )
and Magnetic Resonance Angiography in Pediatric Cardiology. ~MRI may further be exploited by increasing disparity of
Z. Kardiol. 2004 93, 201-208. the images of different tissues through the use of contrast
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agents (CAs). Correlated images show differences in tissuesing relaxivity values of 7.0, 4.6, and 2.0, respectively, at 37
of interest versus surrounding tissues dependent on the°C and 20 MHz (0.5 T¥. Chelation is required to obviate
amount of water present and the relaxation times of the waterthe inherent toxicity properties of &d Introduction of a
(protons) associated with the tissues. CAs increase contrastnacromolecular aspect to a CA would not only decrease the
by increasing differences in relaxation times. However, rotational correlation timegg, but also increase blood pool
obtaining quality images using CAs in MRI is dependent retention time. Also, with attachment of a large number of
on, among many other factors, the clearance rate and thechelates and metal ions, local concentration is increased and
molecular relaxivity of the C&-4 Clearance rates refer to  a lower local concentration is required for image acquisition.
the amount of time it takes for a specific amount of a Various macromolecular structures are currently being
substance in the body, such as a CA, to be removed orinvestigated as platforms for multiple chelates to be conju-
excreted, and are dependent on, among many other thingsgated including superparamagnetic iron oxides (SPIO) and
size, shape, and chemical makeup of the molecule. Relax-other nanoparticle%.'*
ivity, however, is a measure of the relaxation rate and a The introduction of bifunctional chelates such as 2-(4-
function of dipole-dipole interactions of the metal ion in  isothiocyanatobenzyl)-6-methyl-diethylenetriamine pentaace-
the contrast agent with coordinated water molecules andtic acid (1B4M-DTPA), N-[2-amino-3-(4-isothiocyanato-
water in the bulk solvent, known as inner and outer shell benzyl)propyl]eis-cyclohexyl-1,2-diamineéN,N’,N',N"" N~
interactions, respectivefySignals are obtained as a fast pentaacetic acid (CHX-A-DTPAN-[2-amino-3-(4-isothio-
exchange occurs between inner- and outer-sphere watecyanatobenzyl)propylirans-cyclohexyl-1,2-diamine\,N',-
molecules on the metal ion of the CA, due to tumblfng. NN’ ,N"-pentaacetic acid (CHX-B-DTPA), and 2-(4-iso-
With the assumption that larger molecules rotate slower thanthiocyanatobenzyl)-1,4,7,10-tetraazacyclododeddig-
smaller molecules because of size, the fast exchange willN" N"'-tetraacetic acid (p-SCN-Bz-DOTA) (Figure 1) has
most likely decrease in macromolecular contrast agents,enabled conjugation of multiple chelates to a single macro-
causing longer T2 times for more enhanced imaging. molecular architecture. Ogan and co-workers have shown
Currently approved low molecular weight CAs filter that, by attaching approximately 19 DTPA ligands to human
rapidly through the glomerulus of the kidney and clear serum albumin (HSA), molecular relaxivity increased to 273
quickly from the body. The most commonly used CA is mM~! s ! from 4.9 mM? s versus~5 mM~ s for
gadolinium diethylenetriamine pentaacetic acid dimeglumine Magnevist!2 Due to various factors of this agent, including
salt (GA[DTPA]), also known as Magnevist. This agent has size and charge, blood retention time was also increased
a molecular weight of 0.8 kDa, and 90% of the injected dose compared to GA[DTPA], providing improved image en-
clears from the body in less than an hour, primarily by kidney hancement.
filtration and leakage from the vessélith this rapid An alternative to direct protein conjugates is dendrimer
clearance rate, the physician has limited ability to complete conjugates: a specific class of macromolecular architectures
time-dependent imaging studies or obtain highly resolved possessing great potential for use in the development of
images of patients. The numbers of water molecules coor-contrast agents. Dendrimers are macromolecular polymeric
dinated to G&, Gd[EDTA], and Gd[DTPA] are ap-  compounds synthesized through a sequence of iterative
proximately 8-9, 2-3, and 1, respectively, with correspond-  reactions from an initiator core outward through branch
points producing a three-dimensional organization of terminal
(2) Yordanov, A. T.; Kobayashi, H.; English, S.; Reijnders, K.; groups!® They were first proposed by Tomalia as potential

Milenic, D.; Krishna, M.; Mitchell, J. B.; Brechbiel, M. W.  gqents for biomedical applications due to their ability to
Gadolinium-labeled Dendrimers as Biometric Nanoprobes to

Detect Vascular Permeability. Mater. Chem2003 13, 1523~

1525. (8) Wiener, E. C.; Brechbiel, M. W.; Brothers, H.; Magin, R. L.;

(3) Kobayashi, H.; Brechbiel, M. W. Dendrimer-based Macromo- Gansow, O. A.; Tomalia, D. A.; Lauterbur, P. C. Dendrimer-Based
lecular MRI Contrast Agents: Characteristics and Application. Metal Chelates: A New Class of Magnetic Resonance Imaging
Mol. Imaging2003 2, 1-10. Contrast AgentsMagn. Reson. Medl994 31, 1-8.

(4) Delikatny, E. J.; Poptani, H. MR Techniques for in vivo Molecular ~ (9) Metz, S.; Bonaterra, G.; Rudelius, M.; Settles, M.; Rummeny, E.
and Cellular ImagingRadiol. Clin. N. Am2005 43, 205-220. J.; Daldrup-Link, H. E. Capacity of Human Monocytes to

(5) Wiener, E. C.; Auteri, F. P.; Chen, J. W.; Brechbiel, M. W.; Phagocytose Approved Iron Oxide MR Contrast Agentsitro.
Gansow, O. A.; Schneider, D. S.; Belford, R. L.; Clarkson, R. Eur. Radiol.2004 14, 1841-1858.

B.; Lauterbur, P. C. Molecular Dynamics of leiChelate (10) Heyn, C.; Brown, C. V.; Rutt, B. K.; Foster, P. J. Detection
Complexes Attached to Dendrimeds Am. Chem. So2996 118 Threshold of Single SPIO-Labeled Cells With FIESTMagn.
T774-7782. Reson. Med2005 53, 312-320.

(6) Wiener, E.; Narayanan, V. V. Magnetic Resonance Imaging (11) Rogers, W. J.; Basu, P. Factors Regulating Macrophage Endocy-
Contrast Agents: Theory and the Role of DendrimeXs. tosis of Nanoparticles: Implications for Targeted Magnetic
Dendritic Macromol.2002 5, 129-247. Resonance Plague Imagingtherosclerosi2005 178 67—73.

(7) Schmiedl, U.; Ogan, M. D.; Paajanen, H.; Marotti, M.; Crooks, (12) Ogan, M. D.; Schmied|, U.; Moseley, M. E.; Grodd, W.; Paajanen,
L. E.; Brito, A. C.; Brasch, R. C. Albumin Labeled With Gd- H.; Brasch, R. C. Albumin labeled with Gd-DTPA. An Intravas-
DTPA as an Intravascular, Blood Pool-Enhancing Agent for MR cular Contrast-enhancing Agent for Magnetic Resonance Blood
Imaging: Biodistribution and Imaging StudigRadiology1987, Pool Imaging: Preparation and Characterizatiomest. Radiol.
162, 205-210. 1987 22, 665-671.
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/ \N/ \N Table 1. Some Characteristics of Both Ammonia Core
HOOCr Y (o 7000'_‘ (AC) gnd Ethylenediamine Core (EDA) PAMAM
HOOC COOHCOOH Dendnmers
DTPA no. of
rCOOH terminal  mol wt hydrodynamic
SCN core eneration  amines kDa diameter (nm)@  ref
<:> > \/ N HOOC\_N(\N/? g (kDa) (nm)
N N N
N L \©\/K/N\)_\COOH AC 0 3 0.36 11 17
500G COOHCOOH ooe AC 1 6 1.04 1.6 17
1BAM.DTPA SON-B2DOTA AC 2 12 2.41 2.2 17
PR AC 3 24 5.15 3.1 17
: AC 4 48 10.62 4.0 17
SCN%Q ; SCN‘©_>_\Q AC 5 926 21.56 5.3 17
N N N : N ’N\‘ AC 6 192 43.45 6.7 17
Hooﬁool goor-éoo%OOH Hooﬁool goor-lgoo(r:-iOOH AC ! 384 87.23 8.0 17
CHX-A-DTPA 2 CHX-B-DTPA AC 8 768 174.78 9.2 17
o AC 9 1536 349.88 10.5 17
i AC 10 3072 700.09 12.4 17
SCN‘Q—\jQ § SCN‘Q—\_\Q EDA 0 4 0.52
- { N ”N\| ; FN\: N N EDA 1 8 1.43
wooc ) [ [ &oom : wooc ) [ [ Coom EDA 2 16 3.26
HOOC COOHCOOH : HOOC COOHCOOH EDA 3 32 6.91
CHX-A"-DTPA i CHX-B"-DTPA :
! EDA 4 64 14.21
Figure 1. BifunctionaIDTPA derivatives synthesized for EDA 5 128 28.83 4.3 60
. . EDA 6 256 58.05 6.9 60
increased stability of metals compared to the parent molecule. EDA 7 512 116.49 8.0 60
The vertical line between the two sets of CHX-DTPA denotes EDA 8 1024 233-38 10'2 60
diastereoisomers CHX-A-DTPA and CHX-B-DTPA. ’ '
A . . . EDA 9 2048 467.15 12.4 60
mimic biomolecules from simple micelles to complicated -y, 10 4096 934.70 14.7 60

highly organized building blocks of biological systefis. . , —— .
Polymerization of dendrimers occurs in controlled, defined “ Diameter for the AC core as determined using size exclusion
oly ! » chromatography. Diameter for the EDA core as determined using

and discrete steps, with each complete cycle of stepStransmission electron micrograph (TEM).
producing a product associated with a generation number.
Polyamidoamine (PAMAM) dendrimers comprise a specific or carboxylic acid groups, respectivéfyClassical organic
class of dendrimers, which have interesting characteristicsstrategies may be applied to modify the exterior functionality
and a potential for biomedical applications. This class of of PAMAM dendrimers as well as introduction of a single
dendrimers are synthesized through Michael addition of attachment site for a targeting vector. The ability to create
methyl acrylate and the amine core. This affords the ester, molecularly targeted macromolecular imaging and therapeu-
which is then saponified and reacted with a diamine, such tic agents is then possible.
as ethylenediamine. Thus, using the chemistry of the While protein-based macromolecular CAs, such as albu-
PAMAM dendrimers of Michael addition followed by  min, have increased resolution and blood retention time, they
aminolysis for two complete cycles produces a generation 2 remain nontargeted. Direct application of a targeting moiety
(G2) dendrimer. This process then also results in controlled such as an antibody is problematic since immunoreactivity
growth of the dendrimer and exponential increase in the of antibodies is often compromised by addition of high
number of terminal groups from the core. The number of numbers of ligands necessary to attain the increased con-
terminal groups and size of the dendrimers are shown in centration required for generating meaningful conttast.
Table 1. With control over both molecular size and weight, Poly--lysine has been studied as a multivalent carrier for
dendrimers may be tailored for specific applications and with conjugation of more than 40 chelatedGdomplexes to an
specific functionality for a variety of applications. PAMAM  immunoprotein with<10% immunoreactivity loss. However,
dendrimers were first presented as monodisperse molééules; up to 100 or more paramagnetic ions per single antibody
however, after closer examination and improved analytical are needed for optimal visualizatié®'’ Additionally, poly-
techniques it has been shown that these dendrimers possesslysine poses challenges in clinical approval owing to the
a small percentage of defects. diversity of products obtained in synthesis of the conjugate
They are commercially available, with various initiatior
cores, in full- and half-generation sizes terminating in amine

(14) Tomalia, D. A. Birth of a New Macromolecular Architecture:
Dendrimers as Quantized Building Blocks for Nanoscale Synthetic

(13) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A., lll. Starburst Organic ChemistryAldrichimica Acta2004 37, 39-57.
Dendrimers: Molecular-level Control of Size, Shape, Surface (15) Shreve, P.; Aisen, A. M. Monoclonal Antibodies Labeled with
Chemistry, Topology, and Flexibility from Atoms to Macroscopic Polymeric Paramagnetic lon Chelatbagn. Reson. Med.985
Matter. Angew. Chem., Int. Ed. Endl99Q 29, 138-175. 3, 336-340.
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Table 2. Molecular Relaxivity Values of Various PAMAM Dendrimers with Both Ammonia Core and Ethylenediamine Core
Compared to DTPA and Albumin-Based Contrast Agents

T1 freq temp Gd(ln)

core generation (mM-1s7) (MHz) (°C) ions chelate ref
DTPA 2 20 37 1 DTPA 6
albumin 273 10 37 19 cDTPA 12
AC 2 143 10 35 11 1B4M 8
AC 4 1646 200 40 1B4M 51
AC 6 5800 25 35 170 1B4M 8
AC 6 4000 10 35 170 1B4M 8
EDA 5 2880 20 23 96 DOTA 19
EDA 7 13300 20 23 380 DOTA 19
EDA 9 47520 20 23 1320 DOTA 19
EDA 10 66960 20 23 1860 DOTA 19

due to the inability to control polymerization to produce a agent, the sequestration of &d and the generation of
discrete compound. The combined deficiencies associateddendrimer to be used in each application. This review will
with both low molecular weight CAs and antibody-based first discuss the chelating agents currently being conjugated
agents present opportunities for dendrimers to be used agso PAMAM dendrimers and a brief discourse on metal ions
novel platforms for contrast agents. used for imaging and biodistribution studies. A detailed

To illustrate the impact on MRI contrast potential of such inspection into the pharmacokinetics of targeted and untar-
agents, molecular relaxivity was reported to rise with geted PAMAM dendrimer based CAs and their correspond-
increasing dendrimer generations (see Table 2), as illustratedng molar relaxivities follows. With the future of macromo-
by PAMAM-EDA-G10-(GdDOTA) 1860 Gd*; 66 960 lecular imaging and therapeutic agents on the horizon, custom
mM~1 s1) compared to PAMAM-EDA-G5-(GdDOTA) tailoring of such agents for a specific purpose may soon be
(~96 Gd**; 2880 mMt s71).18 With such a large number  possible, with the hope of eventually preparing “theranostic”
of metal ions located on a single molecule, image contrastagents, which will incorporate multimodal imaging and
and resolution using PAMAM dendrimers improves from a therapeutics in the same molecule.
centimeter using Gd[DTPA] to as low as100 um using
PAMAM-EDA-G8-(Gd-1B4M)!° This improvement offers [I. Evaluation of Ligands Used in
various possibilities for imaging anatomical structures previ- pacromolecular Contrast Agents
ously undetected.

Last, the potential to incorporate site-specific targeting has
been demonstrated by Wu and co-workers, and other
researchers, with reports of the conjugation of antibodies or
their fragments to dendrimers bearing chelating agents
thereby increasing the size and density of the CAs without

loss of |£nmunoreact|vny while incorporating a targeting of both cyclic and acyclic chelators to dendrimers is possible
elemenﬁ o . through application of reactive bifunctional conjugation
With the emerging field of dendrimer-based MRI contrast groups, e.g., an isothiocyanato group. Inclusion of this group
agents, issues arise in the selection of target and chelating, st only provides an attachment point but also may increase
the stability of metal ion complexé$While cyclic ligands
(16) Manabe, Y.: Longley, C.; Furmanski, P. High-level Conjugation have been shown to be more stable than acyclic ligéhds,
of Chelating Agents Onto Immunoglobulins: Use of an Interme- difficulties in the use of bifunctional DOTA have been
diary poly(-lysine)-diethylenetriaminepentaacetic acid Carrier. encountered in both synthesis and saturation of the exterior

Biochim. Biophys. Acta986 883 460-467. _ of the dendrimer. The conjugation reaction of the dendrimer
(17) Sieving, P. F.; Watson, A. D.; Rocklage, S. M. Preparation and

Characterization of Paramagnetic Polychelates and Their Protein

Free metal ion toxicity is a major concern in biomedical
applications, which may be obviated by use of highly stable
metal ion chelators. Octadentate ligands such as DTPA and
DOTA have been shown to be thermodynamically and
kinetically stable for In(lll) and Y(Ill) as a coordination
number of 8 is favored for these specific metalattachment

ConjugatesBioconjugate Chenil99Q 1, 65—71. (20) Wu, C.; Brechbiel, M. W.; Kozak, R. W.; Gansow, O. A. Metal-
(18) Bryant, L. H., Jr.; Brechbiel, M. W.; Wu, C.; Bulte, J. W, Chelate-Dendrimer-Antibody Constructs for use in Radioimmu-

Herynek, V.; Frank, J. A. Synthesis and Relaxometry of High notherapy and Imagin@ioorg. Med. Chem. Letl.994 4, 449—

Generation (&5,7,9,10) PAMAM Dendrimer-DOTA-Gadolin- 454,

ium ChelatesJ. Magn. Reson. Imagin§999 9, 348-352. (21) Maeke, H. R.; Riesen, A.; Ritter, W. The Molecular Structure of
(19) Kobayashi, H.; Reijnders, K.; English, S.; Yordanov, A. T, Indium-DTPA. J. Nucl. Med.1989 30, 1235-1239.

Milenic, D. E.; Sowers, A. L.; Citrin, D.; Krishna, M. C; (22) Camera, L.; Kinuya, S.; Garmestani, K.; Wu, C.; Brechbiel, M.

Waldmann, T. A.; Mitchell, J. B.; Brechbiel, M. W. Application W.; Pai, L. H.; McMurry, T. J.; Gansow, O. A.; Pastan, |.; Paik,

of a Macromolecular Contrast Agent for Detection of Alterations C. H. Evaluation of the Serum Stability and in vivo Biodistribution

of Tumor Vessel Permeability Induced by RadiatiGfin. Cancer of CHX-DTPA and Other Ligands for Yttrium Labeling of

Res.2004 10, 7712-7720. Monoclonal AntibodiesJ. Nucl. Med.1994 35, 882—889.
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Figure 2. Scheme showing conjugation of 1B4M to a PAMAM dendrimer, depicted as a sphere.

with the bifunctional chelate is shown in Figure 2. It may Gd®" is most commonly used for MRI because of its large
be argued that the increasing steric hindrance, when conju-magnetic momerft.

gating the dendrimer with bifunctional chelating agent,  Gadolinium also seems to possess an additional level of
affects the degree of saturation. For instance, in an ammonia g rsaility beyond its MRI application as it also has attractive

core generation-2 (AC-G2) PAMAM, approximately 10.2 -, onerties for neutron capture therapy (NCT). NCT involves
DOTA molecules are conjugated compared to 10.6 DTPA 454 yntake of a nontoxic substance contairfiigd, more

as measured using aromatic integrated signal versus alkylcommonly associated with boron, with the ability to ef-
integrated signal in NMR? While this difference appears ficiently capture neutrons and subsequently undergo a high

to not tf:.a stztlstécally S|gr;|I|r$ant, furt?e; stugles W'tré?.'ght?r linear energy transfer and cytotoxic radioactive decay.
generation dendrimers ot this aspect of surtace Modmealion g4 qolinjum neutron activation results in production of

need to be performed. .
Once chelgting agents have been attached, radiometal ionéStrongly cytotoxic Auger electrorf$?*
or paramagnetic metal ions may be complexed for biodis-
tribution, MRI, or therapeutic applications. For example, Ill. Pharmacokinetics of Untargeted PAMAM
Camera and co-workers have reported that the biodistributionpendrimers
of mAb B3 conjugated with either CHX-B-DTPA or 1B4M-

DTPA radiolabeled witd!lin resulted in comparable tumor- Various factors contribute to the pharmacokinetics of
to-liver ratios at both 24 and 168 h, and equivalent tumor dendrimers due to their molecular size and chemical com-
uptake at 72 |3 position. High-generation PAMAM dendrimers have gener-

The metal ion to be used is another major factor in the ally been accepted as spherical molecules, with the core and
selection of the chelating agent; appropriate matching of the interior being almost completely shielded due to the densely
two is a requirement. Four of the many metal ions currently packed terminal surface groups. Studies continue to inves-
under investigation include paramagnetic3Gdor MRI, tigate the exact shape(s) dendrimers assume in solution and
103+ for SPECT imaging, anéY3* and?3Bi3*, both as the impact on the degree of mobility associated with each
therapeutics; all of these can be chelated quite successfullyarm of the dendrimet}

While radioactive species of all four metal ions are used for  The molecular size and number of terminal groups of
biodistribution studies, imaging, and therapy applicattén,  paAMAM dendrimers affect the biodistribution as well as the
initiator core of the dendrimer, providing insight via whole
(23) Camera, L.; Kinuya, S.; Garmestani, K.; Pai, L. H.; Brechbiel, body biodistribution properties. Two cores that have been
x-g;lizgiog}’va%e@?;ﬂ'z gérr/;tiszsé?‘r;-latgfacr [;)a;ql;il!;iv‘(]a. used to initiate PAMAM dendrimers are the ammonia core
Biodistribution and Imaging Studies éflin-labeled B3 Mpono- (AC) and th.e ethylenedla.mme (?ore (EDA), re§ultlng !n a
clonal Antibody in Athymic Mice Bearing Human Epidermal first-generation (G1) dendrimer with 6 and 8 terminal amines,
Carcinoma Xenograftducl. Med. Biol.1993 20, 955-962. respectively. Modified dendrimers of G2 through G10 of both

(24) Brechbiel, M. W.; Gansow, O. A. Backbone-Substituted DTPA core types have been investigated in a battery of experiments,
Ligands for®®y RadioimmunotherapyBioconjugate Chen1.991,

2, 187-194.

(25) Mamede, M. H.; Saga, T.; Ishimori, T.; Higashi, T.; Sato, N.; (28) Kobayashi, H.; Kawamoto, S.; Saga, T.; Sato, N.; Ishimori, T.;
Kobayashi, H.; Brechbiel, M. W.; Konishi, J. Hepatocyte Target- Konishi, J.; Ono, K.; Togashi, K.; Brechbiel, M. W. Avidin-
ing of 1*In-labeled Oligo-DNA With Avidin or Avidin-dendrimer dendrimer-(1B4M)254: A Tumor-Targeting Therapeutic Agent
Complex.J. Controlled Releas2004 95, 133-141. for Gadolinium Neutron Capture Therapy of Intraperitoneal

(26) Kobayashi, H.; Wu, C.; Kim, M. K.; Paik, C. H.; Carrasquillo, J. Disseminated Tumor Which Can be Monitored by MRBRiocon-

A.; Brechbiel, M. W. Evaluation of the in Vivo Biodistribution jugate Chem?2001, 12, 587—593.

of Indium-111 and Yttrium-88 Labeled Dendrimer-1B4M-DTPA  (29) Mamede, M. H.; Saga, T.; Kobayashi, H.; Ishimori, T.; Higashi,
and Its Conjugation with Anti-Tac Monoclonal AntibodBio- T.; Sato, N.; Brechbiel, M. W.; Konishi, J. Radiolabeling of Avidin

conjugate Chem1999 10, 103-111. with Very High Specific Activity for Internal Radiation Therapy

(27) Milenic, D.; Garmestani, K.; Dadachova, E.; Chappell, L.; Albert, of Intraperitoneally Disseminated Tumo@lin. Cancer Res2003
P.; Hill, D.; Schlom, J.; Brechbiel, M. W. Raioimmunotherapy 9, 3756-3762.
of Human Colon Carcinoma Xenografts using a Bi-213-Labeled (30) Maiti, P. K.; Cagin, T.; Lin, S.-T.; Goddard, W. A. Effect of
Domain Deleted Humanized Monoclonal AntibodZancer Solvent and pH on the Structure of PAMAM Dendrimers.
Biother. Radiopharm2004 19, 135-147. Macromolecule005 38, 979-991.
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R' =CH2CH2
GENERATIONS
RED=15T DAB Diaminobutane Core
BLUE=2"C ~nnn =CHCH,CH,

R' =CH2CH2CH2CH2

Figure 3. Scheme depicting structural differences between cores and scaffolding in both PAMAM and DAB dendrimers.
Generation 1 is denoted in red while generation 2 is in blue.

providing insight into the pharmacokinetics as both targeted phobicity between these two classes of dendrirffefDAB-
and untargeted imaging age@ts?t 33 G2-(Gd-1B4M), was observed to behave similarly to the
PAMAM dendrimers contain a scaffold of repeating amine larger PAMAM-AC-G6-(Gd-1B4Mj7 This result was in
and amide units unlike the DAB (diaminobutane) dendrimer, contrast to its generational counterpart PAMAM-AC-G2-
which only contains amines linked through a diaminobutane (Gd-1B4M); as discerned by the corresponding biological
core with a propyleneamine scaffold, as illustrated in Figure half-lives d 3 h and 3.3 h versus 40 min, respectivély.
3. While a great deal of this review deals with modified Proton relaxivities also increase for the DAB dendrimers
PAMAM dendrimers, it is important to compare the biodis- bearing chelated Gd compared to the corresponding
tribution of these dendrimers to other types of similarly PAMAM as shown in Table 3 Furthermore, DAB-G4-(Gd-
modified dendrimers. Through comparisons of PAMAM and 1B4M)s4 was seen to accumulate greater than twice as much
DAB dendrimers of similar size and charge, it is possible to in the liver compared to PAMAM-EDA-G4-(Gd-1B4M)
begin to develop an understanding of how each dendrimerand~30% less in the kidne$?. The study has also shown
is processed, distributed, and cleared from the body. Studieghat the DAB-G2-(Gd-1B4Mj) has an 8% retention 48 h
of the pharmacokinetics of modified PAMAM and DAB  postinjection equating to a 13 h half-life While there is
dendrimer series have revealed that the interior scaffold hassome disparity of data for the modified DAB-G2, both values
a direct affect on the body’s uptak&3°In these preliminary ~ demonstrate a longer half-life than its PAMAM counterpart
studies that compared PAMAM-EDA to DAB propylene- does.
imine dendrimers, distinct biological deposition differences  The chelate-modified DAB dendrimer was also reported
were reported as attributed to differences in overall hydro- to be a good liver imaging agent by virtue of its biodistri-

(31) Sato, N.; Kobayashi, H.; Saga, T.; Nakamoto, Y.; Ishimori, T.; (34) Kobayashi, H.; Kawamoto, S.; Saga, T.; Sato, N.; Hiraga, A.;
Togashi, K.; Fujibayashi, Y.; Konishi, J.; Brechbiel, M. W. Tumor Ishimori, T.; Akita, Y.; Mamede, M. H.; Konishi, J.; Togashi,
Targeting and Imaging of Intraperitoneal Tumors by Use of K.; Brechbiel, M. W. Novel Liver Macromolecular MR Contrats
Antisense Oligo-DNA Complexed with Dendrimers and/or Avidin Agent With A Polypropylenimine Diaminobutyl Dendrimer
in Mice. Clin. Cancer Res2001, 7, 3606-3612. Core: Comparison to the Vascular MR Contrast Agent With the

(32) Konda, S.; Wang, S.; Brechbiel, M. W.; Wiener, E. C. Biodis- Polyamidoamine Dendrimer Corlagn. Reson. Me®001, 46,
tribution of a!>3Gd-Folate Dendrimer, Generatied in Mice with 795-802.

Folate-Receptor Positive and Negative Ovarian Tumor Xenografts. (35) Kobayashi, H.; Kawamoto, S.; Jo, S.; Bryant, L. H., Jr.; Brechbiel,
Invest. Radiol.2002 37, 199-204. M. W.; Star, R. A. Macromolecular MRI Contrast Agents with

(33) Kobayashi, H.; Kawamoto, S.; Saga, T.; Sato, N.; Hiraga, A, Small Dendrimers: Pharmacokinetic Differences between Size
Ishimori, T.; Konishi, J.; Togashi, K.; Brechbiel, M. W. Positive and CoresBioconjugate Chen003 14, 388-394.

Effects of Polyethylene Glycol Conjugation to Generation-4 (36) Wang, S.; Brechbiel, M. W.; Wiener, E. C. Charachteristics of a
Polyamidoamine Dendrimers as Macromolecular MR Contrast New MRI Contrast Agent Prepared From Polypropylenimine
Agents.Magn. Reson. Med2001, 46, 781—788. Dendrimers, Generation 2nvest. Radiol.2003 38, 662—668.
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Table 3. Proton Relaxivity Values of Various PAMAM to creation of renal imaging through exploitation of the
Dendrimers Compared to DAB Dendrimers and DTPA glomerular filtration size as well as other effects. While both
R1 temp  freq AC and EDA core PAMAM dendrimers of generation 6 are
core  generation chelate (mM™'s™) (°C) (MHz) ref reported to have comparable diameters (see Table 1), the
DTPA 5.5 20 64 44 glomerular filtration rate for the PAMAM-EDA-G6-1B4M
AC 2 1B4M 21 20 25 8 with ~242 Gd&* complexes, as compared t0180 Gd*
AC 2 1B4M 17 20 10 8 complexes on the exterior for the PAMAM-AC-G6-1B4M,
AC 2 1B4M 13 35 10 8 is lower3® This tendency may be due to the number of metal
AC 2 1B4M 16 35 20 6 ions on the exterior of the molecule, which theoretically may
AC 4 DTPA 30 35 20 6 cause a large charge modification relative to the unmodified
AC 4 DO3A 17 37 20 6 dendrimer. When comparing the metal ion unsaturated and
AC 5 DO3A 19 37 25 6 saturated versions of the PAMAM-EDA-G2-1B4M, the
AC 5 DOTA 30 23 20 6 unsaturated dendrimer has been found to have a slower clear-
AC 6 1B4M 34 20 5 8 ance with higher liver, kidney, spleen, and bone accumulation
AC 6 1B4M 34 % 25 8 as opposed to the metal ion saturated dendri§#rThe
22 g ?é):,\;\ :; 22 ii g’ indium complex saturated dendrimer showed uptake of 26.5
4+ 1.8, 6.8+ 1.0, and 12.9+ 0.8 % ID/g @ 1 h postinjection
AC 6 1B4M 23 35 10 8 : : :
AC 5 DOTA 24 3 x5 for liver, kidney, and spleen, respectively, compared to 32.0
AC 9 DOTA 26 23 25 g + 1.8, 8._5i 0.3., and 37.5t 5.3 % ID/g for the unsaturatgd
AC 10 DOTA 36 23 20 6 preparatior® This tendency may be du(_a, among other th!ngs,
EDA 5 1BAM 20 20 64 a4 to the charge present on the exterior of the dendrimer;
EDA 3 1B4M 25 20 64 a4 however, further experiments must be completed.
EDA 4 1B4M 28 20 64 44 Untargeted PAMAM dendrimers conjugated withiGd-
EDA 5 DOTA 30 23 20 19 labeled 1B4M of both ammonia and EDA cores were
EDA 7 DOTA 35 23 20 19 compared in various imaging experiments. Generation 6
EDA 8 1B4M 35 20 64 38 modified dendrimers of both core types demonstrated
EDA 9 DOTA 36 23 20 19 enhanced visualization of blood vessels~&t00 um size.
EDA 10 DOTA 36 23 20 19 However, modified PAMAM EDA dendrimers enabled
DAB 2 1B4M 12 20 64 44 longer visualization time due to a greater overall retention
DAB 2 1B4M 31 20 25 6 time in the blood"! Generations larger than 6 appear to have
DAB 3 1B4M 17 20 64 44 interesting potential as highly sensitive imaging agents due
DAB 4 1B4M 29 20 64 44 to their increased size; however, generations ranging between
DAB 5 1B4M 39 20 64 38 G6 and G8 seem to be optimal as the Gd-1B4M modified

bution. However, long-term imaging using the DAB-G4-(Gd- G10 precipitates at physiological pH, preventing use in

1B4M)s, seemed to result in decreased signal-to-noise in the Piological systems? The Gd-1B4M modified PAMAM-
blood pool due to high liver accumulation after 2 i~ EDA-G9 and PAMAM-EDA-G8 showed prolonged blood

DAB-G4-(Gd-1B4M}, did, however, give an enhanced pool retention times, due to low kidney filtration, while the
signal-to-noise ratio in Iyr,nph nodes. while the PAMAM- former also exhibited high liver and spleen accumulation.
EDA-G4-(Gd-1B4M}, was reported to qualitatively perform  Mdified PAMAM-EDA-G8 and PAMAM-EDA-G7 had the

better in lymph nodes around the abdominal regfdResuits Ionge;t blood retentions, \_Nhile the former showed increased
of the initial biodistribution evaluation proved the PAMAM  N€patic, renal, and splenic uptake compared to the fétter.
dendrimers unfavorable for targeting the liver when attaching The results from this study indicated PAMAM-EDA-G7-
Gd-1B4M to the exterior.
Adaptation of the biodistribution and clearance results (39) Kobayashi, H.; Sato, N.; Kawamoto, S.; Saga, T.; Hiraga, A.;
obtained from the successful targeting of the liver using a Laz Haque, T.; Ishimori, T.; Konishi, J.; Togashi, K.; Brechbiel,

. . . . M. W. Comparison of the Macromolecular MR Contrast Agents
1B4M-modified DAB without a targeting vector were applied with Ethylenediamine-Core versus Ammonia-Core Generation-6

Polyamidoamine DendrimeBioconjugate Chen2001, 12, 100—

(37) Kobayashi, H.; Saga, T.; Kawamoto, S.; Sato, N.; Hiraga, A.; 107.
Ishimori, T.; Konishi, J.; Togashi, K.; Brechbiel, M. W. Dynamic  (40) Kobayashi, H.; Sato, N.; Saga, T.; Nakamoto, Y.; Ishimori, T.;
Micro-Magnetic Resonance Imaging of Liver Micrometastasis in Toyama, S.; Tagashi, K.; Konishi, J.; Brechbiel, M. W. Mono-
Mice with a Novel Liver Macromolecular Magnetic Resonance clonal Antibody-dendrimer Conjugates Enable Radiolabeling of
Contrast Agent DAB-Am64-(1B4M-Gd)64Cancer Res2001, Antibody With Markedly High Specific Activity With Minimal
61, 4966-4970. Loss of ImmunoreactivityEur. J. Nucl. Med200Q 27, 1334~
(38) Kobayashi, H.; Kawamoto, S.; Choyke, P. L.; Sato, N.; Knopp, 1339.
M. V.; Star, R. A.; Waldmann, T. A.; Tagaya, Y.; Brechbiel, M.  (41) Kobayashi, H.; Sato, N.; Kawamoto, S.; Saga, T.; Hiraga, A.;
W. Comparison of Dendrimer-Based Macromolecular Contrast Ishimori, T.; Togashi, K.; Brechbiel, M. W. 3D MR Angiography
Agents for Dynamic Micro-Magnetic Resonance Lymphangio- of Intratumoral Vasculature Using a Novel Macromolecular MR
graphy.Magn. Reson. Med2003 50, 758-766. Contrast AgentMagn. Reson. Med001, 46, 579-585.
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(Gd-1B4M);, to be the most promising generation for blood and organ uptake decreas&dhis result demonstrates that
pool imaging agents with the least amount of uptake in other the addition of prosthetic groups such as PEG will enable
organs. fine-tuning of macromolecular PAMAM dendrimer based
While the higher generation dendrimers have optimal CAs for specific organ uptake and excretion.

efficiency in imaging deep vasculature, the higher generations  With such potential, PAMAM-based MR imaging agents
of modified dendrimers were also reported to have a may replace other agents or when used in conjunction with
decreased whole body clearance f&t€.When attempting other modalities provide greater levels of information.
to selectively image specific organs, it is necessary to Current lymphangiography imaging techniques use fluores-
efficiently target those organs. Using smaller dendrimers that cence’64” which has higher sensitivity than MRI, but only
allow for filtration through the glomerulus of the kidney may allows for superficial imaging. MRI, on the other hand,
facilitate imaging of the renal system. In one study using allows for accurate deep imaging through the use of large
the PAMAM-EDA-G4-(Gd-1B4Mj}, dendrimer, renal func-  modified dendrimers (see Table 1), which increase blood
tion was easily observed in normal mice as well as in mice retention and resolutioff. The PAMAM-EDA-G6(Gd-
with varying degrees of renal damatjé* Due to improved 1B4M),s¢ dendrimer, however, was reported to possess a long
MR techniques and instrumentation, it is now possible to lymphatic lifetime with some leakage from the vessels, which
monitor renal function over time in patients recovering from had a negative affect on the vessel-to-tissue rfdtdom-
surgery, injury, and medication. However, there is an bining both MR and fluorescent imaging agents on a single
increased risk in toxicity due to the uptake of large dendrimer for lymphangiography, as well as other imaging

dendrimer-based CAs. While filtration was reported more
rapid for smaller dendrimers, such as PAMAM-EDA-G4-
(Gd-1B4M)4, 100% excretion was not observed, and this

studies, may prove to be beneficial.

IV. Pharmacokinetics of Targeted PAMAM

was attributed to reabsorption of the dendrimer through the Dendrimers

proximal tubule®® This process was shown to be obviated
by a co-injection of lysine which increases modified den-
drimer excretion by 5.4-fold®

In all instances, toxicity plays an important role in
determining a molecule’s real potential as an imaging or

Proteins, such as albumin, have been used for direct ligand
attachment due to their size and availability of multiple
attachment sites. However, direct use of a monoclonal
antibody (mAb) presents several problems with the primary
encountered being compromised immunoreactivity. Shreve

therapeutic agent. While lysine aided in increasing excretion and co-workers have shown that immunoreactivity of the

of relatively smaller dendrimers being filtered out through

mAb decreased to 56% when directly conjugated with 20

the kidneys, much research thus far has dealt with larger GE** DTPA complexes; immunoreactivity dropped to 36%

modified dendrimers due to their increased blood retention.

and 17% with 100 and 250 Gd DTPA complexes,

Alternative methods for decreasing hepatic uptake and respectively*> This obstacle may be circumvented by at-

toxicity are being explored, including the use of poly-
(ethylene glycol) (PEG). Through PEGylation of a PAMAM-
EDA-G4-(Gd-1B4M) with one or two PEG groups, pro-

taching a Gé" complex enriched dendrimer to a mAb to
maintain the targeting vector characteristics while also
expanding the scope of targeted macromolecular imaging.

longed blood retention was achieved, excretion rate increased, One of the first dendrimerprotein constructs reported

(42) Kobayashi, H.; Kawamoto, S.; Saga, T.; Sato, N.; Hiraga, A.;
Konishi, J.; Togashi, K.; Brechbiel, M. W. Micro-MR Angio-
graphy of Normal and Intratumoral Vessels in Mice Using
Dedicated Intravascular MR Contrast Agents With High Genera-
tion of Polyamidoamine Dendrimer Core: Reference to Pharma-
cokinetic Properties of Dendrimer-Based MR Contrast Agents.
J. Magn. Reson. Imaging001, 14, 705-713.

(43)

A.; Konishi, J.; Hu, S.; Togashi, K.; Brechbiel, M. W.; Star, R.

A. Renal tubular damage detected by dynamic micro-MRI with a

dendrimer-based magnetic resonance contrast a§eimey Int.

2002 61, 1980-1985.

Kobayashi, H.; Jo, S.; Kawamoto, S.; Yasuda, H.; Hu, X.; Knopp,

M. V.; Brechbiel, M. W.; Choyke, P. L.; Star, R. A. Polyamine

Dendrimer-Based MRI Contrast Agents for Functional Kidney

Imaging to Diagnose Acute Renal Failuré. Magn. Reson.

Imaging2004 20, 512-518.

(45) Kobayashi, H.; Sato, N.; Kawamoto, S.; Saga, T.; Hiraga, A.;
Ishimori, T.; Konishi, J.; Togashi, K.; Brechbiel, M. W. Novel
Intravascular Macromolecular MRI Contrast Agent With Genera-
tion-4 Polyamidoamine Dendrimer Core: Accelerated Renal
Excretion With Coinjection of LysineMagn. Reson. Me®001,

46, 457-464.

(44)

Kobayashi, H.; Kawamoto, S.; Jo, S.; Sato, N.; Saga, T.; Hiraga,

used the 2E4 mAb conjugated to a PAMAM-AC-G2 den-
drimer with DOTA complexing G# and showed 76.6%
binding to the positive control 5.1.2 cells, compared to (6.0
+ 0.4)% found in negative control RAJI cefl$A similar
study using humanized anti-Tac IgG (HuTac) showed 83%

(46) Cooper, S. G.; Maitem, A. N.; Richman, A. H. Fluorescein
Labeling of Lymphatic Vessels for LymphangiograpRadiology
1988 167, 559-560.

(47) Berk, D. A.; Swartz, M. A,; Leu, A. J.; Jain, R. K. Transport in
Lymphatic Capillaries. Il. Microscopic Velocity Measurement with
Fluorescence Photobleachitym. J. Physiol1996 270, 330—
337.

(48) Kobayashi, H.; Kawamoto, S.; Star, R. A.; Waldmann, T. A;;
Tagaya, Y.; Brechbiel, M. W. Micro-magnetic Resonance Lym-
phangiography in Mice Using a Novel Dendrimer-based Magnetic
Resonance Contrast Agef@ancer Res2003 63, 271-276.

(49) Kobayashi, H.; Kawamoto, S.; Sakai, Y.; Choyke, P. L.; Star, R.
A.; Brechbiel, M. W.; Sato, N.; Tagaya, Y.; Morris, J. C,;
Waldmann, T. A. Lymphatic Drainage Imaging of Breast cancer
in Mice by Micro-Magnetic Resonance Lymphangiography Using
a Nano-Size paramagnetic Contrast AgentiNatl. Cancer Inst.
2004 96, 703-708.
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immunoreactivity when directly conjugated ¥8in-labeled Exploiting this technique opens the door to multiple forms
1B4M versus 73% when attached to a dendrimer containing of imaging and therapy using the avidibiotin system.
approximately 14.3'n-labeled 1B4M ligandg® Avidin has been shown to have high uptake in tumor and
The immunoreactivity retention in antibodies, however, liver cells through endocytos®:*® The incorporation of
was found to be dependent not only on the dendrimer andavidin onto PAMAM-EDA-G6-(1B4M-Gdj,was shown to
the ligand but also on the metal ion itself, as in the case of result in a high targeting capability to SHIN3 ovarian cancer
better biodistribution studies for3 compared to I#.26 A cells28 Biodistribution studies showed a 366-fold increase
similar study compared Gt with In®* using mAb OST7. of tumor cell uptake and accumulation for the avidin-conjuga-
The PAMAM-EDA-G4-1B4M moiety was attached to OST7 ted PAMAM-EDA-G6-(Gd-1B4Mj)s, dendrimer compared
through an introduced maleimidyl group on the protein and to a control PAMAM-EDA-G6-(Gd-1B4Mp4lacking avidin,
labeled with eithet53Gd or!4n for comparison. Kobayashi ~ while the tumor-to-normal tissue ratio for the specific conju-
and co-workers reported 91% immunoreactivity of this IgG- gate increased from 17:1 to 638:1 at 24 h postinjection.
PAMAM-EDA-G4-1B4Mg; conjugate compared to 84% for The biotin—avidin system is well understod& and
the 1gG-1B4M-DTPA conjugate, and also improved biodis- knowing that avidin accumulates efficiently in the liver, we
tribution when saturated with Gt compared to If1.4° may exploit this system. Injection of a biotitdendrimer-
Considering the immunogenicity conservation issues as- chelate moiety into the body gives blood retention times
sociated with mAbs, other known cancer targeting vectors, relative to dendrimer size and makedpAn injection of
such as folate, have also been conjugated to dendrimers. Th@vidin 4 min after the dendrimer, also known as the avidin
high-affinity folate receptor (hFR) has been found to be “chase”, clears the blood pool of the dendrimer binding the
present in higher quantities on endothelial tumor cells, biotin to the avidin within 2 min and causes subsequent
including breast and ovarian cancer cells, potentially making accumulation in the liver, enabling better visualization of
folate a better alternative to mAB%5° When folate was  vascular leakag®. This enhanced imaging of vascular
conjugated to a PAMAM-AC-G4-1B4M-DTPA conjugate, leakage is possible since the avidiendrimer containing
relaxivity of cells was found to double from MR experiments Gd-1B4M is cleared from the blood pool leaving all
conducted in control cells to positive hFR céfldn addition molecules that have “leaked”, i.e., not in the blood pool,
to folate and 1B4M-Gd, fluorescein was also conjugated to unaffected by the avidin chase, and not overshadowed by
the same PAMAM-AC-G4 dendrimer, and a 650% increase the blood pool background.
in fluorescence was seen in cells containing the hFR receptor Other targeting agents are currently being investigated to
compared to those without fluorescéinA similar study target contrast agents to areas of interest. With the exploita-
showed comparable in vivo results with a 33% change in tion of dendrimer technology in imaging, better tumor
MRI contrast enhanceme?it.Additionally, a competition targeting may become possible for early detection and
study of folate-PAMAM-AC-G4-1B4M with free folic acid ~ management of disease.
present showed a 2700% increase in binding when no folic
acid was present, compared to only 260% when folic acid \/. Summary
was present Although it is not understood why hFR levels
are overexpressed in certain cancer cgliglate clearly
continues to be a potentially high specificity targeting vector.
Another targeting agent includes the use of the avidin for
intraperitoneally disseminated tumor cell internalizafibn.

By correlating biodistribution results with size, molecular
weight, and chemical structure of the gadolinium complex
conjugated PAMAM and propyleneimine dendrimer, a better

(55) Yao, Z.; Zhang, M.; Sakahara, H.; Saga, T.; Arano, Y.; Konishi,
J. Avidin Targeting of Intraperitoneal Xenograffs.Natl. Cancer

(50) Garin-Chesa, P.; Campbell, I.; Saigo, P. E.; Lewis, J. L., Jr.; Old, Inst. 1998 90, 25—29.

L. J.; Rettig, W. J. Trophoblast and Ovarian Cancer Antigen LK26. (56) Yao, Z.; Zhang, M.; Sakahara, H.; Nakamoto, Y.; Higashi, T.;
Sensitivity and Specificity In Immunopathology and Molecular Zhao, S.; Sato, N.; Arano, Y.; Konishi, J. The Relationship of
Identification as a Folate-Binding ProteiAm. J. Pathol.1993 Glycosylation and Isoelectric Point with Tumor Accumulation of
142, 557-567. Avidin. J. Nucl. Med.1999 40, 479-483.

(51) Wiener, E. C.; Konda, S.; Shadron, A.; Brechbiel, M. W.; Gansow, (57) Kobayashi, H.; Kawamoto, S.; Star, R. A.; Waldmann, T. A;;
0. A. Targeting Dendrimer-Chelates to Tumors and Tumor Cells Brechbiel, M. W.; Choyke, P. L. Activated Clearance of a
Expressing the High-Affinity Folate Receptdnuest. Radiol. Biotinylated Macromolecular MRI Contrast Agent from the Blood
1997, 32, 748-754. Pool Using an Avidin ChaseBioconjugate Chem2003 14,

(52) Konda, S.; Aref, M.; Brechbiel, M. W.; Wiener, E. C. Develop- 1044-1047.
ment of a Tumor-Targeting MR Contrast Agent Using the High- (58) Launer, H. F.; Fraenkel-Conrat, H. The Avidin-Biotin Equilibrium.
Affinity Folate Receptorlnvest. Radiol.200Q 35, 50—-57. J. Biol. Chem.1951, 193 125-132.

(53) Konda, S.; Aref, M.; Wang, S.; Brechbiel, M. W.; Wiener, E. C. (59) Green, N. M. Avidin. 3. The Nature of the Biotin-Binding Site.
Specific Targeting of Folate-dendrimer MRI Contrast Agents to Biochem. J1963 89, 599-609.
the High Affinity Folate Receptor Expressed in Ovarian Tumor (60) Jackson, C. L.; Chanzy, H. D.; Booy, F. P.; Drake, J. B.; Tomalia,
Xenografts.Magn. Reson. Mater. Phy&001, 12, 104-113. D. A.; Bauer, B. J.; Amis, E. J. Visuzlization of Dendrimer

(54) Bielinska, A. U.; Chen, C.; Johnson, J.; Baker, J. R., Jr. DNA Molecules by Transmission Electron Microscopy (TEM): Staining
Complexing with Polyamidoamine Dendrimers: Implications for Methods and Cryo-TEM of Vitrified Solutiondacromolecules
Transfection Bioconjugate Chenil999 10, 843-850. 1998 31, 6259-6265.
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understanding of the potential as contrast and therapeuticThe chelator does allow for utilization of specific metal ions
agents becomes possible. In the future, prediction of thefor imaging, biodistribution studies, or therapy. As stated
results from specific modifications might be possible in previously, G&*and Y** have shown better pharmacokinetic
addition to being able to tailor modifications to target exact results compared to ¥h; however, G is a more versatile
locations in the body or extend the lifetime for time-based metal jon, which may be used in imaging, biodistribution
imaging studies, while keeping molecular relaxivity at a gspdies, and NCT.
maximum.

Changing the internal chemical structure of these den-
drimer-based contrast agents from PAMAM to DAB, while

Future studies in the field using PAMAM dendrimers are
expected to focus on multimodal imaging using various tech-

modifying the exterior using the same method, has beenMNidues. By integrating fluorescence and MR modalities, a
shown to affect drastic changes in hepatic upBikehanging physician may more accurately excise cancerous tissue along
the core of PAMAM dendrimers from ammonia to EDA  With affected lymphatics. While fluorescence is not able to
changes the number of possible chelates and metal ions orimage deep intravascular tissue, it can be envisioned as being
the exterior that may be bound to the surface of the an intraoperative tool to identify targeted areas in real time
dendrimer® which then influences uptake by the renal and/ while also having the MRI information as a “road map”.
or the reticular endothelial systems. The number of chelates  ynderstanding the pharmacokinetics of dendrimer-based
and metal ions also affects the proton relaxivity of the copjugates also allows for fine tailoring of molecules through
molecule, as shown in Table 3, which can impact contrast \he implementation of targeting agents, therapeutics, and
in the Image. ) , imaging agents. It may be possible soon to produce “thera-
No studies have shown that varying the chelating agentsnostics” for specific patients and specific diseases according

themselves has any effect on the biodistribution of the : . . .
. . g . to their medical history, with the hope of better management
dendrimer conjugate; however, it is apparent that the chelatemc all diseases

has an effect on metal ion selection and the maximum
number of chelates and metal ions added to the dendrimer.MP050019E
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