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Abstract
In this paper we report a new method to prepare and characterize a contrast agent based on a fourth-
generation (G4) polyamidoamine (PAMAM) dendrimer conjugated to the gadolinium complex of
the bifunctional diethylenetriamine pentaacetic acid derivative (1B4M-DTPA). The method involves
pre-forming the metal-ligand chelate in alcohol prior to conjugation to the dendrimer. The dendrimer-
based agent was purified by a Sephadex® G-25 column and characterized by elemental analysis. The
analysis and SEHPLC data gave a chelate to dendrimer ratio of 30:1 suggesting conjugation at
approximately every other amine terminal on the dendrimer. Molar relaxivity of the agent measured
at pH 7.4 displayed a higher value than that of the analogous G4 dendrimer based agent prepared by
the post-metal incorporation method (r1 = 26.9 vs. 13.9 mM-1s-1 at 3T and 22°C). This is hypothesized
to be due to the higher hydrophobicity of this conjugate, and the lack of available charged carboxylate
groups from non-complexed free ligands that might coordinate to the metal and thus also reduce
water exchange sites. Additionally, the distribution populations of compounds that result from the
post-metal incorporation route are eliminated from the current product simplifying characterization
as quality control issues pertaining to the production of such agents for clinical use as MR contrast
agents. In vivo imaging in mice showed a reasonably fast clearance (t1/2 = 24 min) suggesting a
viable agent for use in clinical application.

Introduction
The quest for the development of a more efficient contrast agent for magnetic resonance
imaging (MRI) is an ongoing process. Although clinically used low molecular weight
paramagnetic chelates, such as Gd(III)-diethylenediaminepentaacetic acid (GdDTPA)
(Magnevist) and Gd(III)-N,N',N",N"'-tetracarboxymethyl-1,4,7,10-tetraazacyclododecane
(Gd-DOTA),(1, 2) are thermodynamically stable within the context of their usage, they suffer
from rapid clearance from vascular circulation and renal excretion.

Dendrimer-based macromolecular MR contrast agents in which numerous chelated gadolinium
ions (Gd(III)) are covalently attached to a multivalent dendritic architecture are a promising
class of diagnostic agents for medical imaging applications.(3-6) There are also growing
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applications of dendrimers in preparation of macromolecules for radioimmunotherapy.(7-9)
Due to their macromolecular size and weight, dendrimer-based MR agents feature higher molar
relaxivities along with longer retention and circulation times as compared to the clinically
approved Magnevist® (Gd(III)-DTPA), thereby resulting in greatly enhanced sensitivity and
operational window.(10) Extensive efforts have been expanded on the preparation and
evaluation of these agents in our laboratory along with several other research groups worldwide
to study their in vivo properties and to eventually reach the goal of producing viable imaging
agents that might be translated into clinical use.(4, 11-14) Pre-clinical results have been
promising in animal studies and by virtue of choosing generation size, core elements, and other
exterior modifications dendrimer-based MR agents have been successfully employed for the
imaging blood pool,(14) specific organs such as kidney(4, 5) and liver, lymphatics,(6) and tumor
vasculature(12, 13) in mice with acceptable clearance rates.

The typical procedure for preparation of these agents usually involves 3 key steps. The first
step is conjugation of an isothiocyanate or N-hydroxysuccinimidyl active ester form of either
2-(4-isothiocyanatobenzyl)-6-methyl-diethylenetriaminepentaacetic acid (1B4M-DTPA) or
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) derivatives to the multiple
periphery functional groups (e.g. -NH2) of various types of polyamino terminated dendrimers
in either aqueous or organic solution. The second step has been complexation of paramagnetic
metal Gd(III) ions with the conjugated DTPA or DOTA chelates attached on the dendrimers.
The final and highly important step has been the purification of the product to completely
remove “free” Gd(III) ions usually by an extensive dialysis technique using appropriate
filtration membranes.(3, 5, 6, 10, 15)

Unlike small molecules, macromolecular agents are usually difficult to define with accurate
and precise chemical structures and to characterize their purities by traditional means. This
limitation generates real challenges to establishing quality control for reproducible preparation
of agents. For instance, even when the same protocol is followed for preparation of these
macromolecular dendrimer-based agents, it is exceedingly difficult to insure that both the same
number of conjugated chelates and the same number of Gd(III) ions for each batch will be
achieved. This is particularly so when considering that there are potentially hundreds of reactive
sites in higher generation dendrimers, e.g., a generation 8 PAMAM dendrimer potentially has
1024 terminal primary amines.(16, 17) One has to be aware that these products are also
effectively a distribution of chelate conjugate products that has been carried forward into
another distribution of Gd(III) complexes and that while characterization reports numbers of
chelates and Gd(III) that those numbers represent average numbers. For clinical use, however,
these agents need to have a narrow molecular weight range and the same chemical composition
to insure reproducible expected in vivo behavior. The Gd(III) metal content in these dendrimer-
based MR contrast agents is a critical factor not only to the level of contrast efficacy, but also
the biological properties (e.g., PD/PK). In our prior synthetic approaches, and to the best of
our knowledge of all all others, the Gd(III) metal incorporation has always been performed as
the last step, following conjugation of bifunctional chelating agents to the dendrimer. In
general, by combustion analysis data, this sequence generally results in ~ 80% of the
bifunctional chelating agents to be complexed with Gd(III) ions while the remaining ~ 20% of
those chelates remain vacant of Gd(III).(18, 19)

These 20% “open” chelates possess a significant number of carboxyl groups, which may impact
overall hydrophilicity and charge of the agents at the physiological conditions. Accurate
determination of what role these vacant or “open” chelates play is an extremely difficult task
to perform. Additionally, concerns pertaining to chelation of exogenous biologically relevant
metal ions in vivo impacting toxicity may be valid when taking into account absolute molar
injected amounts versus clearance rates. Lastly, as noted above, these products are actually
complex mixtures of products and elimination of some aspect of that character should
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strengthen the potential of their clinical translation. With that impetus in hand, we felt it
necessary to explore a means to simplify the process while arriving at a more defined product
by limiting these variables as much as possible.

With this note, we report a refined synthetic procedure for the preparation of dendrimer-based
MR contrast agents, wherein (1B4M-DTPA) is first used to sequester Gd(III) and thereafter
the resulting metal complexes are covalently attached to the terminal -NH2 groups in a
PAMAM G4 dendrimer. Such an approach allows creation of a simplified standard procedure
making small molecule Gd(III) complexes thereby eliminating a manipulation step in
preparation of the macromolecular dendrimer molecules while also insuring full saturation of
all of the conjugated chelates with Gd(III) to simultaneously eliminate an entire array of product
distribution mixture. The PAMAM generation 4 dendrimer (G4D) with amine surface groups
(-NH2) is a convenient building block or core for the conjugation of metal chelates, and the
G4D Gd(III) chelate conjugate is known to have moderate blood circulation time and relatively
fast excretion via the kidney.(18)

In order to validate the agent, the molar relaxivity of the generation 4 1B4M-DTPA Gd(III)
conjugate, (G4-(1B4M-Gd)30(CS)) was determined for comparison to the analogous
generation 4 dendrimer-based agent, G4-(1B4M)60[Gd42](CS), prepared in our laboratory
using the previously established published synthesis route.(18) Additionally, sets of mice (n =
2) were imaged with both G4-(1B4M-Gd)30(CS) or G4-(1B4M)60[Gd42](CS) to establish what
impact, if any, elimination of the vacant chelators on the exterior of the dendrimer product has
on the quality of MR imaging.

Experimental
Materials and Methods

PAMAM dendrimer generation-4 (G4 dendrimer) with an ethylenediamine core in MeOH
(10% w/v) was obtained from Dendritech. Gadolinium nitrate pentahydrate (Gd(NO)3·5H2O)
was purchased from Aldrich (St. Louis, MO). G4-(1B4M)60[Gd42](CS) prepared and purified
as previously reported was employed in these studies.(18) Phosphate buffered saline (1X PBS)
at pH 7.4 was obtained from Digene (Gaithersburg, MD). Size exclusion HPLC (SE-HPLC)
was performed using a Beckman System Gold (Fullerton, CA) equipped with model 126
solvent delivery module and a model 168 UV detector (λ 254 and 280 nm) controlled by 32
Karat software. Size exclusion chromatography was performed on a TSK-gel G2000SW 6
μm, 7.8 mm × 300 mm (Tosoh Bioscience, Montgomeryville, PA), with a TSK-gel 10 μm
guard column (Tosoh Bioscience, Montgomeryville, PA) using phosphate buffered saline (1X
PBS) solution as the eluent at 0.5 mL/min and 1.0 mL/min, respectively. Reverse phase HPLC
was performed by using a Beckman System Gold HPLC equipped with 165 UV-Vis detector
with peak detection at 254 and 280 nm and a C18 Varian microsorb™-mv column (250 × 4.6
mm; 5 um). A gradient system composed of a pH 9.0 buffer (50 mM triethylamine/acetic acid)
and methanol (25 min linear gradient from 0% to 100% methanol) with a flow rate of 1 mL/
min was employed. All water used was purified using a Hydro Ultrapure Water Purification
system (Rockville, MD). The Sephadex® G-25 resin was purchased from Pharmacia (Sweden).
The resin was pre-treated with 1X PBS and loaded to a Pharmacia Biotech column 2.6 × 39.7
cm (Uppsala, Sweden). Elemental analyses were performed by Galbraith Laboratories, Inc.
(Knoxville, TN) using combustion analysis method for C, H, N and inductively coupled
plasma-atomic emission spectroscopy (ICP-OES) method for determining the S, Gd. The Bio-
Rad's gel filtration standard used to compare the molecular weight of the dendrimer conjugate
was purchased from Bio-Rad (Hercules, CA).
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Syntheses
2-(4-nitrobenzyl)-6-methyl-diethylenetriaminepentaacetic acid · 5HCl

The HCl salt of the bifunctional ligand, 2-(4-nitrobenzyl)-6-
methyldiethylenetriaminepentaacetic acid, 1B4M from this point on, was prepared as
previously described with a brief modification.(20) Briefly, the pentaester form of the ligand
(8.1g, 9.8 mmol) was treated with HCl (g) saturated 1,4-dioxane (600 mL) and the mixture
was stirred for 18 h. The product was precipitated with ethyl ether (400 mL), filtered and dried
to afford a whitish solid (4.8 g, 90%). (See the reference for NMR data). ESI m/e: 543 (M+1).
Calcd for C22H30N4O12·5HCl: C, 36.44; H, 4.83; N, 7.72. Found: C, 36.57; H, 5.05; N, 7.89.

2-(4-nitrobenzyl)-6-methyl-diethylenetriaminepentaacetic acid gadolinium complex (p-
NO2-1B4M-[Gd] (1)

1B4M·5HCl ligand (0.50 g, 0.69 mmol) and Gd(NO3)3.5H2O (0.31 g, 0.72 mmol) in 20 mL
MeOH were refluxed for 6 h. The solvent was reduced to 1.5 mL and CH2Cl2 was added until
a precipitate formed. The supernatant was decanted and the solid was dried. The precipitation
process was repeated one more time to yield a pale yellow solid (0.65 g, 80 %). ESI m/e: 700
(M+1). Reverse phase HPLC tR = 13.77 min. Calcd for
C22H30N4O12Gd·3NO3·5HCl·2CH3OH: C, 25.33; H, 3.78; N, 8.62. Found: C, 25.21; H, 3.67;
N, 8.67.

2-(4-aminobenzyl)-6-methyl-diethylenetriaminepentaacetic acid gadolinium complex (p-
NH2-1B4M-[Gd] (2)

A solution of compound 1 (0.50 g, 0.42 mmol) and 10% Pd/C (0.10 g) in H2O (10 mL) was
placed in a Parr hydrogenator at 15 psi. The reaction was allowed to go until the consumption
of H2 gas was completed (~3 h), which was confirmed by HPLC. The mixture was filtered on
a glass frit through a pad of Celite (Celite® 535 Coarse; Fluka) and washed with H2O (20 mL).
The solvent was evaporated under high vacuum to afford amine 2 (0.41 g, 87 %) as a yellowish
solid. ESI m/e: 670 (M+1). Reverse phase HPLC tR = 11.32 min. Calcd for
C22H32N4O10Gd·3NO3·5HCl: C, 25.44; H, 3.57; N, 9.44. Found: C, 25.32; H, 3.59; N, 9.57.

2-(4-isothiocyanatobenzyl)-6-methyl-diethylenetriaminepentaacetic acid gadolinium
complex (SCN-1B4M-[Gd] (3))

A solution of 0.5 mL of thiophosgene in CH2Cl2 (3 mL) was added drop wise into a solution
of 2 (1.0 g, 0.96 mmol) in H2O (5 mL). The mixture was continued to stir for 1 h. The aqueous
was separated and washed with CH2Cl2 (5 mL) and dried to afford compound 3 as a yellow
solid (0.81 g, 75 %). ESI m/e: 712 (M+1). Reverse phase HPLC tR = 19.17 min. Calcd for
C23H30N4SO10Gd·3NO3·5HCl·2H2O: C, 24.69; H, 3.67; N, 8.77. Found: C, 24.61; H, 3.65;
N, 8.78.

Conjugation of G4 with 3 - (G4-(1B4M-Gd)30(CS))
G4 PAMAM dendrimer (1.34g, 0.0145 mmol; 15.35 % w/w) in a 500 mL round bottom flask
was dried under vacuum to remove MeOH. The flask was charged with 350 mL 1X conjugation
buffer with EDTA (0.48M NaHCO3 + 0.02 M Na2CO3 + 1.5 M NaCl + 0.005 M EDTA) (pH
~ 8.5) (250 mL). Compound 3 (1.51 g, 1.85 mmol) was added in portions while the pH was
adjusted to 8.5 with 1M NaOH. The mixture was stirred at room temperature for 5 d and 35 °
C for 1 d. The solution was cooled to room temperature and filtered. The solvent was reduced
under high vacuum to ~30 mL at room temperature. The dendrimer-chelate was purified by a
Sephadex® G-25column eluted with water (pH 7.5; the pH was adjusted with NaOH). The
first band was collected and lyophilized to yield the conjugate as a yellow spongy solid (65%
based on dendrimer). SE-HPLC tR =14.0. Calcd for C622H1250N250O125·30
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(C23H30N4SO10Gd)·49Na·50H2O [G4-(1B4MGd)30(CS)Na49(H2O)50]: 41.01 (C), 5.87 (H),
13.51 (N), 2.50 (S), 12.29(Gd). Found: 40.77, 5.94, 13.79, 2.49, 12.03.

Molar Relaxivity Measurements
The molar relaxivity of G4-(1B4M)60[Gd42](CS) was measured as reported elsewhere.(18)
Stock solutions of the G4 dendrimer agents, G4-(1B4M-Gd)30 (5.0 Mm in Gd), were diluted
to concentrations of 0.1, 0.25, 0.50, 0.75 and 1.0 mM in 1X PBS (300 μL). Solutions of Gd
(III)-DTPA (Magnevist) at 0.25, 0.50, 0.75, 1.0, 1.25, 1.5 and 2.0 mM were prepared in 1X
PBS (300 μL) and used as a reference standard. Relaxivity measurements were obtained at
~22° C using a 3-Tesla clinical scanner (Signa Excite, GE Medical System, Waukesha, WI)
equipped with a rectangular single loop receiver coil (84 × 126 × 6 mm). A series of single
slice 2D inversion recovery (IR) fast spin echo images of all the solutions were acquired at the
same time with a TE around 9ms and using different inversion recovery times (TI = 50, 100,
350, 750, 1250, 2500, and 5000 ms) followed by a single slice 8-echo SE image (TE = 9 ms).
The R1 values for each dilution were determined by fitting ROI intensity values from variable
IR images using Igor Pro (http://www.wavemetrics.com). R2 values were measured from ROI
values from T2 maps, which were calculated from the multi-echo images in ImageJ
(http://rsb.info.nih.gov/ij) using the MRI analysis plug-in
(http://rsb.info.nih.gov/ij/plugins/mri-analysis.html). The molar relaxivities, r1 and r2, were
obtained from the slope of 1/T1 or 1/T2 vs. [Gd(III)] plots determined from region of interest
measurements.

In Vivo Magnetic Resonance Imaging (MRI)
Mice were imaged two at a time to increase throughput using a 3T clinical scanner (Achieva,
Philips Healthcare, Best, Holland) equipped with a dual mouse coil comprised of two parallel
receive-only coils (saddle-shaped Helmholtz coils, 38 mm in diameter × 70 mm in length)
connected to independent receiver channels and spaced 43 mm apart. Each mouse was placed
in a physical restraint while a catheter line (30 gauge needle on a 0.010” ID × 6” long Tygon
tubing) filled with 1X PBS was inserted into the tail vein, anesthetized using gas mixtures of
3% isoflurane in O2, and then carefully placed in a mouse bed equipped with a nose cone,
respiratory pad, and fiber optic temperature sensor for physiology monitoring. The mice were
positioned in the dual mouse coil which was heated with air to maintain the mice at 34°C. The
anesthesia gas was adjusted between 1.5-2.5% isoflurane to maintain a respiration rate of ~ 30
bpm during the acquisition of all images. After acquiring a tri-planar gradient echo survey, a
coronal view T1-weighted 3D-fast spoiled gradient echo image with a low flip angle (repetition
time of 14 ms, echo time of 2.4 ms, flip angle of 8°, field of view of 80 mm, matrix size of 512
× 512 pixels, 40 slices, slice thickness of 0.6 mm and 1 average; scan time of 2.3 min) was
acquired followed by a dynamic series using a higher flip angle of 24° repeated every 2.5 min
for one hour. The contrast agent was injected (50 uL of 12 mM Gd(III) in 1 X PBS pushed
with 50 uL of 1 X PBS) after the first dynamic image at a rate of 150 ul/min using a syringe
pump (BS-9000-8, Braintree Scientific, Braintree, MA). Blood clearance rates were
determined from ROI intensity measurements of the jugular vein in the low flip angle image
and high flip angle dynamic images using Image J. The intensity values during the dynamic
scans were then converted to gadolinium concentration and the resulting [Gd] time curves were
fitted to a single exponential function using an Igor Pro (Wavemetrics) macro.

Results and Discussion
The preparative scheme leading to the formation of the title conjugate G4-(1B4MGd)30(CS)
is shown in Figure 1. The Gd(III) complex 1 was prepared by treatment of the ligand 1B4M
with Gd(NO3)3·5H2O in methanol. Complex 1 could also be prepared by incubation of the
ligand with Gd(NO3)3·5H2O in H2O with the pH maintained at 5.5, but preparation of the Gd
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(III) complex in methanol was chosen as a more convenient route, especially for ligands that
have limited solubility in water. Previous studies showed that complexes formed in methanol
were stable.(21, 22). ESI-MS spectrum of the predominant ion for the three complexes showed
the presence of carboxylate arm protons. This is in line with the ESI-MS data reported for the
commercially available products such as Gd(DTPA)-2 and Gd(DOTA)-1.(23) Other authors
have also reported ESI-MS data of lanthanide complexes with numbers of carboxylate protons
ranging from 1 to 3.(24-26) This observation might be due to the nature of the initial electrostatic
interaction, instead of covalent bonding, between the cationic metal ion and the anionic
carboxylate ion, however having protonated complexes is not unreasonable. Additionally, the
complex was isolated as the HCl salt as the starting ligand was in theHCl form also with nitrate
as the counter ion for the metal ion. Nitrate is known to be a better counter ion for lanthanide
ions than chloride.(27-29) Lastly, for all the complexes the amount of the free metal ion
determined by uv/vis spectroscopic method was 0.002% (0.2uM/10 mM) of the total.(30)
Indeed, if one examines the synthesis of the DTPA[Gd(III)] complex directly from DTPA and
Gd2O3, this route produces a diprotonated complex that requires the addition of two equivalents
of base to make this complex physiologically acceptable.(31)

For the purpose of comparison, the Gd(III) complex was formed in methanol by refluxing the
ligand and the metal salt in the presence of seven equivalents of a solid base (NaOH) for 18 h.
The Gd(III) complex was also formed under aqueous condition as previously reported.(26) The
ESI-MS data of both complexes indicated the presence of the complex with two less protons
(697). However, these two latter complexes were also less stable than that formed in methanol
alone. As soon as thiophosgene in CH2Cl2 was added to form complex 3 (for the third step)
an insoluble precipitate formed when using the Gd(III) complexes formed by the latter means.
This result was not observed for the complex formed in methanol without base. The reason for
that behavior may reside with those carboxylic acid protons or that the complex is protonated.
Once deprotonated by base, the complex becomes vulnerable to attack by acidic protons
generated by the thiophosgene reaction that could perturb the M-O coordination and cause the
metal to dissociate; a protonated complex eliminates this problem. It is also worth noting that
the reaction with thiophosgene brought the pH of the solution down to ~2. For that very reason,
we chose to form the complex in methanol without a base. A full and thorough comparative
study of the fundamental coordination chemistry of these three complexes will be reported in
due course.

The reduction of the nitro group to amine was done using a Parr hydrogenator at 15 psi within
a short period of time (~3 h). The ESI-MS and combustion analysis data did not indicate any
sign of the cleavage of the nitrobenzyl group (over-reduction product) or any dissociation of
the metal ion from the ligand cavity. For preparation of complex 3, a mixture of thiophosgene
in dichloromethane was added drop wise and the reaction was allowed to stir for 1 hour
thereafter, which was sufficient to complete the reaction. This also limits the exposure of the
metal complex to low pH (1-2) over an extended period of time, which might induce the
dissociation of the Gd(III) from the complex.

The conjugation reaction was done in 1X conjugation buffer (see experimental) with EDTA
at pH of 8.5. EDTA was used to sequester the free metal ion (Gd3+), in case it dissociates from
the chelate, which is rarely the case under this experimental condition. The dendrimer-based
conjugate was purified by a Sephadex® G-25column. This method proved to be more efficient
as compared to the exhaustive and time consuming transverse-flow filtration (TFF) method.
(18) No reasonable MALDI-TOF could be obtained due to extreme broadening of the peak.
However, we utilized SE-HPLC to determine the approximate molecular weight of the
dendrimer conjugate by comparing with the BIO-Rad's gel filtration standard combined with
the elemental analysis data. Based on the analysis data and the SE-HPLC results the formula
of [G4-(1B4MGd)30Na49(H2O)50] was obtained.
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To the best of our knowledge, the number of chelates conjugated to dendrimer is sensitive to
the method used to append them to the dendrimer. The method used in a previous report to
prepare the G4-(1B4M-Gd)X(CS) conjugate, which is under aqueous condition, managed to
occupy all of the available sites yielding G4-(1B4MGd)64(CS)).(32) However, a later report,
where the conjugation reaction was also done in aqueous condition, but with different buffer,
yielded a lower number of chelates (G4-(1B4M60-Gd42)(CS).(18) An even lower number
conjugated was achieved when the conjugation reaction was done in methanol followed by the
metal chelation under aqueous condition (G4-(1B4M57-Gd41)(CS)).(18) It is worth noting that
all these preparations focused on inserting the metal ion (Gd3+) in the final step. In this report,
we have inserted the metal ion early on to simplify the solution chemistry and the distribution
of the species of the products.

We noticed in these studies that it was not possible to achieve the number of chelates higher
than the reported value even in an extended period of time, or higher temperature (ca. 45°C)
or even when using large excesses of the Gd(III) complex. Based on the number of chelates
that we obtained, G4-(1B4M-Gd)30(CS)), we hypothesized that the chelate with the metal ion
in it may be less soluble, and that the inter-metal or protonated complex interactions might
limit the numbers of complexes adjacent to one another, or that an equilibrium reaction with
the solvent water limits the actual concentration of reactive isothiocyanate species present. It
is known that the isothiocyanide slowly reacts with water. Nevertheless, the relaxivity of this
conjugate prepared by the reported means here is higher than any of the above mentioned,
which is one of the most important factors to be a viable agent. This is clear evidence that
higher number of chelates, greater numbers of Gd(III), and thus higher molecular weight does
not always translate to higher relaxivity.

Figure 2 shows a plot of inverse longitudinal relaxation time (1/T1) versus gadolinium
concentration for G4-(1B4M-Gd)30(CS) conjugate (0.1-1 mM) and magnevist (0.25-2mM).
Although G4-(1B4M)60[Gd42](CS) has a higher dendrimer to metal chelate ratio (1:42), the
molar relaxivity of the G4-(1B4M-Gd)30(CS) conjugate reported here is almost twice the value
reported for the G4-(1B4M)60[Gd42](CS) (13.9 vs 26.9 mM-1s-1) (Table 1).(3,18) There are
three factors that might have contributed to this higher value. First, the conjugate prepared here
does not have any free uncomplexed chelate (chelate without Gd) population of dendrimer
conjugation products unlike former method, G4-(1B4M)60[Gd42](CS) (Figure 3). This
condition eliminates the possibility of a negatively charged carboxylate group from an
unoccupied adjacent DTPA to coordinate to the metal ion and thus delete the availability of
the water binding site. Reduced number of water exchangeable sites results in lower relaxivity.
Reduced water exchange site through anion binding has been well documented with protein
binding,(33) human serum albumin,(25) carbonate(34) and phosphate(35) anions. Secondly, the
conjugate prepared here is more hydrophobic than the G4-(1B4M)60[Gd42](CS), attributable
to the lack of charged noncomplexed chelates. Hydrophobic interaction slows down the
tumbling time (τR) which results in increasing relaxivity. The rotational correlation time (τR)
is one of the key parameters contributes to the efficacy of the agent. Such phenomenon has
been reported by Wiener,(11) Kellar(36) and Caravan.(37) Thirdly, the impact of steric
hindrance needs to be taken into consideration, which also contributes to the availability of
second sphere water molecules. Because the agent here is not fully saturated, that is not all the
available amino sites (64) are occupied, or lack free non-complex chelating agents that could
either replace water binding site or hinder the path of exchanging water molecules, more second
sphere water molecules may be readily available for exchange.(38) This also helps to explain
why previously prepared dendrimer conjugates with high chelate numbers, which are also then
more sterically hindered, also have low relaxivity. This is additional evidence that greater
numbers of chelates and thus also higher molecular weight may not automatically translate to
higher relaxivity.
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Table 1 also compares the half-life and rates of clearance between G4(1B4MDTPA
[Gd])30(CS) and G4-(1B4M)60[Gd42](CS). The clearance data were fit to a single exponential
decay (Figure 4). The rate of clearance of G4-(1B4M)60[Gd42] (CS) is 2.9 times higher than
G4-(1B4M-Gd)30(CS). We hypothesize that the agent was cleared mainly through kidneys.
The data also indicate that there was a higher tissue uptake for G4-(1B4M-Gd)30(CS) that can
be useful as a targeting agent. Overall G4-(1B4MGd)30(CS) has a faster rate of clearance and
a shorter half-life, which is expected for a more positively charged hydrophobic agent. One
might be tempted to think that G4-(1B4M-Gd)30(CS) is behaving like a small molecule based
on the data presented, but the SE-HPLC data clearly indicates that the two agents have about
the same size under the same conditions (tR = 13.2 vs 14.0). This indicates that the charge is
the contributing factor in high relaxivity and fast clearance.

Dynamic contrast-enhanced MR images shown in Figure 5 illustrate differences in circulation
properties between G4-(1B4M-Gd)30(CS) and G4-(1B4M)60[Gd42](CS). We found that the
signal intensity in the kidney increased gradually 10 min after injection due to the high blood
flow through this area and fast clearance of the agent. It is also observed that after 40 min. post-
injection images have no observable signal indicating the total clearance of the agent from the
body. The signal intensity is low in kidneys for G4-(1B4M)60[Gd42](CS) when compared at
the same acquisition time. This is expected due to the slow clearance (Table 1) and possible
lower tissue uptake.

In conclusion, we herein report an improved synthesis to prepare PAMAM G4 dendrimer-
based MR contrast agents, which features full saturation of all of the conjugated chelates with
Gd(III) by using pre-formed Gd(III) complexes as reagents. This better defined chemistry
provides less complex products compared to our established published syntheses, which
routinely had formed the chelating agent dendrimer conjugate first followed by addition of Gd
(III). We believe that this new chemistry will strengthen the potential of translating these
dendrimer-based MR agents into clinical trials by simplifying characterization as quality
control issues pertaining to the production of such agents for clinical use as MR contrast agents.
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Figure 1.
Synthetic scheme of the G4-(1B4M-Gd)30(CS).
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Figure 2.
Molar relaxivity plots of G4-(1B4M-Gd)30(CS) (● 26.9 mM-1s-1) and magnevist (■; 4.2
mM-1s-1).
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Figure 3.
A representation of dendrimers with (left) and without (right) free noncomplexed chelate.

Nwe et al. Page 13

Bioconjug Chem. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Average blood clearance rates measured at the jugular vein of G4-(1B4MGd)30(CS) and G4-
(1B4M)60[Gd42](CS).
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Figure 5.
Whole body 3D-micro-MR images of mice injected with 0.03 mmol/kg of G4-(1B4M-
Gd)30(CS) (above) and G4-(1B4M)60[Gd42](CS) (below). Both images were acquired at 30
min post-injection.
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