Bioorganic & Medicinal Chemistry 18 (2010) 5925-5931

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bmc

Contents lists available at ScienceDirect

Comparison of MRI properties between derivatized DTPA and DOTA
gadolinium-dendrimer conjugates

K. Nwe?, M. Bernardo ¢, C. A. S. Regino®, M. Williams ®, M. W. Brechbiel **

2 Radioimmune & Inorganic Chemistry Section, Radiation Oncology Branch, National Cancer Institute, 10 Center Drive, Bethesda, MD 20892, United States
b Molecular Imaging Program, National Cancer Institute, 10 Center Drive, Bethesda, MD 20892, United States
€Research Technology Program, SAIC-Frederick, Inc., NCI-Frederick, Frederick, MD 21702, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 26 April 2010
Revised 23 June 2010
Accepted 25 June 2010
Available online 8 July 2010

Keywords:

2-(p-Isothiocyanato benzyl)-6-methyl-
diethylenetriaminepentaacetic acid
(1B4M-DTPA)

Polyamidoamine (PAMAM) generation
4 dendrimer (G4D)

In this report we directly compare the in vivo and in vitro MRI properties of gadolinium-dendrimer
conjugates of derivatized acyclic diethylenetriamine-N,N',N',N”,N"-pentaacetic acid (1B4M-DTPA) and
macrocyclic 1,4,7,10-tetraazacyclododecane-N,N’,N",N"”'-tetraacetic acid (C-DOTA). The metal-ligand
chelates were pre-formed in alcohol prior to conjugation to the generation 4 PAMAM dendrimer
(G4D), and the dendrimer-based agents were purified by Sephadex® G-25 column. The analysis and
SE-HPLC data indicated chelate to dendrimer ratios of 30:1 and 28:1, respectively. Molar relaxivity mea-
sured at pH 7.4, 22 °C, and 3T are comparable (29.5 vs 26.9 mM~! s~1), and both conjugates are equally
viable as MRI contrast agents based on the images obtained. The macrocyclic agent however exhibits a
faster rate of clearance in vivo (t;;> = 16 vs 29 min). Our conclusion is that the macrocyclic-based agent
is the more suitable agent for in vivo use for these reasons combined with kinetic inertness associated
with the Gd(III) DOTA complex stability properties.

2-(4-Isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane-N,N',N",N""-
tetraacetic acid gadolinium complex
(p-SCN-C-DOTA[Gd])

Published by Elsevier Ltd.

1. Introduction

Magnetic resonance imaging (MRI) has become a powerful diag-
nostic imaging modality owing to its non-invasive nature and su-
perb spatial resolution at the sub-millimeter range.! During the
development of this imaging modality, contrast agents have been
employed to induce additional contrast and increase the sensitivity
of the MRI scan.! The increased usage of MRI combined with the
necessity for a contrast agent prompts the development of new effi-
cient agents. Clinically used low molecular weight extracellular
contrast agents such as [Gd(DTPA)(H,0)]™2 (Magnevist®) suffer
from rapid extravasation from the blood vessels into interstitial
spaces and fast decrease in concentration in the blood vessels com-
bined with rapid whole body clearance.

The use of Gd(III) chelates conjugated to high molecular weight
carriers such as a PAMAM dendrimer prolongs intravascular reten-
tion and circulation time, slows down molecular rotation which re-
sults in a short relaxation time, and increases in relaxivity.?
Polyamidoamine (PAMAM) dendrimers of different generations
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conjugated to an acyclic diethylenetriaminepentaacetic acid (DTPA)
derivative, 2-(p-isothiocyanato benzyl)-6-methyl-diethylenetri-
aminepentaacetic acid (1B4M-DTPA), are versatile in MRI applica-
tions due to their mono-dispersed nature and available range of
molecular sizes.>* Additionally, a good contrast agent must be
non-cytotoxic, must have high water solubility most preferably at
physiological pH, and high relaxivity properties.

In recent years, dendrimers have become a common platform
for building multifunctional macromolecular nanomaterials to be
used as diagnostic and therapeutic agents.” There have been re-
ports indicating that dendrimers are applicable as carriers for
site-specific delivery of drugs and that they do not alter the func-
tion of the molecules attached.®® It has also been discovered that
dendrimers can act as drugs themselves.'%"'2 As an example, Sup-
attapone et al. reported that branched polyamine dendrimers stim-
ulate the removal of prion proteins present in infected cells. In the
MRI field, dendrimers have not only allowed the molecules to re-
tain their functions, but have also greatly enhanced the signal to
noise ratio of the images; however, this has never reached its full
potential.

The recent spate of reports regarding nephrogenic systemic
fibrosis (NSF) linked to the use of Gd(III) DTPA derived MR contrast
agents has provided our lab with an impetus for re-examination of
the use of bifunctional DTPA agents for the creation of macromo-
lecular MR agents not only in regards to simple stability


http://dx.doi.org/10.1016/j.bmc.2010.06.086
mailto:martinwb@mail.nih.gov
http://dx.doi.org/10.1016/j.bmc.2010.06.086
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

5926 K. Nwe et al./Bioorg. Med. Chem. 18 (2010) 5925-5931

aspects,'>~17 but also to the extended in vivo residence time asso-
ciated with such agents as well as establishing comparable relaxiv-
ity properties. Clearly, stability requirements for macromolecular
MR agents are great. Gd(DOTA) is known as a better contrast agent
in terms of chemical stability and thus potentially less toxicity as
compared to the currently used Gd(DTPA).!®!® Gd(DOTA), DOTA-
REM™ has been extensively evaluated in patients with pre-exist-
ing renal diseases and to date has displayed no clinical side
effects.?° The higher relaxivity and stability of Gd(DOTA) makes
it applicable as an alternative to Gd(DTPA) for MRI.?! The forma-
tion and stability of the Gd(DOTA) complex has also been thor-
oughly studied and data indicate that the dissociation of the
metal ion was exceedingly slow even at low pH (2-4), on the order
of days,>?> while its thermodynamic stability was comparable to
that of Gd(DTPA).2® A previous study showed that Gd(DOTA) has
five orders of magnitude higher in vitro stability as compared to
Gd(DTPA), which can translate to lower in vivo toxicity.!® No sig-
nificance differences in enhancement of the brain image of rats
were observed between Gd(DTPA) and Gd(DOTA), which also vali-
dates Gd(DOTA) as a potential CA for brain imaging.2*

Herein we report the preparation and evaluation of two gener-
ation 4 dendrimer (G4D) based contrast agents, G4-(C-DOTA-Gd ),
and G4-(1B4M-DTPA-Gd)s3, that meet criteria such as water solu-
bility and high relaxivity. We also present here the applicability
of the C-DOTA derivative (or an equivalent DOTA derivative) ap-
plied to complex Gd(IIl) as an agent of choice to replace usage of
bifunctional DTPA agents employed to sequester Gd(III) as a com-
ponent of macromolecular MR contrast agents.

In this report, the ligands are first used to sequester Gd(III) and
thereafter the resulting metal complexes are covalently attached to
the terminal -NH, groups of the G4D. We have recently reported
that this method is significantly advantageous over conventional
methods, wherein the metal ion is introduced and sequestered in
the final step under aqueous conditions. The resulting product is
more directly characterizable, and possesses an ~twofold enhance-
ment of molar relaxivity when using a bifunctional DTPA chelating
agent compared to a similar agent prepared by convention means
while also being able to decrease the overall Gd(IIl) content by
~30%.2> The PAMAM generation 4 dendrimer (G4D) with amine
surface groups (-NH,) was employed to build the dendrimer-me-
tal chelate conjugates; G4D Gd(III) chelate conjugates are known to
have moderate blood circulation time and relatively fast excretion
via the kidney.?® Hence, we hypothesized that the replacement of
that bifunctional DTPA chelating agent with a suitable bifunctional
DOTA chelating agent would not only address safety and toxicity
issues, but perhaps also further enhance the molar relaxivity prop-
erties of our dendrimer-based MRI contrast agents. In addition to
characterization and assessment of relaxivity properties of these
agents, mice were imaged in pairs (n=2) with both G4-(1B4M-
DTPA-Gd)s3g and G4-(C-DOTA-Gd),s to directly compare the effect
of the agents on the quality of MR imaging. To the best of our
knowledge, this is one of the few studies to directly make such
comparative studies.

2. Experimental
2.1. Materials and methods

Ethylenediamine core PAMAM dendrimer generation 4 (G4
dendrimer) in MeOH (10% w/v) was obtained from Dendritech.
Gadolinium nitrate pentahydrate (Gd(NO);-5H,0) was purchased
from Aldrich (St. Louis, MO). G4-(1B4M-DTPA-Gd);o was prepared
and purified as previously reported.?® 2-(4-nitrobenzyl)-1,4,7,10-
tetraazacyclododecane-N,N',N”,N"-tetraacetic acid was prepared
as the HCI salt.?” 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 166NMP UV detector (4 254 nm) controlled by 32 Kar-
at software. Size-exclusion chromatography was performed on a
TSK-gel G3000PW 10 pm, 7.8 mm x 300 mm (Tosoh Bioscience,
Montgomeryville, PA), with a TSK-gel 10 pm guard column (Tosoh
Bioscience, Montgomeryville, PA) using phosphate buffered saline
(1x PBS) solution as the eluent at 0.5 mL/min, respectively. Re-
verse-phase HPLC (RP-HPLC) was performed by using a Beckman
System Gold HPLC equipped with 168 UV-vis detector with peak
detection at 254 and 280 nm and a C;g Varian microsorb™-mv col-
umn (250 x 4.6 mm; 5 pm). 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),
pre-treated with 1x PBS, and loaded to a Pharmacia Biotech col-
umn 2.6 x 39.7 cm (Uppsala, Sweden). Elemental analyses were
performed by Galbraith Laboratories, Inc. (Knoxville, TN) using
combustion analysis method for C, H, N, inductively coupled plas-
ma-optical emission spectroscopy (ICP-OES) method for determin-
ing the S, and inductively coupled plasma-mass spectrometry (ICP-
MS) for Gd. The Bio-Rad gel filtration standard used to compare the
molecular weight of the dendrimer conjugate was purchased from
Bio-Rad (Hercules, CA).

2.2. Syntheses

2.2.1. 2-(4-Nitrobenzyl)-1,4,7,10-tetraazacyclododecane-N,N',N’,
N"-tetraacetic acid gadolinium complex (p-NO,-CG-DOTA[Gd]) (1)

044¢g (0.68 mmol) of C-DOTA-3HCI ligand and 0.31g
(0.71 mmol) of Gd(NOs3)3-5H,0 in MeOH (20 mL) were refluxed
for 8 h. The solvent was reduced to 1.5 mL and CH,Cl, was added
until an oil suspension formed. The oil was separated and dried un-
der vacuum to yield a pale yellow solid (0.54 g; 85%). ESI m/e: calcd
for C,3H33N5040Gd; 697. Found 693 (M~'). RP-HPLC tg = 12.6 min.
% Calcd for Cp3H33Ns0,0Gd-2NO5-3HCl: C, 29.69; H, 3.87; N,
10.54. Found: C, 29.64; H, 3.89; N, 10.49.

2.2.2. 2-(4-Aminobenzyl)-1,4,7,10-tetraazacyclododecane-N,N/,
N’,N"-tetraacetic acid gadolinium complex (p-NH,-C-DOTA[Gd])
(2)

A solution of compound 1 (2.01 g; 2.16 mmol) and 10% Pd/C
(0.4¢g) in H;O (40 mL) was placed in a Parr hydrogenator at
15 psi for 4 h. (The completion of the reaction was confirmed by
RP-HPLC.) The mixture was filtered on a glass frit through a pad
of Celite (Celite® 535 Coarse; Fluka) and washed with H,0
(20 mL). The filtrate was evaporated under high vacuum to afford
compound 2 (1.73 g; 87%) as a yellow solid. ESI m/e: calcd for
C23H35N503Gd; 667. Found 663 (Mil). % Calcd for C23H35N508Gd~
2NO5-3HCI-H,0: C, 23.45; H, 3.99; N, 9.52. Found: C, 23.30; H,
4.20; N, 9.45. RP-HPLC tg = 10.2 min.

2.2.3. 2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclodode-
cane-N,N,N",N"-tetraacetic acid gadolinium complex
(p-SCN-C-DOTA[Gd]) (3)

A solution of 1 mL of thiophosgene in CH,Cl, (10 mL) was added
drop wise into a solution of compound 2 (2.00 g, 2.18 mmol) in
H,O0 (15 mL) at room temperature. The mixture was stirred for
1 h after the addition was complete. The organic phase was sepa-
rated and the aqueous phase was washed with CH,Cl, (10 mL) to
remove the residue of thiophosgene. The aqueous was dried under
vacuo to afford compound 3 as a yellow solid (0.93 g; 88%). ESI
m/e: caled for C,4H33N5505Gd; 709. Found 705 (M~1). % Calcd for
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Cy4H33N5 SOgGd-2NO3-3HCI-H,0: C, 29.94; H, 3.80; N, 10.44.
Found: C, 29.82; H, 3.81; N, 10.53. RP-HPLC tR = 18.4 min.

2.2.4. Conjugation of G4 with 3—(G4-(C-DOTA-Gd),s)

G4 PAMAM dendrimer (1.34 g, 0.0145 mmol; 15.35% w/w) in a
500 mL round bottom flask was dried under vacuum to remove
the MeOH. The flask was charged with 350 mL of 1x conjugation
buffer with EDTA (0.96 M NaHCOs; 0.04 M Na,COs; 3.0 M NacCl:
0.01 M EDTA) (pH ~8.5). Compound 3 (1.51 g, 1.57 mmol) was
added in portions while the pH was adjusted to 8.5 with 1 M NaOH.
The mixture was stirred at room temperature for 5 d and 35 °C for
1d. The solution was cooled to room temperature and filtered
through a 0.45 pm cellulose acetate membrane filter (Corning,
NY). The solvent was reduced under high vacuum to ~30 mL at room
temperature. The dendrimer—chelate was purified by a Sephadex®
G-25 column eluted with water (pH 7.5; the pH was adjusted to
7.5 with 1 M NaOH). The first band was collected and lyophilized
to yield the conjugate as a yellowish fluffy solid (0.35 g; 65% based
on dendrimer). SE-HPLC tg=14.7 min. % Calcd for CgyHi250-
N2500125-28(C23H30N4S010Gd)-51(Na)-55(H,0): 42.89 (C), 6.31 (H),
15.08 (N), 2.47 (S), 12.16(Gd). Found: 42.93,6.19, 15.19, 2.52, 11.96.

2.3. Molar relaxivity measurements

Stock solutions of the G4 dendrimer agents, G4(1B4M-DTPA-
Gd)so and G4(C-DOTA-Gd),z (5.0 mM in Gd), were diluted to con-
centrations of 0.1, 0.25, 0.50, 0.75, and 1.0mM in 1x PBS
(300 pL). Solutions of GA(III)-DTPA (Magnevist™; Bayer, Montville,
NJ) at 0.25, 0.50, 0.75, 1.0, and 2.0 mM were prepared in 1x PBS
(300 puL) and used as a reference standard. Relaxivity measure-
ments 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 x 126 x 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 R; values for each dilution were
determined by fitting ROI intensity values from variable IR images
using Igor Pro (http://www.wavemetrics.com). R, values were
measured from ROI values from T, maps, which were calculated
from the multi-echo images in Image] (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, r; and r, were obtained
from the slope of 1/T; or 1/T, versus [Gd(III)] plots determined
from region of interest measurements.

2.4. In vivo magnetic resonance imaging (MRI)

All animal studies were performed in accordance with the NIH
guidelines for the humane use of animals and all procedures were
reviewed and approved by the National Cancer Institute Animal
Care and Use Committee. Normal 6-8 week old female nude mice
(Charles Rivers Laboratories) were imaged two at a time to in-
crease throughput using a 3T clinical scanner (Achieva, Philips
Healthcare, Best, Holland) equipped with a dual mouse coil com-
prised of two parallel receive-only coils (saddle-shaped Helmholtz
coils, 38 mm in diameter x 70 mm in length) connected to inde-
pendent 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 x 6” long Tygon tubing) filled with 1x PBS
was inserted into the tail vein, anesthetized using gas mixtures
of 3% isoflurane in O,, and then carefully placed in a mouse bed
equipped with a nose cone, respiratory pad, and fiber optic temper-
ature 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 T;-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 5°, field of view of 80 mm, matrix size of
512 x 512 pixels, 40 slices, slice thickness of 0.6 mm and 1 aver-
age; scan time of 2.3 min) was acquired followed by a dynamic ser-
ies using a higher flip angle of 24° repeated every 2.5 min for one
hour. The contrast agent was injected (50 pL of 6 mM stock solu-
tion in 1x PBS based on Gd(III) pushed with 50 pL of 1x PBS) after
the first dynamic image at a rate of 150 puL/min using a syringe
pump (BS-9000-8, Braintree Scientific, Braintree, MA). Blood clear-
ance rates were determined from ROI intensity measurements of
the jugular vein in the low flip angle image and high flip angle dy-
namic images using Image ]. The intensity values during the dy-
namic scans were then converted to Gd(Ill) concentration and
the resulting [Gd] time curves were fitted to a single exponential
function using an Igor Pro (Wavemetrics) macro.

3. Results

Preparation of the G4-(1B4M-DTPA-Gd)so has been reported
elsewhere.?’

The preparative scheme leading to the formation of the conju-
gate G4-(C-DOTA-Gd),g is shown in Figure 1. The Gd(IIl) complex
1 was prepared by treatment of the ligand C-DOTA with
Gd(NOs)3-5H,0 in methanol. Complex 1 could also be prepared
by incubation of the ligand with Gd(NOs)3-5H,0 in H,O with the
pH maintained at 5.5, but preparation of the Gd(III) complex in
methanol was chosen as a more convenient route, especially for li-
gands that have limited solubility in water. Our previous study
showed that the Gd(III)-1B4M-DTPA complex formed in methanol
gave a more stable complex than the one formed under aqueous
condition.?> Therefore, to maintain comparability between the
two macromolecular agents, this aspect was held constant.

The reduction of the nitro group to amine was rapidly accom-
plished (Parr hydrogenator at 15 psi within ~4 h). Under these
conditions neither cleavage of the nitrobenzyl group (over-reduc-
tion product) nor any dissociation of the metal ion from the ligand
cavity were observed. A mixture of thiophosgene in CH,Cl, was
added drop wise to form complex 3 and the reaction was allowed
to stir for 1h thereafter, which was sufficient to complete this
reaction. This brief reaction time also serves to eliminate extended
exposure of the metal complex to low pH (1-2) conditions, which
might induce dissociation of Gd(III) from the complex. After conju-
gation, the dendrimer-based conjugate was purified by a Sepha-
dex® G-25 column. As noted in our previous report, this method
proved to be more efficient as compared to the exhaustive and
time consuming transverse-flow filtration (TFF) method.?>2®

A plot of the inverse of longitudinal relaxation time (1/T;) ver-
sus Gd(Ill) concentration for the G4(C-DOTA-Gd),g conjugate
(0.1-1 mM), G4(1B4M-DTPA-Gd)3g conjugate (0.1-1 mM) and
Magnevist™ (0.25-2 mM) is shown in Figure 2. The data showed
that the relaxivity of the two dendrimer-based agents is 6-7 times
higher than that of Magnevist™. The in vivo average blood clear-
ance rates were measured at the jugular vein for the two agents
with the clearance data fit to a single exponential decay (Fig. 3). Ta-
ble 1 summarizes the overall results for the two agents. G4-(1B4M-
DTPA-Gd);p and G4-(C-DOTA-Gd),g have comparable values of
dendrimer to chelate ratio (1:30 vs 1:28) as well as for molar relax-
ivity (29.5 vs 26.9), while the gap between the blood clearance
half-lives is rather large (16.2 vs 29.1 min).

Dynamic contrast-enhanced MR images of the two agents at
16-23 min post-injection are shown in Figure 4. While one notes
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G4-(1B4M-DTPA-Gd)so (B 26.9 mM ' s~1), and Magnevist (¢; 4.2 mM~' s 1).

that the image quality of the two agents obtained in normal mice is
similar, their circulation properties are different. Figure 5 shows
the images of kidney obtained before and after injection of agents.
Obviously the post-contrast images are different from the pre-con-
trast one as expected as well the images obtained for the two
agents.

4. Discussion

As previously noted, formation of thermodynamically stable
lanthanide complexes with DOTA is slow,?2?82° but the complexes
formed are extremely stable.3® A stability constant of 1028 was re-

Figure 3. Average blood clearance rates measured at the jugular vein of G4-(1B4M-
DTPA-Gd)3g and G4-(C-DOTA-Gd),s.

ported for Gd(DOTA)~! as opposed to 10?2 for Gd(DTPA)~'.3! Com-
parison of MRI properties between derivatized DTPA and DOTA
gadolinium-dendrimer conjugates, lanthanide complex formation
and dissociation kinetics with DOTA ligand are usually studied un-
der aqueous condition as cited above. However, in our study the
complexes are formed in methanol. Therefore, at this point
whether the mechanism and number of steps involved in complex
formation as well as whether dissociation is the same as proposed
for aqueous condition is under study.

The surface amine groups of polyamidoamine (PAMAM) dendri-
mers are known to be positively charged at physiological pH. Pre-
vious reports demonstrated faster clearance of non-specific
binding PAMAM dendrimers due to electrostatic interaction
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Figure 4. Dynamic MRI of mice injected with 0.015 mmol/kg of G4-(C-DOTA-Gd),g
(above) and G4-(1B4M-DTPAGd )3, (below). All images were acquired at 16-23 min
post-injection.

between the positive amine groups and the negative endothe-
lium.3233 Also, positively charged macromolecules showed higher
glomerular permeation than negatively charged macromolecules
with similar molecular weight.>* We previously reported a higher
relaxivity and faster rate of clearance of positively charged macro-
molecules when compared to negatively charged macromole-
cules.?® In general, conjugation of (1B4M-DTPA-Gd)~2 (Fig. 6) to a

b

Figure 5. MR images of the left kidney obtained prior to injection of agents (a) and 20 min after injection of G4-(1B4M-DTPA-Gd)so (b) and G4-(C-DOTA-Gd),g (c).

5929

generation 4 dendrimer (G4D) would result in a more hydrophilic
conjugate than (C-DOTA-[Gd])~! due to the difference in the initial
negative charge. Based on the analyses and SE-HPLC data (1B4M-
DTPA[Gd])~2 occupied 30 out of 64 sites and (C-DOTA[Gd])~! occu-
pied only 28, which makes the overall conjugate of G4-(C-DOTA-
Gd),s more positively charged and thus more hydrophobic as com-
pared to the [G4-(1B4M-DTPA-Gd)so]. Note that this analysis ne-
glects association of other ionic species such as Na* or ClI.
Hydrophobic interaction with solvent molecules is known to slow
down the tumbling time (tg) which results in increase of the relax-
ivity.23>3¢ Therefore, a more hydrophobic G4-(C-DOTA-Gd),s con-
jugate is expected to have a faster clearance. The experimental data
in Table 1 supports this hypothesis by having a blood clearance
half-life of 16.2 min compared to 29.1 min for G4-(1B4M-DTPA-
Gd)so. A previous study using Gd(DOTA)~! and Gd(DTPA)~2 as con-
trast agents also showed a faster clearance of the former in rat.2*

We observed that the dendrimer to chelate ratio was 1:30 for
the DTPA derivative, which is lower than the previously reported
ratio using the post-metallation method (1:57),%° and 1:28 for
the DOTA derivative suggesting the occupation of the chelate
approximately at every other terminal of amino surface groups.
We were not able to obtain a higher ratio using this pre-metalla-
tion method, which could mainly be due to the presence of the me-
tal and the pre-formation of the respective DTPA or DOTA
complexes since this variable is the only change being made, albeit
this may be more complex than that simple statement. Issues re-
lated to flexibility and access to the conjugation sites at the surface
of the PAMAM, relative hydrophobicity between ligands versus
complexes, and charge for example may all play a part in this ob-
served result. Thus, inclusion of the metal, that is, pre-forming the
complex might contribute to or in fact trigger a sterically induced
stoichiometry (SIS) condition as pointed out by Tomalia.>’ This
lower dendrimer to chelates ratio for the DOTA derivative might
generate a more favorable inter-metal distance that retains metal
ions to be completely functional and potent with little or no oppor-
tunity for any donors to bind to the ninth coordination site of the
Gd(III) thereby blocking interaction with H,O. Previous studies
showed that when Gd(III) centers are at close proximity with a
short Gd-Gd distance, a significant increase in the electron spin
relaxation rates was observed due to the dipole-dipole interac-
tions between Gd spins. Increase in electronic relaxation rate
decreases the interaction of the electron spins with the nuclear
spin of protons and thus become a limiting factor that leads to low-
er relaxivity.3®4° In addition, possession of a short and rigid isoth-
iocyanatobenzyl linker is a positive feature of the conjugate and
also a factor that contributes to the high relaxivity among many
others.#! This short and rigid linker limits the rotation of the small
Gd(III) chelates, which is characterized as internal rotation. As
reported previously, fast internal rotation of high molecular weight
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NO2

Figure 6. Structures of (C-DOTA-Gd)~! (left) versus (1B4M-DTPA-Gd)? (right).

Table 1
Summary of results for G4-(C-DOTA-Gd),g (dota) and G4-(1B4M-DTPA-Gd)s, (dtpa)

Agent G4:chelate r? (mM~ s rpd (mM~ s Half life® (min) Rate of clearance® (min~')
Dota 1:28 295%1.5 61.6+1.7 16.2+1.2 0.063 £ 0.0046
dtpad 1:30 26.9+1.2 56.1+1.4 29.1£0.63 0.034 + 0.00017

Reported numbers are the average values and errors are reported as standard deviations.

4 Molar relaxivity values obtained from phantom measurements.

Blood clearance half-life as measured from R; map of the jugular vein in dynamic MR angiographic images.

b
¢ Blood clearance rates.
4 From Ref. 25.

agents prohibits achievement of high relaxivity even though the
rotation of the entire molecule is reasonably slow.*!42

The blood clearance plot in Figure 3 illustrates differences in
circulation properties between the two agents tested. As expected
the rate of clearance of G4-(C-DOTA-Gd),s is faster than that of
G4-(1B4M-DTPA-Gd)s3o. This enhanced clearance rate eliminates
concerns in the aspects of the deposition of the metal chelate
in vivo due to a prolonged circulation and residence of the agent,
and dissociation of the toxic metal ion from the ligand cavity due
to the competition from other anionic ligands in vivo for the metal
binding. It also eliminates a concern of in vivo toxicity of cationic
PAMAM dendrimers as pointed out by other researchers.** In addi-
tion, the dose employed for in vivo imaging (0.015 mmol/kg) is
much lower than that is required for the clinically approved agents
such as Magnevist™ (0.1-0.3 mmol/kg) as well as half of what the
majority of our prior studies used with dendrimer agents.?® This
decreased injected dose also reduced the risk of exposure to high
amount of toxic metal and also the dendrimer. The data also indi-
cate that there were higher tissue uptakes for G4-(C-DOTA-Gd),s
that can be useful as a targeting agent. To the best of our knowl-
edge this is the first time MRI properties of two macromolecular
agents have been compared.

Gd(DOTA) has been used as a contrast agent to study central ner-
vous system such as intracranial lesions.** The result showed that
the agent was not only well tolerated but efficient to enhance the
contrast of the extracellular space and identify blood brain barrier
(BBB) defects. A characteristic that is similar to Gd(DTPA), such as
mild contrast uptake in patient with recent cerebellar infarct,>46
was also observed. This finding not only reinforces the conclusion
that Gd(DOTA) agent is as viable as Gd(DTPA) in MR imaging but
also encourages us to consider our stable dendrimer-based Gd-C-
DOTA conjugate as a potential candidate for brain imaging.

The kidney images for the two agents show differences in diffu-
sion and blood circulation (Fig. 5). G4-(1B4M-DTPA-Gd)so mostly
localized around the pelvic area while G4-(C-DOTA-Gd),s seems
to diffuse throughout. This could be of importance for studies of
kidney diseases and kidney damage caused by drugs. A detailed

study of drug effect to the kidney using G4-(C-DOTA-Gd),g is
underway.

5. Conclusion

In conclusion, this study confirms that macromolecular MRI
contrast agents composed of multiple Gd(III) chelates assembled
on a dendrimer platform are much more efficient and effective in
modulating and relaxing water protons as compare to a single che-
late unit analogue. Our study also demonstrates that appending
the pre-formed DOTA metal complex to the dendrimer is far more
convenient and significantly more advantageous in areas including
species distribution, ease of characterization, stability, solubility.
This pre-metallation method also produces a more hydrophobic
agent that results in high relaxivity, faster blood clearance rate
in vivo, while also requiring administration of a decreased dose
without sacrificing imaging quality. From the data obtained in
these studies, we conclude that G4-(C-DOTA-Gd),s is a superior
agent based on its comparable relaxivity and shorter blood clear-
ance lifetime thereby also advocating elimination of bifunctional
DTPA agents for use in the creation of macromolecular MRI con-
trast agents. By these results, the dendrimer-based agent(s) cre-
ated employing bifunctional DOTA are far more superior for
in vivo applications and will be our major focus in future studies.
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