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Abstract

Biocompatible gadolinium blood pool contrast agents based on a biopolymer, hyaluronan, were
investigated for magnetic resonance angiography application. Hyaluronan, a non-sulfated linear
glucosaminoglycan composed of 2000-25,000 repeating disaccharide subunits of D-glucuronic
acid and N-acetylglucosamine with molecular weight up to 20 MDa, is a major component of the
extracellular matrix. Two gadolinium contrast agents based on 16 and 74 kDa hyaluronan were
synthesized, both with £ relaxivity around 5 mM=1 s71 per gadolinium at 9.4 T at 25°C. These
two hyaluronan based agents show significant enhancement of the vasculature for an extended
period of time. Initial excretion was primarily through the renal system. Later uptake was
observed in the stomach and lower gastrointestinal tract. Macromolecular hyaluronan-based
gadolinium agents have a high clinical translation potential as hyaluronan is already approved by
FDA for a variety of medical applications.
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1. INTRODUCTION

Blood pool contrast agents (BPCA) are desirable in applications such as magnetic resonance
angiography (MRA) and tumor microvasculature characterization. In comparison to the
commonly used extracellular MRI contrast agents such as gadopentetate dimeglumine,
BPCAs exhibit lower leakage into the interstitial space, which minimizes non-specific soft
tissue enhancement while prolonging the plasma half-life. These characteristics, in
combination with higher relaxivity, can provide better contrast for blood vessels as
compared with the standard small molecular extracellular contrast agents. Relative to normal
tissues, solid tumors have enhanced permeability and retention of macromolecules (1). Thus,
macromolecules-based contrast agents are also well suited to assessing tumor angiogenesis
due to these tumor-specific properties.

To attain prolonged blood circulation time, gadolinium containing BPCAs are designed as
either small molecules that bind to serum albumin, or macromolecules. Currently, there is
only one blood pool MRI contrast agent, gadofosveset trisodium, that has been approved for
clinical MRA application in Europe (2). Gadofosveset trisodium is also approved by the
FDA in the United States to evaluate aortoiliac occlusive disease in adults with known or
suspected peripheral vascular complication. Gadofosveset trisodium is a small molecule that
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reversibly binds to blood serum albumin, which has been proven to be beneficial for MRA
applications. However, the properties of macromolecular BPCAs make them better suited
for studies aimed at quantifying tumor microvasculature as ambiguities related to reversible
albumin binding dynamics are avoided (3). Many macromolecular blood pool agents under
current development have shortcomings because of a lack of biocompatibility, toxicity,
immunogenicity (4,5) and slow excretion, which eventually can result in the accumulation
of toxic Gd3* ions (6-8). An ideal macromolecular BPCA needs to be large enough so that it
has a prolonged blood circulation time and yet small enough to pass through the kidney for
unhindered excretion. It has been reported that the vascular permeability in normal tissues of
macromolecules with molecular weights greater than 50 kDa is very limited, while the
ultrafiltration threshold of the kidney glomerular membrane is below the size of blood serum
albumin, a globular protein of 67 kDa (9). If the molecular size was the only determining
factor, it would appear that molecules with molecular weight between 50 and 65 kDa would
be most suitable blood pool contrast agent candidates. They would remain in the circulation
for an extended period of time, and eventually would be eliminated through the kidneys.
However, other factors, such as charge, shape and hydrophilic/lipophilic balance also affect
the extravasation and excretion rates of macromolecules. Generally, amphipathic organic
anions with a relatively high molecular weight are eliminated by the liver via metabolism
and/or biliary excretion while small and hydrophilic organic anions are excreted into the
urine (10). Relatively unhindered clearance through the kidneys may be achieved by using
hydrophilic agents with limited protein binding.

Hyaluronan (HA) is a suitable macromolecule platform for developing blood pool contrast
agents. HA is a natural linear polysaccharide composed of alternating (5-1,4)-linked D-
glucuronic acid and (5-1,3) N-acetyl-D-glucosamine residues with molecular weights as
high as 107 Da. HA is widely distributed in the extracellular matrix of connective tissues of
animals and plays a role in organ structural stability and tissue organization. It is
biocompatible and non-immunogenic. HA is readily available in a wide range of defined
molecular weights through microbial fermentation (11,12). Because of its unique
viscoelastic rheological properties and safety profile, HA has been utilized in a broad range
of medical applications such as ophthalmology, orthopedic surgery and rheumatology,
otolaryngology, dermatology and plastic surgery, surgery and wound healing, and
pharmacology and drug delivery (13). More significantly, Hyaluronic Acid Chemotransport
Technology (HyACT®), in which anti-cancer drugs are entrained in an HA matrix, has
entered human clinical trials (14). There is also great interest in using HA as a drug carrier
and a ligand on liposomes or nanoparticles to target CD44 overexpressing cancer cells.
Esposito ef al. have reported that the uptake of HA-functionalized Gd-liposomes in various
tumor cells was directly proportional to their expression levels of CD44 receptors (15).
Drugs delivered in HA-modified liposomes exhibited excellent antitumor activity both in
vitro and in murine tumor models (16). HA is naturally biodegradable since it is digested by
a series of enzymatic reactions /n-vivo that generate polysaccharides of decreasing sizes,
which in principle may facilitate the timely excretion of HA-based macromolecular contrast
agents. In this study, we used HA of molecular weight 16 and 74 kDa, which contain
approximately 40 and 183 repeating disaccharide subunits, respectively, as macromolecular
backbone carriers for GAd-DTPA groups. We assessed the enhancement pattern of these HA
and Gd-DTPA complex as blood pool agents, and compared them with another common
preclinical macro-molecular blood pool MRI contrast agent, a bovine serum albumin Gd-
DTPA complex (17,18).

Contrast Media Mol Imaging. Author manuscript; available in PMC 2012 March 19.
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2. MATERIALS AND METHODS

2.1. Materials

Hyaluronan with molecular weights of 16 and 74 kDa was obtained from Lifecore
Biomedical (Chaska, Minnesota). N-(3-dimethylaminopropyl)- A-ethylcarbodiimide
hydrochloride (EDC) and A~hydroxysuccinimide (NHS) were from Pierce (Rock-ford, IL,
USA). Other reagents were obtained from Sigma-Aldrich (St Louis, MO, USA). All
reagents were used without further purification. SCID mice were purchased from NCI with
body weight ranged from 21 to 25 g.

2.2. Synthesis of hyaluronan—ethylenediamine—diethylenetriaminepentaacetic acid—
gadolinium (HA—EDA-DTPA-Gd)

HA-(EDA-Gd-DTPA) was synthesized with a modified method described previously
(19,20). All conjugation reactions were carried out at room temperature. Briefly, 200 mg of
HA of different molecular weights (0.5 mmol of disaccharide monomer subunit) was
dissolved in 2-(A~morpholino)ethanesulfonic acid buffer (MES, 0.1 mol/L, 20 mL, pH
4.75). The carboxyl groups of hyaluronan were activated by the addition of 200 mg (1.04
mmol) EDC and 80 mg (0.70 mmol) NHS for 30 min. A 200 mg (3.3 mmol) aliquot of
ethylenediamine (EDA) was added to this activated hyaluronan solution while pH was
maintained at 7.0 with the addition of 1 M HCI. This solution was stirred at room
temperature for 3 h. The product, HA—EDA conjugate, was purified by ultra-filtration with
an Amicon Centrifugal unit with a 5 or 10 kDa membrane. Hyaluronan—-EDA conjugate was
subsequently reacted with 200 mg (0.56 mmol) solid DTPA dianhydride in three additions
in 40 ml 0.1 M HEPES buffer while pH was maintained at around 10 with the addition of 1
M NaOH. This solution was stirred overnight at room temperature. A second batch of 200
mg solid DTPA anhydride was added the next day and the reaction proceeded for a further 3
h. The product, HA-(EDA-DTPA) conjugate, was purified through ultrafiltration with water
multiple times. Chelating of gadolinium was performed with the addition of 500 mg solid
GdCl3 - 6H,0 (1.3 mmol). This reaction proceeded overnight at pH 7 in 0.1 M citric acid
buffer. Final product HA—(EDA-DTPA-Gd) was purified through exhaustive ultra filtration
with water and lyophilized. The absence of free Gd3* in the final product was confirmed by
an arsenazo |11 assay (20).

2.3. T measurement of HA—-(EDA-DTPA-Gd) conjugates

71 values of the HA—-(EDA-DTPA-Gd) conjugates were measured in deionized water at
25°C. 71 measurements were performed on a horizontal 9.4 T Bruker Biospec spectrometer
using an inversion—recovery (180 — — 90 sequence) method with a fixed 7g of 2000 ms
and nine varying delays of 5, 10, 20, 50, 100, 200, 500, 1000 and 2000 ms. 7; values were
calculated by IDL (Interactive Data Language) using mono-exponential fittings with a linear
least-square regression of the FID amplitude. 7; measurements were also performed on a
clinical 1.5 T GE Signa scanner using saturation—recovery spin echo imaging with echo time
at 9 ms and varying recovery delays of 100, 200, 400, 800 and 1600 ms. 77 values were
calculated using mono-exponential fittings with a linear least-square regression of the image
amplitudes.

2.4. ICP-MS measurements

Gadolinium content of the HA-(EDA-DTPA-Gd) conjugates was determined by
inductively coupled plasma mass spectroscopy (ICP-MS). HA-(EDA-DTPA-Gd)
conjugates were dissolved in 2% element analysis grade nitric acid and diluted to the ICP-
MS measurement range, from 5 to 40 pg/L. The gadolinium concentration of this diluted
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solution was calibrated with a series of ICP-MS standard gadolinium solutions within the
same range.

2.5. Stability measurements

HA-(EDA-DTPA-Gd) conjugates based on 16 kDa HA at the concentration of 4 mg ml~1
(Gd concentration 1.1 mM) were incubated in RPMI medium that contains 10% fetal bovine
serum at pH 6.4, 7.4, and 9.0 respectively over 5 days at 37°C, while 77 values of these
solutions were measured at 25°C at various time points.

2.6. In vivo MRA studies

All animal experiments were performed in accordance with institutional guidelines. /n vivo
MRA experiments were performed on a horizontal 9.4 T Bruker Biospec spectrometer using
a circular volume coil. Mice were anesthetized with an intraperitoneal (i.p.) injection of a
ketamine—acepromazine mixture (25 and 2.5 mg kg1, respectively, in saline) prior to all
procedures. For magnetic resonance angiography studies, the tail vein of the mice was
catheterized with a 25G needle, which was connected to a T-shape connector that was
attached to a HA-(EDA-DTPA-Gd) syringe on one side and a saline syringe (plus 10 i.u.
heparin) on the other side. Each syringe was fitted with a stopcock outside the magnet via a
50 cm polyethylene (PE60) catheter tube. HA-(EDA-DTPA-Gd) was given at a dose of 0.1
mmolGd kg™1. For comparison, BSA-(DTPA-Gd) was also given at a dose of 0.1 mmolGd
kg~L. After a triplanar orthogonal scout imaging of the whole body, coronal MRA images
were acquired with a three-dimensional fast low-angle shot (FLASH) MR sequence (flip
angle 45°, echo time/repetition time 1.85 ms/8 ms, FOV 60 x 26 x 26 mm, matrix 128 x 64
x 64, number of averages 8) before and after the administration of the contrast agent. The
total acquisition time was 4 min 30 s. Data analysis was performed using software
developed by the IDL program environment. After 3D apodization and Fourier
transformation, all final matrices were zero filled to 256 x 128 x 128. Data visualization was
through ImageJ (NIH) and Amira (Visage Imaging).

2.7. Blood half-life studies

Mice were anesthetized with an intraperitoneal (i.p.) injection of a ketamine—acepromazine
mixture. HA—-(EDA-DTPA-Gd) based on 16 kDa HA at a dose of 0.05 mmol Gd kg™t was
injected through the mouse tail vein. About 20 I of blood was drawn from the tail vein and
collected into a dry and heparinized PCR tube at each time point. 7; of these blood samples
were measured by an inversion recovery method at 25°C. Intrinsic blood 7; was measured
prior to the administration of the contrast agent. The increase of relaxation rate due to HA-
(EDA-DTPA-Gd) was obtained after the subtraction of the intrinsic blood relaxation rate
from the total blood relaxation rate at each time point. Fast clearance and slow clearance
half-life were calculated with a two phase decay model after the intrinsic blood rate was
subtracted.

3. RESULTS

3.1. T, values

71 values and corresponding relaxivity of HA-(EDA-DTPA-Gd) prepared from HA of
molecular weight 16 and 74 kDa in deionized water at 1.5 and 9.4 T at 25°C are shown in
Table 1. Relaxivity of the individual conjugate was calculated based on these 7; values,
HA-(EDA-DTPA-Gd) concentration and gadolinium content and water relaxation time of
25and28sat1.5and9.4T.
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3.2. Gadolinium content of HA—-(EDA-DTPA-Gd) conjugates

3.3. Stability

The gadolinium content of each HA—(EDA-DTPA-Gd) conjugate varied slightly with
preparations as observed by its 77 values. The gadolinium content of the conjugates based
on 16 and 74 kDa HA used in this report was around 5% of the total weight as determined
by ICP-MS, shown in Table 1, which corresponds to about one in every six HA carboxyl
groups conjugated to (EDA-DTPA-Gd) and increased the nominal molecular weight of
final complexes from 16 and 74 kDa to about 21 and 95 kDa, respectively (see Supporting
Information@L).

71 values of the HA-(EDA-DTPA-Gd) conjugate based on 16 kDa HA in RPMI medium
with 10% serum were measured within 5 min and up to 5 days at pH 6.3, 7.4 and 9.0. About
a 5% increase in 71 was observed at 24 h in all three pH conditions, and up to 14% increase
in 73 was observed in 5 days, Table 2.

3.4. In vivo MRI studies

Figure 1 shows a time series of maximal intensity projection (MIP) of the coronal 3D
FLASH images obtained from the mice injected with HA—-(EDA-DTPA-Gd) based on 16
and 74 kDa HA.. The time label of each image is listed as that of the beginning of the
acquisition after the injection, and pre-contrast images were subtracted from post-contrast
images. For comparison, results from BSA-(DTPA-Gd), a well tested blood pool contrast
agent given at the same gadolinium dose, are also shown in Fig. 2. Initially, intense and
prolonged enhancement was observed in the vasculature for both HA—(EDA-DTPA-Gd)
conjugates and BSA-(DTPA-Gd). However, different distribution and excretion patterns
emerged over the next 30 min. For HA-(EDA-DTPA-Gd), the distribution of the contrast
was initially limited to the blood vessels. HA—-(EDA-DTPA-Gd) prepared from HA of
molecular weight 74 kDa showed greater detail of the circulatory system, especially in the
liver and spleen. Marked washout was seen for HA—(EDA-DTPA-Gd) prepared from 16
kDa HA after 10 min while the washout was barely noticeable for the 74 kDa agent, even at
30 min (Fig. 1). These agents were readily excreted through the kidney to the bladder. HA-
(EDA-DTPA-Gd) of lower molecular weight appeared to be excreted through the kidney
faster than its counter part of higher molecular weight as shown in Fig. 3, images taken 150
min after the injection: aorta and vena cava were barely visible for the agent based on 16
kDa while they were still enhanced for the 74 kDa agent. In contrast, no excretion to the
bladder was observed for BSA—(DTPA-Gd), which leaked to the extravascular space and
eventually into the tissues, especially liver and kidney at 30 min post injection. However,
HA-(EDA-DTPA-Gd) showed significant uptake by the stomach. HA-(EDA-DTPA-Gd)
based on 16 kDa HA was absorbed by the stomach faster than that of 74 kDa. Uptake of
16kDa HA-(EDA-DTPA-Gd) by the stomach was observed as early as 1 h post injection,
and it was seen in feces 7 h later (Fig. 4). At 24 h the 16 kDa HA-(EDA-DTPA-Gd) had
mostly been cleared from the stomach into the lower gastrointestinal tract and feces while
significant uptake at the stomach was still observed for the 74 kDa HA-(EDA-DTPA-Gd)
conjugate (Fig. 5). Overall, no adverse reactions such as weight loss and death were
observed in any mice that received HA—(EDA-DTPA-Gd) conjugates within next 2 months.

3.5. Half-life of HA—(EDA-DTPA-Gd) based on 16 kDa

Figure 6 shows the blood relaxation rate of a mouse injected with HA—-(EDA-DTPA-Gd)
based on 16 kDa HA at various time points after the injection. The change in blood
relaxation rate as a function of time is best fitted with a two-compartment pharmacokinetic
model. The fast phase half-life is 12.4 min and the slow phase half-life is 141 min. Over
64% of the injected 16 kDa HA—-(EDA-DTPA-Gd) was cleared during the fast phase. We

Contrast Media Mol Imaging. Author manuscript; available in PMC 2012 March 19.
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only measured the half-life of HA—-(EDA-DTPA-Gd) based on 16 kDa as it may be a more
suitable candidate for clinical translation due to its moderate clearance profile.

4. DISCUSSION

Since native HA does not have any modifiable amine group, conjugation of DTPA to the
carboxyl group of HA was preceded by the introduction of an EDA molecule, a
homobifunctional crosslinker with two amine groups. However, following the previously
published EDC mediated EDA and HA conjugation methods (19,20), we were not able to
obtain a final compound with adequate gadolinium content for angiography application. To
boost the conjugation between the amine groups of EDA and the carboxyl groups of HA,
NHS was added to the HA/EDC solution prior to EDA. Additionally, the amount of EDC
added was increased to around two molecular equivalent of HA monomer unit. This process
was rather efficient under our experimental conditions, as demonstrated by the gadolinium
contents and 77 relaxation time of the HA—-(EDA-DTPA-Gd) solutions. Although EDA
possesses two identical amine groups, the remaining free amine group becomes a weaker
base upon the formation of an amide bond at the other amine group with a carboxyl group.
The resulting different pKj (6.86 and 9.92, Handbook of Chemistry and Physics22) most
likely prevented the inter- or intra-crosslinking of two HA carboxyl groups by EDA. After
one amine group of the EDA molecule is coupled to a carboxyl group of HA molecule, the
second EDA amine group with pK, of 6.86 is much less likely to be reactive towards
another HA carboxyl group at our reaction condition, pH 7. The amount of EDC added to
activate the HA carboxyl group is crucial for the high conjugation rate of EDA to HA.
Insufficient amount of EDC drastically decreased the EDA-HA conjugation efficiency, and
excess amount of EDC increased the amount of a stable abduct formed between EDC and
HA (21), thus preventing the subsequent conjugation between EDA and HA.

HA-(EDA-DTPA-Gd) prepared from different molecular weights of HA (16 and 74 kDa)
showed comparable gadolinium content, 77 values at the same concentration of 1.3 mg ml~2
and relaxivity at 1.5 and 9.4 T respectively (Table 1). For the given concentration of 1.3 mg
ml~1, HA-(EDA-DTPA-Gd) prepared from different molecular weights of HA would
contain the same number of disaccharide subunits, and thus the same number of gadolinium
attached since the gadolinium content is nearly the same. It appeared that the 7; relaxation
rate of the HA—-(EDA-DTPA-Gd) conjugates was determined by the amount of gadolinium
present, and not by the molecular weight of the HA carriers at both 1.5and 9.4 T. HA is a
linear polymer of repeating disaccharide subunits. An HA molecule assumes an expanded
stiffened yet flexible random coil structure in physiological solutions (22), and does not
conform to a well-defined globular tertiary structure (23). Consequently, molecular weight
of HA seems to have very little effect on the correlation time of the highly mobile Gd-
DTPA groups and the final relaxivity of the whole conjugate in the molecular weight range
used, from 16 to 74 kDa, measured at 1.5and 9.4 T.

Nevertheless, the molecular weight of HA does affect the vascular enhancement pattern of
HA-(EDA-DTPA-Gd) conjugates. The higher molecular weight agents provided a stronger
and more sustained enhancement of the smaller vessels while the lower molecular weight
agents exhibited a faster clearance rate through the kidney. BSA-(DTPA-Gd) was not
cleared through the kidney since a normal healthy kidney is able to retain globular proteins
with molecular mass above 60 kDa. Despite a higher molecular weight than BSA, HA-
(EDA-DTPA-Gd) prepared from HA of 74 kDa was partially cleared from the kidney, most
likely due to its linear structure, which results in an elongated random coil tertiary structure
compared with globular proteins of similar molecular weight. However, HA of higher
molecular weight with longer coil did result in a slower kidney excretion, compared with the
lower molecular weight counterpart as shown in Fig. 1 at 30 min, and in Fig. 3 at 150 min
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after the administration of the contrast agents. It is not clear how hyaluronidase, which
degrades hyaluronan into lower molecular weight fragments (24), affects the clearance of
HA-(EDA-DTPA-Gd). Degradation of HA by hyaluronidase is a cellular process that
depends on HA receptor such as CD44 (25) or LYVE-1(26). Much of this degradation
happens in lymph nodes (26) or liver (27) under normal physiological conditions.
Hyaluronidase activity may well be limited when HA—(EDA-DTPA-Gd) remains in the
blood circulation. Shiftan et al have reported using a hyaluronan-GdDTPA-agarose bead
construct to detect the enhanced hyaluronidase activity of cancer cells by MRI through
subcutaneous injection in the vicinity of ES-2 ovarian carcinoma tumor xenografts (19).

The in-vivo blood distribution of HA—(EDA-DTPA-Gd) based on 16kDa HA followed a
biphasic pattern, with a fast phase half-life of 12.4 min and a slow phase half-life of 141
min. These results were consistent with the MRA studies: a fast wash-out of this contrast
from the vasculature in 10 min was observed. In comparison, some common extracellular
gadolinium agents such as Gd—-DTPA have a distribution half-life of about 5 min and half
elimination time of 80 min in human (28). Initial fast blood clearance of HA—(EDA-DTPA-
Gd) was probably due to the renal excretion. Overtime, HA-(EDA-DTPA-Gd) leaked into
the extra-vascular space such as stomach and the lower gastrointestinal tract and elimination
entered a slow phase.

HA-(EDA-DTPA-Gd) based on 16 kDa HA is fairly stable in serum containing RPMI
medium in various pH as shown in Table 2. About 5 and 14% increases in the 7; values
were observed at 24 h and 5 days, which implied that a minor amount of gadolinium was
lost from the conjugate during these periods. This loss is consistent with the stability
commonly observed for the DTPA-Gd macromolecular complex prepared from cyclic
DTPA dianhydride (8,29). The stability of gadolinium-containing blood pool agents may be
improved by the use of backbone-modified DTPA analogs in place of DTPA dianhydride,
wherein all five carboxyl groups remained free for metal binding after conjugation to the
macromolecules or macrocyclic chelators (8).

Stomach and lower gastrointestinal uptake of HA—(EDA-DTPA-Gd) was not expected. In
general, liver and spleen were considered the organs that were involved in the HA
metabolism (14). Studies of 3H labeled HA intravenously injected into sheep showed a
concentration-dependent half-life ranging from 5 to 44 minutes (30). It was also reported
that the clearance of 3H labeled HA was retarded by prior injection of excess unlabelled HA,
and renal excretion with an upper limit of 25 kDa played a negligible part in clearance, and
the liver was the main site of uptake (31). Fluorescence-labeled-hyaluronan with molecular
weight of 800 kDa was reported to have a half-life of 42 min while the liver was shown to
play a significant rule in its elimination (32). After intravenous injection of a bolus dose

of 14C-HA in rabbits, it was shown that 98% of the administered dose had disappeared from
the systemic circulation within 6 h after the administration. Within 100 h, 63 and 20% of the
administered dose was excreted and recovered in the respiratory gas (as 4CO,) or in urine
(as low molecular weight HA or monosaccharide fragments). The same authors also
reported that the total amount of excretion into bile within 24 h was reported to be very low,
0.7% of the administered dose, and the total amount of excretion HA into feces, within 100
h of administration, was also very small, about 0.5% of the administered dose (25,27).
Research on the effects of size and dose of fluorescein-labeled HA on its metabolism has
shown that 60% of the tail vein injected 90 kDa HA accumulated in the liver, while both the
3 and 10 kDa fluorescein-labeled HA were quickly excreted in urine with no accumulation
in any tissues (33). With gadolinium content at 5% by weight, HA-(EDA-DTPA-Gd) based
on 16 and 74 kDa would have a nominal molecular weight around 21 kDa and 95 kDa
respectively. As such, neither HA nor any other gadolinium based MRI agents administered
intravenously are known to have any significant gastrointestinal uptake. The gastrointestinal

Contrast Media Mol Imaging. Author manuscript; available in PMC 2012 March 19.
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uptake we observed must be due to the unique structure of our HA-(EDA-DTPA-Gd)
conjugates. HA is a highly negative charged molecule due to the presence of a carboxyl
group in every repeating subunit. Incorporation of multiple (DTPA-Gd)%~ groups to these
carboxyl groups via EDA maintains these negative charges. These charges may have an
impact on the distribution and excretion pattern of HA—-(EDA-DTPA-Gd) conjugates.
Additionally, we recognize the fact that, as a bifunctional chelate, DTPA dianhydride has
been known crosslinking amines to form higher molecular weight polymeric aggregates
(18). In the particular case of HA-EDA, DTPA dianhydride can produce both
intramolecular and intermolecular crosslinking that results in polydispersed HA-EDA~
DTPA conjugate products. Both types of crosslinking can change the linear structure of HA
while intermolecular crosslinking also multiplies the molecular weight of the final
conjugates. Both type of crosslinking may have profound influence on the HA—(EDA-
DTPA-Gd) distribution and elimination, although size exclusive HPLC studies did not
identify any higher molecular weight polymeric aggregates (supplemental material). We
plan to use a bifunctional chelate with only one reactive functional group towards amines
such as MX-DTPA (8) in the future to avoid any complication due to crosslinking.

5. CONCLUSION

HA-(EDA-DTPA-Gd) has been investigated as blood pool MR contrast agents. Agents
based on HA of 16 and 74 kDa both show significant enhancement of the vasculature for an
extended period of time. Clearance of the HA—-(EDA-DTPA-Gd) conjugates based on 16
kDa HA followed a two-phase decay pattern, with a fast phase half-life at 12.4 min and a
slow phase half-life at 141.2 min, which makes them potentially applicable to a range of MR
studies including MRA and characterization of the tumor vasculature. Excretion rate of the
HA-(EDA-DTPA-Gd) conjugates decreased as the HA molecular weight increased. Uptake
in the stomach and lower gastrointestinal tract was observed for the HA-(EDA-DTPA-Gd)
conjugates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Coronal maximum intensity projection (MIP) of the 3D FLASH images obtained from the
mice injected with HA-(EDA-DTPA-Gd) at 0.1 mmol Gd kg~1. Pre-contrast and 0, 10 and
30 min post contrast images are shown from left to right. Post-contrast images are shown
here after the subtraction of the corresponding pre-contrast images. Top images are from 16
kDa HA and lower images are from 74 kDa HA.
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Figure 2.

Coronal MIP of the 3D FLASH images obtained from a mouse injected with BSA—(DTPA-
Gd) at 0.1mmol Gd kg™L. Pre-contrast and 0, 10 and 30 min post contrast images are shown
from left to right. Post-contrast images are shown here after the subtraction of the
corresponding pre-contrast images.
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Figure 3.

Coronal MIP of the 3D FLASH images obtained from the mice injected with HA-(EDA-
DTPA-Gd) at 150 min post injection. Left image is from 16 kDa HA and right image is
from 74 kDa HA.
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Figure4.

3D FLASH images obtained from a mouse injected with 16 kDa HA—(EDA-DTPA-Gd),
areas with gadolinium uptakes are highlighted. (a, b) Axial and coronal images showing the
stomach and lower gastrointestinal uptake at 1 h post injection. (c, d) Coronal images
showing the lower gastrointestinal and feces uptake at 7 h post injection. (e) A coronal
image showing the presence of gadolinium enhancement in the feces at 24 h.
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Figure5.

Coronal MIP of the 3D FLASH images obtained from the mice injected with HA-(EDA-
DTPA-Gd) at 24 h post injection. Left image is from 16 kDa HA and right image is from 74
kDa HA. Highlighted area shows the stomach uptake of 74 kDa HA—(EDA-DTPA-Gd).
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Blood relaxation rate as a function of time of a mouse injected with 16 kDa HA—(EDA-

DTPA-Gd).
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71 values (at 1.3 mg mI~1) and relaxivity of HA—-(EDA-DTPA-Gd) of different molecular weight at 25°C,
measured at 1.5 and 9.4 T, at which water 7; is2.5and 2.8 s

15T 9.4T

MW of HA (kDa)

71 values (s)

Gd content (% weight) 45 5.2 45 5.2
Gd Concentration (mM) 0.37 0.43 0.37 0.43
Relaxivity [nM(Gd)s1] 538 465 455 412

16 74 16 74
0.418 0.417 0.490 0.470
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Stability of HA-(EDA-DTPA-Gd) conjugate in RPMI medium (4 mg mI~1) with 10% FBS at various pH,
measured as 7; (ms) up to 5 days

T, (ms)
Time(h) pH=63 pH=74 pH=90
0.05 176 194 190
1 178 197 191
2 183 196 194
24 186 208 202
50 190 212 206
123 201 221 220
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