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Abstract

Many forms of organocomplexed gadolinium (Gd) contrast agents have recently been linked to a debilitating and a potentially fatal skin
disease called nephrogenic systemic fibrosis (NSF) in patients with renal failure. Free Gd released from these complexes via transmetallation
is believed to be the most important trigger for NSF. In this work, nanostructure silica materials that have been functionalized with
1-hydroxy-2-pyridinone (1,2-HOPO-SAMMS) have been evaluated for selective and effective removal of both free and chelated Gd
(gadopentetate dimeglumine and gadodiamide) from dialysate and blood. 1,2-HOPO SAMMS has high affinity, rapid removal rate, and large
sorption capacity for both free and chelated Gd, properties that are far superior to those of activated carbon and zirconium phosphate
currently used in the state-of-the-art sorbent dialysis and hemoperfusion systems. The SAMMS-based sorbent dialysis and hemoperfusion
will potentially provide an effective and predicable strategy for removing the Gd from patients with impaired renal function after Gd
exposure, thus allowing for the continued use of Gd-based contrast magnetic resonance imaging while removing the risk of NSF.

From the Clinical Editor: Chelated gadolinium (Gd) contrast agents have been linked to a debilitating disease called nephrogenic systemic
fibrosis (NSF) in patients with renal failure. Free Gd+> released from the contrast agents is believed to be the trigger for NSE. In this work,
functionalized nanostructured silica materials were evaluated for removal of both free and chelated gadolinium both from dialysate and blood.
The new method demonstrated a rapid removal rate and large sorption capacity, and overall was far superior to currently used state-of-the-art
sorbent dialysis and hemoperfusion systems.

© 2010 Elsevier Inc. All rights reserved.
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Gadolinium (Gd)-based contrast agents are used to enhance
the visibility of internal structures when patients undergo
magnetic resonance imaging (MRI) and magnetic resonance
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recently been linked to a debilitating and a potentially fatal
skin disease called nephrogenic systemic fibrosis (NSF) in
patients with renal failure.'* NSF is often described as a swelling
and tightening of the skin of extremities and weakness of
muscles, thus limiting the ability of patients to move.> NSF may
also affect internal organs, such as lungs and heart, which may
lead to death.* Currently, there is no effective treatment for NSF
once it is manifest. In May 2007, the U.S. Food and Drug
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Administration (FDA) requested a boxed warning of all Gd-
based contrast agents to inform consumers about the risk of
developing NSF in patients with severe kidney insufficiency, in
liver transplant patients (both before and after), or in those with
chronic liver diseases.” This warning affects a large number of
patients (eg, an estimated 27.5 million MRI procedures were
performed in 2007 in the United States alone, and 43% used Gd-
based contrast agents as part of the imaging procedure®). When
possible, use of Gd-based contrast agents should be avoided in
patients with renal failure. Determination of which imaging
diagnostic approach to use is difficult when the kidney functions
of the patients are unknown. There are a number of conditions
where alternative imaging methods such as computed tomo-
graphy (CT) or unenhanced MRI cannot replace Gd-enhanced
MRI in diagnostic power. Lastly, CT with iodinated enhancement
is a risk factor in patients with preexisting azotemia.” If Gd use is
unavoidable, hemodialysis should be administered promptly
afterward to facilitate clearance of the Gd contrast agents. The
efficiency of Gd clearance by dialysis has not been widely
studied. Some studies suggest that 65% to 78% of Gd contrast
could be cleared after one hemodialysis session and 98% after
three sessions.*'° However, proof of dialysis efficacy is lacking
as assumptions regarding Gd removal from the body are based
on plasma decay curves, which overestimate the effectiveness of
hemodialysis clearance of Gd.!' Delayed clearance (eg, delayed
hemodialysis after patients receive contrast agents) would
prolong the duration of exposure to Gd-based contrast agents,
which could lead to higher risk of developing NSF.'?

This is a medical issue where advanced nanostructure
materials, by virtue of their high surface area and chemically
selective functionality, can make a positive impact. This work
evaluates a new sorbent material, the self-assembled monolayers
on mesoporous silica supports (SAMMS Steward Advanced
Materials, Chattanooga, Tennessee), to be used in sorbent
dialysis and in hemoperfusion as alternative means for effective
and rapid clearance of Gd-based contrast agents. Sorbent dialysis
exploits the sorbent cartridge that makes the system both simple
and regenerative, unlike conventional hemodialysis. Spent
dialysate from a dialyzer flows through the sorbent cartridge
where the waste is removed and the regenerated dialysate is
recirculated. Thus, the sorbent dialysis system is simpler,
generates less waste, and is more portable than the conventional
hemodialysis system. Sorbent dialysis consumes less power
because there is no need to purify and sterilize tap water used to
make the dialysate. There is also no need for dialysis machines to
pump and heat large volumes of dialysate. To make the sorbent
dialysis work for Gd clearance, sorbent must have high affinity,
rapid removal rate, and sufficient sorption capacity for Gd in the
dialysate. The state-of-the-art sorbent cartridge still relies on
activated carbon and zirconium phosphate for removal of metal
cations. Functional nanomaterials offer the ability to tailor the
three-dimensional architecture, the pore size, and the interfacial
chemistry in ways that traditional sorbents like activated carbon
cannot. This work shows that ordered mesoporous silica that is
functionalized with suitable organic ligands offers much superior
sorption properties for Gd-based contrast agents than that of the
currently used materials. The feasibility of using this material in
hemoperfusion of Gd-based contrast agents is also evaluated.

Methods
Sorbent materials

Synthesis and characterization of mesoporous silica functiona-
lized with acetamide phosphonic acid (AcPhos),'*'* di-phospho-
nic acid (Di-Phos), and three variations of hydroxyl pyridinone
(HOPO) ligands'>'® were described in our previous work. Figure 1
shows the chemical structures of the ligands of SAMMS. For
comparison, high-surface-area activated carbon (Darco KB-B;
Sigma-Aldrich St. Louis, Missouri) and zirconium phosphate
cation exchange resins (3M Company, St. Paul, Minnesota), both
typically used for removing metal cations in sorbent dialysis
systems, were also tested along with the SAMMS materials.

SAMMS for sorbent dialysis

For evaluation of SAMMS for potential use in sorbent
dialysis, two test matrices were studied. The first matrix was a
dialysate (PrismaSate, BGK4/2.5) purchased from Gambo Inc.
(Lakewood, Colorado) that consists of 2.5 mEq/L Ca®>", 1.5
mEg/L Mg®", 140 mEq/L Na', 4 mEq/L K', 113 mEq/L CI, 3
mEq/L lactate, 32 mEq/L HCOj3, 110 mg/dL glucose, and
osmolarity of 300 mOSm/L. The second matrix was 0.1 M NaCl,
which was adjusted with 0.1 M HCl to the desired pH values (eg,
from pH 2.5 to 6.0). Two forms of Gd were studied: inorganic or
free Gd (from Gd atomic absorption standard solution consisting
of 1000 mg/L Gd** in 1% HNOs; Sigma-Aldrich) and chelated
Gd including gadopentetate dimeglumine (Magnevist; Bayer
HealthCare Pharmaceuticals Inc., Montville, New Jersey) and
gadodiamide (Omniscan; GE Healthcare Inc., Princeton, New
Jersey). The Gd species were spiked to the test matrices and
incubated for 30 minutes prior to a batch sorption experiment.

K, measurements

For the K4 measurements, the dialysate was spiked with free
Gd** solution to obtain ~100 ug/L. After 30 minutes of
incubation, it was aliquoted into 10 mL volumes in a 20-mL
polypropylene vial containing 0.002 g solid sorbent [liquid per
solid (L/S) ratio of 5000 mL/g]. The sample was then shaken for 2
hours at 160 rpm on an orbital shaker. After 2 hours, the solution
was removed by filtering thru 0.20-um Nylon-membrane syringe
filters, and the filtrate was kept in 1 vol% HNOj; prior to metal
analysis. The concentrations of Gd in solutions before and after
being contacted with a sorbent material were analyzed using an
inductively coupled plasma—mass spectrometer (ICP-MS; Agi-
lent 7500ce, Agilent Technologies, Santa Clara, California).
Similar experiments were performed with gadopentetate dime-
glumine in pH-adjusted 0.1 M NaCl solutions and gadodiamide in
dialysate. All batch experiments were performed in triplicate and
the averaged values were reported.

Sorption capacity

The Gd sorption capacity of each sorbent material was
measured in the same fashion as with the Kj. Free Gd and
chelated Gd concentrations in solutions were varied until
maximum sorption capacity was obtained. At any data point,
Gd was used in large excess of the number of binding sites to
ensure that saturation adsorption was obtained (eg, 0.1 to 1 mg/L
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Figure 1. Chemical structures of SAMMS ligands.

free Gd** at L/S of 100,000 mL/g or 0.1 to 2 mg/L chelated Gd at
L/S of 50,000 mL/g).

Sorption kinetics

The kinetics of Gd sorption was performed in the same
fashion as the equilibrium study except that 1 mL of well-mixed
aliquot was removed and filtered at 1, 2, 5, 10, 30, 60 minutes, 2,
8, and 24 hours, and the initial solution volume was increased to
50 mL to minimize the change in L/S ratio.

Regeneration

Seven cycles of Gd adsorption and regeneration of 1,2-
HOPO-SAMMS were performed to assess the ability of
SAMMS to be regenerated and its effectiveness after the
regeneration. For the adsorption step, 10 mL 100 ug/L Gd*' in
dialysate was passed through the bed of 0.01 g 1,2-HOPO-
SAMMS at a flow rate of 1.5 mL/min, and the filtrate was
collected for Gd and Si analysis. Next, 40 mL deionized (DI)
water was passed through the bed to remove the residual
unadsorbed Gd. For the regeneration step, 10 mL 0.5 M HCI was
passed through the bed at 1.5 mL/min, and the filtrate was
collected for Gd and Si analysis. Next, 40 mL DI water was
passed through the bed to remove the residual acid. The
adsorption and desorption steps were repeated on the same
SAMMS bed for the total of seven cycles.

SAMMS for hemoperfiision

For evaluation of SAMMS for hemoperfusion of Gd-based
contrast agent, blood from two sources was used. For the first
source, human blood and plasma were purchased from Golden
West Biologicals, Inc. (Temecula, California). They were spiked
with known amount of free Gd*" and gadodiamide prior to batch
sorption with SAMMS. The second source of blood was
collected from a rat at 10 days after the animal was intravenously
injected with 2.5 mmol gadodiamide/kg body weight. Before
injecting with gadodiamide, 8-week-old, male Wistar rat was
induced with chronic kidney disease by daily feeding with 0.75%
adenine per weight of food for 4 weeks.'” The rat blood having
1.4 mg Gd/L (measured by ICP-MS) was then subjected to batch
adsorption with SAMMS. Adsorption experiment was per-
formed using the following conditions: 0.01 g SAMMS in 1 mL
fluid, shaken for 1 hour at 160 rpm and 37°C. Then the sorbent

Table 1

The K4 of various sorbent materials for Gd** and gadopentetate Gd

Sorbent Ky of Gd** K4 of gadopentetate Gd
(mL/g)* (mL/g)®

Activated carbon 1,500 3,600

Zirconium phosphate 190 250

AcPhos-SAMMS 44,000 16,000
1,2-HOPO-SAMMS 7,200,000 450,000
3,2-HOPO-SAMMS 5,600,000 13,000
3,4-HOPO-SAMMS 11,000,000 1,200

? Measured in dialysate (pH 8.0), initial [Gd*>*] of 100 ug/L, L/S of 5000
mL/g.

® Measured in 0.1 M NaCl (pH 3.5), initial [gadopentetate Gd] of
50 ug/L, L/S of 5000 mL/g.

was removed, and the Gd content in the fluid before and after
adding the sorbent was analyzed using the ICP-MS. The
experiments were conducted in replicate, and the average value
of percentage Gd removal from the liquid phase was reported.
Studies on humans and animals (rodent) were approved by the
institutional review committee of PNNL, and the procedures
followed were in accordance with institutional guidelines.
Animals were treated humanely. The use of commercially
available human blood fell under exempt classification.

Results

At the present time, the most important trigger for NSF is
believed to be the free Gd, which is released from the Gd-based
contrast agents (in various forms of Gd complexes) by
transmetallation, a process in which Gd is replaced by other
ions, such as iron, zinc, or copper.'®?' If the Gd complex could
be removed immediately after the imaging study, it would
prevent the dissociation of Gd and should eliminate NSF as a
complication. If not, it would be desirable to remove both the
free and chelated Gd. The properties of sorbent materials for the
removal of both free Gd and chelated Gd from dialysate (aimed
to be used in sorbent dialysis) and from blood (aimed to be used
in hemoperfusion) were evaluated as follows.

Adsorption affinity

The affinity of a sorbent for a target species was frequently
represented with the distribution coefficient (K4; mL/g), which is
simply a mass-weighted partition coefficient between the solid
phase and liquid supernatant phase as follows:

C-G)

K =
! G M

(1)

where C, and Cy are the initial and final concentrations of the
target species in the solution, determined by ICP-MS; V' is the
solution volume in milliliters; and M is the mass in grams of
the sorbent. In general, K4 values of ~10° mL/g are considered
good and those above 5 x 10 mL/g are outstanding."?

There are many forms of Gd complexes currently used as
contrast agents. The charge and structure of Gd complexes are
believed to correlate with the triggering of NSF: Non—ionic-
charged, linear-structured, Gd-based contrast agents (eg,
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Figure 3. Adsorption kinetics of Gd** measured on 1,2-HOPO-SAMMS,
activated carbon (AC), and zirconium phosphate (ZrP) in dialysate (pH 8.0),
initial [Gd*"] of 100 ug/L, L/S of 5000 mL/g.

gadodiamide, gadoversetamide) are more likely to cause NSF
than are cyclical structured, Gd-based contrast agents (eg,
gadoteridol, gadobutrol, gadoterate meglumine), and those ionic-
charged, linear-structured, Gd-based contrast agents (eg, gado-
pentetate dimeglumine, gadobenate dimeglumine) are in
between with regard to risk of triggering NSF.** As of June
2007, 180 worldwide cases of NSF have been associated with
gadodiamide, 78 cases have been associated with gadopentetate
dimeglumine, and no case has been associated with cyclical
structured contrast agents.”> In this work, gadodiamide and
gadopentetate dimeglumine were selected for the study because
they are most commonly used and have been linked to most
NSF cases.

Table 1 shows the affinity (K ) of various sorbents for free Gd
in a representative dialysate. Note that “free Gd” refers to Gd*"
that was added to the solution, but in carbonate-rich, alkaline
solutions (eg, dialysate), Gd is likely to form anionic carbonate
complexes.”® The Ky values suggest that the three analogues of
HOPO-SAMMS are outstanding sorbents (K4 ~10° to 107) for
removing “free Gd” and are substantially better than the activated
carbon (K4 ~10%) and zirconium phosphate (Kyq ~107). Rare

1000
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Figure 4. Adsorption kinetics of gadopentetate Gd and gadodiamide Gd
measured on 1,2-HOPO-SAMMS, initial [chelated Gd] of 100 ug/L, L/S of
5000 mL/g.

earth cations like Gd are hard Lewis acids and are considerably
larger than the typical transition-metal cations, thus both hard
anionic ligands and ligand synergy are important attributes in
designing effective complexing agents for the rare earth metals.'®
The HOPO are hard ligands and highly selective f-block
chelators (inspired by iron-binding siderophores from
bacteria®*). Even in large excess of other cations in dialysate
(eg, 2000 mol Ca, 1200 mol Mg, 22,000 mol Na, and 6300 mol
K per mol Gd), the ligands are still very selective for the
lanthanide Gd. On the silica substrate of SAMMS, the HOPO
ligands are in relatively close proximity, allowing multiple
ligand-metal interactions and strong binding affinity.'> In
comparison, 1,2-HOPO-SAMMS offers two and three orders
of magnitude higher Ky for Gd than those of activated carbon
and zirconium phosphate, respectively (Table 1). Unlike the
multidentate ligands of SAMMS, the ligands of the activated
carbon (eg, carboxyls, phenols)*® undergo a less ordered, more
random coordination with Gd species.

Furthermore, 1-2-HOPO-SAMMS also had high affinity for
gadodiamide Gd in dialysate with the Ky value of 2,000,000
(measured at initial gadodiamide Gd of 100 ug/L and L/S of
5000). However, no materials tested could capture gadopentetate
Gd from the dialysate (pH ~8), perhaps due to the strong
bonding between Gd*" and diethylene triaminepenta acetic acid
(DTPA). Thus, to find out at what pH the Gd could dissociate
from gadopentetate dimeglumine and be captured by SAMMS
materials, we have conducted the pH isotherm on 1,2-HOPO-
SAMMS using pH adjusted 0.1 M NaCl solutions. Figure 2
shows the Ky of gadopentetate Gd measured on 1,2-HOPO-
SAMMS and activated carbon in pH-adjusted 0.1 M NaCl. The
K4 value on 1,2-HOPO-SAMMS was 8300 at pH 6.0 and
increased to 550,000 as the pH decreased to 3.0, suggesting more
Gd dissociated from the Gd complex and bound to the SAMMS
with decreasing pH. As the pH decreased from 3.0 to 2.5, the K4
dropped from 550,000 to 170,000, suggesting less Gd adsorption
perhaps due to increased protonation of 1,2-HOPO-SAMMS. As
dissociation of Gd from the chelate followed by the deposition of
the free Gd in tissues is believed to trigger NSF, the data in
Figure 2 provide a useful insight into the pH where the bond
between Gd and DTPA is weakened (which has not been easy to
measure because standard mass spectrometry only gives the total
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Gd content and not dissociated Gd content). At optimal pH 3.5,
no other sorbents could capture gadopentetate Gd as effective as
1,2-HOPO-SAMMS, as indicated by the lower Ky values in
Table 1. However, lowering the dialysate pH to remove
gadopentetate Gd is doable but not very practical, thus to
remove chelated Gd directly from the dialysate, SAMMS with
other functional groups must be developed. Nevertheless 1,2-
HOPO-SAMMS has outstanding affinity for removing both free
and gadodiamide Gd from dialysate (the latter linked to most
NSF cases) thus was chosen for further evaluation.

Adsorption kinetics

The efficiency and the speed of the Gd removal are critical to
sorbent dialysis for preventing tissue deposition of Gd. Figure 3
shows the kinetics of free Gd removal from dialysate with 1,2-
HOPO-SAMMS, activated carbon, and zirconium phosphate,
and Figure 4 shows the kinetics of gadodiamide removal from
dialysate (pH 7.6) and gadopentetate Gd removal from 0.1 M
NaCl (pH 3.1) with 1,2-HOPO-SAMMS. The time to reach 50%
removal (7,) was 0.14 minute for free Gd in dialysate, 4.2
minutes for gadodiamide Gd in dialysate, and 0.3 minute for
gadopentetate Gd in sodium chloride (pH 3.1). About 99% of
free Gd was removed by 1,2-HOPO-SAMMS in 1 minute, 95%
of gadopentetate Gd was removed in 2 minutes, and 95% of
gadodiamide Gd was removed in 30 minutes. This rapid removal
rate is attributed to the rigid and parallel-pore structure and
suitable pore size (~6.0 nm) of the SAMMS material. Our test
was done with low Gd content (eg, 100 ug/L), but in practice,
the dialysate Gd content is normally higher. For example, when
the dialysis was applied at 1 hour, 2 hours, and 3 hours after the
injection of 0.1 mmol gadodiamide per kilogram body weight to
10 patients, the mean dialysate Gd level was about 95, 70, and 45
mg/L, respectively.”® When the dialysate Gd content is higher,
the kinetics will be faster due to lower mass transport resistance,
and the high percentage of removal can be achieved by
increasing sorbent per liquid ratio (to be higher than 0.2 g/L as
in our test). Even at low dialysate Gd content of 100 ug/L,
activated carbon and zirconium phosphate could remove 15%
and 7% of free Gd, respectively. Note that the low removal
percentages is mainly attributed to the low affinity (K4) and not

Table 2

The K4 of Gd** measured after passing 10 mL dialysate containing 100 ug/L
Gd** through 0.01 g 1,2-HOPO-SAMMS at a flow rate of 1.5 mL/min
(sorption step), followed by 10 mL 0.5 M HCI at 1.5 mL/min after each
sorption step

Cycle Final [Gd*"] (ug/L) K4 (mL/g)
1 42 22,000
2 5.4 17,000
3 44 21,000
4 47 20,000
5 49 19,000
6 3.8 24,000
7 3.8 25,000

the slow rate. Based on the K4 values in Table 1, activated carbon
should remove a similar amount (eg, 15%) and zirconium
phosphate. The greater efficacy of SAMMS over activated
carbon or zirconium phosphate will require much smaller
sorbent, thus enabling compactness and miniaturization of the
dialysis devices, which is necessary for the development of the
next generation (personal and portable) of dialysis systems.

Adsorption capacity

Large surface area (900 m*/g) of the mesoporous silica results
in large ligand loading capacity (0.5 to 1.0 HOPO-silane/nm?)"°
and consequently large metal loading capacity even in high salt
content dialysate. Figure 5 shows the adsorption isotherms of
free Gd and gadodiamide Gd in dialysate (32 mM HCOj3, pH 8.0)
and gadopentetate Gd in 0.1 M NaCl (pH 3.1), measured on 1,2-
HOPO-SAMMS. At the sorption capacity of 82 mg of free Gd/g
SAMMS (last data point), 40% of 2 ppm Gd was removed using
only 0.01 g SAMMS/L dialysate (L/S of 100,000 mL/g).
Increased amount of SAMMS material would achieve higher
percentage removal. All isotherm data sets can be fitted to the
Langmuir adsorption model, which is given by

_ QmaxKL Ce

2
1+K;C, ( )

Q.
where Opnax is the adsorption capacity (mg metal ion/g sorbent)
when all adsorption sites are occupied, C, is the equilibrium
concentration of the metal ion, and the Langmuir constant Kj,
(L solution/mg metal ion) represents the ratio of the adsorption
rate constant to the desorption rate constant. The maximum
adsorption capacity (Qmax) Was estimated to be 135 mg free Gd,
10.3 mg gadodiamide Gd (equivalent to 37 mg gadodiamide),
and 6.4 mg gadopentetate Gd (equivalent to 38 mg gadopentetate
dimeglumine) per gram 1,2-HOPO-SAMMS. The good agree-
ment between the data and Langmuir adsorption model (eg,
linear fit correlations: R* >0.96 for free Gd and >0.99 for both
chelated Gd) implies that the adsorption of both free and chelated
Gd onto the SAMMS material occurred as a single monolayer
and was uniformly distributed across the sorbent surface, not
nucleating or precipitating out of solution.

Regeneration

SAMMS has a median particle size of 20 um, which makes
the material suitable for flow systems (engineered forms to
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Table 3
Removal of 1 mg/L Gd*" and gadodiamide Gd from plasma and blood

SAMMS  Matrix Gd introduction Percentage removal of
1 mg/L Gd*
As Gd®"  As gadodiamide
(%) Gd (%)
1,2-HOPO Human In vitro (spiked Gd) 52 99
plasma
Human In vitro (spiked Gd) 48 99
blood
Rat blood In vivo exposure NA 98°
DiPhos Human In vitro (spiked Gd) 81 43
plasma
Human In vitro (spiked Gd) 80 61
blood

? All measured at liquid per SAMMS ratio of 100 mL/g, 37°C, and 1
hour contact time, reported as average value of triplicate runs, percentage
error ~5%.

® Blood collected from a chronic renal failure rat 10 days after
intravenous injection with 2.5 mmol gadodiamide per kilogram body
weight and the blood contained 1.4 mg Gd/L before contact with SAMMS.

increase their size can also be made). Flowing of Gd-contained
dialysate and acid through a packed bed column of 1,2-HOPO-
SAMMS was performed. Table 2 shows that after seven cycles of
sorption of free Gd in dialysate and regeneration with 0.5 M
HCI in a packed bed column, the 1,2-HOPO-SAMMS retained
its sorption ability. Si dissolution was also monitored at each
step as a measure of sorbent stability and was found to be less
than 0.1 wt% of the material. The excellent stability of SAMMS
is owed to the strong covalent bonding of the organic
monolayers and silica substrate as well as high degree of silane
cross-linking. The ability to regenerate 1,2-HOPO-SAMMS is
potentially beneficial in moving toward personal miniaturized
sorbent dialysis systems that use sorbent materials to recycle the
dialysate to minimize its volume. In addition, 1,2-HOPO-
SAMMS has a long shelf-life; the material has been found to be
effective after 7 years under normal ambient conditions.
Specifically, the data reported herein were obtained from an
exact batch of SAMMS that was synthesized in 2001 and was
first publically reported in 2005'° as a very effective sorbent for
lanthanide capture.

SAMMS for removal of free Gd and Gd-chelate from blood

In addition to their feasible use in sorbent dialysis, SAMMS
can potentially be used in “hemoperfusion” for direct blood
removal of Gd-based contrast agents. Materials that offer fast
and rapid removal of Gd-based contrast agents after the Gd-
contrast MRI are highly beneficial for a few reasons. First, if the
proposed mechanism that transmetallation causes Gd to
dissociate from the chelates and triggers NSF is true, the key
success in preventing NSF is to remove Gd contrast agents from
the blood before they dissociate. Second, rapid removal of Gd-
based contrast agents before they leave the intravascular space is
advantageous because once they become intracellular, they
cannot be effectively removed by either hemodialysis or
hemoperfusion. Third, rapid removal of Gd-based contrast
agents cuts the treatment time per session and perhaps number

of sessions that patients must undergo. Initial evaluation of
SAMMS materials for the ability to remove gadodiamide Gd
and free Gd (to mimic Gd that is dissociated from Gd-chelates)
was performed in batch contact experiments. The percentage
removal of 1 mg/L of free Gd and gadodiamide Gd from human
blood and plasma using 1,2-HOPO-SAMMS materials is shown
in Table 3. At L/S of 100 mL/g, 1,2-HOPO-SAMMS was able to
remove 99% of the gadodiamide Gd and about 50% of the free
Gd (as spiked to the fluids), suggesting that the material was
able to remove the gadodiamide as a whole without dissociating
it first. The fact that the free Gd is less effectively removed by
the SAMMS than is the gadodiamide Gd suggests that the free
Gd is likely to bind with blood components such as proteins.
Thus one can conclude that once dissociated from the chelates,
free Gd is likely bound with proteins, hence cannot be cleared
effectively by conventional dialysis. On the other hand,
SAMMS material can be fine-tuned to have a functional
group that is powerful enough to compete with proteins for Gd.
Table 3 shows that Di-Phos-SAMMS could remove 80% of Gd
that was spiked in as-free Gd (but likely bound with proteins in
blood). Interestingly, Di-Phos-SAMMS was effective in com-
peting with proteins for the Gd but was not able to capture
gadodiamide Gd as effectively (only 40% to 60% removed).
One explanation might be simple sterics. It is likely that the
HOPO ligands bind with gadodiamide Gd by displacing
the amide carbonyls of the gadodiamide, then the rest of the
chelating ligand would be filling the remainder of the
coordination sphere of the Gd, making strong chelates. The
DiPhos ligand is a fairly bulky ligand and might have trouble
wedging itself into the two sites previously occupied by amide
carbonyls, whereas the HOPO ligand is a planar aromatic and
might be able to slip into that vacancy more easily. As a result,
HOPO-SAMMS could remove the gadodiamide as a whole, but
DiPhos-SAMMS could not. Results in Table 3 also indicate that
removal of free Gd (as spiked) and gadodiamide Gd was as
effective in blood as in plasma, indicating no competitive
binding of the two metal species by red blood cells. Note that for
the studies done in human blood and plasma, the two Gd species
were spiked into the fluids prior to the batch sorption with
SAMMS. Table 3 also shows that 98% of gadodiamide Gd
could be removed from the rat blood with in vivo Gd exposure.
Specifically, the Gd in rat blood was the result of intravenous
injection of 2.5 mmol/ kg body weight gadodiamide to a chronic
renal failure rat, and the blood was drawn after 10 days lapse to
be used in batch sorption with 1,2-HOPO-SAMMS. This
suggests that the HOPO-SAMMS can remove the gadodiamide
from blood regardless of how the chelate is introduced to the
blood or whether the blood is from human or rat. Lastly, it is
worth noting that in large excess of other metals suspected
to play roles in transmetallation with Gd in the Gd-chelate (eg,
130 mol Ca, 160 mol Mg, 600 mol Fe, 1.7 mol Cu, and 7 mol
Zn per mol Gd), the removal of Gd appeared to not be affected
by these competing metals.

After batch evaluation, in moving toward real-world applica-
tions, a flow device incorporating HOPO-SAMMS has been
constructed and evaluated with heparinized blood. It was
designed to have 100-fold scale-down parameters from those
of a hemoperfusion system, which normally filters 5 L of blood
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(adults) at the blood flow rate of 200 mL/min.>’ Hence, the scale-
down system cleans a total of 50 mL whole blood at the flow rate
of 2 mL/min. With a particle size of 75 to 200 um and pore size
of 60 A, heparinized blood could flow freely through the bed of
SAMMS, and no blood clotting was observed after 2 hours of
hemoperfusion. This is likely owed to suitable particle size and
shapes (round), pore size (excluding large molecules), and
chemistry of SAMMS (eg, 1,2-HOPO groups are not prone to
binding proteins). Besides the specificity to the target toxins,
SAMMS has a major advantage over commercial activated
carbon in hemoperfusion. The high affinity of activated carbon to
blood components such as platelets and its ability to fragment
and create emboli formation makes it unsuitable for direct blood
contact in a hemoperfusion circuit,”® whereas SAMMS has
proved to be biocompatible for direct blood contact. More data
will be reported in due course.

Discussion

To minimize the risk of developing NSF in patients having
renal failure, the nanostructure silica material that is functiona-
lized with 1-hydroxy-2-pyridinone ligands has great potential to
be used in sorbent dialysis and hemoperfusion systems for the
removal of dissociated Gd and chelated Gd (dadodiamide). The
1,2-HOPO-SAMMS material could remove 99% of the
dissociated Gd in dialysate in a minute and 95% of dadodiamide
in 30 minutes. The material can be easily regenerated. The fast,
efficient, and regenerable SAMMS will enable the development
of the next-generation personal dialysis systems. With a
personal device, dialysis can be performed continuously rather
than in three sessions apart per week, which will benefit the
clearance of Gd-based contrast agents as delayed hemodialysis
results in Gd leaving the intravascular environment and
becoming undialyzable. 1,2-HOPO-SAMMS could also remove
99% of gadodiamide directly from blood, thus when used in
hemoperfusion will rapidly reduce the Gd level in blood and
prevent the Gd from dissociating from the chelate. Once
dissociated, Gd can be effectively (80%) removed from blood
using Di-Phos-SAMMS. If dissociation of Gd chelate is
determined to be significant, mixed sorbent (1,2-HOPO-
SAMMS and Di-Phos-SAMMS) may result in the best possible
chance at clearance of both dissociated Gd*>* and gadodiamide
Gd from blood. Likewise, mixed sorbent (eg, 1,2-HOPO-
SAMMS and 3,4-HOPO-SAMMS) may give the best possible
chance of Gd®" and gadopentetate Gd clearance at varying pH
levels of dialysate. Sorbent dialysis and hemoperfusion with
SAMMS will provide an effective and predicable strategy for
removing the Gd from patients with impaired renal function.
This would allow for the continued use of contrast MRI, which
is a safe alternative to traditional contrast studies, while
removing the risk of NSF.
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