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Abstract

Self-assembled monolayer on mesoporous supports (SAMMS™) are hybrid materials created
from attachment of organic moieties onto very high surface area mesoporous silica. SAMMS with
surface chemistries including three isomers of hydroxypyridinone, diphosphonic acid, acetamide
phosphonic acid, glycinyl urea, and diethylenetriamine pentaacetate (DTPA) analog were
evaluated for chelation of actinides (23°Pu, 241Am, uranium, thorium) from blood. Direct blood
decorporation using sorbents does not have toxicity or renal challenges associated with traditional
chelation therapy and may have potential applications for critical exposure cases, reduction of
nonspecific dose during actinide radiotherapy, and for sorbent hemoperfusion in renal insufficient
patients, whose kidney clear radionuclides at very slow rate. Sorption affinity (Kg), sorption rate,
selectivity, and stability of SAMMS were measured in batch contact experiments. An isomer of
hydroxypyridinone (3,4-HOPQO) on SAMMS demonstrated the highest affinity for all four
actinides from blood and plasma and greatly outperformed the DTPA analog on SAMMS and
commercial resins. In batch contact, a fifty percent reduction of actinides in blood was achieved
within minutes, and there was no evidence of protein fouling or material leaching in blood after 24
hr. The engineered form of SAMMS (bead format) was further evaluated in a 100-fold scaled-
down hemoperfusion device and showed no blood clotting after 2 hr. A 0.2 g quantity of SAMMS
could reduce 50 wt.% of 100 ppb uranium in 50 mL of plasma in 18 min and that of 500 dpm
mL~1 in 24 min. 3,4-HOPO-SAMMS has a long shelf-life in air and at room temperature for at
least 8 years, indicating its feasibility for stockpiling in preparedness for an emergency. The
excellent efficacy and stability of SAMMS materials in complex biological matrices suggest that
SAMMS can also be used as orally administered drugs and for wound decontamination. By
changing the organic groups of SAMMS, they can be used not only for actinides but also for other
radionuclides. By using the mixture of these SAMMS materials, broad spectrum decorporation of
radionuclides is very feasible.
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INTRODUCTION

Actinide isotopes are components in nuclear explosives, and could be used in dirty bombs.
Uranium is readily absorbed by the body, and currently there is no chelating agents
recommended for its removal from systemic circulation (Stradling and Taylor 2005). The
diethylenetriamine pentaacetate (DTPA) recommended for thorium is still ineffective in
animal studies at high doses (Stradling et al. 1991). Although DTPA has been reported to be
effective for plutonium and americium, emerging ligands that are significantly more
effective for plutonium and americium decorporation in animals have been reported
(Stradling et al. 1993, Volf et al. 1996).

This work evaluates solid sorbents in search for better decorporating agents for actinides
from blood than the currently used DTPA chelator. Actinides are hard Lewis acids and are
larger than most transition metals, thus both ligands’ hardness/softness and synergy play a
role in designing effective and selective ligands for actinides. Herein, our focus is evaluating
novel sorbents for actinide removal from complex biological matrices, such as blood and
plasma, which contain lipids, proteins, cells, electrolytes, and anions. The effective sorbents
will potentially be used in hemoperfusion. In patients with renal insufficiency, free metals or
metal-chelates (if chelating agent like DTPA is administrated) are cleared from the body at a
much slower rate. For illustration, with normal renal function, the half-life of Gd is ~2
hours, with loss of renal function the half-life is prolonged reaching extremes of 34 hours in
chronic kidney disease patients, during which Gd may dissociate from the chelate via
transmetallation process (Penfield and Reilly 2007). Delayed clearance of actinides leads to
their deposition in liver and bone, from which they are difficult to remove (Stradling and
Taylor 2005).

Developed at the Pacific Northwest National Laboratory (PNNL) originally for
environmental and nuclear waste cleanups, the self-assembled monolayers on mesoporous
supports (SAMMS™) materials offer extremely large surface area (up to 500 m2/g) and
functionalities that has been fine-tuned to selectively capture heavy metals (Feng et al. 1997,
Yantasee et al. 2003), actinides (Fryxell et al. 2005, Lin et al. 2005), lanthanides (Fryxell et
al. 2004, Yantasee et al. 2005), radioiodine (Mattigod et al. 2003), cesium (Lin et al. 2001),
and oxometallate anions (Fryxell et al. 1999).

Herein, SAMMS having organic moieties known to be effective at capturing actinides were
evaluated for the sorption of actinides from blood and plasma. SAMMS materials
investigated include three isomers of hydroxypyridinone, diphosphonic acid, acetamide
phosphonic acid, glycinyl urea, and a diethylenetriamine pentaacetate analog. Understanding
how these SAMMS materials behave in complex biological matrices would lead to many
potential applications such as blood decorporation using sorbent hemoperfusion, orally
administered sorbents for safe and long term treatment of radionuclide poisoning, and
wound decontamination of radionuclides, all of which will advance the field of Health
Physics and protect health and safety of the public in events resulting in the release of
radioactive materials.

MATERIALS AND METHODS

Sorbent materials

Synthesis and characterization of the SAMMS materials have been described elsewhere,
including SAMMS immobilized with three analogs of hydroxypyridinones (1,2-HOPO, 3,2-
HOPO, and 3,4-HOPO) (Lin et al. 2005, Yantasee et al. 2005), acetamide phosphonic acid
(Ac-Phos), glycinyl-urea (Gly-Ur) (Fryxell et al. 2004, Fryxell et al. 2005), diphosphonic
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acid (Di-Phos), and DTPA-analog. The Na-DTPA derivatized silica gel (Silia Bond
TAACcONa) was obtained from SiliCycle® Inc. (Quebec City, Canada).

Test matrices

For evaluation of SAMMS to be used in hemoperfusion of uranium, 23%Pu, and 241Am,
batch contact experiments were performed using human blood and plasma purchased from
Golden West Biologicals, Inc. (Temecula, CA, USA). They were spiked with known amount
of uranium, 23%Pu, or 24LAm prior to batch sorption experiments. Am and Pu stocks were
kept in acid (e.g., 23%Pu in 2 M HNO3 and 241Am in 0.5 M HCI) for long term stability.
Before spiking to blood or plasma, the Pu and Am stocks were diluted in 0.1 M citrate buffer
to avoid the precipitation of actinides while the pH was increased to ~ 7 using 1.0 M NaOH.
Blood or plasma contained either 0.1 M sodium citrate or 15 unit mL ™1 of sodium heparin as
anticoagulant. Only small volume of uranium and thorium stock (1000 mg L™1 in 1-2%
HNO3) was spiked directly into blood or plasma to achieve the desired concentration, with
no impact on matrix pH. Seawater (used in stability study) was obtained from the Sequim
Bay (WA) and was filtered with 0.45 um cellulose acetate membranes prior to use. Its pH
was adjusted to a desired pH value with HNO3 or NaOH.

Batch contact

Adsorption experiments were performed using the following conditions: 0.003 g of solid
sorbent in 3 mL of fluid (liquid per solid ratio, L S71, of 1000 mL g~1), shaken for 2 hrs at
250 rpm and 37 °C. Then the sorbent was removed using custom made filters (porous glass
frit having pore size of ~ 8 micron), which allowed only fluid passing through but not
sorbent. The metal content in the fluid before and after adding the sorbent was analyzed by
an inductively coupled plasma-mass spectrometer (ICP-MS, Agilent 7500ce, Agilent
Technologies, Santa Clara, CA, USA) for uranium and thorium, by gamma counts

for 241LAm (Wallac Wizard 1480 Gamma counter, Perkin-Elmer, Waltham, MA, USA), and
by liquid scintillation counts for 239Pu (Wallac 1414 Liquid Scintillation Counter). All batch
experiments were performed in triplicates and the averaged values were reported. The use of
commercially available human blood fell under the Institutional Review Board (IRB)
exempt classification.

Sorption rate

Kinetics experiments were carried out similarly to batch equilibrium experiments except that
a 0.03 g of sorbent was dispersed in a 30 mL volume (L S1 of 1000 mL g1) of plasma
containing 1000 dpm mL~1 of 241Am, 700 dpm mL ™1 of 239Py, or mixture of 100 ppb U/Th.
Kinetics of U removal was also performed in blood using 0.06 g of sorbent and 30 mL of
blood (L S™1 of 500 mL g~1). The aliquots were removed at 1, 2, 5, 10, 30, 60 min, 2, 8, and
24 hr, filtered through the custom made filters and subjected to ICP-MS analysis along with
the initial solution (zero time point).

Material stability

Si dissolved from SAMMS was measured on various SAMMS as a function of pH (0-8)
using pH-adjusted seawater at (L S™1 of 1000 mL g~1). The suspension was vigorously
stirred for 2 hr at 37 °C. The solid was then removed and the filtrate was subject to ICP-MS
analysis of Si. The percent dissolved Si (weight percent of dissolved Si per weight of
SAMMS) was reported as an average value of three triplicates.
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RESULTS AND DISCUSSION
Adsorption affinity (Kq)
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The chemical binding affinity of a sorbent can be expressed in term of the distribution
coefficient (Kgq), (in mL g~1), which is simply a mass-weighted partition coefficient between
the solid sorbent and liquid supernatant phase (see eq. 1).

:(C() - Cf) « K

K,
d Ct M ()

where C, and Cs are the initial and final concentrations in the solution of the target species,
V is the solution volume in mL, and M is the mass in gram of the sorbent. K4 is the solid
phase equivalent of the more widely known liquid phase partition coefficient (typically
represented with D). For the test conditions the Ky value represents the affinity of a sorbent
for an analyte and the higher the K4 value, the more effective the sorbent material is at
capturing and holding the target species. K4 values are appropriate performance measures of
sorbent materials since the relevant levels of radionuclide exposure (that is still treatable) are
often at very dilute conditions (e.g., radionuclide content is well below the saturation
binding capacity of the sorbent). In biological fluids K values are typically much lower than
in simple aquatic systems (i.e. drinking water) due to their higher ionic strength and
competition from proteins. Ineffective sorbent materials have poor Ky even in simple aquatic
systems since they cannot overcome the mass transport limitations, especially when the
analyte is very dilute (like in case of radionuclide exposure).

Preliminary screening (which will be published elsewhere) was carried out in pH-adjusted
seawater since this would allow us to evaluate the affinity of the various ligands for the
actinides in a high ionic strength matrix, without the complications of competitive binding,
protein fouling, etc. The second tier screening was performed in human blood and plasma
since, in these biological fluids, sorption affinity (Kg) of radionuclides may be significantly
different from aqueous solutions. In this regard, complexation of radionuclides affects their
solubility and chemical properties and hence their sorption affinity to a given ligand. For
example, plutonium and uranium nitrate and chloride complexes are relatively more soluble
than oxide complexes, thus they are able to adsorb better on sorbent materials. Other ligands
and organic molecules in blood and plasma also interact with radionuclides and may affect
their binding affinity to sorbent materials; for example, 47% of U is found as bicarbonate
complexes, 32% binds with proteins, and 20% binds to red blood cells (Chevari and Likhner
1968). A series of experiments was performed using various SAMMS materials to capture
uranium, thorium, 24LAm, and 23%Pu from blood and plasma. Performance was compared
among the SAMMS materials and commercial resins (e.g., DTPA analog on silica gels) as
well as the DTPA analog on mesoporous silica (e.g., DTPA-SAMMS). The K4 values are
presented in Figs. 2-4 for uranium, 241Am, and 239Pu, respectively. It is obvious that 3,4-
HOPO-SAMMS outperformed every other sorbent evaluated. The Ky values for uranium
were 32,000 (plasma) and 6,100 (blood), those of 24LAm were 21,000 (plasma) and 22,000
(blood), and that of 23%Pu was 9,400 (blood). The large difference in blood and plasma Kgy
values of uranium suggests that uranium binds strongly to red blood cells, while the
similarity in blood and plasma K values of 241.Am suggests that 24LAm does not (which
might be attributed to higher oxidation states of uranium (+6) than those of 242Am (+3)). In
plasma, this corresponds to 97% removal of uranium, suggesting that SAMMS can
outcompete proteins and other ligands in the plasma for uranium. Interestingly, the Kq4
values suggest that the 3,4-HOPO SAMMS was best at chelating all of the actinides tested
(uranium, americium, and plutonium and thorium, not shown), which is a desirable trait
since (1) exposure to all these radionuclides at once is possible (e.g., in nuclear explosion)
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and (2) when exposure to exact radionuclide (out of this class) cannot be identified in a
timely manner prior to starting the treatment. The Ky values suggest that 3,4-HOPO has
higher decorporation efficacy than 1,2-HOPO and 3,2-HOPO isomers. The reason for that is
not well understood at this point. It is not likely due to steric effects since all three isomers
have plenty of room to flex in the monolayer (which is very important for binding species
with the equatorial plane like uranyl ions), but is perhaps due to the 3,4-HOPO being less
prone to biofouling than the others. The Ky values also suggest that the 3,4-HOPO-SAMMS
has higher decorporation efficacy than the DTPA analog on a commercial sorbent (e.g., Na-
DTPA analog on silica gels; note that this chemically tethered DTPA analog contains only
four carboxylic acid groups, and not the five carboxylic acids of the parent DTPA ligand).

Rare earths and actinides like U, Th, Pu, and Am 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 secreted by bacteria (Gorden et al. 2003)). It is not surprising that
HOPO ligands are most effective for these actinides than other ligands. The Raymond group
has evaluated liquid formulations of HOPO ligands in rodent models and found them to be
highly effective for facilitating the excretion of absorbed Th, Am, and Pu (Stradling et al.
1993, Stradling and Moody 1995, Volf et al. 1996).

Attaching the ligands on mesoporous silica substrate creates a new sorbent that could
potentially be used in sorbent hemoperfusion. These sorbents can also potentially be used as
orally administered drugs to limit absorption of ingested radionuclides or absorbed
radionuclides from other routes of exposures (inhaled or dermal), which undergo
enterohepatic recirculation. On the silica substrate of SAMMS, the HOPO ligands are in
relatively close proximity, allowing multiple ligand-metal interactions, and hence strong
binding affinity and stability; for example chelation ratio up to 4:1 has been observed in
similar systems (Fryxell et al. 2004). Thus, 3,4-HOPO-SAMMS were evaluated further with
ultimate goal of using it in sorbent hemoperfusion of actinides and lanthanides.

Sorption rate

It is important that a sorbent material offers rapid sorption in order to allow the
hemoperfusion treatment to be completed quickly and minimize the radionuclides leaving
the intravascular space for other parts of the body. To determine the rates of radionuclide
removal, the concentration profile of radionuclides were obtained in bodily fluids as a
function of time that they were in contact with the 3,4-HOPO-SAMMS. The kinetics of
adsorption of uranium in blood and plasma are shown in Fig. 5, those of thorium are shown
in Fig. 6, and those of 24LAm and 23%Pu in plasma are shown in Fig. 7. In both blood and
plasma, removal of uranium, thorium, and Am reached equilibrium within minutes, owing to
the rigid, open pore structure of SAMMS that enhances ligand availability and facilitates
mass transfer of ions to the binding sites. Such fast capture of toxic metals would be highly
beneficial for chelation therapies. For Pu, the slower sorption kinetics may be a result of
competitive binding by citrate (used to stabilize Pu and prevent it from precipitating in
plasma) or by transferrin. After 24 hr contact, SAMMS retains the captured actinides in
blood and plasma, suggesting good binding stability that is attributed to minimal protein
fouling and no leaching of binding sites from SAMMS in blood over time. It is worth noting
that the same removal rate of uranium was achieved in both blood and plasma simply by
doubling the amount of 3,4-HOPO-SAMMS. Thorium behaved similarly.
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Stability of SAMMS

Long shelf-life and stability of chelating agents are highly desirable for maintaining their
stockpile in preparedness for emergency. Most SAMMS materials remain effective for many
years (e.g., the HOPO-SAMMS were synthesized in 2001 and still show no measurable
reduction in performance even today). Table 1 summarizes the chemical stability of 3,4-
HOPO SAMMS (e.g., during use), which was measured in term of dissolved Si as a function
of solution pH in pH-adjusted filtered seawater. From pH of —0.1 to physiological pH (7.4),
the dissolution of Si was less than 0.4% (warranting that the efficacy will not be lost during
use due to material degradation). This is attributed to SAMMS materials being composed of
covalent bonding with high cross-linking of the ligand and the silica substrate.

Application of SAMMS materials

The effectiveness of SAMMS in capturing of actinides in blood will render them viable for a
range of applications in the field of Health Physics. Treatment using direct sorption from
blood or plasma does not have toxicity or renal challenges associated with traditional
chelation therapy. Presently envisioned potential applications include direct filtration for
critical exposure cases, reduction of nonspecific dose during actinide radiotherapy and
sorbent hemoperfusion.

An issue with using SAMMS as sorbents for hemoperfusion devices, and other direct blood
sorption applications is the potential damage the sorbent may cause to blood in a flow device
due to their mineral and crystalline nature. To make SAMMS blood-compatible and
minimize blood damage, an engineered form of SAMMS was created by attachment of
selected functional group (e.g., 3,4-HOPO) on porous silica beads (particle size > 75 micron
and porosity of 60 angstrom). A 0.2 gram quantity of the beads was then packed between
two porous silica discs having pore size of 40-60 angstrom. A 50 mL volume of heparinized
blood or plasma containing actinides (uranium and 141Am) stored in a stirred reservoir was
continuously pumped through the bed in a close-loop manner at the flow rate of 2 ml min1.
This system corresponds to a 100-fold scaled-down of a hemoperfusion device, which
normally filters 5 L of blood (adults) at the blood flow rate of 200 mL/min (Kokot et al.
1979). A 50% reductions of 100 ppb uranium and 500 dpm mL ™1 of 24LAm were achieved
in 18 min and 24 min, respectively as shown in Fig. 8. In a separate experiment, after 3
hours contacting with blood, the flow remained constant, indicating that there was no blood
clotting, which is a major issue in sorbent hemoperfusion (Stamatialis et al. 2008). This is
likely due to suitable particle size and shapes (round), pore size (excluding large molecules),
and chemistry of SAMMS (i.e., HOPO groups are not prone to binding proteins). Our recent
work (Yantasee et al. In Press) shows that HOPO-SAMMS can capture both free and
chelated-Gd (e.g., gadodiamide Gd) from blood, which could enable the fast removal of this
Gd-based contrast agent after a contrast MRI procedure. If not removed, Gd is believed to
dissociate from the chelate via transmetallation and trigger a fatal skin disease namely
Nephrogenic Systemic Fibrosis (NSF) (High et al. 2007).

SAMMS materials maintain their efficacy and stability in biological matrices. In our
separate study, SAMMS attached with copper ferrocyanide has shown to be successful at
preventing gut absorption of cesium (Timchalk et al., published in this special issue). In the
event of a nuclear or dirty bomb explosion, it is very likely that the public will be exposed to
a number of these radionuclides concurrently, yet it will be difficult to discern to which
radioisotopes there was exposure in a timely manner. In this regard, we are developing the
decorporation material that will provide broad spectrum decorporation of radionuclides that
are most often encountered in nuclear reactor incidents, nuclear explosions, and/or dirty
bombs. The broad spectrum performance will be achieved by mixing the best SAMMS
material for each class of radionuclides (e.g., heavy metals like Po, transition metals like Co,
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actinides, Cs, I, and Sr) together in a form suitable for simple oral delivery and could easily
be taken in response to suspected exposure, or as preventative mitigation treatment for first
responders. Our separate study has shown that SAMMS can be mixed together without
interaction or loss of activity. Results of this study will be reported in due course.

Since SAMMS are effective in highly complex matrices like blood, plasma, and urine, they
may potentially be used for selective preconcentration of actinides and toxic metals from
these fluids in order to improve the detection limits of the analytical instruments.
Preconcentration of U from water (Yantasee et al. 2004) and Cd/Pb from urine (Yantasee et
al. 2008) using SAMMS followed by their direct detection with analytical devices was
recently demonstrated in our lab. Portable system based on built-in metal preconcentration
with SAMMS developed in our lab (Crow 22 February 2008) will enable early detection of
metal exposures by analyzing patient's blood and urine. Lastly, being able to effectively
capture actinides from blood and plasma, SAMMS might be useful for wound
decontamination of actinides (e.g., SAMMS powders would be applied to the contaminated
wound in a fluid matrix, allowed to sit for a period of time to allow the radionuclides to
diffuse into the SAMMS, and then the radionuclide-laden SAMMS and colloidal
contaminants would be removed by irrigation). Since SAMMS are not absorbed through
skin tissues, they could be removed after they have captured the actinides.

CONCLUSION

SAMMS effectively capture actinides in blood and plasma in terms of affinity, selectivity,
capture Kinetics, and stability. Among the various SAMMS materials with surface
chemistries known to have high affinity for actinides, the 3,4-HOPO-SAMMS stands out as
being best for capturing plutonium, americium, uranium, and thorium. 3,4-HOPO SAMMS
also greatly outperformed a commercial DTPA-analog on silica gels. This makes the 3,4-
HOPO-SAMMS viable for applications in Health Physics ranging from direct blood
decorporation in patients with renal insufficiency, and also potentially for sensing,
diagnostics, and wound decontamination of actinides. We have also extended the
applications of SAMMS to other radionuclides beyond actinides by changing the organic
groups on SAMMS materials. These endeavors are being pursued in our lab and the results
will be reported in due course.
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Figure 1.
Chemical structures of SAMMS having various organic groups.
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Kgq of uranium (U) in human blood and plasma measured on various sorbents, initial U of 50

ppb, L S™1of 1300 mL g~ 1.
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Figure 4.

Kg of plutonium (23°Pu) in human blood measured on various sorbents (initial 23°Pu of 1000

dpm mL™1, L S71of 1000 mL g™ D).
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Removal rate of uranium (U) on 3,4-HOPO SAMMS, measured in human plasma and
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Figure 6.
Removal rate of thorium (Th) on 3,4-HOPO SAMMS, measured in human plasma and
blood, initial Th of 100 ppb, L S~ of 1000 mL g~ for plasma and 500 mL g~ for blood.
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Figure 7.
Adsorption kinetics of 23%Pu and 241Am on 3,4-HOPO SAMMS™, measured in human
plasma, initial Pu of 700 dpm mL~1 and Am of 1000 dpm mL™1, L S71 of 1000 mL g-1.
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Removal of uranium and 242Am from plasma using 3,4-HOPO-SAMMS in a 100-fold
scaled-down hemoperfusion device.
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Stability of various SAMMS™, presented in term of Wt.% Si dissolved per gram of material, measured in pH

Table 1

adjusted seawater (L/S of 1000 mL g™1).

pH | Wt.% of Dissolved Si
-0.1 0.11
1.8 0.11
2.8 0.13
35 0.14
6.5 0.23
7.4 0.39

Health Phys. Author manuscript; available in PMC 2011 September 1.



