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Abstract A rapid bioassay for “°Sr was developed
involving preconcentration of *°Sr/”°Y from human urine
samples with a cation exchange polymer (poly—acrylamido—
methyl-propanesulfonic acid) coated onto magnetic nano-
particles, followed by selective elution of *°Sr (over *°Y)
with phosphate for determination by liquid scintillation
analysis. The minimum detectable activity for this method
(4.9 £ 0.5 Bg/L) is lower than the required sensitivity of
19 Bg/L for *Sr in human urine samples, as defined in the
requirements for radiation emergency bioassay techniques
for the public and first responders based on the dose threshold
for possible medical attention recommended by the Inter-
national Commission on Radiological Protection. The rela-
tive bias was 9.2%, the relative precision was 3.2%, and the
linear dynamic range covered 12—-600 Bq/L. This simple and
rapid bioassay method is found to be in compliance with the
HPS ANSI N13.30 performance criteria for radiobioassay.
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Introduction

%OSr is a fission product of *°U or ***Pu. As a beta emitter,
it can possibly be used as the active component of a
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radiological dispersal device (RDD). Once dispersed
into the air, it can enter the human body via inhalation
or ingestion. The body will excrete some of the °°Sr,
with the rest deposited in human bones due to its
chemical similarity to Ca. Once deposited in the bone,
its ionizing radiation causes leukemia and osteosarcoma
[1].

Development of a simple and rapid bioassay method for
%Sr must be in compliance with the HPS ANSI N13.30
performance criteria for radiobioassay [2]. One of the main
challenges with measuring °°Sr is its daughter ion, Y,
which is also a beta emitter that interferes with the deter-
mination of *’Sr using a liquid scintillation counter (LSC).
A quantitative separation of *°Y from °’Sr would hence be
required [3]. One approach used co-precipitation and wet
ashing. These methods had excellent detection limits, but
involved large sample volumes and required lengthy sam-
ple preparation times (overnight in one case) with multiple
steps [4, 5]. Extraction chromatography was used to ana-
lyze samples automatically with fast turnaround time
(30 min per sample) and a low detection limit of 4.4 Bq/L
[6]. Cation exchange columns using phosphate as a mask
allowed a relatively quick turnaround time (<1 h) but has
high detection limit of 40-120 Bg/L [7, 8]. Special Eichrom
resins were commonly used to attain 16 mBq/L, but required
3 h and 100 mL samples [9]. A rapid bioassay method was
developed for the selective extraction of *°Sr by dicyclo-
hexano-18-crown-6 (DCH18C6), but the removal of
Y by precipitation with TiO, was not automated [10].
A new method, reported recently by Hrdina et al. [3]
involved  poly2-acrylamido-2-methyl-1-propanesulfonic
acid (PAMPS)-coated magnetic particles modified with
di-tert-butyl-cyclohexano-18-crown-6 (DtBuCH18C6). The
particles were shown to bind Sr** in a urine sample under
basic conditions, but they also took up yttrium unless a
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co-precipitation and centrifugation is added. However, these
particles, when coupled with the Qiagen Biosprint 15 mag-
netic separator, had the potential to offer an automated
separation and a preconcentration factor of 4 (or higher).

This work explored preconcentration of *°Sr/*°Y from
human urine sample on to PAMPS-coated magnetic
nanoparticles followed by selective elution of “’Sr by
phosphate. These magnetic particles had been shown to
bind *°Sr at pH 9 [3]. It is generally known that metal ions
with higher charges are retained more strongly on cation
exchange resin compared to those with lower charges [11].
Since Y has a higher charge than Sr**, *Sr can be
selectively eluted over *°Y with an appropriate counter ion.
Phosphate had also been shown to act as an efficient
counter ion for elution of *°Sr [6]. Choosing phosphate for
the present work, a good preconcentration factor would be
achieved, thus allowing for an improved detection limit in
rapid bioassay of *°Sr.

Experimental
Fabrication and coating of magnetic nanoparticles

Magnetic nanoparticles were prepared and coated with
poly2-acrylamido-2-methyl-1-propanesulfonic acid  (p-
AMPS)-co-divinylbenzene (DVB) by the method descri-
bed by Yu and Chow (regarding magnetic particles) and
Hrdina et al. [3] (regarding p-AMPS coating). The
magnetic particles were synthesized by adding a 30 mL
aqueous solution containing 1.64 g of FeCl;, 0.99 g of
FeCl,#4H,0 and 0.17 M HCl dropwise into a 1M
NaOH in 50 mL under a vacuum and with stirring. The
stirring continued for 30 min after addition. The particles
were then washed multiple times in water and centrifu-
gation [12]. Next, the washed particles were dispersed in
250 mL of water. The particles were then coated by
collecting 40 mL of the dispersed particles from before,
collecting the particles by centrifugation, washing the
particles in methanol and re-dispersed in 20 mL of
methanol. In a round bottomed flask, 0.209 g of AMPS,
1.78 mL of DVB and 0.025 g of AIBN were dissolved
in 40 mL of methanol by sonication. The particles were
added to the round bottomed flask, the solution was
bubbled with nitrogen gas for 15 min and the solution
was ready for polymerization. The polymerization solu-
tion was sealed and placed in a water bath at 70 °C for
15 h. After 15 h, the solution was sonicated for 15 min
and returned to the water bath for another 9 h. After
24 h, the coated magnetic particles were collected by
magnetic separation, washed with methanol and re-dis-
persed in 50/50 methanol in water at a concentration of
50 mg/mL [3].
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Magnetic separation

The magnetic separation was performed using a Biosprint
15 magnetic separator (Qiagen, Valencia, CA, USA).
Magnetic particles suspended in deionized water were
placed in one of the vials. The instrument was programmed
to dip the magnetic rod (wrapped in a plastic sheath) into
the magnetic particle suspension several times. After taking
up the magnetic particles, the sheathed rod was moved to
the next vial containing water. The magnet was then raised
(out of the sheath), and the sheath was oscillated to shake
off the magnetic particles. The sheath was raised out of the
vial to complete the transfer. The deionized water in the
original vial was analyzed using a UV-Visible spectro-
photometer. The absorbance measured at 400 nm was
compared to a calibration curve constructed from various
quantities of magnetic particles suspended in deionized
water. Since the absorbance was directly proportional to
the mass of magnetic particles in each standard suspen-
sion, the transfer efficiency could be calculated for the
Biosprint 15.

Preconcentration and selective elution of °Sr in human
urine

Urine from a healthy adult donor was collected and
immediately stabilized with HCI. Samples (20 mL each)
were spiked with “°Sr and adjusted to a pH above 9.
PAMP/DVB-coated magnetic nano particles (5 mg) were
added, and the sample containers were placed onto a
neodymium magnet for 30 min. Urine was removed to
reduce each sample to 6 mL while keeping all the magnetic
particles. Ammonium dihydrogen phosphate was added to
elute the °Sr. A magnet was used to hold the magnetic
particles carrying *°Y at the bottom of sample container,
and 5 mL of the urine was then transferred into a scintil-
lation vial. A 15 mL aliquot of Hisafe 3 liquid scintillation
cocktail was added to the sample. The mixture was
homogenized using a vortex, and measured for 10 min in a
Tri-Carb LSC.

Results and discussion
Magnetic separation

The present method of magnetic separation allowed sam-
ples to be processed in parallel. The number of samples
that could be processed was only limited by the size of the
magnet. In this study the magnet (measuring 4” x 4")
could process up to 9 samples at a time. The magnetic
separation time was approximately 1 h. Afterwards the
LSC count time was 10 min per sample. This became a
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Fig. 1 Calibration curve of absorbance versus concentration of
magnetic particles in aqueous suspension

Table 1 Mass transfer of magnetic particles in aqueous suspension
by Biosprint 15

Original amount ~ Absorbance =~ Amount of magnetic Percent

of magnetic at 400 nm particles left after transferred
particles (mg) transfer (mg)

0.141 0.137 0.015 89%

0.351 0.227 0.025 93%
0.703 0.401 0.043 94%

1.054 0.487 0.053 95%

1.265 0.569 0.062 95%

1.405 0.745 0.081 94%

limiting factor for sequential measurements because
90 min would be needed to obtain results for all nine
samples.

UV spectrophotometric analysis showed a linear corre-
lation between absorbance (at 400 nm) and the concen-
tration of magnetic particles in aqueous suspension, as
shown in Fig. 1. The mass transfer of magnetic particles by
Biosprint 15 was determined by spectrophotometric anal-
ysis to be 93 £ 2% from one vial to the next, as presented
in Table 1. The slightly lower than quantitative transfer
was accounted for by the magnetic particles still visibly left
behind in the original solution and on the plastic sheath
covering the magnet. These leftover particles could be
picked up by a second transfer.

Elution of *Sr by phosphate

Urine samples (20 mL) were spiked with 12 Bq of *’Sr in
equilibrium with °°Y. The sample was extracted as
described in the experimental section using varying con-
centrations of phosphate: 0, 75, 100, 125, 150, 175 and
200 mM. These extractions were all performed in tripli-
cate. The Tri-Carb liquid scintillation measurements were

Phosphate Concentration (mM)

Fig. 2 Percent recovery of °°Sr increased rapidly with phosphate
concentration used for the extraction
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Fig. 3 Percent recovery of °°Y increased slowly with phosphate
concentration used for the extraction

carried out using the 3-125 keV window to exclude any
%Y that may have eluted with the °*Sr. When no phosphate
was used for the elution of 90Sr, the counts from the spiked
samples were very similar to that of blank indicating no
elution of *°Sr/°°Y. There was a distinct rise in *°Sr
recovery, from 53 &+ 1% to 93 £ 5%, when 75 mM of
phosphate used for the elution was increased to 200 mM.
However, there is an increase in Oy being eluted as well,
1.6% recovery using 75 mM phosphate as the extractant
and 10.6% recovery in the 200 mM extraction. This *°Y
was not taken into account for the measurement by using
the 3-125 keV measuring window. Figure 2 shows the
rapid rising trend of *°Sr recovery with higher phosphate
concentration, while Fig. 3 shows the slow rising trend of
%Y recovery. In all subsequent analysis, 200 mM phos-
phate was used to achieve optimum recovery of °°Sr
(93 &£ 5%) while eliminating the contribution of Dy
(<11%) co-eluted by phosphate.
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Fig. 4 Tri-Carb LSC counts versus concentration of %Sr in urine Sy (%) 3.8

sample (20 mL)
Linear dynamic range

In the liquid scintillation counting, an energy window
setting of 3—125 keV was used as the region of interest
(ROI). The linear dynamic range was assessed using
20 mL samples of urine with 7 different concentrations of
%9Sr ranging from 12 to 600 Bg/L. Figure 4 shows excel-
lent linearity over the full range.

Accuracy and precision

A 150 mL sample of urine was spiked to 190 Bg/L and
divided into 7 subsamples of 20 mL each. These samples were
extracted as above using the 3-125 keV ROI measuring
window and 200 mM of phosphate. American National
Standards Institute (ANSI) requires the following guidelines
for bioassay testing: the relative bias must be within £25%
and the relative precision must be below 40%. The accuracy of
each sample was calculated using the relative bias equation:

_Ci_Cs

B ri Cs

where C;j is the concentration measured, Cg is the known
concentration of the sample. The accuracy over many
samples used the average relative bias, according to the
following equation:

B. — Z? B

r
n

The relative precision was calculated using the equation
for standard deviation divided by the average measured
concentration of the sample:

Sic-cy

n

C

where n is the number of samples [2].

Sp =
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These results fall within the acceptable parameters of
radio bioassay as defined by ANSI since none of the B;
goes beyond 25% and the S, is below 40%.

Minimum detectable activity (MDA)

Urine samples (20 mL) were extracted as above without
spiking with *°Sr, using the 3—125 keV measuring window
and 200 mM of phosphate. These served as the blanks for
this work. The MDA was calculated using the following
equation:

(465 x Sy + 3)

MDA =
E xtxV

where Sy, is the standard deviation of the number of counts
for the blank samples, E is the efficiency calculated using
the linear dynamic range measurement, ¢ is the count time
in seconds, and V is the volume in liters [2]. The recovery
of *°Sr extraction over 21 samples was 87 &+ 10%. How-
ever, only 5 of the 6 mL in the final volume were used for
the measurement, so the efficiency of the method was only
72.5%. The standard deviation of the blanks was 9 counts,
the count time was 600 s and the volume was 0.02 L. The
MDA was calculated to be 4.9 £ 0.5 Bg/L.

Conclusion

This simple and rapid method showed quantitative elution
of ?°Sr without interference by *°Y by selective elution
with phosphate. The novelty of using magnetic nano par-
ticles for preconcentration, while maintaining the selec-
tivity by using phosphate as a complexing agent, has been
demonstrated. A MDA of 4.9 + 0.5 Bq/L, a relative bias
of 9.2% and a relative precision of 3.2% were attained, all
being better than the criteria set by ANSI. The sample
turnaround time was 10 min after an initial magnetic



Polymer-coated magnetic nanoparticles

1415

separation time of 1 h. This provides a faster method for
screening which has a superior limit of detection to other
methods of similar turnaround times. Robotic transfer of
these magnetic nanoparticles with similar elution condi-
tions can achieve automated magnetic separation of *°Sr
from °°Y. Automation of magnetic separation using Bio-
sprint is a main objective of our continuing method
development.
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