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Abstract

Ferric hexacyanoferrate (Fes™[Fe"'(CN);]3), also known as insoluble Prussian blue (PB) is the active pharmaceutical ingredient (API) of the
drug product, Radiogardase®. Radiogardase® is the first FDA approved medical countermeasure for the treatment of internal contamination with
radioactive cesium (Cs) or thallium in the event of a major radiological incident such as a “dirty bomb”. A number of pre-clinical and clinical
studies have evaluated the use of PB as an investigational decorporation agent to enhance the excretion of metal cations. There are few sources
of published in vitro data that detail the binding capacity of cesium to insoluble PB under various chemical and physical conditions. The study
objective was to determine the in vitro binding capacity of PB APIs and drug products by evaluating certain chemical and physical factors such as
medium pH, particle size, and storage conditions (temperature). In vitro experimental conditions ranged from pH 1 to 9, to cover the range of pH
levels that PB may encounter in the gastrointestinal (GI) tract in humans. Measurements of cesium binding were made between 1 and 24 h, to cover
gastric and intestinal tract residence time using a validated atomic emission spectroscopy (AES) method. The results indicated that pH, exposure
time, storage temperature (affecting moisture content) and particle size play significant roles in the cesium binding to both the PB API and the drug
product. The lowest cesium binding was observed at gastric pH of 1 and 2, whereas the highest cesium binding was observed at physiological pH
of 7.5. It was observed that dry storage conditions resulted in a loss of moisture from PB, which had a significant negative effect on the PB cesium
binding capacity at time intervals consistent with gastric residence. Differences were also observed in the binding capacity of PB with different
particle sizes. Significant batch to batch differences were also observed in the binding capacity of some PB API and drug products. Our results
suggest that certain physiochemical properties affect the initial binding capacity and the overall binding capacity of PB APIs and drug products
during conditions that simulated gastric and GI residence time. These physiochemical properties can be utilized as quality attributes to monitor
and predict drug product quality under certain manufacturing and storage conditions and may be utilized to enhance the clinical efficacy of PB.
Published by Elsevier B.V.
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Fig. 1. The chemical structure of Prussian blue.

1. Introduction

Prussian blue (PB) was first prepared in 1704 as a prospec-
tive dye and is considered to be the first synthetic coordination
compound [1]. PB is currently used as an inorganic pigment
(pigment blue 27) whose international color index number is CI
77510 [2]. PB is also known as iron blue, Chinese blue, Ham-
burg blue, mineral blue, Paris blue as well as a variety of less
commonly known names, Brunswick blue, Turnbull’s blue and
Milori’s blue [2,3]. All of these names refer to the blue col-
ored complex of ferric hexacyanoferrate(Il) with the empirical
formula of FesM™[Fel'(CN)¢]3. There are a number of related
hexacyanoferrate compounds such as potassium hexacyanofer-
rate KFe3'[Fel(CN)¢]3, KoFes [Fell(CN)g 3 and ammonium
hexacyanoferrate NH4Fe;™M[Fell(CN)g]3 and other metal sub-
stituted MFe3 ™ [Fell(CN)g]3 where M =Li, Na, K, Rb, Cu, and
Ni that are also called although imprecisely and inaccurately,
Prussian blue [4].

The PB crystal structure is a cubic lattice [5,6] with the Fell
and Fe'l atoms occupying the corners of the cube [7] and the
cyanide group is placed at the sides (Fig. 1). The Fe!l atoms are
bonded to the carbon atom in the cyano group and the Fe!'l atoms
are bonded to the nitrogen atom in the cyano group. Additionally
there are typically 14—16 water molecules coordinated to the PB
molecule [1,8]. The cubic structure is retained in aqueous media
and due to the stability of the crystal lattice, Fe, M [Fel'(CN)g 13
is insoluble.

When given orally insoluble PB is able to bind metal ions and
enhance the excretion of radioactive isotopes of cesium (Cs) and
thallium ions that are enterically cycled into the gastrointesti-
nal tract, preventing their reabsorption, and thereby reducing
the radioactive burden to the body. The mechanism of cesium
and thallium binding by insoluble PB is not yet known in full
detail although PB has been used since the 1960s to enhance the
excretion of cesium and thallium from the body [9—-15]. Chem-
ical ion exchange, physical adsorption and ion trapping may
all be involved [16,17]. The primary metal binding mechanism
for PB is believed to be the monovalent cesium ion exchange
with hydrogen ion (H*) or from water bound (hydronium ion-
H30%) in the PB crystal lattice [17]. Additionally if monovalent
cations are present within the lattice as a result of different syn-
thetic reagents and routes, cesium may exchange with alkali
metal cation impurities such as sodium or potassium or possi-
bly ammonium [18,19]. Interestingly, ion exchange with alkali
cations may play a greater role or may even be the primary
exchange mechanism in metal hexacyanoferrate analogs such
as KFe3M[Fe!l(CN)g]3 or NH4Fe3"[Fe!l(CN)s 3. Additional
mechanisms of exchange typically discussed are the physical

adsorption of cesium onto the crystal lattice resulting from elec-
trostatic forces and mechanical trapping of cesium ions within
the cavities of the crystal lattice.

Cs-133 is a naturally occurring element found throughout the
environment. It is an alkali metal that has 32 radioactive isotopes.
The two isotopes with the longest radioactive decay half-lives
are Cs-137 (30.17 years) and Cs-134 (2.06 years). Both radioac-
tive isotopes decay by emitting beta particles with the resultant
decay products (Ba-137 and Ba-134) emitting gamma radiation.
Cs-137 is the major source of concern primarily, because it is a
nuclear fission fragment that is produced from uranium and plu-
tonium and has a relatively long environmental half-life [20].
It is widely used in industry for thickness and moisture-density
gauges and in medicine as a source of gamma radiation used in
the treatment of various forms of cancer.

Due to the extensive atmospheric nuclear testing in the 1950s
and 1960s, Cs-137 was released into the environment and this
radioactive isotope was subsequently detected in humans in 1956
[21]. Early studies were carried out in the 1960s to evaluate
the efficacy of various forms of PB as a potential decorpora-
tion agent for cesium and thallium [9,22,23]. Early work with
PB focused on reducing internal radiocesium contamination
in humans following acute exposure [9,10,24,25]. The ubiqui-
tous nature of radiocesium has heightened recent concern about
long-term exposure since it is readily transferred throughout
the environment [26—-33] and into the food chain, remaining for
many decades [34-37].

The three most feasible modes of internal contamination
of radiocesium are inhalation, oral ingestion and percutaneous
absorption. Inhalation [38,39] is the most probable mode of
acute radiocesium contamination [40]. Cesium is highly water
soluble and readily absorbed into human tissues. It is distributed
widely and uniformly throughout the body’s soft tissue and
eliminated through the kidneys with a small amount excreted
in the feces [20,41-43]. Cs-137 is absorbed rapidly and com-
pletely with about 10% of the total radioactive body burden
excreted by the kidneys primarily through the urine in the first
2 days [20]. Oral treatment with PB results in cesium being
bound to the PB and being primarily excreted in the feces
[20] Following treatment with PB the physiological cesium
urine to feces ratio is reversed from 4:1 to 1:4 [41]. Cs-137
elimination in humans seems to be related to age and gender
[44,45] as well as to height and weight [46,47]. The average
biological half-life of radiocesium in adult humans is between
50 and 150 days [20,41]. Children have the shortest half-
life of approximately of 25-30 days [47]. It is theorized that
cesium retention may be related to the mass of skeleton muscle
[44].

The Chernobyl nuclear reactor accident in 1986 caused
widespread environmental contamination with Cs-137 and Cs-
134, which led to extensive studies on the use of PB as a
countermeasure for acute and long-term internal radiocesium
contamination in humans and animals throughout Europe. The
Goiania tragedy in Brazil in the fall of 1987 provided the oppor-
tunity to carry out the first large human trials of PB for the
treatment of radiocesium poisoning under temporary IND clear-
ance by the U.S. FDA. The overall results showed that PB
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therapy reduced the biological half-life of radiocesium by 43%
[41].

Although a number of in vivo studies have been published
to support the historical use of PB as a decorporation agent, the
scientific literature has little information on in vitro studies that
assess the in vivo efficacy of cesium or cesium metal binding
to PB under various chemical and physical conditions. Addi-
tionally, many of the in vitro studies and animal investigations
utilized various types of hexacyanoferrates resulting from differ-
ent starting reagents, synthetic routes and manufacturing drying
conditions known to affect binding [17]. In many cases it is not
clear which hexacyanoferrates were used. Therefore the applica-
bility of previous results for predicting clinical outcome without
a clearer understanding of which hexacyanoferrate analogs were
used and an evaluation of their physiochemical properties may
be imprecise. Therefore, we have systematically studied the
in vitro binding capacity of insoluble PB, ferric hexacyanofer-
rate (Fes[[Fel(CN)g]3), to cesium under certain physical and
chemical conditions.

We report PB tested under various gastrointestinal (GI) pH
conditions and transit times based on physiologically relevant
conditions. Additionally, this study evaluates the effect of such
factors as particle size and storage conditions on the cesium bind-
ing capacity of PB, active pharmaceutical ingredients (APIs)
and drug products. Cesium binding to different batches of PB
API and drug product was studied to identify product quality
differences and correlate these data to physiochemical proper-
ties that may be utilized as quality attributes to ensure a more
standardized and optimum clinical outcome.

2. Material and methods
2.1. Chemicals and reagents

Cesium single element standard (1000 ppm, 1 mg/mL Cs)
certified was purchased from High-Purity Standards
(Charleston, SC). Cesium chloride was purchased from
Aldrich (Milwaukee, WI). Certified buffer solutions (pH
1-9), hydrochloric acid and sodium hydroxide (10N) and
desiccant (Drierite) were purchased from Fisher Scientific
(Fair Lawn, NJ). Dibasic and monobasic potassium phosphate
and potassium hydroxide were purchased from J.T. Baker Inc.
(Phillipsburg, NJ). PB active pharmaceutical ingredient was
provided by Sigma—Aldrich (St. Louis, MO) and HEYL Cor-
poration (Berlin, Germany). Drug products (500 mg/capsule)
were provided by HEYL Corporation (Berlin, Germany) and
Oak Ridge Institute for Science and Education (ORISE) (Oak
Ridge, TN). Filtered 18 MOhm water was supplied in house by
a Millipore Milli-Q System (Bedford, MA). All other chemicals
were of reagent grade.

2.2. Preparation of media solutions and standards

2.2.1. Preparation of pH solutions

The solutions of pH 1, 2, 5 and 9 were prepared by dilut-
ing corresponding certified buffer solutions fivefold with DI
water. The phosphate buffer solution of 40 mM with pH 7.5 was

prepared by using dibasic potassium phosphate and monobasic
potassium phosphate.

2.2.2. Preparation of calibration standards

Cesium standard (1000 ppm Cs) was used as standard stock
solution. Six calibration standard solutions were prepared by
transferring 1.5,2.5,5.0, 7.5, 10.0 and 15.0 mL of stock solution
to 50-mL volumetric flasks and then adding the corresponding
pH solution to 50 mL resulting in the final concentrations of 35,
50, 100, 150, 200 and 300 ppm Cs, respectively. Two standard
curves, which included standard blanks, were prepared daily.

2.2.3. Preparation of quality control standards

The quality control (QC) cesium stock solution
(30 mg/mL Cs) was prepared by dissolving 3.795 g of cesium
chloride in 100 mL of DI water. The lower limit of quantifi-
cation (LLOQ) of 30ppm, low QC of 50 ppm, intermediate
QC of 100ppm and high QC of 200 ppm were prepared by
transferring 0.05, 0.83, 0.167 and 0.334 mL of stock solution
to 50-mL volumetric flasks and then adding the corresponding
pH solution to 50 mL. Five standards at each QC level were
prepared daily.

2.3. Analytical method and validation

All standards and samples were analyzed by atomic emission
spectroscopy (AES) using a PerkinElmer (Shelton, CT) AAna-
lyst 800 atomic absorption/emission spectrometer equipped with
an air—acetylene burner. The sample solution was aspirated into
an air—acetylene flame for a time period of 5 s. Each sample was
analyzed in triplicate by AES. Sample blanks were run between
every five samples or standards to assess carry over. Cesium was
detected at an emission line of 455.5 nm. The method was vali-
dated according to USP Category I requirements. The following
validation characteristics were addressed: precision, accuracy,
linearity, range and specificity.

Student’s #-test was performed on both API and drug product
data, respectively for comparison applying 4 degrees of freedom
at the 95% confidence level (p <0.05).

2.4. pH-profile (600 ppm)

One API batch (API-1) and one drug product batch (DP-1)
were selected for analysis. A 0.1 g amount of each PB API or
drug product sample batch was added individually to a 100-
mL glass flask, 49 mL of corresponding pH solution and 1.0 mL
of cesium QC stock solution (30 mg/mL Cs) was added result-
ing in a final concentration of 600 ppm. The flask was tightly
stopped and incubated in a shaking water bath at 37 °C with
75 shakes/min for 1, 4 and 24 h, respectively. Samples were
testedat pH 1,2, 5, 7.5 and 9. All sample batches were prepared
in triplicate.

2.5. Concentration profile (600, 750, 900, 1200, 1500 ppm)

Corresponding pH solution (49 mL) and 1.0 mL of cesium
stock solution (30, 37.5, 45, 60, or 75 mg/mL Cs) were added
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to a 100-mL glass flask, followed by the addition of 0.1 g of
PB API to produce a final cesium concentration of 600, 750,
900, 1200 or 1500 ppm. The flask was tightly stopped and
incubated in a shaking water bath at 37 °C with 75 shakes/min
for 1, 4 and 24 h, respectively. Upon completion of incuba-
tion, sample was filtered with a 0.2 wm Acrodisc® syringe
filter (Gelman Laboratory, MI), and then 10mL aliquot of
sample was transferred to a glass test tube. The sample was
diluted, if necessary. All samples were prepared in tripli-
cate.

2.6. Quality profile-batch to batch variability (600 ppm)

Five different APIs batches (API-1, API-2, API-3, API-4
and API-5) and three different drug product batches (DP-1,
DP-2, DP-3) were selected for analysis. A 0.1-g amount of
each PB API or drug product sample batch was added indi-
vidually to a 100-mL glass flask, and 49 mL of corresponding
pH solution and 1.0 mL of cesium stock solution (30 mg) was
added to produce a final cesium concentration of 600 ppm. The
flask was tightly stopped and incubated in a shaking water
bath at 37°C with 75 shakes/min for 1, 4 and 24 h, respec-
tively. Samples were prepared in triplicate and tested at pH
7.5.

2.7. GI profile (cesium binding test following API exposure
to low pH solutions sequentially)

PB was sequentially exposed to increasing pH of 1.0, 2.0,
3.0, 5.0 and 7.5. API-1 was selected in this test. For pH 1.0
condition, 0.1 g API-1 was mixed with 49 mL of pH 1.0 buffer
solution and 1.0 mL of cesium stock solution (30 mg) at the
reference binding concentration (600 ppm) in a 100-mL glass
flask. It was incubated in a shaking water bath at 37 °C with
75 shakes/min for 1 h. The test procedure for sample prepara-
tion was the same as above. For pH 2.0 condition, 0.1 g API-1
was mixed with 10 mL of pH 1.0 buffer solution and incubated
in a shaking water bath at 37 °C with 75 shakes/min for 1h.
It was centrifuged and the solution supernatant was removed.
The PB pellet was transferred to a glass flask, and 49 mL of
pH 2.0 buffer solution and 1.0 mL of cesium stock solution
(30 mg) was added to produce a final cesium concentration of
600 ppm. The same procedure was followed for the remain-
der of the sample preparation step. For pH 3.0 condition, PB
was exposed to pH 1.0 and 2.0 for 1h each in order and then
the sample was prepared in pH 3.0. For pH 5.0 condition, PB
was exposed to pH 1.0, 2.0 and 3.0 for 1h each sequentially
and then the sample was prepared in pH 5.0. For pH 7.5 con-
dition, PB was exposed to pH 1.0, 2.0, 3.0 and 5.0 for 1h
each progressively and then the sample was incubated with
cesium in pH 7.5 for 1 and 4 h. To ensure that the entire sam-
ple preparation procedure did not cause a significant loss of
PB, a control experiment was conducted. In the control exper-
iment, PB was sequentially exposed to deionized water for 3
cycles of 1h each and the sample was prepared in pH 7.5
buffer.

2.8. Drying and storage conditions

2.8.1. Effect of storage conditions (35°C)

API-1 was selected for analysis. API-1 was placed in drying
oven VWR 1305U and dried for 0, 2, 3, 5 and 7 days at 35 °C.
The samples were dried to mimic storage conditions in a non-
climate controlled warehouse. Samples were removed from the
oven and immediately placed in a desiccator with calcium sul-
fate desiccant until immediate use. A 0.1-g amount of each dried
API-1 sample was added individually to a 100-mL glass flask,
49 mL of corresponding pH solution and 1.0 mL of cesium stock
solution (30 mg) was added to produce a final cesium concen-
tration of 600 ppm. The flask was tightly stopped and incubated
in a shaking water bath at 37 °C with 75 shakes/min for 1, 4 and
24 h. Samples were prepared in triplicate and tested at pH 7.5.

2.8.2. Effect of drying on APIs and drug products (105°C)

API-1, API-2, DP-1 and DP-2 were selected for analysis. The
PB APIs and drug products were placed in a drying oven VWR
1305U, VWR Corporation (West Chester, PA). The samples
were dried according to standard USP criteria of 3h at 105 °C.
The PB sample batches were also analyzed in a non-dried state
to determine if drying (i.e. the loss of moisture) affects binding.
Samples were removed from the oven and immediately placed in
a desiccator with calcium sulfate desiccant until immediate use.
A 0.1-g amount of each PB API or drug product sample batch
was added individually to a 100-mL glass flask, and 49 mL of
corresponding pH solution and 1.0 mL of cesium stock solution
(30mg) was added to produce a final cesium concentration of
600 ppm. The flask was tightly stopped and incubated in a shak-
ing water bath at 37 °C with 75 shakes/min for 1, 4 and 24 h,
respectively. Samples were prepared in triplicate and tested at
pH7.5.

2.8.3. Effect of drying on API (105°C)

API-1 was selected for analysis. API-1 was placed in dry-
ing oven VWR 1305U and dried for 0, 2, 4 and 24 h at 105 °C.
The samples were tested to evaluate cesium binding following
systematic drying conditions that may mimic drying time fol-
lowing manufacturing. Samples were removed from the oven
and immediately placed in a desiccator with calcium sulfate des-
iccant until immediate use. A 0.1-g amount of each dried API-1
sample was added individually to a 100-mL glass flask, 49 mL
of corresponding pH solution and 1.0 mL of cesium stock solu-
tion (60 mg) was added to produce a final cesium concentration
of 1200 ppm. The flask was tightly stopped and incubated in a
shaking water bath at 37 °C with 75 shakes/min for 1,4 and 24 h.
Samples were prepared in triplicate and tested at pH 7.5.

2.8.4. Moisture loss from Prussian blue

Samples of API-1 were pre-dried at 105 °Cfor0,2,4and 24 h
and were evaluated for moisture content by thermal gravimetric
analysis (TGA) with a TA Instruments-TA 2950 Thermal Gravi-
metric Analyzer (New Castle, DE). Samples of undried API-2,
DP-1 and DP-2 were also evaluated for moisture content. Plat-
inum pans were tared individually, and approximately 10 mg of
PB sample was evenly distributed onto each pan. The pans were
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Table 1

Parameters of calibration curve (n > 3)

Solutions Linear range (ppm) Calibrators R? value Slope
pH 1.0 30~300 7 0.9894 35.47
pH 2.0 30~300 7 0.9838 31.42
pHS5.0 30~300 7 0.9990 43.09
pH7.5 30~300 7 0.9978 46.36
pH 9.0 30~300 7 1.0000 43.66

placed in the calibrated instrument under atmosphere of nitrogen
flowing at 60/40 mL/min. The heating rate was 20 °C/min from
ambient room temperature to 300 °C to determine the weight
loss due to moisture.

2.9. Particle size experiments

2.9.1. API particle size distribution determination

PB API-1 was tested to determine the particle size distribu-
tion using an ATM Sonic Sifter ATM Corporation (Milwaukee,
WI). Nine sieves were used to sift API-1. The sieve fractions
were: <20, 20-32, 32-45, 45-63, 63-90, 150-212, 212-300 and
>300 pm. One gram of PB was sieved from API-1. Following
each sieving step the sieve fraction was weighed on an AE-100
Mettler—Toledo analytical balance (Columbus, OH) and the per-
centage of particles was determined for each sieve fraction. A
mean particle size distribution was calculated for the dg, dso
and dy fractions of API-1.

2.9.2. Cesium binding to API particle size fractions
experiment (1200 ppm)

Two particle size fractions, <90 and >212 wm that bracketed
the major particle size distribution d1g, ds0, and dog fractions
were collected by sonic sifting from API-1 and tested for cesium
binding at a cesium incubation concentration of 1200 ppm
cesium to evaluate the effect of particle size on the cesium bind-
ing capacity of PB. Each particle size fraction and API-1 were
prepared in triplicate and tested at 1,4 and 24 h at pH 7.5.

3. Results
3.1. Analytical method validation

The atomic emission analytical method was found to be selec-
tive with no interfering atomic spectral lines or background
noise in the reference blanks or controls. The lower limit of
quantitation was determined to be 30 ppm cesium. Calibration
standard curves were found to linear over the analytical range
of 30-300 ppm cesium for pH of 1, 2, 5, 7.5 and 9, respectively
(Table 1). Accuracy of the quality control standards at the LLOQ
QC-1 (30 ppm), QC-2 (50 ppm), intermediate QC (100 ppm) and
high QC (200 ppm) each met the acceptance criteria of <15%
for pH 1, 2, 5, 7.5 and 9, respectively (Table 2). Precision of
the quality control standards each met the acceptance criteria of
<2% forpHof 1,2, 5, 7.5 and 9, respectively (Table 3). Cesium
stock solutions for both calibration and quality control standards
were found to be stable for at least 10 weeks.

Table 2

Quality control: accuracy (%, n > 18)

Solutions 30 50 100 200

(ppm)

pH 1.0 111.8 99.3 97.2 105.3

pH 2.0 108.3 98.40 97.1 106.2

pHS5.0 110.5 112.8 109.9 111.9

pH7.5 102.7 106.4 109.4 102.1

pH 9.0 99.6 102.3 101.9 105.7

Table 3

Quality control: precision (% R.D.S., n > 18)

Solutions 30 50 100 200
(ppm)

pH 1.0 0.2231 0.8463 0.8065 0.3696

pH 2.0 0.6226 1.0463 1.0244 0.4667

pH 5.0 1.3826 0.5875 1.0050 0.4938

pH7.5 0.8724 1.1878 1.3700 0.6686

pH 9.0 0.4442 0.7647 0.6531 0.3145

3.2. The pH-dependent cesium binding profile (600 ppm)

For comparison, the cesium binding was studied using API-
1 and DP-1. For both API and drug product, the cesium
binding to PB displayed a clear pH-dependent profile as indi-
cated in Fig. 2A and B. The results show that the lowest
amount of cesium binding occurred at pH 1.0, followed by a
gradual increase in cesium binding as pH increased and was
found to be maximal at pH 7.5 for both API and drug prod-
uct. Cesium binding decreased as the pH increased from 7.5
to 9. For all pH values, the cesium binding increased with

3004
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504
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Fig. 2. The pH-dependent cesium binding profile of API-1 (A) and DP-1 (B)
were incubated with 600 ppm cesium in corresponding pH solutions 1, 2, 5, 7.5
and 9 at 37 °C for 1, 4 and 24 h, respectively.
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Fig. 3. Concentration dependent profile of API-1. API-1 was incubated 1 at 600,
750, 900, 1200 and 1500 ppm cesium in the pH 7.5 solution at 37 °C for 1, 4
and 24 h, respectively.

incubation time. The highest amount of cesium binding was
found at human physiological pH 7.5 for both API and drug
product at 24 h, to be 273.5 and 283.4 mg Cs/gPB, respec-
tively.

3.3. Concentration- and time-dependent profile of cesium
binding

Results shown in Fig. 3A indicated that increasing the initial
incubation concentration of cesium from 600 to 1500 ppm and
the exposure the time (1-24 h) resulted in increased amounts
of cesium bound to PB API-1. The cesium binding capac-
ity of PB API-1 at each cesium incubation concentration was
tested at the maximal binding pH of 7.5. The cesium bind-
ing was similar for cesium concentrations of 600, 750 and
900 ppm. Significant concentration dependent effects of cesium
bound to PB were observed at higher cesium concentrations of
1200 and 1500 ppm. For 24 h incubation, the highest amount
of cesium binding to PB was 339.2mg Cs/gPB at 1500 ppm
cesium compared to 273.6mgCs/gPB at 600 ppm. A 2.5-
fold increase in concentration (600—1500 ppm) resulted in 20%
increase in cesium bound to the same amount of PB (1 g) over
24 h.

3.4. Determination of maximal binding capacity (MBC)

To determine the maximal binding capacity of PB to cesium,
binding data from the five cesium concentrations 600—1500 ppm
were used. Cesium binding data shown in Fig. 3 to 24 h and was
also supplemented with additional longer timepoint experiments
(600 ppm) extended to 48 h with API-1 (no statistical difference
p>0.1245 between 24 and 48 h 276.3mg/g versus 276.7 mg/g,
respectively) to verify that the cesium binding approached equi-
librium at 24 h. Therefore, the binding data at 24 h was used
for plotting the Langmuir isotherm (Fig. 4). According to the
Langmuir equation:

1 n C
" kiky  ky
where Cxp, is the ratio of free to bound cesium, C is the free

cesium concentration in mg/L, kj is the affinity constant, and k»
is the MBC in mg Cs/g PB, which is calculated from the slope

me

Langmuir Adsorption Isotherm

1.40
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Fig. 4. The concentration-dependent cesium binding profile of API-1 (A). The
Langmuir isotherm was plotted based on 24 h binding data with best straight
line calculated by linear regression using the least squares method. The X axis
represents the concentration of free cesium (mg/L) in the solution near equilib-
rium. The Y axis represents the ratio of the concentration of free cesium (mg/L)
versus the bound cesium (mg/g) near equilibrium (B).

(1/ky) using least squares linear regression. In this study the
MBC was found to be approximately 715 mg Cs/g PB.

3.5. Quality profile of cesium binding among batch to batch
for PB APIs and products

Five PB API batches and three drug product batches were
tested to determine batch to batch variability or quality dif-
ferences in cesium binding at pH 7.5. Mean results with 95%
confidence intervals are shown for APIs in Fig. 5A and drug
products in Fig. 5B. For the API batches, API-2 had the low-
est and API-5 had the highest cesium binding at all time
points. Based on pairwise application of the Student’s #-test
(95% confidence level) each batch of API bound a statisti-
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Fig. 5. Analytical comparison and statistical assessment of cesium binding
among batch to batch for both APIs and products. API-1, API-2, API-3, API-4
and API-5 (A) and DP-1, DP-2 and DP-3 (B) were incubated with 600 ppm
cesium in the pH 7.5 solution at 37 °C for 1, 4 and 24 h, respectively.
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Fig. 6. Effect of increasing pH on the cesium binding of Prussian blue API-1
(*Samples exposed to previous lower pH level for 1 h and then incubated at next
pH level for 1 and 4 h). All samples were incubated with 1200 ppm cesium at
37°C.

cally different amount of cesium (p < 0.0421), except that API-3
was not significantly different from API-4 at 4h (p>0.9299),
and API-1 was not significantly different from API-4 at 24h
(p>0.0843). Each DP bound a statistically different amount of
cesium (p<0.0156), except that no statistical difference was
observed between DP-1 and DP-3 at 1h (p>0.1238) or DP-1
and DP-2 at 4h (P>0.0562).

3.6. GI profile (cesium binding test following API exposure
to low pH solutions sequentially)

To mimic physiological conditions that would be experienced
during residence and transition processes in the GI tract, PB was
sequentially exposed to increasing pH of 1.0, 2.0, 3.0, 5.0 and
7.5. As shown in Fig. 6, pre-treatment at lower pH values had no
significant effect on the cesium binding at pH 2.0, 3.0 and 7.5.
PB pre-treatment at lower pH levels tended to lower the cesium
binding at pH 5.0 (25% at 1h).

3.7. Effect of drying and storage conditions

3.7.1. Effect of storage conditions (35°C)
API-1 stored at 35°C over a 7-day period had a nega-
tive effect on the cesium binding (Fig. 7). The samples were

105
g’ B 1 hour-Binding Experiment
E 1001 % M 4 hour-Binding Experiment
) [
E 95
=
2 |
o 9
t
® g5 | il -
2
e

80

Day 0 Day 2 Day 3 Day 5 Day 7

Drying Time (35C)

Fig. 7. Effect of drying (35°C). API-1, was dried for 0, 2, 3, 5, and 7 days at
35 °C and then incubated with 600 ppm cesium in the pH 7.5 solution at 37 °C
for 1, 4 and 24 h, respectively. When the incubation was completed, sample was
filtered and 10 mL aliquot was used for cesium binding analysis by AES. Day 0
is the control and is designated as 100% binding.

(A) 300
-?'.’ 250
o
é 200
o
i
E 150
om
g 100+ A API-1-Nondried
3 s API-1-Dried
o 50 — ©-— API-2-Nondried
. —8— API-2-Dried

0

0 4 8 12 16 20 24 28
Time (hr)

(B) 300
G
B 250 -
E
o 200+
=
T 150+
m .
£ 100 - —a— Drug product-1-Nondried
=l —a— Drug product-1-Dried
g 50 - — ©— Drug product-2-Nondried
6] —e— Drug product-2-Dried

0 T T T T T T

0 4 8 12 16 20 24 28
Time (hr)

Fig. 8. Effect of drying (105 °C). API-1, API-2 (A) and DP-1, DP-2 (B) were
dried at 105 °C for 24 h and then incubated with 600 ppm cesium in the pH 7.5
solution at 37 °C for 1, 4 and 24 h, respectively.

dried to mimic storage conditions in non-climate controlled
warehouse. Compared to baseline samples (day 0), the cesium
binding following 1 h incubation progressively decreased from
2 to 7 days. For 4 h incubation, most of the decrease in cesium
binding (approximately 13—16%) occurred after 2-days of dry-

ing.

3.7.2. Effect of drying on APIs and drug products (105°C)

Fig. 8A indicates that drying the API at 105 °C for 3 h dras-
tically decreased the cesium binding (94% reduction at 1h
incubation) to API-2, but had little effect on API-1 exceptat 1 h
of cesium incubation. Drying the drug product for 3 h decreased
the cesium binding to both DP-1 and DP-2 (Fig. 8B) at 1 and 4 h
of incubation with 600 ppm cesium. In both cases the effect of
drying on cesium binding had diminished by 24 h of incubation
with cesium.

3.7.3. Effect of drying on APIs (105°C)

Fig. 9 indicates that drying API-1 at 105 °C for 2,4 and 24 h
significantly decreased the cesium binding following 1 and 4 h
incubation with 1200 ppm, but had a less significant effect on
the 24 h dried sample following of incubation with 1200 ppm
cesium. Drying API-1 for 24 h decreased the cesium binding
by approximately 70 and 45% at 1 and 4 h of incubation with
1200 ppm cesium. In general, a negative effect was observed for
cesium binding following of the systematic drying of API-1 over
24h.
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Cesium Binding

Fig. 9. Effect of drying (105 °C). API-1 was dried for 0, 2, 4 and 24 h at 105°C
and then incubated with 1200 ppm cesium in the pH 7.5 solution at 37 °C for 0,
1,2, 4 and 24 h, respectively.

3.7.4. Moisture content

Shown in Fig. 10 are the moisture content and cesium bind-
ing results for API-1 and a series of API-1 pre-dried samples
to achieve lower moisture content levels. TGA determined the
undried control API-1 had a moisture content of 26.2%. The
prepared pre-dried API-1 samples were determined to have a
moisture content of 15.2, 10.5 and 4.75%. A clear trend was
observed with the loss of moisture accompanied by a reduction
in cesium binding following moisture loss. Samples of undried
API-1 with a moisture content of 26.2% bound 227 mg Cs/g PB
while the API-1 pre-dried samples with a moisture content of
4.75% bound only 72 mg Cs/g PB following 1 h incubation with
1200 ppm cesium. Overall, cesium binding decreased exponen-
tially as moisture content decreased.

3.8. Particle size
3.8.1. Particle size distribution (API-1)

The mean particle size distributions was calculated for
the distribution of the djg, dsg, and dgg fractions of API-1,
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Fig. 10. Effect of moisture content on cesium binding of PB samples containing
4.75, 10.5, 15.2 and 26.2% moisture was determined following incubation with
1200 ppm cesium in the pH 7.5 solution at 37 °C for 1h. The data represent
the mean and standard deviation of triplicate samples fitted with an exponential
function.
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Fig. 11. Comparison of cesium binding among API-1 and API-1 particle size
fractions (32-90 um and 212-1000 pm) were incubated with 1200 ppm cesium
in the pH 7.5 solution at 37 °C for 0, 0.5, 1, 2, 3 4 and 24 h, respectively.

and were determined to be 45, 166 and 288 pwm, respectively
[48].

3.8.2. Cesium binding to different particle size fractions
(1200 ppm)

The results shown in Fig. 11 for the two particle size fractions
32-90, and >212 microns and API-1 (non-fractionated control-
dso 166 pm) at time 1, 4 and 24 h, indicate cesium binding
increases as particle size fraction size decreases.

4. Discussion

Since PB was first introduced as a treatment for internal
radiocesium contamination or thallium poisoning in the 1960s,
numerous studies have been carried out to evaluate the in vivo
efficacy of the compound. Few studies however have system-
atically focused on factors such as pH [49], gastric residence
time, GI transit time, particle size [50,51] and storage conditions
[52,53]. The results of our study suggest that physiochemi-
cal factors such as pH, exposure time, temperature (drying
and storage conditions), moisture content and particle size may
play important roles in the clinical efficacy of cesium binding
to PB.

The pH of the human gastrointestinal tract under fasting con-
ditions, normally ranges from 1.4 to 2.1 in the stomach, 4.9
to 6.4 in the duodenum, 4.4 to 6.6 in the jejunum, and 6.5
to 7.4 in the ileum [54-56]. In some cases Brunner’s gland
(i.e. duodenal gland) secretions may have pH values between
8.0 and 8.9 [55] and the pediatric colon may reach 8.5 asso-
ciated with certain disease states. For normal subjects, the
average gastric emptying time (80% of content) is approxi-
mately 30 min for a low-calorie bland meal, and 3.5h for a
high-fat liquid meal [57,58]. The intestinal residence time in
normal subjects varies from 20 to 30h [57]. Based on doc-
umented human GI physiology, pH levels ranging from 1.0
to 9 and incubation times that extend from 1 to 24 h used in
the current in vitro system it effectively modeled the in vivo
pH, residence and transit time in the human gastrointestinal
track.

Based on our in vitro pH-profile data (Fig. 2A and B), the
in vivo efficacy of PB APIs and drug products may be sig-
nificantly affected by low pH in the stomach. Cesium binding
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at a gastric pH (1-2) was approximately 60% lower than the
highest cesium binding at pH 7.5 at all timepoints. It is likely
that cesium binding is reduced at low pH due to the greater
availability of hydronium ions (H3O%) ions, which compete
with Cs* ions in an effort to bind cyanide in the PB lattice.
Interestingly, cesium binding at pH 9 is approximately 15%
lower than the maximal cesium binding at pH 7.5 at all time-
points. This may be a result of hydroxide ions binding any
hydrogen or hydrodium ion further reducing any cation com-
petition. It is also important to note that longer exposure times
throughout the pH range of 1-9 do not significantly increase
the amount of cesium binding after 4 h (Fig. 2A and B). These
data highlight an important issue that the greatest amount of
cesium binding to PB (approximately 80%) occurs rapidly, fol-
lowing the initial period of cesium exposure. Taken together,
this information may prove valuable in optimizing dosing
schedules.

A notable concern is the effect of gastric pH on the extent
of PB binding capacity throughout the GI tract. In the current
study, we showed that low pH can have a negative affect on the
cesium binding to PB. Therefore, a GI profile experiment was
designed to mimic gastric exposure and progressively higher
pH present along the GI tract by sequentially exposing PB to
low pH solutions and assessing cesium binding at a progres-
sively higher pH. This GI experiment was also conducted to
address a longstanding assertion the PB decomposes in acid,
thus losing its ability to bind metals such as cesium The GI pro-
file experiment (Fig. 6) demonstrated that following exposure
to gastric pH; PB can recover its maximal binding capacity of
its average GI in vivo pH 5 within 4 h. These data resolve the
concerns that PB would be unstable at low gastric pH and would
not be able to recover its binding capacity in the GI tract. It is
important to note that the significant reduction in PB binding
capacity in gastric pH may be controlled through formulation
approaches (e.g. pH-specific controlled release) that minimize
exposure during gastric transit times. This would ensure a more
efficient binding immediately following the dosing of PB. Addi-
tionally dosing of PB with bland meals will raise the gastric pH
while facilitating the rate of gastric emptying (30—-60 min) ver-
sus typical high fat meals (1-3 h) and would also ensure a greater
initial binding capacity in the gut where PB would bind cesium
while minimizing the physiochemical effect of gastric pH
on PB.

The concentration profile provides strong evidence that PB
cesium binding continues to increase as the cesium concentra-
tion increases. These data reveal a truly surprising phenomenon
where a 2.5-fold increase in cesium concentration results in a
20% increase in cesium bound to PB over 24 h. Using a classical
approach to describe this phenomena the Langmuir adsorption
isotherm indicates that the maximum cesium binding capacity is
approximately 700 mg/kg. It is important to note that the MBC
is an approximate value since equilibrium is never truly reached
in vivo and therefore provides an estimate of the maximum
binding capacity that has been traditionally useful for toxicol-
ogy purposes. Overall, insoluble PB has a remarkable capacity
to bind cesium over a wide range of pH and concentration
conditions.

The quality profile assessment (Fig. SA and B) revealed a
significant variability in cesium binding between the studied
lots of PB API and drug product. Because PB is used in the
treatment of radiation exposure, it may not be sufficient to just
focus the therapeutic value of the product on reducing a maximal
amount of cesium over 24 h. As we noted the chemical and phys-
iological properties of radiocesium are especially pernicious due
to its very high water solubility and rapid widespread distribu-
tion in the body. In addition radiocesium follows the potassium
metabolic pathway with a metabolic discrimination ratio of only
about 1.5. Therefore, it is essential that the initial rate of cesium
binding be as efficient as possible to minimize the radioce-
sium material available for systemic distribution. Based on in
vivo studies that evaluated the biological half-life of radioce-
sium following PB treatment, significant variation has been also
observed based in age, gender and weight. These previous in vivo
study findings coupled with batch to batch variations of cesium
binding observed in this study may provide an opportunity to
identify quality attributes that may assist with the optimization
of the API and dosage form.

These data may facilitate the development of treatments for
targeted subpopulations (pediatric, geriatric gender and certain
disease states) and thus provide a better overall clinical out-
come. For example, the overall extent of PB binding capacity
may be greatly reduced in cystic fibrosis patients due to very
low gastric pH, relatively low upper GI pH coupled with longer
gastric and intestinal residence times. Clinical circumstances as
described may require greater attention to dosing with appropri-
ate meals to raise the gastric pH, facilitate gastric emptying and
the employment of pH site-selective formulations. Other popula-
tions such as adult males or patients with greater body mass may
require additional treatment regimes due to the greater reten-
tion of radiocesium. Interestingly other subpopulations such as
the elderly may actually have overall, a higher therapeutic PB
binding capacity as a result of their relatively higher gastric pH
levels and generally a higher pH throughout the GI tract. Thus,
identifying and ultimately understanding the scientific basis for
product variability may better ensure product quality and clinical
outcome for a diverse patient population.

The state of PB hydration was shown to have a significant
effect on cesium binding. This is most clearly illustrated by
the direct relationship between cesium binding and moisture
content (Fig. 10). This study highlighted what may be a cru-
cial quality attribute to ensure PB product quality. In general,
drying different PB APIs and drug products resulted in a reduc-
tion in cesium binding capacity. It should be noted that there
was almost full recovery of the cesium binding capacity at 24 h
incubation with cesium for the rapidly dried API-1, DP-1 and
DP-2 (Fig. 8), indicating that the overall binding capacity was
not affected. In contrast, API-2 lost almost 90% of its binding
capacity (measured after 1hr cesium incubation) and was unable
to fully recover its binding capacity, the maximum recovery,
reaching only 70% of the non-dried control at 24 h. This may
indicate that besides losing water, the PB lattice of API-2 may
have undergone additional physical or chemical changes. TGA
measurements (data not shown) determined the moisture con-
tent of API-2 and DP-2 to be about 25% less than API-1 and
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DP-1, which may account for the reduced binding capacity but
this does not fully address the inability of API-2 to fully recover
its binding capacity fully at 24 h. These data suggest that there
may be a variety of physiochemical factors that may affect the
PB binding capacity both in vitro and its therapeutic outcome
in vivo.

Although the cause for the reduced binding is not directly
known, it is assumed based on the mechanism of cesium
exchange with the hydronium ion (H3O%) that these protonated
waters are removed from the binding site and not available for
cesium ion exchange resulting in binding. Preliminary thermal
analysis data and stoichometric calculations determined that
API-2 had only 12 bound water molecules versus approximately
16 bound waters for the other APIs. The dramatic loss of bind-
ing capacity both before and after drying of API-2 which was
manufactured almost 20 years before the other APIs, may be
a result of storage conditions or long-term stability (i.e. loss
of internal waters of hydration). These data imply a need for
a more through understanding of the mechanism of cesium
binding and physical factors such as temperature that may sig-
nificantly affect the overall binding capacity and drug product
efficacy.

In order to more fully evaluate the effect of storage temper-
ature on PB, a model storage condition of 35 °C (95 °F) typical
for extended periods in various parts of the US (ICH zone III
conditions), was selected. Experiments (Fig. 7) over a 7-day
period showed a steady reduction in cesium binding at day 2—7
at, 1 and 4 h of cesium exposure. The binding reduction although
only 13—-16% lower than nominal may indicate that even mod-
erate short-term storage conditions may affect both the initial
binding capacity and the short-term efficacy of PB. As noted
previously the low binding results for API-2 may be an indi-
cation that even moderate long-term storage at less dramatic
ambient conditions, may affect PB efficacy. There is only one
reference identified in the literature that refers to the binding
capacity of PB being unaffected following long-term storage,
although no storage conditions or in vitro data are provided
[53]. Our laboratory is currently evaluating the effect of various
long-term storage conditions to further understand the impact
of moderate conditions on in vitro cesium binding and product
quality.

The particle size of PB is a physical property that is typically
a result of crystallization and post-synthetic processing. Varia-
tions in these processes can result in significant variability in the
particle size distribution within the API and dramatic differences
from batch to batch. Using sieve fractions from the distribution
of API-1, it was demonstrated that the cesium binding capac-
ity is inversely related to particle size. The greater surface area
provided by the small particles may enhance cesium binding
capacity immediately following dosing while additionally com-
pensating for the negative effect of gastric exposure. API-1 and
the large particle size fraction bound only 80% and 60% as much
cesium as the small particle size fraction. This illustrates that
physical properties such as particle size will also impact product
quality of PB. Product performance could be more appreciably
impacted during gastric residence if a significant number of PB
particles are larger than 160 wm. These data suggest that the par-

ticle size of PB should be controlled to ensure the efficient in
vivo binding of PB.

Overall these data provide a more fundamental understand-
ing of certain physiochemical factors and how they may affect
PB metal binding capacity. To ensure both efficient and maximal
metal binding and the recognized possibility of minimizing clin-
ical variability for a more consistent clinical outcome, the use
of process monitoring tools (e.g. near infra-red spectroscopy;
chemical imaging) may rapidly assess quality attributes (i.e.
moisture content and particle size, respectively) and allow pro-
cess control of the manufacture of the API and the long-term
stability assessments of the DP. This study provides the sci-
entific basis for utilizing certain physiochemical properties as
quality attributes for evaluating drug product quality with the
potential for optimizing the in vivo efficacy of PB.

5. Conclusions

Physiochemical factors such as, pH, exposure time, mois-
ture content and particle size play important roles in cesium
binding to PB APIs and drug products. A clear pH-profile has
been established from low to high pH that models the stom-
ach and GI tract. Gastric pH does not decompose the Prussian
blue molecule but negatively affects the initial binding capacity
(consistent with gastric exposure time) but may not significantly
affect the extent of the in vivo binding capacity of PB as it trav-
els through the GI tract (consistent with GI residence and transit
time). Interestingly, the pH-profile for cesium binding is the
inverse of the pH-profile for cyanide release (a side effect) from
PB (hexacyanoferrate) observed by Yang et al. [59,60]. Taken
together, the results from both studies provide evidence that PB
is optimally safe and efficacious at pH 7.5.

Increasing concentrations of cesium and increasing exposure
time demonstrated that PB has a seemingly elastic capacity to
bind increasing amounts of cesium. Prussian blue was deter-
mined to have a maximum in vitro binding concentration (MBC)
for cesium of approximately 715 mg/g indicating it has a signifi-
cant intrinsic capacity to bind radiocesium to effectively address
a serious radiological threat like a “dirty bomb”.

Drying or storage at elevated temperatures significantly
reduces cesium binding to PB. This phenomenon was shown
to be a related to the moisture content of the PB molecule.
Therefore, the long-term stability of PB in suboptimal storage
conditions or manufacturing processes may reduce the moisture
in the PB molecule thus having a significant negative effect on
the PB binding capacity. This may pose a serious product qual-
ity issue if proper storage conditions are not observed for the
drug product. This highlights the need to periodically monitor
the moisture content of PB products in long-term storage such
as the national stockpiles to ensure their product quality.

The significant variations in cesium binding observed from
batch to batch for both API and DP may indicate that further
control of the manufacturing process is necessary to optimize the
physiochemical properties (moisture content and particle size) of
PB to better ensure product quality. This PB variability may have
a minimal impact on the general population, but pose a greater
risk to certain subpopulations creating a significant therapeutic
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variability affecting the in vivo PB efficacy and the long-term
clinical outcome. Therefore the use of certain physiochemical
properties as quality attributes may optimize the dosage form to
better ensure the product quality and standardize the therapeutic
benefit of PB.

In conclusion, this systematic study of cesium binding to
insoluble PB has provided a more comprehensive understand-
ing of certain physiochemical properties. The monitoring and
control of these properties through manufacturing (particle size
and moisture content) and storage (moisture content), alternate
formulations (pH), dosing of PB relative to meals (pH) and expo-
sure time may provide the scientific and therapeutic basis for
more effective clinical treatment for diverse patient populations
in the event of a radiological incident.

Acknowledgements

The authors would like to thank Dr. Moheb M. Nasr, Director,
Office of New Drug Quality Assurance, CDER, FDA for his
project guidance and invaluable assistance. The authors would
also like to thank Dr. Patrick Lowry of the Oak Ridge Institute for
Science and Education (ORISE) for providing PB drug products
and HEYL Corporation for providing PB API and drug products.

References

[1] H.J. Buser, D. Schwarzenbach, W. Petter, A. Ludi. Inorg. Chem. 16 (1977)
2704-2709.

[2] M. Rossol, Pigments and Dyes. In The Artist’'s Complete Health &
Safety Guide, 2nd ed., Allworth Press, New York, NY, 1994, pp. 99—
107.

[3] The Merck Index: An Encyclopedia of Chemicals, Drugs and Biologi-
cals, 13th ed., Merck and Co. Inc., Whitehouse Station, NJ USA, 2001,
p- 935.

[4] J. Pearce, Food Chem. Toxicol. 32 (1994) 577-582.

[5] J.F. Keggin, ED. Miles, Nature 137 (1936) 577-578.

[6] M.B. Robin, Inorg. Chem. 1 (1962) 337-342.

[71 W.W. Giese, Br. Vet. J. 144 (1988) 363-369.

[8] A. Ludi, H.U. Gudel, Struct. Bond. 14 (1973) 1.

[9] K. Madshus, A. Stromme, F. Bohne, V. Nigrovic, Int. J. Radiat. Biol. 10
(1966) 519-520.

[10] K. Madshus, A. Stromme, Z. Naturforsch.A 3 (1968) 391-392.

[11] H. Heydlauf, Eur. J. Pharmacol. 6 (1969) 340-344.

[12] P. Dvorak, Z Gesamie, Exp. Med. 151 (1969) 8§9-92.

[13] H.H. Kamerbeek, A.G. Rauws, M. Ten Ham, A.N.P. van Heijst, Acta Med.
Scand. 189 (1971) 321-324.

[14] W. Stevens, C. Van Peteghem, A. Heyndickx, A. Barbier, Int. J. Clin.
Pharmcol. 10 (1974) 1-22.

[15] R.S. Pedersen, A.S. Olesen, L.G. Freund, P. Solgaard, E. Larsen, Acta Med.
Scand. 204 (1978) 429-432.

[16] Federal Register, vol. 68, No. 23, Febrauary 4, 2003, pp. 5645-5648.

[Notices].

[17] P. Nielsen, B. Dresow, H.C. Heinrich, Z. Naturforsch 42b (1987)
1451-1460.

[18] W. Giese, D. Hantzsch, Zentralbl. Veternarmed. Benheft. 11 (1970)
185.

[19] A.G. Sharpe, The Chemistry of Cyano Complexes of Transition Metals,
Academic Press, New York, NY, 1976, p. 99.

[20] Management of persons accidentally contaminated with radionuclides.
National Council on Radiation Protection and Measurements. NCPR report
no. 65. April 15, 1980. p. 77.

[21] C.E. Miller, L.D. Marinelli, Science 124 (1956) 122-123.

[22] V. Nigrovic, Int. J. Radiat. Biol. 7 (1963) 307-309.

[23] V. Nigrovic, Phys. Med. Biol. 10 (1965) 81-91.

[24] ML.P. Taylor, J. Vennart, D.M. Taylor, J. Phys. Met. Biol. 7 (1962) 157—
165.

[25] R.D. Jordan, J.S. Burke, L.T. Brown, E.B. Scrom, J.W. Hargus, J.H.
Nichols, Assessment of radioactivity in man, in: Proceedings of the Sym-
posium Vol. II, IAEA, Heidelberg, May 1964, pp. 103-113.

[26] K. Aquilonious NEI-SE-241. Stockholm University, Sweden Dept. of Sys-
tems Ecology. 1995 p. 27.

[27] P.A. Assimakopoulos, K.G. Ionnides, D.T. Karamanis, A.A. Pakou, K.C.
Stamoulis, A. Vayonakis, E. Veltos, Sci. Tot. Environ. 138 (1993) 309—
315.

[28] R. Bergman, The distribution of radiocesium in boreal forest, in: H. Dahl-
gaard (Ed.), Studies in Environmental Science, Nordic Radioecology: The
Transfer of Radionuclides through Nordic Ecosystems to Man, Elsevier,
New York, 1994, pp. 335-379.

[29] J.C. Richie, J.R. McHenry, J. Environ. Qual. 7 (1978) 40-44.

[30] A.S. Rogowski, T. Tamura, Radiat. Bot. 10 (1970) 35-45.

[31] K.G. Andersson, J. Roed, J. Environ. Radioact. 22 (1994) 183—
196.

[32] D.A. Wheeler, Atmos. Environ. 22 (1988) 853-863.

[33] H.W. Taylor, J. Svoboda, G.H.R. Henry, R.-W. Wein, Arctic 41 (1988)
293-296.

[34] Y.G. Zhu, E. Smolders, J. Exp. Bot. 51 (2000) 1635-1645.

[35] E. Daburon, Y. Archimbaud, J. Cousi, G. Fayart, D. Hoffschir, 1.
Chevellercau, H.X. Le Creff, J. Environ. Radioact. 14 (1991) 73—
84.

[36] K.G. Ioannides, A.S. Mantsios, C.P. Pappas, Health Phys. 60 (1991)
261-264.

[37] A.N.Ratnikov, A.V. Vasiliev, R.M. Alexakhin, E.G. Krasnova, A.D. Paster-
nak, B.J. Howard, K. Hove, P. Starnd, Sci. Tot. Environ. 223 (1998)
167-176.

[38] C.E. Miller, Health Phys. 10 (1964) 1065-1070.

[39] R. Hesp, Assessment of radioactivity in man, in: Proceedings of the Sym-
posium Vol. II, IAEA, Heidelberg, May, 1964, pp. 61-74.

[40] C.R. Richmond, Accelerating the turnover of internally deposited radioce-
sium., in: H.A. Kornberg, W.D. Norwood (Eds.), Diagnosis and Treatment
of Deposited Radionuclides. Proceedings of the Seventh Annual Hanford
Biology Symposium, Excerpta Medica Foundation, Amsterdam, 1968, p.
315.

[41] D.F. Thompson, C.O. Church, Pharmacotherapy 21 (2001) 1364—
1367.

[42] R.W. Leggett, L.R. Williams, D.R. Melo, J.L. Lipsztein, Sci. Total Environ.
317 (2003) 235-255.

[43] J. Rundo, Brit. J. Radiol. 37 (1964) 108-114.

[44] R.W. Leggett, Health Phys. 50 (1986) 747-759.

[45] R.W. Leggett, K.F. Eckerman, D.E. Dunning, M. Cristy, D.J. Crawford-
Brown, L.R. Willians, ORNL/TM-8265, Oak Ridge National Laboratory,
Oak Ridge, TN, 1984.

[46] L.L. Eberhardt, Health Phys. 13 (1967) 88-91.

[47] J.L. Lipsztein, L. Bertelli, C.A.N. Oliveira, B.M. Dantas, Health Phys. 60
(1991) 1.

[48] T. Allen, Particle size measurement, in: Powder Sampling and Particle
Size Measurement, vol. 1, 5th Ed, Chapman and Hall, 1997, p. 44—
111.

[49] J.M. Verzijl, H.C. Joore, A. van Dijk, F.C. Wierckx, T.J. Savelkoul, J.H.
Glerum, J. Toxicol. Clin. Toxicol. 31 (1993) 553-562.

[50] C. Rios, J. Kravzov, M. Altagracia, F. Lopez-Naranjo, A. Monroy, Proc.
West. Pharmcol. 34 (1991) 61-63.

[51] J. Kravzov, C. Rios, M. Altagracia, A. Monroy-Noyola, F. Lopez, J. Appl.
Toxicol. 13 (1993) 213-216.

[52] VP. Dvorak, Arzneimittelforschung 20, 12
1888.

[53] V.P. Borisov, B.A. Popov, L.I. Seletskaia, F.A. Belinskaia, V.A. Kaliuzhni,
Gig. Sanit. 4 (1989) 19-21.

[54] V. Savarino, G.S. Mela, P. Scalabarini, A. Sumberaz, G. Fera, G. Celle,
Dig. Dis. Sci. 33 (1988) 1077-1080.

[55] A. Guyton, Textbook of Medical Pathology, vol. 64, 9th ed, W.B. Sanders
and Co., 1996, p. 817.

(1970)  1886-—



PJ. Faustino et al. / Journal of Pharmaceutical and Biomedical Analysis 47 (2008) 114-125 125

[56] D.F. Evans, G. Pye, R. Bramley, A.G. Clark, T.J. Dyson, J.D. Hardcastle, [59] Y. Yang, C.R. Brownell, N. Sadrieh, J.C. May, A.V. Del Grosso, R.C. Lyon,

Gut 29 (1988) 1035-1041. P.J. Faustino, J. Pharm. Biomed. Anal. 43 (2007) 1358-1363.
[57] R.L. Oberle, G.L. Amidon, J. Pharmacokinet. Biopharm. 15 (1987) [60] Y. Yang, C.R. Brownell, N. Sadrieh, J.C. May, A.V. Del Grosso, D.A.
529-544. Place, E.P. Duffy, F. Houn, R.C. Lyon, PJ. Faustino, Clin. Toxicol. 45

[58] L.A. Houghton, Y.F. Mangnall, R.W. Read, Gut 31 (1990) 1226-1229. (2007) 776-781.



	Quantitative determination of cesium binding to ferric hexacyanoferrate: Prussian blue
	Introduction
	Material and methods
	Chemicals and reagents
	Preparation of media solutions and standards
	Preparation of pH solutions
	Preparation of calibration standards
	Preparation of quality control standards

	Analytical method and validation
	pH-profile (600ppm)
	Concentration profile (600, 750, 900, 1200, 1500ppm)
	Quality profile-batch to batch variability (600ppm)
	GI profile (cesium binding test following API exposure to low pH solutions sequentially)
	Drying and storage conditions
	Effect of storage conditions (35°C)
	Effect of drying on APIs and drug products (105°C)
	Effect of drying on API (105°C)
	Moisture loss from Prussian blue

	Particle size experiments
	API particle size distribution determination
	Cesium binding to API particle size fractions experiment (1200ppm)


	Results
	Analytical method validation
	The pH-dependent cesium binding profile (600ppm)
	Concentration- and time-dependent profile of cesium binding
	Determination of maximal binding capacity (MBC)
	Quality profile of cesium binding among batch to batch for PB APIs and products
	GI profile (cesium binding test following API exposure to low pH solutions sequentially)
	Effect of drying and storage conditions
	Effect of storage conditions (35°C)
	Effect of drying on APIs and drug products (105°C)
	Effect of drying on APIs (105°C)
	Moisture content

	Particle size
	Particle size distribution (API-1)
	Cesium binding to different particle size fractions (1200ppm)


	Discussion
	Conclusions
	Acknowledgements
	References


