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bstract

Ferric hexacyanoferrate (Fe4
III[FeII(CN)6]3), also known as insoluble Prussian blue (PB) is the active pharmaceutical ingredient (API) of the

rug product, Radiogardase®. Radiogardase® is the first FDA approved medical countermeasure for the treatment of internal contamination with
adioactive cesium (Cs) or thallium in the event of a major radiological incident such as a “dirty bomb”. A number of pre-clinical and clinical
tudies have evaluated the use of PB as an investigational decorporation agent to enhance the excretion of metal cations. There are few sources
f published in vitro data that detail the binding capacity of cesium to insoluble PB under various chemical and physical conditions. The study
bjective was to determine the in vitro binding capacity of PB APIs and drug products by evaluating certain chemical and physical factors such as
edium pH, particle size, and storage conditions (temperature). In vitro experimental conditions ranged from pH 1 to 9, to cover the range of pH

evels that PB may encounter in the gastrointestinal (GI) tract in humans. Measurements of cesium binding were made between 1 and 24 h, to cover
astric and intestinal tract residence time using a validated atomic emission spectroscopy (AES) method. The results indicated that pH, exposure
ime, storage temperature (affecting moisture content) and particle size play significant roles in the cesium binding to both the PB API and the drug
roduct. The lowest cesium binding was observed at gastric pH of 1 and 2, whereas the highest cesium binding was observed at physiological pH
f 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
inding capacity at time intervals consistent with gastric residence. Differences were also observed in the binding capacity of PB with different

article sizes. Significant batch to batch differences were also observed in the binding capacity of some PB API and drug products. Our results
uggest that certain physiochemical properties affect the initial binding capacity and the overall binding capacity of PB APIs and drug products
uring conditions that simulated gastric and GI residence time. These physiochemical properties can be utilized as quality attributes to monitor

ge co
nd predict drug product quality under certain manufacturing and stora
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Fig. 1. The chemical structure of Prussian blue.

. Introduction

Prussian blue (PB) was first prepared in 1704 as a prospec-
ive dye and is considered to be the first synthetic coordination
ompound [1]. PB is currently used as an inorganic pigment
pigment blue 27) whose international color index number is CI
7510 [2]. PB is also known as iron blue, Chinese blue, Ham-
urg blue, mineral blue, Paris blue as well as a variety of less
ommonly known names, Brunswick blue, Turnbull’s blue and
ilori’s blue [2,3]. All of these names refer to the blue col-

red complex of ferric hexacyanoferrate(II) with the empirical
ormula of Fe4

III[FeII(CN)6]3. There are a number of related
exacyanoferrate compounds such as potassium hexacyanofer-
ate KFe3

III[FeII(CN)6]3, K2Fe2
III[FeII(CN)6]3 and ammonium

exacyanoferrate NH4Fe3
III[FeII(CN)6]3 and other metal sub-

tituted MFe3
III[FeII(CN)6]3 where M = Li, Na, K, Rb, Cu, and

i that are also called although imprecisely and inaccurately,
russian blue [4].

The PB crystal structure is a cubic lattice [5,6] with the FeII

nd FeIII atoms occupying the corners of the cube [7] and the
yanide group is placed at the sides (Fig. 1). The FeII atoms are
onded to the carbon atom in the cyano group and the FeIII atoms
re bonded to the nitrogen atom in the cyano group. Additionally
here are typically 14–16 water molecules coordinated to the PB

olecule [1,8]. The cubic structure is retained in aqueous media
nd due to the stability of the crystal lattice, Fe4

III[FeII(CN)6]3
s insoluble.

When given orally insoluble PB is able to bind metal ions and
nhance the excretion of radioactive isotopes of cesium (Cs) and
hallium ions that are enterically cycled into the gastrointesti-
al tract, preventing their reabsorption, and thereby reducing
he radioactive burden to the body. The mechanism of cesium
nd thallium binding by insoluble PB is not yet known in full
etail although PB has been used since the 1960s to enhance the
xcretion of cesium and thallium from the body [9–15]. Chem-
cal ion exchange, physical adsorption and ion trapping may
ll be involved [16,17]. The primary metal binding mechanism
or PB is believed to be the monovalent cesium ion exchange
ith hydrogen ion (H+) or from water bound (hydronium ion-
3O+) in the PB crystal lattice [17]. Additionally if monovalent

ations are present within the lattice as a result of different syn-
hetic reagents and routes, cesium may exchange with alkali

etal cation impurities such as sodium or potassium or possi-
ly ammonium [18,19]. Interestingly, ion exchange with alkali

ations may play a greater role or may even be the primary
xchange mechanism in metal hexacyanoferrate analogs such
s KFe3

III[FeII(CN)6]3 or NH4Fe3
III[FeII(CN)6]3. Additional

echanisms of exchange typically discussed are the physical
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dsorption of cesium onto the crystal lattice resulting from elec-
rostatic forces and mechanical trapping of cesium ions within
he cavities of the crystal lattice.

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

Due to the extensive atmospheric nuclear testing in the 1950s
nd 1960s, Cs-137 was released into the environment and this
adioactive isotope was subsequently detected in humans in 1956
21]. Early studies were carried out in the 1960s to evaluate
he efficacy of various forms of PB as a potential decorpora-
ion agent for cesium and thallium [9,22,23]. Early work with
B focused on reducing internal radiocesium contamination

n humans following acute exposure [9,10,24,25]. The ubiqui-
ous nature of radiocesium has heightened recent concern about
ong-term exposure since it is readily transferred throughout
he environment [26–33] and into the food chain, remaining for

any decades [34–37].
The three most feasible modes of internal contamination

f radiocesium are inhalation, oral ingestion and percutaneous
bsorption. Inhalation [38,39] is the most probable mode of
cute radiocesium contamination [40]. Cesium is highly water
oluble and readily absorbed into human tissues. It is distributed
idely and uniformly throughout the body’s soft tissue and

liminated through the kidneys with a small amount excreted
n the feces [20,41–43]. Cs-137 is absorbed rapidly and com-
letely with about 10% of the total radioactive body burden
xcreted by the kidneys primarily through the urine in the first
days [20]. Oral treatment with PB results in cesium being

ound to the PB and being primarily excreted in the feces
20] Following treatment with PB the physiological cesium
rine to feces ratio is reversed from 4:1 to 1:4 [41]. Cs-137
limination in humans seems to be related to age and gender
44,45] as well as to height and weight [46,47]. The average
iological half-life of radiocesium in adult humans is between
0 and 150 days [20,41]. Children have the shortest half-
ife of approximately of 25–30 days [47]. It is theorized that
esium retention may be related to the mass of skeleton muscle
44].

The Chernobyl nuclear reactor accident in 1986 caused
idespread environmental contamination with Cs-137 and Cs-
34, which led to extensive studies on the use of PB as a
ountermeasure for acute and long-term internal radiocesium
ontamination in humans and animals throughout Europe. The

oiâ.nia tragedy in Brazil in the fall of 1987 provided the oppor-

unity to carry out the first large human trials of PB for the
reatment of radiocesium poisoning under temporary IND clear-
nce by the U.S. FDA. The overall results showed that PB
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herapy reduced the biological half-life of radiocesium by 43%
41].

Although a number of in vivo studies have been published
o support the historical use of PB as a decorporation agent, the
cientific literature has little information on in vitro studies that
ssess the in vivo efficacy of cesium or cesium metal binding
o PB under various chemical and physical conditions. Addi-
ionally, many of the in vitro studies and animal investigations
tilized various types of hexacyanoferrates resulting from differ-
nt starting reagents, synthetic routes and manufacturing drying
onditions known to affect binding [17]. In many cases it is not
lear which hexacyanoferrates were used. Therefore the applica-
ility of previous results for predicting clinical outcome without
clearer understanding of which hexacyanoferrate analogs were
sed and an evaluation of their physiochemical properties may
e imprecise. Therefore, we have systematically studied the
n vitro binding capacity of insoluble PB, ferric hexacyanofer-
ate (Fe4

III[FeII(CN)6]3), to cesium under certain physical and
hemical conditions.

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

. Material and methods

.1. Chemicals and reagents

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

.2. Preparation of media solutions and standards
.2.1. Preparation of pH solutions
The solutions of pH 1, 2, 5 and 9 were prepared by dilut-

ng corresponding certified buffer solutions fivefold with DI
ater. The phosphate buffer solution of 40 mM with pH 7.5 was

2
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repared by using dibasic potassium phosphate and monobasic
otassium phosphate.

.2.2. Preparation of calibration standards
Cesium standard (1000 ppm Cs) was used as standard stock

olution. Six calibration standard solutions were prepared by
ransferring 1.5, 2.5, 5.0, 7.5, 10.0 and 15.0 mL of stock solution
o 50-mL volumetric flasks and then adding the corresponding
H solution to 50 mL resulting in the final concentrations of 35,
0, 100, 150, 200 and 300 ppm Cs, respectively. Two standard
urves, which included standard blanks, were prepared daily.

.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
hloride in 100 mL of DI water. The lower limit of quantifi-
ation (LLOQ) of 30 ppm, low QC of 50 ppm, intermediate
C of 100 ppm and high QC of 200 ppm were prepared by

ransferring 0.05, 0.83, 0.167 and 0.334 mL of stock solution
o 50-mL volumetric flasks and then adding the corresponding
H solution to 50 mL. Five standards at each QC level were
repared daily.

.3. Analytical method and validation

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

Student’s t-test was performed on both API and drug product
ata, respectively for comparison applying 4 degrees of freedom
t the 95% confidence level (p < 0.05).

.4. pH-profile (600 ppm)

One API batch (API-1) and one drug product batch (DP-1)
ere selected for analysis. A 0.1 g amount of each PB API or
rug product sample batch was added individually to a 100-
L glass flask, 49 mL of corresponding pH solution and 1.0 mL

f cesium QC stock solution (30 mg/mL Cs) was added result-
ng in a final concentration of 600 ppm. The flask was tightly
topped and incubated in a shaking water bath at 37 ◦C with
5 shakes/min for 1, 4 and 24 h, respectively. Samples were
ested at pH 1, 2, 5, 7.5 and 9. All sample batches were prepared
n triplicate.
.5. Concentration profile (600, 750, 900, 1200, 1500 ppm)

Corresponding pH solution (49 mL) and 1.0 mL of cesium
tock solution (30, 37.5, 45, 60, or 75 mg/mL Cs) were added
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o a 100-mL glass flask, followed by the addition of 0.1 g of
B API to produce a final cesium concentration of 600, 750,
00, 1200 or 1500 ppm. The flask was tightly stopped and
ncubated in a shaking water bath at 37 ◦C with 75 shakes/min
or 1, 4 and 24 h, respectively. Upon completion of incuba-
ion, sample was filtered with a 0.2 �m Acrodisc® syringe
lter (Gelman Laboratory, MI), and then 10 mL aliquot of
ample was transferred to a glass test tube. The sample was
iluted, if necessary. All samples were prepared in tripli-
ate.

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

Five different APIs batches (API-1, API-2, API-3, API-4
nd API-5) and three different drug product batches (DP-1,
P-2, DP-3) were selected for analysis. A 0.1-g amount of

ach PB API or drug product sample batch was added indi-
idually to a 100-mL glass flask, and 49 mL of corresponding
H solution and 1.0 mL of cesium stock solution (30 mg) was
dded to produce a final cesium concentration of 600 ppm. The
ask was tightly stopped and incubated in a shaking water
ath at 37 ◦C with 75 shakes/min for 1, 4 and 24 h, respec-
ively. Samples were prepared in triplicate and tested at pH
.5.

.7. GI profile (cesium binding test following API exposure
o low pH solutions sequentially)

PB was sequentially exposed to increasing pH of 1.0, 2.0,
.0, 5.0 and 7.5. API-1 was selected in this test. For pH 1.0
ondition, 0.1 g API-1 was mixed with 49 mL of pH 1.0 buffer
olution and 1.0 mL of cesium stock solution (30 mg) at the
eference binding concentration (600 ppm) in a 100-mL glass
ask. It was incubated in a shaking water bath at 37 ◦C with
5 shakes/min for 1 h. The test procedure for sample prepara-
ion was the same as above. For pH 2.0 condition, 0.1 g API-1
as mixed with 10 mL of pH 1.0 buffer solution and incubated

n a shaking water bath at 37 ◦C with 75 shakes/min for 1 h.
t was centrifuged and the solution supernatant was removed.
he PB pellet was transferred to a glass flask, and 49 mL of
H 2.0 buffer solution and 1.0 mL of cesium stock solution
30 mg) was added to produce a final cesium concentration of
00 ppm. The same procedure was followed for the remain-
er of the sample preparation step. For pH 3.0 condition, PB
as exposed to pH 1.0 and 2.0 for 1 h each in order and then

he sample was prepared in pH 3.0. For pH 5.0 condition, PB
as exposed to pH 1.0, 2.0 and 3.0 for 1 h each sequentially

nd then the sample was prepared in pH 5.0. For pH 7.5 con-
ition, PB was exposed to pH 1.0, 2.0, 3.0 and 5.0 for 1 h
ach progressively and then the sample was incubated with
esium in pH 7.5 for 1 and 4 h. To ensure that the entire sam-
le preparation procedure did not cause a significant loss of

B, a control experiment was conducted. In the control exper-

ment, PB was sequentially exposed to deionized water for 3
ycles of 1 h each and the sample was prepared in pH 7.5
uffer.
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.8. Drying and storage conditions

.8.1. Effect of storage conditions (35 ◦C)
API-1 was selected for analysis. API-1 was placed in drying

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

.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

B APIs and drug products were placed in a drying oven VWR
305U, VWR Corporation (West Chester, PA). The samples
ere dried according to standard USP criteria of 3 h at 105 ◦C.
he PB sample batches were also analyzed in a non-dried state

o determine if drying (i.e. the loss of moisture) affects binding.
amples were removed from the oven and immediately placed in
desiccator with calcium sulfate desiccant until immediate use.
0.1-g amount of each PB API or drug product sample batch

as added individually to a 100-mL glass flask, and 49 mL of
orresponding pH solution and 1.0 mL of cesium stock solution
30 mg) was added to produce a final cesium concentration of
00 ppm. The flask was tightly stopped and incubated in a shak-
ng water bath at 37 ◦C with 75 shakes/min for 1, 4 and 24 h,
espectively. Samples were prepared in triplicate and tested at
H 7.5.

.8.3. Effect of drying on API (105 ◦C)
API-1 was selected for analysis. API-1 was placed in dry-

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

.8.4. Moisture loss from Prussian blue
Samples of API-1 were pre-dried at 105 ◦C for 0, 2, 4 and 24 h

nd were evaluated for moisture content by thermal gravimetric
nalysis (TGA) with a TA Instruments-TA 2950 Thermal Gravi-

etric Analyzer (New Castle, DE). Samples of undried API-2,
P-1 and DP-2 were also evaluated for moisture content. Plat-

num pans were tared individually, and approximately 10 mg of
B 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 R2 value Slope

pH 1.0 30∼300 7 0.9894 35.47
pH 2.0 30∼300 7 0.9838 31.42
pH 5.0 30∼300 7 0.9990 43.09
p
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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
pH 5.0 110.5 112.8 109.9 111.9
pH 7.5 102.7 106.4 109.4 102.1
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
p
p

3

1
b
c
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
H 7.5 30∼300 7 0.9978 46.36
H 9.0 30∼300 7 1.0000 43.66

laced in the calibrated instrument under atmosphere of nitrogen
owing at 60/40 mL/min. The heating rate was 20 ◦C/min from
mbient room temperature to 300 ◦C to determine the weight
oss due to moisture.

.9. Particle size experiments

.9.1. API particle size distribution determination
PB API-1 was tested to determine the particle size distribu-

ion using an ATM Sonic Sifter ATM Corporation (Milwaukee,
I). Nine sieves were used to sift API-1. The sieve fractions
ere: <20, 20–32, 32–45, 45–63, 63–90, 150–212, 212–300 and
300 �m. One gram of PB was sieved from API-1. Following
ach sieving step the sieve fraction was weighed on an AE-100
ettler–Toledo analytical balance (Columbus, OH) and the per-

entage of particles was determined for each sieve fraction. A
ean particle size distribution was calculated for the d10, d50

nd d90 fractions of API-1.

.9.2. Cesium binding to API particle size fractions
xperiment (1200 ppm)

Two particle size fractions, <90 and >212 �m that bracketed
he major particle size distribution d10, d50, and d90 fractions
ere collected by sonic sifting from API-1 and tested for cesium
inding at a cesium incubation concentration of 1200 ppm
esium to evaluate the effect of particle size on the cesium bind-
ng capacity of PB. Each particle size fraction and API-1 were
repared in triplicate and tested at 1, 4 and 24 h at pH 7.5.

. Results

.1. Analytical method validation

The atomic emission analytical method was found to be selec-
ive with no interfering atomic spectral lines or background
oise in the reference blanks or controls. The lower limit of
uantitation was determined to be 30 ppm cesium. Calibration
tandard curves were found to linear over the analytical range
f 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
C-1 (30 ppm), QC-2 (50 ppm), intermediate QC (100 ppm) and
igh QC (200 ppm) each met the acceptance criteria of <15%
or pH 1, 2, 5, 7.5 and 9, respectively (Table 2). Precision of

he quality control standards each met the acceptance criteria of
2% for pH of 1, 2, 5, 7.5 and 9, respectively (Table 3). Cesium
tock solutions for both calibration and quality control standards
ere found to be stable for at least 10 weeks.

F
w
a

H 7.5 0.8724 1.1878 1.3700 0.6686
H 9.0 0.4442 0.7647 0.6531 0.3145

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

For comparison, the cesium binding was studied using API-
and DP-1. For both API and drug product, the cesium

inding to PB displayed a clear pH-dependent profile as indi-
ated in Fig. 2A and B. The results show that the lowest
mount of cesium binding occurred at pH 1.0, followed by a
ig. 2. The pH-dependent cesium binding profile of API-1 (A) and DP-1 (B)
ere incubated with 600 ppm cesium in corresponding pH solutions 1, 2, 5, 7.5

nd 9 at 37 ◦C for 1, 4 and 24 h, respectively.
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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
r
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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 t-test
(95% confidence level) each batch of API bound a statisti-
ig. 3. Concentration dependent profile of API-1. API-1 was incubated 1 at 600,
50, 900, 1200 and 1500 ppm cesium in the pH 7.5 solution at 37 ◦C for 1, 4
nd 24 h, respectively.

ncubation time. The highest amount of cesium binding was
ound at human physiological pH 7.5 for both API and drug
roduct at 24 h, to be 273.5 and 283.4 mg Cs/g PB, respec-
ively.

.3. Concentration- and time-dependent profile of cesium
inding

Results shown in Fig. 3A indicated that increasing the initial
ncubation concentration of cesium from 600 to 1500 ppm and
he exposure the time (1–24 h) resulted in increased amounts
f cesium bound to PB API-1. The cesium binding capac-
ty of PB API-1 at each cesium incubation concentration was
ested at the maximal binding pH of 7.5. The cesium bind-
ng was similar for cesium concentrations of 600, 750 and
00 ppm. Significant concentration dependent effects of cesium
ound to PB were observed at higher cesium concentrations of
200 and 1500 ppm. For 24 h incubation, the highest amount
f cesium binding to PB was 339.2 mg Cs/g PB at 1500 ppm
esium compared to 273.6 mg Cs/g PB at 600 ppm. A 2.5-
old increase in concentration (600–1500 ppm) resulted in 20%
ncrease in cesium bound to the same amount of PB (1 g) over
4 h.

.4. Determination of maximal binding capacity (MBC)

To determine the maximal binding capacity of PB to cesium,
inding data from the five cesium concentrations 600–1500 ppm
ere used. Cesium binding data shown in Fig. 3 to 24 h and was

lso supplemented with additional longer timepoint experiments
600 ppm) extended to 48 h with API-1 (no statistical difference
> 0.1245 between 24 and 48 h 276.3mg/g versus 276.7 mg/g,

espectively) to verify that the cesium binding approached equi-
ibrium at 24 h. Therefore, the binding data at 24 h was used
or plotting the Langmuir isotherm (Fig. 4). According to the
angmuir equation:

xm = 1 + C
k1k2 k2

here Cxm is the ratio of free to bound cesium, C is the free
esium concentration in mg/L, k1 is the affinity constant, and k2
s the MBC in mg Cs/g PB, which is calculated from the slope

F
a
a
c

epresents the concentration of free cesium (mg/L) in the solution near equilib-
ium. The Y axis represents the ratio of the concentration of free cesium (mg/L)
ersus the bound cesium (mg/g) near equilibrium (B).

1/k2) using least squares linear regression. In this study the
BC was found to be approximately 715 mg Cs/g PB.

.5. Quality profile of cesium binding among batch to batch
or PB APIs and products

Five PB API batches and three drug product batches were
ested to determine batch to batch variability or quality dif-
erences in cesium binding at pH 7.5. Mean results with 95%
onfidence intervals are shown for APIs in Fig. 5A and drug
ig. 5. Analytical comparison and statistical assessment of cesium binding
mong batch to batch for both APIs and products. API–1, API-2, API-3, API-4
nd API-5 (A) and DP-1, DP-2 and DP-3 (B) were incubated with 600 ppm
esium 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
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*Samples exposed to previous lower pH level for 1 h and then incubated at next
H level for 1 and 4 h). All samples were incubated with 1200 ppm cesium at
7 ◦C.

ally different amount of cesium (p < 0.0421), except that API-3
as not significantly different from API-4 at 4 h (p > 0.9299),

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

.6. GI profile (cesium binding test following API exposure
o low pH solutions sequentially)

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

.7. Effect of drying and storage conditions
.7.1. Effect of storage conditions (35 ◦C)
API-1 stored at 35 ◦C over a 7-day period had a nega-

ive effect on the cesium binding (Fig. 7). The samples were

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

s the control and is designated as 100% binding.
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ried at 105 ◦C for 24 h and then incubated with 600 ppm cesium in the pH 7.5
olution at 37 ◦C for 1, 4 and 24 h, respectively.

ried to mimic storage conditions in non-climate controlled
arehouse. Compared to baseline samples (day 0), the cesium
inding following 1 h incubation progressively decreased from
to 7 days. For 4 h incubation, most of the decrease in cesium

inding (approximately 13–16%) occurred after 2-days of dry-
ng.

.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-

ically decreased the cesium binding (94% reduction at 1 h
ncubation) to API-2, but had little effect on API-1 except at 1 h
f cesium incubation. Drying the drug product for 3 h decreased
he cesium binding to both DP-1 and DP-2 (Fig. 8B) at 1 and 4 h
f incubation with 600 ppm cesium. In both cases the effect of
rying on cesium binding had diminished by 24 h of incubation
ith cesium.

.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

ignificantly decreased the cesium binding following 1 and 4 h
ncubation with 1200 ppm, but had a less significant effect on
he 24 h dried sample following of incubation with 1200 ppm
esium. Drying API-1 for 24 h decreased the cesium binding
y approximately 70 and 45% at 1 and 4 h of incubation with

200 ppm cesium. In general, a negative effect was observed for
esium binding following of the systematic drying of API-1 over
4 h.
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ig. 9. Effect of drying (105 ◦C). API-1 was dried for 0, 2, 4 and 24 h at 105 ◦C
nd then incubated with 1200 ppm cesium in the pH 7.5 solution at 37 ◦C for 0,
, 2, 4 and 24 h, respectively.

.7.4. Moisture content
Shown in Fig. 10 are the moisture content and cesium bind-

ng results for API-1 and a series of API-1 pre-dried samples
o achieve lower moisture content levels. TGA determined the
ndried control API-1 had a moisture content of 26.2%. The
repared pre-dried API-1 samples were determined to have a
oisture content of 15.2, 10.5 and 4.75%. A clear trend was

bserved with the loss of moisture accompanied by a reduction
n cesium binding following moisture loss. Samples of undried
PI-1 with a moisture content of 26.2% bound 227 mg Cs/g PB
hile the API-1 pre-dried samples with a moisture content of
.75% bound only 72 mg Cs/g PB following 1 h incubation with
200 ppm cesium. Overall, cesium binding decreased exponen-
ially as moisture content decreased.

.8. Particle size
.8.1. Particle size distribution (API-1)
The mean particle size distributions was calculated for

he distribution of the d10, d50, and d90 fractions of API-1,

ig. 10. Effect of moisture content on cesium binding of PB samples containing
.75, 10.5, 15.2 and 26.2% moisture was determined following incubation with
200 ppm cesium in the pH 7.5 solution at 37 ◦C for 1 h. The data represent
he mean and standard deviation of triplicate samples fitted with an exponential
unction.
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ig. 11. Comparison of cesium binding among API-1 and API-1 particle size
ractions (32–90 um and 212–1000 �m) were incubated with 1200 ppm cesium
n the pH 7.5 solution at 37 ◦C for 0, 0.5, 1, 2, 3 4 and 24 h, respectively.

nd were determined to be 45, 166 and 288 �m, respectively
48].

.8.2. Cesium binding to different particle size fractions
1200 ppm)

The results shown in Fig. 11 for the two particle size fractions
2–90, and >212 microns and API-1 (non-fractionated control-
50 166 �m) at time 1, 4 and 24 h, indicate cesium binding
ncreases as particle size fraction size decreases.

. Discussion

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

The pH of the human gastrointestinal tract under fasting con-
itions, normally ranges from 1.4 to 2.1 in the stomach, 4.9
o 6.4 in the duodenum, 4.4 to 6.6 in the jejunum, and 6.5
o 7.4 in the ileum [54–56]. In some cases Brunner’s gland
i.e. duodenal gland) secretions may have pH values between
.0 and 8.9 [55] and the pediatric colon may reach 8.5 asso-
iated with certain disease states. For normal subjects, the
verage gastric emptying time (80% of content) is approxi-
ately 30 min for a low-calorie bland meal, and 3.5 h for a

igh-fat liquid meal [57,58]. The intestinal residence time in
ormal subjects varies from 20 to 30 h [57]. Based on doc-
mented human GI physiology, pH levels ranging from 1.0
o 9 and incubation times that extend from 1 to 24 h used in
he current in vitro system it effectively modeled the in vivo
H, residence and transit time in the human gastrointestinal

rack.

Based on our in vitro pH-profile data (Fig. 2A and B), the
n vivo efficacy of PB APIs and drug products may be sig-
ificantly affected by low pH in the stomach. Cesium binding
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t a gastric pH (1–2) was approximately 60% lower than the
ighest cesium binding at pH 7.5 at all timepoints. It is likely
hat cesium binding is reduced at low pH due to the greater
vailability of hydronium ions (H3O+) ions, which compete
ith Cs+ ions in an effort to bind cyanide in the PB lattice.

nterestingly, cesium binding at pH 9 is approximately 15%
ower than the maximal cesium binding at pH 7.5 at all time-
oints. This may be a result of hydroxide ions binding any
ydrogen or hydrodium ion further reducing any cation com-
etition. It is also important to note that longer exposure times
hroughout the pH range of 1–9 do not significantly increase
he amount of cesium binding after 4 h (Fig. 2A and B). These
ata highlight an important issue that the greatest amount of
esium binding to PB (approximately 80%) occurs rapidly, fol-
owing the initial period of cesium exposure. Taken together,
his information may prove valuable in optimizing dosing
chedules.

A notable concern is the effect of gastric pH on the extent
f PB binding capacity throughout the GI tract. In the current
tudy, we showed that low pH can have a negative affect on the
esium binding to PB. Therefore, a GI profile experiment was
esigned to mimic gastric exposure and progressively higher
H present along the GI tract by sequentially exposing PB to
ow pH solutions and assessing cesium binding at a progres-
ively higher pH. This GI experiment was also conducted to
ddress a longstanding assertion the PB decomposes in acid,
hus losing its ability to bind metals such as cesium The GI pro-
le experiment (Fig. 6) demonstrated that following exposure

o gastric pH; PB can recover its maximal binding capacity of
ts average GI in vivo pH 5 within 4 h. These data resolve the
oncerns that PB would be unstable at low gastric pH and would
ot be able to recover its binding capacity in the GI tract. It is
mportant to note that the significant reduction in PB binding
apacity in gastric pH may be controlled through formulation
pproaches (e.g. pH-specific controlled release) that minimize
xposure during gastric transit times. This would ensure a more
fficient binding immediately following the dosing of PB. Addi-
ionally dosing of PB with bland meals will raise the gastric pH
hile facilitating the rate of gastric emptying (30–60 min) ver-

us typical high fat meals (1–3 h) and would also ensure a greater
nitial binding capacity in the gut where PB would bind cesium
hile minimizing the physiochemical effect of gastric pH
n PB.

The concentration profile provides strong evidence that PB
esium binding continues to increase as the cesium concentra-
ion increases. These data reveal a truly surprising phenomenon
here a 2.5-fold increase in cesium concentration results in a
0% increase in cesium bound to PB over 24 h. Using a classical
pproach to describe this phenomena the Langmuir adsorption
sotherm indicates that the maximum cesium binding capacity is
pproximately 700 mg/kg. It is important to note that the MBC
s an approximate value since equilibrium is never truly reached
n vivo and therefore provides an estimate of the maximum

inding capacity that has been traditionally useful for toxicol-
gy purposes. Overall, insoluble PB has a remarkable capacity
o bind cesium over a wide range of pH and concentration
onditions.
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The quality profile assessment (Fig. 5A and B) revealed a
ignificant variability in cesium binding between the studied
ots of PB API and drug product. Because PB is used in the
reatment of radiation exposure, it may not be sufficient to just
ocus the therapeutic value of the product on reducing a maximal
mount of cesium over 24 h. As we noted the chemical and phys-
ological properties of radiocesium are especially pernicious due
o its very high water solubility and rapid widespread distribu-
ion in the body. In addition radiocesium follows the potassium

etabolic pathway with a metabolic discrimination ratio of only
bout 1.5. Therefore, it is essential that the initial rate of cesium
inding be as efficient as possible to minimize the radioce-
ium material available for systemic distribution. Based on in
ivo studies that evaluated the biological half-life of radioce-
ium following PB treatment, significant variation has been also
bserved based in age, gender and weight. These previous in vivo
tudy findings coupled with batch to batch variations of cesium
inding observed in this study may provide an opportunity to
dentify quality attributes that may assist with the optimization
f the API and dosage form.

These data may facilitate the development of treatments for
argeted subpopulations (pediatric, geriatric gender and certain
isease states) and thus provide a better overall clinical out-
ome. For example, the overall extent of PB binding capacity
ay be greatly reduced in cystic fibrosis patients due to very

ow gastric pH, relatively low upper GI pH coupled with longer
astric and intestinal residence times. Clinical circumstances as
escribed may require greater attention to dosing with appropri-
te meals to raise the gastric pH, facilitate gastric emptying and
he employment of pH site-selective formulations. Other popula-
ions such as adult males or patients with greater body mass may
equire additional treatment regimes due to the greater reten-
ion of radiocesium. Interestingly other subpopulations such as
he elderly may actually have overall, a higher therapeutic PB
inding capacity as a result of their relatively higher gastric pH
evels and generally a higher pH throughout the GI tract. Thus,
dentifying and ultimately understanding the scientific basis for
roduct variability may better ensure product quality and clinical
utcome for a diverse patient population.

The state of PB hydration was shown to have a significant
ffect on cesium binding. This is most clearly illustrated by
he direct relationship between cesium binding and moisture
ontent (Fig. 10). This study highlighted what may be a cru-
ial quality attribute to ensure PB product quality. In general,
rying different PB APIs and drug products resulted in a reduc-
ion in cesium binding capacity. It should be noted that there
as almost full recovery of the cesium binding capacity at 24 h

ncubation with cesium for the rapidly dried API-1, DP-1 and
P-2 (Fig. 8), indicating that the overall binding capacity was
ot affected. In contrast, API-2 lost almost 90% of its binding
apacity (measured after 1hr cesium incubation) and was unable
o fully recover its binding capacity, the maximum recovery,
eaching only 70% of the non-dried control at 24 h. This may

ndicate that besides losing water, the PB lattice of API-2 may
ave undergone additional physical or chemical changes. TGA
easurements (data not shown) determined the moisture con-

ent of API-2 and DP-2 to be about 25% less than API-1 and
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P-1, which may account for the reduced binding capacity but
his does not fully address the inability of API-2 to fully recover
ts binding capacity fully at 24 h. These data suggest that there
ay be a variety of physiochemical factors that may affect the
B binding capacity both in vitro and its therapeutic outcome

n vivo.
Although the cause for the reduced binding is not directly

nown, it is assumed based on the mechanism of cesium
xchange with the hydronium ion (H3O+) that these protonated
aters are removed from the binding site and not available for

esium ion exchange resulting in binding. Preliminary thermal
nalysis data and stoichometric calculations determined that
PI-2 had only 12 bound water molecules versus approximately
6 bound waters for the other APIs. The dramatic loss of bind-
ng capacity both before and after drying of API-2 which was

anufactured almost 20 years before the other APIs, may be
result of storage conditions or long-term stability (i.e. loss

f internal waters of hydration). These data imply a need for
more through understanding of the mechanism of cesium

inding and physical factors such as temperature that may sig-
ificantly affect the overall binding capacity and drug product
fficacy.

In order to more fully evaluate the effect of storage temper-
ture on PB, a model storage condition of 35 ◦C (95 ◦F) typical
or extended periods in various parts of the US (ICH zone III
onditions), was selected. Experiments (Fig. 7) over a 7-day
eriod showed a steady reduction in cesium binding at day 2–7
t, 1 and 4 h of cesium exposure. The binding reduction although
nly 13–16% lower than nominal may indicate that even mod-
rate short-term storage conditions may affect both the initial
inding capacity and the short-term efficacy of PB. As noted
reviously the low binding results for API-2 may be an indi-
ation that even moderate long-term storage at less dramatic
mbient conditions, may affect PB efficacy. There is only one
eference identified in the literature that refers to the binding
apacity of PB being unaffected following long-term storage,
lthough no storage conditions or in vitro data are provided
53]. Our laboratory is currently evaluating the effect of various
ong-term storage conditions to further understand the impact
f moderate conditions on in vitro cesium binding and product
uality.

The particle size of PB is a physical property that is typically
result of crystallization and post-synthetic processing. Varia-

ions in these processes can result in significant variability in the
article size distribution within the API and dramatic differences
rom batch to batch. Using sieve fractions from the distribution
f API-1, it was demonstrated that the cesium binding capac-
ty is inversely related to particle size. The greater surface area
rovided by the small particles may enhance cesium binding
apacity immediately following dosing while additionally com-
ensating for the negative effect of gastric exposure. API-1 and
he large particle size fraction bound only 80% and 60% as much
esium as the small particle size fraction. This illustrates that

hysical properties such as particle size will also impact product
uality of PB. Product performance could be more appreciably
mpacted during gastric residence if a significant number of PB
articles are larger than 160 �m. These data suggest that the par-
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icle size of PB should be controlled to ensure the efficient in
ivo binding of PB.

Overall these data provide a more fundamental understand-
ng of certain physiochemical factors and how they may affect
B metal binding capacity. To ensure both efficient and maximal
etal binding and the recognized possibility of minimizing clin-

cal variability for a more consistent clinical outcome, the use
f process monitoring tools (e.g. near infra-red spectroscopy;
hemical imaging) may rapidly assess quality attributes (i.e.
oisture content and particle size, respectively) and allow pro-

ess control of the manufacture of the API and the long-term
tability assessments of the DP. This study provides the sci-
ntific basis for utilizing certain physiochemical properties as
uality attributes for evaluating drug product quality with the
otential for optimizing the in vivo efficacy of PB.

. Conclusions

Physiochemical factors such as, pH, exposure time, mois-
ure content and particle size play important roles in cesium
inding to PB APIs and drug products. A clear pH-profile has
een established from low to high pH that models the stom-
ch and GI tract. Gastric pH does not decompose the Prussian
lue molecule but negatively affects the initial binding capacity
consistent with gastric exposure time) but may not significantly
ffect the extent of the in vivo binding capacity of PB as it trav-
ls through the GI tract (consistent with GI residence and transit
ime). Interestingly, the pH-profile for cesium binding is the
nverse of the pH-profile for cyanide release (a side effect) from
B (hexacyanoferrate) observed by Yang et al. [59,60]. Taken

ogether, the results from both studies provide evidence that PB
s optimally safe and efficacious at pH 7.5.

Increasing concentrations of cesium and increasing exposure
ime demonstrated that PB has a seemingly elastic capacity to
ind increasing amounts of cesium. Prussian blue was deter-
ined to have a maximum in vitro binding concentration (MBC)

or cesium of approximately 715 mg/g indicating it has a signifi-
ant intrinsic capacity to bind radiocesium to effectively address
serious radiological threat like a “dirty bomb”.

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

The significant variations in cesium binding observed from
atch to batch for both API and DP may indicate that further
ontrol of the manufacturing process is necessary to optimize the

hysiochemical properties (moisture content and particle size) of
B to better ensure product quality. This PB variability may have
minimal impact on the general population, but pose a greater

isk to certain subpopulations creating a significant therapeutic
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ariability affecting the in vivo PB efficacy and the long-term
linical outcome. Therefore the use of certain physiochemical
roperties as quality attributes may optimize the dosage form to
etter ensure the product quality and standardize the therapeutic
enefit of PB.

In conclusion, this systematic study of cesium binding to
nsoluble PB has provided a more comprehensive understand-
ng of certain physiochemical properties. The monitoring and
ontrol of these properties through manufacturing (particle size
nd moisture content) and storage (moisture content), alternate
ormulations (pH), dosing of PB relative to meals (pH) and expo-
ure time may provide the scientific and therapeutic basis for
ore effective clinical treatment for diverse patient populations

n the event of a radiological incident.
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