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Abstract

Ferric hexacyanoferrate, (Fey™[Fe''(CN)¢]3), also known as insoluble Prussian blue (PB), is the active pharmaceutical ingredient (API) of
Radiogardase which is the first approved drug product (DP) for treatment of thallium and radiocesium poisoning. The aim of this study is (1) to
determine the in vitro thallium binding capacity and binding rates of insoluble PB; and (2) to evaluate the effect of physiological pH conditions,
PB particle size and storage conditions on the binding to PB. Experimental pH levels from 1.0 to 7.5 were used to cover the range of pH levels that
PB may encounter when traveling through the gastrointestinal (GI) tract in humans. Measurements of thallium binding were made between 1 and
24 h, to cover gastric and intestinal tract residence time. PB was found to have a binding capacity of approximately 1400 mg/g at pH 7.5. When
the pH decreased, the binding decreased as well. The results indicated that the hydration state of PB influences the thallium binding process. It
was also found that there exits a direct correlation between the moisture loss in PB and the thallium binding rate constant. The PB with 17 mol of
water had a binding rate constant of 0.52, which was reduced to 0.32 when PB was dehydrated to 2.5 mol of water. Significant differences were
observed in both binding capacity and binding rate constant among PB fractions with different particle size ranges. PB fraction with particle size
of 220-1000 wm had a binding rate constant of 0.43, which increased to 0.64 when the particle size was reduced to 32-90 wm. Batch-to-batch
variation in thallium binding was also observed among the APIs and the DPs and this was related to particle size and hydration state. These findings
can be utilized to evaluate and predict drug product quality under certain manufacturing and dry storage conditions.

Published by Elsevier B.V.
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1. Introduction

Thallium salts have been used as medicinal agents, as key
ingredients in a variety of manufacturing processes, and as a
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the US (Evers, 1988). Total emissions of thallium from all
sources are estimated at more than 1500 tons per year (Heim
et al., 2002). As a result of this contamination, concentrations
of thallium in topsoil are reported to be as high as 0.5 mg/kg in
some areas (Heim et al., 2002). Whereas the elemental form of
thallium has essentially no toxicity, its univalent (thallous) and
trivalent (thallic) salts are highly toxic. Thallium poisoning is
frequent in many countries as a result of accidental exposures
(Chakrabarti etal., 1985), contamination or adulteration of drugs
of abuse (Insley et al., 1986; Meggs et al., 1994), attempted
homicides (Rusyniak et al., 2002; Atsmon et al., 2000), con-
taminated herbal products (Schaumburg and Berger, 1992) and
occupational exposure (Hirata et al., 1998). More recently, the
potential for nuclear terrorism through the use of a ‘dirty bomb’
prepared with radioactive isotopes including cesium and thal-
lium has become a significant concern world-wide, especially
in the US, which has prompted FDA approval of PB (Ring, 2004;
Elcock et al., 2004).

Treatment of thallium-exposed patients begins with gas-
trointestinal decontamination. Activated charcoal demonstrates
substantial thallium adsorption in vitro (Lehmann and Favare,
1984; Hoffman et al., 1999), and may have particular clinical
utility because thallium demonstrates extensive enterohepatic
circulation (Thompson, 1981). Unfortunately, animal investiga-
tions of the use of activated charcoal for thallium poisoning are
limited and contradictory (Leloux et al., 1990) and human data
are lacking.

For years, PB has been accepted as the antidote of choice in
patients with thallium poisoning. This is based on substantial in
vitro binding data (Lehmann and Favare, 1984; Hoffman et al.,
1999), diverse animal investigations (Heydlauf, 1969; Kravzov
et al., 1993; Meggs et al.,, 1997; Rios and Monroy-Noyola,
1992), and numerous human case reports and series demon-
strating safety and efficacy (Atsmon et al., 2000; Malbrain et
al., 1997; Meggs et al., 1994; Pai, 1987; Pedersen et al., 1978;
Stevens et al., 1974; Kamerbeek et al., 1971). PB was first pre-
pared in 1704 as a potential dye (Buser et al., 1977). It is also
known as Iron blue, Chinese blue, Paris blue as well as a variety
of less commonly known names, Brunswick blue and Turn-
bull’s blue (Thompson and Callen, 2004). All of these names
refer to the blue colored complex of ferric-hexacyanoferrate(II)
(Fig. 1.) with the empirical formula of Fes'[Fe!l(CN)s]3
(Monona, 1994). There are a number of related hexacyanoferrate
compounds, inaccurately called PB, such as potassium hex-
acyanoferrate KFe3 M [Fell(CN Jel3, K, Fe, I [Fell(CN)¢]3 and
ammonium hexacyanoferrate NH;Fe;M[Fel(CN)g]3 (Beck,
1987). The potassium form of hexacyanoferrate forms a col-
loidal suspension and is known as soluble PB. It is generally
believed that chemical ion-exchange, physical adsorption and
ion trapping may all be involved in the PB thallium or cesium
binding process. For the ion-exchange mechanism, thallium may
exchange with hydrogen from water (hydrodium ion) bound in
the PB crystal lattice (Buser et al., 1977). Or, if monovalent
cations are present as a result of different synthetic reagents
and routes, ion exchange with alkali metal impurities such as
sodium, potassium or ammonium may occur (Sharpe, 1976).
The adsorption of ion onto the crystal lattice or trapping within

the cavities of the crystal lattice may also occur. Thus, when
given orally, PB binds unabsorbed thallium in the gut thereby
reversing the concentration gradient and resulting in a reduction
in body burden. In addition, PB can interfere with thallium’s
enterohepatic circulation causing a further reduction in tissue
stores. Based on the aforementioned mechanisms, both in vitro
and in vivo binding of thallium to PB could be strongly influ-
enced by its physiochemical properties such as particle size,
moisture content and the pH levels of reaction medium. How-
ever, there is currently insufficient published data to address the
related issues.

The majority of the in vitro, animal and human data have
shown that soluble PB is effective in thallium poisoning. A recent
review of thallium toxicity suggests that the soluble form may be
the more effective form of PB in thallium poisoning (Hoffman,
2003). While the insoluble PB may ultimately be effective, there
are few studies to support its use in thallium poisoning. Only
additional well-designed in vitro studies or controlled clinical
trials can provide useful evidence. Therefore, we have system-
atically and extensively studied the in vitro binding capacity
of insoluble PB, ferric-hexacyanoferrate(II), Fe,I [FeH(CN)(,]l
to thallium especially to determine the relationship between
physicochemical properties of PB and its binding capacity.
Meanwhile, by simulating the physiologically relevant condi-
tions, we have compared the in vitro thallium binding capacity
under various pH conditions over a wide range of incubation
times. The comparison of the thallium binding from batch to
batch among the APIs and DPs was also studied.

2. Materials and methods
2.1. Chemicals and reagents

Thallium certified standard solution (1000 ppm, l mL=1 g
T1) was purchased from High-Purity Standards (Charleston,
SC). Thallium chloride was purchased from Aldrich (Milwau-
kee, WI). Fisher certified buffer solutions (pH 1.0-5.0) were
purchased from Fisher Scientific (Fair Lawn, NJ). Dibasic potas-
sium and monobasic potassium phosphate were purchased from
J.T. Baker Inc. (Phillipsburg, NJ). PB APIs were purchased from
Sigma Corporation (St. Louis, MO) and six different lots of
APIs, API-1, API-2, API-3, API-4, API-5 and API-6, were pro-
vided by the Heyl Corporation. Five lots of DPs, DP-1, DP-2,
DP-3, DP-4 and DP-5, (500 mg/capsule) were provided by the
Heyl Corporation and the Oak Ridge Institute for Science and
Education (ORISE). There was no apparent paring relationship
between the APIs and APIs that the DP contained. Deionized
water was supplied in house by a Millipore Milli-Q System
(Bedford, MA). All other chemicals were of reagent grade.

2.2. Preparation of pH solutions

The solutions of pH 1, 2, and 5 were prepared by diluting cor-
responding certified buffer solutions five times with deionized
water. The phosphate buffer solution of 40 mM with pH 7.5 was
prepared by using dibasic potassium phosphate and monobasic
potassium phosphate.
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Fig. 1. The chemical structure of Prussian blue.

2.3. Preparation of calibration standards and quality
control standards

Thallium standard (1000 ppm T1, 1 mL =1 pg TI) was used
as standard stock solution. Seven calibration standard solu-
tions were prepared by transferring 1.5, 2.5, 5.0, 7.5, 10.0, 15.0
and 20.0 mL of stock solution to 50-mL volumetric flasks and
bringing to the volume with the corresponding pH solution to
obtain the final concentrations of 30, 50, 100, 150, 200, 300 and
400 ppm TI, respectively. Three standard curves, which included
standard blanks, were prepared daily.

The quality control (QC) TI stock solution (2500 ppm TI,
I mL =2.5 mg TI) was prepared by dissolving 2.9344 g of thal-
lium chloride in 1000 mL of deionized water. The lower limit of
quantification (LLOQ) of 30 ppm, low QC of 50 ppm, interme-
diate QC of 200 ppm and high QC of 400 ppm were prepared by
transferring 0.6, 1.0, 4.0 and 8.0 mL of stock solution to 50-mL
volumetric flasks and then adding the corresponding pH solution
to the volume. Five standards at each QC level were prepared
daily.

2.4. Samples for determination of maximal binding
capacity (MBC)

Five concentrations thallium ranging from 600 to 1500 ppm
were prepared in pH 7.5 buffer. PB API (0.1 g) was added to
50mL of thallium solution in a 100-mL flask. The flask was
tightly stopped and incubated in a shaking water bath at 37 °C at
75 shakes/min for 0.5, 1, 2, 3, 4, and 24 h. Following incubation,
sample was filtered through a 0.2 um Acrodisc® filter (Gelman
Laboratory, MI) to remove particulates. The clear-filtered solu-
tion was diluted by 5 times and 10 mL aliquot of sample was used
for thallium analysis. All samples were prepared in triplicate

(Fig. 1).
2.5. Calculation of MBC

The MBC was calculated from the slope of the Langmuir
isotherm (Gessner and Hasan, 1987Gessner et al., 1987) using
least squares linear regression. The Langmuir isotherm for
chemical adsorption was generated by plotting the ratio of the
free thallium to PB bound thallium versus the free thallium
using the 24-h binding data. Thallium binding data (shown in
Fig. 2) was extended to 48 h with API-1 and no significant bind-
ing difference was observed between 24 and 48 h (270.5 versus
271.1 mg/g, respectively), which suggests that the thallium bind-
ing approaches equilibrium at 24 h. Therefore, the binding data

at 24 h was used for plotting the Langmuir isotherm according
to the Langmuir equation.
The Langmuir equation is:

c_1.,c
x/m_k1k2 k2

where C equals the free thallium concentration in mg/L, x is
the amount of thallium bound in mg, m is the weight of PB in
grams, k1 is affinity binding constant, and k; is capacity constant
(maximal binding capacity in mg of thallium per g of PB).

2.6. Samples for pH and time-dependent thallium binding
profile

One concentration of thallium (600 ppm) was prepared at pH
levels 1, 2, 3, 5 and 7.5. API-1 or DP-1 (0.1 g) was added to
50 mL of thallium solution in a 100-mL flask. The flask was
tightly stopped and incubated in a shaking water bath at 37 °C
at 75 shakes/min for 1, 4, and 24 h. The samples were filtered as
described above in Section 2.4.

2.7. Samples for determining thallium binding following
API exposure to low pH solutions sequentially

To mimic physiological conditions that would be experienced
during the transition process in GI tract, API-1 was pre-exposed
to low pH and then followed by the thallium binding test at
higher pH media (from pH 2.0 to 7.5). For control purpose,
0.1 g API-1 was mixed with 50 mL of pH 1.0 solution contain-
ing 600 ppm Tl in a 100-mL glass flask. It was incubated in a
shaking water bath at 37 °C with 75 shakes/min for 1 h and 4 h.
The samples were filtered as described above in Section 2.4. 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 1 h. Then the sample was centrifuged and
solution was removed. The PB pellet was transfer to a 100-mL
glass flask, 50 mL of pH 2.0 solution containing 600 ppm T1 was
added. The aforementioned procedure was followed to prepare
the sample for thallium analysis. For pH 5.0 condition, PB was
sequentially exposed to pH 1.0 and 2.0 for 1 h each and then the
thallium binding test was conducted in pH 5.0 buffer. For pH 7.5
condition, PB was exposure to pH 1.0, 2.0, and 5.0 for 1 h each
progressively and then the binding test was conducted in pH 7.5
buffer. To ensure that the whole procedure of sample prepara-
tion did not cause meaningful loss of PB, a control experiment
was conducted. In the control experiment, PB was sequentially
exposure to deionized water for three cycles of 1 h each and then
the binding test was conducted in pH 7.5 buffer.

2.8. Samples for effect of moisture loss and PB particle size
on thallium binding

One concentration of thallium (1200 ppm) was prepared at
pH 7.5. API-1 (0.1 g) was added to 50 mL of thallium solution
in a 100-mL flask. The flask was tightly stopped and incubated
in a shaking water bath at 37 °C at 75 shakes/min for 0.5, 1, 2, 3,
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and 4 h. The samples were filtered as described above in Section
2.4.

2.9. Drying PB at 105°C

API-1 was selected and dried in an oven for 2 and 24 h at
105 °C, respectively. Samples were removed from the oven and
immediately placed in desiccator with calcium sulfate desiccant
until use.

2.10. Preparation of API particle size fractions

API-1 was selected and fractioned using an ATM Sonic Sifter
(ATM Corporation, Milwaukee, WI). Four particle size frac-
tions: 32-90 pm, 90-150 pm, 150-212 pm, and 212-1000 pm
representing the major particle size distribution fractions were
collected. The fractions of 32-90 um and 212-1000 pm were
tested for thallium binding.

2.11. Calculation of binding rate constant

Each binding rate constant (k) was calculated based on the
equation: C=C, e ¥, where C equals the free thallium concen-
tration (ppm) at any time point, C, equals the initial free thallium
concentration (1200 ppm), ¢ equals time point (h). Alternatively,
natural logarithm of free thallium concentration versus time
point was plotted. The binding rate constant (k) equals the slope
of the best straight line calculated by linear regression using the
least squares method. The binding rate constants were compared
using Student #-test. A p value < 0.05 was considered statistically
significant for all results.

2.12. Analytical method for thallium

All standards and samples were analyzed by an
OPTIMA 3300DV Inductively Coupled Plasma Spectrometer
(PerkinElmer, Shelton, CT) under the following conditions:
wavelength, 351.92 nm; plasma aerosol type, wet; nebulizer
start-up, instant; source equilibration delay, 15s; read delay
time, 60 s; sample flow rate, 1.5 mL/min; plasma, 15.0 L/min;
background correction, 2-point. Each sample was analyzed
in triplicate. Thallium concentrations were determined by
comparison to a linear standard curve.

3. Results
3.1. Determination of maximal binding capacity (MBC)

The binding of PB API-1 to different concentrations of thal-
lium at pH 7.5 is shown in Fig. 2A. The data suggests that the
thallium binding was approaching equilibrium at 24 h. There-
fore, the binding data at 24 h was used for plotting Langmuir
isotherm as shown in Fig. 2B was considered to be near equilib-
rium. The MBC was found to be approximately 1400 mg/g. It is
important to note that the MBC is an approximate value since
the 24 h in vitro data used to generate the MBC was considered
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Fig. 2. The concentration-dependent thallium binding profile of API-1 at pH
7.5 (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 thallium (mg/L) in the solution
near equilibrium. The Y axis represents the ratio of the free thallium concentra-
tion (mg/L) versus the bound thallium (mg/g) near equilibrium (B). The data
represent the mean and standard deviation of triplicate samples.

to be approaching or near equilibrium. For the purpose of com-
parison, the MBC of cesium to PB API-1 was determined to be
700 mg/g (data not shown) following the same procedure.

3.2. The pH- and time-dependent thallium binding profile

Fig. 3 illustrates the pH-dependent profile for thallium
(600 ppm) binding to API-1 and DP-1. The lowest amount of
thallium binding occurred at pH 1.0 at 1 h. The binding gradu-
ally increased as pH increased. The thallium binding was found
to be 287 and 286 mg/g for API-1 and DP-1 at pH 7.5 for 24 h
incubation period, respectively. Both API-1 and DP-1 followed
a similar thallium binding pH-profile with a comparable amount
of thallium binding.

3.3. Thallium binding profile following API exposure to low
PH solutions sequentially

To further simulate the physiologic conditions experienced in
GI tract and to determine whether the binding capacity change
is the consequence of PB chemical changes caused by cyanide
release in low pH or competitive exchange of hydrogen ions,
the thallium (600 ppm initial concentration) binding of API-1
was examined following exposure to pH gradients from 1.0 to
7.5 sequentially. The results in Fig. 4 show that pretreatment
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Fig. 3. The pH-dependent thallium binding profiles of API-1 (A) and DP-1(B)
using an initial thallium concentration of 600 ppm. The data represents the mean
and standard deviation of triplicate samples.

(initial exposure to pH 1.0 for 1 h) had no effect on the thallium
binding capacities of API-1 at pH 2.0. Even after sequential
exposure to pH of 1.0, 2.0, 3.0, and 5.0 for 1h each, the thal-
lium binding capacities of PB at pH 7.5 were similar to those
without pretreatment. The control experiment data shown indi-
cated that there was negligible PB loss during the whole sample
procedure since no binding difference was found between treat-
ment and non-treatment PB (see Fig. 4). The fact that thallium
binding capacity was able to recover when the higher GI pH is
introduced indicated that lower pH conditions might affect the
PB thallium binding process, but did not affect the PB thallium
binding capacity.

3.4. Effect of moisture loss and PB particle size on the
thallium binding

As shown in Fig. 5A, the thallium binding capacity for API-1
was systematically reduced by drying. The original API-1 bound
17 mol of water (26.2% weight loss by thermogravimetric anal-
ysis). After drying at 105 °C for 2h, the API-1 dehydrated to
9 mol of water and after 24 h the API-1 dehydrated to 2.5 mol
of water. The thallium binding for sieved fractions of API-1 is
shown in Fig. 5B. The smaller PB particles had greater bind-
ing capacity for thallium, as expected based on the increase in
surface area with volume.

The thallium binding rate constants were calculated from the
data shown in Fig. 5. The effect of PB moisture loss and PB par-
ticle size on the rate constants is specified in Table 1. The longer
API-1 was dried, the smaller the binding rate constant. The bind-
ing rate constant for fully hydrated API-1 was 0.52, compared
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Fig. 4. The thallium binding profile following API-1 exposure to previous pH
solutions sequentially. Initial thallium concentration was 600 ppm. API-1 was
exposured to pH 1.0 for 1 h and the binding test was conducted at pH 2.0 (A). API-
1 was exposured to pH 1.0 and 2.0 for 1 h each and the binding test was conducted
at pH 5.0 (B). API-1 was exposured to pH 1.0, 2.0 and 5.0 progressively for 1 h
each and the binding test was conducted at pH 7.5 (C). The non-treated API was
used as a control for each condition. The data represents the mean and standard
deviation of triplicate samples.

to 0.32 for API-1 dried for 24 h. The smaller the particle size,
the higher the binding rate constant. The binding rate constant
of fraction of 32-90 wm (k=0.64) was significantly higher that
of the fraction of 212—1000 wm (k=0.43).

3.5. Comparison of thallium binding among batch to batch
for both PB APIs and DPs

The six batches of APIs, API-1, API-2, API-3, API-4, API-5
and API-6 were tested. API-2 is unique in that it was manu-

Table 1

Thallium binding rate constant

PB Binding rate constant (k) p value
API-1 0.52 -
API-1 dried for 2h at 105°C 0.43 0.016
API-1 dried for 24 h at 105°C 0.32 0.006
API-1 fraction of 32-90 pm 0.64 0.017
API-1 fraction of 212-1000 pm 0.43 0.019
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Fig. 5. Effect of moisture loss and PB particle size on the thallium binding.
Initial thallium concentration was 1200 ppm. API-1 was dried for 2 and 24 h at
105 °C and the binding test was conducted in the pH 7.5 solution at 37 °C at
times ranging from 0.5 to 4h (A). API-1 was fractioned and the binding test
was conducted in the pH 7.5 solution at 37 °C at times ranging from 0.5 to 4h
(B). The non-treated API was used as a control for each condition. The data
represents the mean and standard deviation of triplicate samples.

factured in 1987 and utilized clinically as a medical treatment
in the Goiania radiocesium incident in Brazil in 1987. The five
batches of DPs tested were DP-1, DP-2, DP-3, DP-4 and DP-5.
Except for API-2, all other APIs and DPs were manufactured
in 2002 and 2003. The results are shown in Fig. 6 for APIs and
DPs. For all APIs, except API-2, the thallium binding was nearly
constant (ranging from 262 to 287 mg/g) over 1-24 h. Similarly
for all DPs, except DP-2, the thallium binding only ranged from
245 to 287 mg/g. The thallium binding was exceptionally low at
1 h for API-2 (120 mg/g) and for DP-2 (142 mg/g).

4. Discussion

Since PB was introduced as a countermeasure for thallium
poisoning in 1960s, substantial in vitro binding tests (Lehmann
and Favare, 1984; Hoffman et al., 1999), extensive animal inves-
tigations (Heydlauf, 1969; Kravzov et al., 1993; Meggs et al.,
1997; Rios and Monroy-Noyola, 1992), and many human case
reports (Atsmon et al., 2000; Malbrain et al., 1997; Meggs et
al., 1994; Pai, 1987; Pedersen et al., 1978; Stevens et al., 1974,
Kamerbeek et al., 1971) have been published. The majority of
human cases have been treated with soluble rather than insol-
uble PB. Animal and in vitro studies have also largely utilized
soluble rather insoluble PB. A recent review of thallium toxicity
concluded that the soluble product seems to be the more effec-
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Fig. 6. Comparison of thallium binding for several batches of PB APIs (A)
and DPs (B). The data represent the mean and standard deviation of triplicate
samples.

tive form of PB in thallium poisoning (Hoffman, 2003). So far,
little evidence is available to support whether insoluble PB is
an effective treatment for thallium poisoning. Only one animal
study showed that the insoluble PB decreased the half-life of
radioactive thallium-204 from 3.8 to 2.2 days in rat (Thompson
and Callen, 2004). In the present study, our data suggested that
insoluble PB had a MBC of 1428 mg/g for thallium which was
even higher than that of cesium (700 mg/g).

An in vitro study compared the cesium binding characteristics
of soluble and insoluble PB (Verzijl et al., 1992) at 37 °C at pH
1.0, 5.6, and 7.5. Insoluble PB was found to have 3 times the
binding capacity of the soluble formulation at pH 7.5. Moreover,
insoluble PB has been the most widely used form in treating
radiocesium poisoning, and the majority of clinical evidence
involves the insoluble form (Melo et al., 1994; Lipsztein et al.,
1991; Farina et al., 1991; Oliveira et al., 1991). With the above
facts it has been shown that insoluble PB is very effective in
binding thallium, and it therefore can be used as an antidote in
thallium poisoning.

In a previous study we found that the cesium binding to PB
APIs and DPs were significantly affected by media pH levels
(Faustino et al., 2007). Verzijl et al. (1992) also reported that
binding of radioactive cesium-137 to PB was pH dependent.
Whether pH has any effect on the binding of thallium to PB was
unknown. Normally, under fasting conditions, the pH ranges in
the gastrointestinal tract vary from 1.0 to 2.5 in the stomach,
4.9 to 6.4 in the duodenum, 4.4 to 6.4 in the jejunum, 6.5 to 7.4
in the ileum and 7.4 in colon (Fleisher et al., 1999). For nor-
mal subjects, average gastric emptying time (80% of content)
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is approximately 30 min for a low-calorie bland meal, and 3.5h
for a high-fat liquid meal (Houghton et al., 1990). The intesti-
nal residence time in normal subjects varies from 20 to 30h
due to the influence by many factors (LeRoy et al., 1966). To
simulate the physiologically relevant circumstance encountered
by PB when traveling through the GI tract after oral adminis-
tration, we have investigated the thallium binding to PB under
the pH conditions of 1.0 to 7.5 and incubation times ranged
from 1 to 24 h. For both API-1 and DP-1, the thallium binding
to PB displayed a pH-dependent profile with binding gradu-
ally increasing with increasing pH. The maximum binding was
found at pH 7.5 which should be an optimum pH condition for
binding.

It is generally believed that chemical ion-exchange, physi-
cal adsorption and ion trapping may all be involved in the PB
thallium or cesium binding process. Our data indicates that pH
affects the binding rate. In the process of thallium binding to
PB, the chemical ion-exchange reaction may be affected more
profoundly. The physical adsorption and ion trapping process
may be affected as well, but possibly to a lesser extent. We
have found cyanide release from PB was also pH dependent:
the lower pH, the higher cyanide release (Yang et al., 2007b).
Similar results were reported by other authors (Verzijl et al.,
1993). Whether the binding capacity change is the consequence
of cyanide release caused by pH or competitive exchange of
hydrogen ions is unknown. Experimentally, the cyanide released
from PB was less than 0.05% of its weight under extremely low
pH condition (Yang et al., 2007a), which is unlikely to cause
any significant change in PB structure and thereby further to
alter the binding capacity. To investigate this, the thallium bind-
ing of API-1 was examined following exposure to pH gradients
from 1.0 to 7.5 sequentially in order to mimic the physiological
conditions. After PB was pretreated in lower pH media, pro-
gressive pretreatment of PB with low pH media did not affect
its thallium binding capacity. The data further suggests that the
lower pH conditions might affect the PB thallium binding reac-
tion, but do not affect its intrinsic ability to bind thallium. Since
these results suggest that thallium binding by PB will not be
impacted by gastric low pH and the binding of thallium by PB
occurs primarily in the small intestine, it is not likely that the
overall therapeutic efficacy of PB will be compromised.

The physical properties of PB (e.g. particle size, moisture
content) may have a significant effect on its clinical efficacy. The
variations in the product preparation may result in significant
variability in the particle size distribution. On study (Kravzov
et al., 1993; Rios et al., 1991) compared synthesized PB with a
crystal size of 176.8 A with a commercial preparation of crys-
tal size measuring 311.9 A. The synthesized compound, which
because of its small size and larger surface area, bound more
thallium in vitro and had higher antidotal efficacy in rat. Unfor-
tunately, little can be concluded from the study because of the
small number of animals involved and soluble PB used. In the
present study, it was found that PB with smaller particle size
had the higher binding capacity and the faster binding rate. The
loss of moisture resulted in reduced binding rates and reduced
binding capacity, indicating that the water molecule in PB is
involved in thallium and PB interaction, or more likely thal-

lium may exchange with hydrogen from water (hydrodium ion,
H30+) bound in the PB crystal lattice.

A comparative study of six PB APIs and five DPs indi-
cated little difference in the thallium binding capacities, with the
exception of API-2 and DP-2. API-2 which was manufactured
in 1987 had a larger particle size with dsp of 252 pum (98 pm
for API-1) and lower water content (12 mol water versus 16 mol
water for API-1), possibly due to long term storage. Compared
to the other drug product lots, DP-2 differed in physical appear-
ance, had a significantly larger particle size (ds5p of 223 wm) and
lower water content (12.0 mol water). There was no apparent
paring relationship between the APIs and the APIs that the DP
contained.

5. Conclusions

Insoluble PB has a high binding capacity for thallium with
an in vitro MBC of approximately 1400 mg/g, indicating it is a
useful antidote in thallium poisoning. Low pH conditions may
affect the interacting process between PB and thallium, but may
not alter its intrinsic ability to bind thallium. This suggests that
the gastric low pH condition may not have a significant influ-
ence on the overall therapeutic outcome for PB, since the in
vivo binding of thallium by PB occurs primarily in the small
intestine. Since the particle size affects both thallium binding
rate and binding capacity to PB, it is recommended that this
attribute be well controlled during the manufacturing process to
ensure the product quality. The fact that the moisture loss in PB
has a profound impact on its binding capacity suggests that the
interaction between water molecule or hydrodium form in PB
and thallium ion may be a very important mechanism of action.
Meanwhile, the proper storage condition for PB is required to
ensure optimal effectiveness.
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