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ARTICLE INFO ABSTRACT
Keywords: Ferric hexacyanoferrate, Fes [Fe(CN)gls - xH20, known as Prussian blue (PB), has proven its
Antidote effectiveness as an antidote in cases of accidental poisoning or poisoning caused by radioactive

Prussian blue materials such as cesium (Cs) and thallium (T1); which due to their solubility in water, when

g;zl:;:t erization absorbed by the human body, cause serious damage to vital organs. The local development of a
Decorporation drug with PB as an active ingredient arises as a response to the civil and military needs estab-
Radionuclide lished within the Ministry’s pharmacy request for national defense. This fact contemplates the

Thallium circumstances related to public health protection in the nuclear, radiological, biological and
chemical (NRBQ) of the emergency institutions in health and national security. In this paper and
by using various analytical techniques, the characterization of the locally synthesized PB with
pharmaceutical quality has been described, as a first step to predict its behavior in the preparation
of a drug that contains it as an active ingredient.

The research findings demonstrate that locally synthesized PB is suitable for use in oral dosage
forms, enabling the local development of drug formulations incorporating PB, thus being able to
potentially become a main resource in the treatment of Cs and Tl poisoning in any accidental or
intended of the population. This development opens up the possibility of creating drug formu-
lations that incorporate PB at a local level, making it a potentially significant resource in the
treatment of Cs and Tl poisoning. The ability to locally produce and utilize PB in oral dosage
forms could be crucial in addressing cases of accidental or intentional exposure within the pop-
ulation. This advancement not only contributes to the scientific understanding of PB but also
holds promising implications for practical applications in public health and emergency situations.
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1. Introduction

Within the strategic plans for national security and health control in any part of the world, it is a priority to have a technology that
allows the availability of resources for the protection of the safety of its citizens in the quality, quantity and time that is required [1].

A wide variety of public health topics, like the ones in the different plans for national security and health control, are in continual
development with the objective of preventing and responding to potential hazards for people’s health. From its origins in the field of
carcinogenic substances [2,3]; going through matters such as control in epidemiologic diseases or climatic and weather effects over
health [4,5], to those more recent global problems which has conditioned entire countries efforts to overcome them, we are talking
about the COVID-19 pandemic [6,7] and the still present war of Ukraine and Russia [8].

In all of these scenarios the main objectives and general courses of action are common: prevention and identification of risk factors
to avoid diseases, improving the health conditions of the population, being prepared to act in case of necessity in the most efficient way
and learning from the experience acquired in the situations where the public health have been compromised [9,10].

One of the menaces for public health, is the possible exposition to radiation or toxic related materials, as a consequence it is well
known that, at a global level, strategical projects have emerged to act proactively in guaranteeing the availability of material and
technological resources specifically designed to counteract foreseeable damages in exposed subjects, to minimize the long-term effects,
as well as, if necessary, to provide a constant supply up to have controlled the risky situations [1,11-16].

Such projects are of crucial importance for developed countries or those regions in which their population could be exposed
accidently or intentionally to radioactive and/or highly toxic materials such as cesium (Cs) and thallium (T1) from military or terrorist
origin.

A radioisotope, radionuclide, radioactive nuclide, or radioactive isotope is the term to designate an atom that has an excess of
nuclear energy, which makes it unstable, transforming it into more stable forms of this atom with the release of ionizing radiation. The
period elapsed until half of the atom reaches its non-radioactive form is called the half-life time (t; ), which is characteristic of each
specie and can range from fraction of a second to thousands of years [17,18].

Radionuclides can be naturally occurring, as in the case of uranium, but they can also be manufactured, such as Cs. Natural Cs is
present in the environment only in a stable form, the isotope 133¢s. The radioactive forms of Cs (*3*Cs and '37Cs) are produced by
fission of uranium in nuclear plants or when nuclear weapons are detonated and degenerate to their stable forms producing beta
particles and gamma radiation that have detrimental effects on health. The half-life of radioactive Cs is around 2 years for 13*Cs and 30
years for 137¢g [17,19].

It has been reported that the harmful effects on human health by body loads of 13”Cs that have entered the body, inhaled, orally or
through open wounds, can be either immediate and fatal, or manifest up to years after exposure as cases of cancer, and even as
inherited disorders. Tl poisoning is usually caused by accidently or intentionally ingesting the non-radioactive form of this element
[12,20-24].

The various clinical cases that are documented report that the difficulty of early diagnosis influences the speed with which the
patient’s health deteriorates, the severity and irreversibility of multi-organ and systemic effects, which in some cases lead to death of
the patient [15,18,20,21,24,25].

Current therapies for radiological exposures intoxications are based in the treatment of the acute radiation syndrome, in others
word, most of the treatment is focused on reducing the effects of radiation on the body and a posterior treatment for the consequences
of the acute radiation syndrome, like for example, granulocyte colony-stimulating factor. There are only a few treatments eliminating
or impeding the action of the font of radiation, or more accurately, countermeasures for radioisotope-specific toxicities, some of them,
like potassium iodide impede the union of the radioactive iodide to the thyroid gland, by saturating it; or compounds with decorporant
capacity, like Zn/Ca diethylene triamine pentaacetic acid, for plutonium contamination or Prussian blue (PB) for Cs and TI [26-28].

Decorporation is the term used to refer to the treatment of reducing, by complexation, part of the body burden of the radionuclide
or of the toxin using substances proven effective for this purpose, such as PB [2,23,29,30].

1.1. Prussian blue as a decorporating agent

Insoluble PB or ferric hexacyanoferrate is a dark blue pigment, whose formula is Fe4 [Fe(CN)gl3 - x Hy0 (x = 14-16) (Fig. 1), in

Fig. 1. PB, Fe4 [Fe(CN)6]3 - xH20 (x = 14-16).
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which transition metal ions are assembled through cyano-bridges, generating a cubic lattice with a face-centered cubic unit cell
alternating Fe>™ and Fe®" cations bridged by cyanides, which alternately coordinate to form a cubic unit cell. Thus, chemically it is a
species coordinated with a basic cubic lattice centered on the face with iron +3 (Fe™®), octahedrally bound to 6 nitrogen (N) and iron
atoms +2 (Fe+2) bonded to 6 carbon atoms ™ of the cyanide ion (CN_l).

PB must not be confused nor being contaminated with the soluble form of the species which responds to the formula K4Fe4 [Fe
(CN)gl4 named as potassium hexacyanoferrate compound. This species is not approved by FDA as a decorporant agent for radioactive
Cs or Tl and must be always avoided [16,18,31].

PB is a porous organometallic compound, from the group of Metal Organic Frameworks (MOFs), which corresponds to crystalline
and porous metal-organic solids formed by the coordinated covalent union of metal ions or clusters and organic molecules, called
ligands, giving rise to neutral molecules. These materials are characterized by having large pore volumes and the highest surface areas
known to date [31,32].

Zeolites are crystalline materials with a structure of small regular pores that allow molecules to enter their interior. PB is known for
its zeolitic character, because it acts as a molecular sieve and/or ion exchanger, due to the open structure of its crystal lattice and
therefore it is capable of harbouring not only small molecules of water but also metal ions such as Cs and Tl, among others.

PB has been effectively used for the treatment of patients contaminated with radioactive cesium, 137¢s, radio-active thallium, 2°1TI,
or in clinical situations of patients with non-radioactive Tl poisoning. PB can reduce the bio-logical half-life of Cs from around 110 to
30 days, in the case of Tl from 8 to 3 days, and therefore it diminishes exposure to the harmful effects of these substances in the same
proportions. Due to its ability to decorporate at the intestinal level, PB greatly reduces the amount in which harmful substances are
reabsorbed by the body at this level, thus being eliminated in the fecal matter [16,18,20,31,33].

The Cs and Tl ions are very soluble in water and their biological behavior profiles are similar to those of potassium and sodium, so
their effects are widely distributed once they enter the body where they act balancing the electrical charges between the interior and
exterior of muscle and nerve cells. The kidney purifies part of these elements from the blood by eliminating them in the urine, another
part is excreted in the feces and the rest re-mains in the body causing the acute and long-term characteristic effects of each element
[33]. The sooner toxic substance circulating is decorporated, the less will be the amount and severity of their damaging effects on the
body [34-36].

The decorporation treatment of an adult patient for both cases is oral, with a pattern that is between 200 and 350 mg/kg/day (in
three doses, for a total between 1200 and 3000 mg/day), which depends on many factors such as the route of exposure, the initial
charge concentration in the body, the pati’nt’s previous health status and the physicochemical properties of the harmful element,
among which its solubility, particle size and pH stand out, but mainly the lapse of time between exposure and the start of decorporation
therapy [22,31,37].

As the possibility of avoiding or mitigating the harmful effects on health in the long term with decorporation therapy is very
limited, the term “urgent approach” arises, which consists of starting the treatment of all victims with suspected contamination as
quickly as possible, until they have been formally excluded from said risk, by measuring the relevant contamination [12,14,21,24,25].

Currently, there is only one drug with PB approved by the FDA, which was developed to be available for use by first responders in
the North American territory given the national security background and to respond to fortuitous events, risks of war events and/or
bioterrorism [6,7,33].

Following the North American example, and considering that PB is a costly drug which is not be easily available as a pharma-
ceutical grade chemical, the Spanish Defense Ministry, in order to guarantee the Spanish national security and its capacity of response
in view of the different risks, involving radioactive Cs an Tl, above mentioned; created a project for the development of a locally
synthesized PB drug.

This project is known as the AZPINDECs proje“t “Development of a pharmaceutical formula for oral use that allows the use of PB as
an agent for the decorporation of 137¢s and other radioactive and toxic spec’es", in which the University of Alcala (UAH), the Com-
plutense University of Madrid (UCM) and the Defending Pharmacy Military Center (CEMILFARDEF) works together in order to give a
response to the need for local availability of treatment for subjects accidently or intentionally exposed to these materials, in the quality
and quantity that al-low the control of this risk effectively in the Spanish territory.

1.2. Pharmaceutical forms for oral use

The development of medicines starts from the study of the active ingredient, taking into account the needs of the user and the
technological possibilities. Within the diversity of pharmaceutical forms, those for oral administration are usually one of the most
frequently adopted due to the ease of administration of different doses of active ingredient(s) and follow-up of the treatment and, on
the other hand, due to the know-how with which it is available for all the operations involved in its elaboration from development scale
to the different sizes of industrial level [38,39].

Due to the insolubility properties of PB, solid pharmaceutical forms for oral administration are the ones which suits the most,
among the variety of oral pharmaceutical forms, for the development of a new PB formulation.

Tablets are the pharmaceutical form that best meet the characteristics described above. Among the main technological advantages
that justify the frequent choice of tablets as a pharmaceutical form for oral use are the availability of machinery and equipment for
their development and elaboration at different scales of production and control in any pharmaceutical production plant, and its
possibility supply in the quantity demanded, attending to the different needs established during the formulation design, quickly and
economically.

The manufacture of tablets is characterized by the compression of a pulverulent mixture or a granulate. They may contain one or
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more active ingredients, and the addition of several excipients is usually necessary, especially when compared to the number of ex-
cipients needed to formulate other solid forms, such as capsules. Because of this, is mandatory to establish the physicochemical and
pharmacotechnical properties of PB [40,41].

The aim of this study is to characterize the locally synthesized PB, determine if it is similar to the reference PB used in the
authorized drug Radiogardase® and analyze its qualities for a future formulation in oral tablets. Therefore, to meet all these points, this
work aims to study the physicochemical and pharmacotechnical properties of local PB and compare them with those of standard PB.
All this focused on the rationale of the AZPINDECs project, which is the development of an oral pharmaceutical form with PB as an
active pharmaceutical ingredient, so that the national supply capacity of this medicine is guaranteed in case of need.

In addition, arises a secondary objective, through the determination of these physicochemical and pharmacotechnical properties, to
develop the ability to establish the difference between the PB approved for it use as a drug and other chemicals forms of PB which are
not authorized, by using the analytical techniques described in this study.

2. Materials and methods

Studies of elemental analysis (EA), Scanning Electronic Microscopy (SEM), Laser Diffraction Technology for Measuring Particle
Size Distributions (PSDs), angle of repose, Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectrophotometry
(FTIR), Thermogravimetric Analysis (TGA) and X-Ray Diffraction (XRD) were made.

2.1. Locally developed PB and standard PB

The PB used in these studies was locally developed in the Center for Applied Chemistry and Biotechnology (CQAB) from the UAH.
Its physicochemical and pharmacotechnical properties needed for this study were determined on the batch DFO-2009-083 DPE. For
obtaining PB as an active principle, the direct synthetic pathway was applied. Basically, the direct method consists in one-step process
in which an excess of solution of an iron (II) salt is mixing with a solution of hexacyanoferrate (II) salt. The deep blue precipitate is
filtered and carefully washed with distilled water [42].

The PB used as a standard for comparison whit the local™oped PB was the PB contained in the capsules of Radiogardase®-Cs 500
mg hardcapsules, batch number 24002125. Radiogardase®-Cs 500 mg hardcapsules is the only drug containing PB as an active
authorized 3. Three different commercially available PB from separated suppliers were also used as an additional source for com-
parison and thus, for obtaining more valuable data in various analysis. The first commercial PB (PB1) was purchased from Liuyang
Donghao Warehousing (Chang-sha-Liuyang, China), the second commercial PB (PB2) was purchased from Haihang industry Co.
(Jinan, China) whereas the third was purchased from Sigma Aldrich (CAS Number: 14,038-43-8), named as PB3.

It must be noted that these two commercial PB (PB1 and PB2) are not accompanied by a certificate of analysis that guarantees their
chemical composition as ferric hexacyanoferrate, existing therefore the possibility of being contaminated by soluble species.

2.2. Elemental analysis (EA)

A CHNS test was performed in an elemental analyzer LECO CHNS-932 (LECO, United States) to stablish the average weight of C, H
and N in the samples of locally developed PB, referred as PB test, in comparison with the Radiogardase® PB standard. Also, PB1 and
PB2 samples were analyzed and compared with PB standard and PB test [43].

2.3. Scanning Electronic Microscopy (SEM)

The appearance and shape of the particles of PB test and PB standard were determined by an electron micro-scope Hitachi 15 KV
tabletop microscope (Japan).

Crystals are solids composed of atoms arranged in a three-dimensional periodic pattern. SEM studies are carried out to study the
surface morphology of different types of particles. The samples were prepared by fixing them to a sample holder and covering them
with fine metallic particles using the techni“ue called “sputtering”, which consists of covering the samples in a cathode evaporator with
a thin layer of gold particles, between 10 and 25 nm approximately. In this way, the light beams that impact on its surface are reflected
differentially according to their morphology, providing very precise information on the shape and dimensions of the surface, at
different magnifications [28,29]. The observations were made for all cases with an acceleration voltage of 15 kV after adhering the
powder to the sample holder.

2.4. Particle size distribution studies (PSDs)

To characterize the particle size of both PB standard and PB test, a granulometric study was performed by using the analyzer
Mastersizer 3000 Hydro EV from Malvern Inc (Malvern Panalytical, Almelo, Netherlands), which uses laser diffraction technology. The
particle size was determined using wet method and water as dispersant (Refractive Index: 1.330). The parameters considered in these
experiments were: sample measurement time of 5.00 s and a stirring speed of 2100 rpm. Due to the hydrodynamic radius that DLS
measures depends strongly on the particle morphology, to determine the particle size the Mie theory, which considers the particles as
spheres, was applied. In this case, the particle refractive index value of PB was 1.560. The analysis is recorded in number/volume
distribution.
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2.5. Angle of repose determination

The determination of the angle of repose for PB test was carried out following the method described on the Real Farmacopea
Espanola [44].

For the test a funnel was placed perpendicularly on a flat surface at a distance of 20 cm of the table from the bottom of the funnel. In
all experiments, 10 g of PB test were placed in the funnel blocking the exit, after placed it was let to fall completely over the flat surface.

The average of the two perpendicular diameters of the pile of material and the height are measured in triplicate. Under these
conditions, the angle of repose is determined by calculating its tangent, as follows:

h (cm)

o =arctg —
§ r(cm)

where o° is the angle of repose, h is the maximum height reached by the dust, measured in centime’ers, and r’, also in centimeters,
results from the calculation of the corrected average diameter, which is determined by subtracting from the diameter occupied by the
material the diameter of the stem opening of the funnel used for the determination.

2.6. Differential Scanning Calorimetry (DSC)

The DSC measurements for PB test and PB standard were performed in a Mettler TA 4000 DSC Star System instrument
(Switzerland), using a temperature range from 25 °C to 250 °C, with a heating ratio of 5 °C/min. Samples were accurately weighed (4
mg) into aluminum sealed pans. The equipment was calibrated for baseline and temperature with indium metal.

2.7. Fourier Transform Infrared Spectrophotometry (FTIR)

The Infra-Red spectra of all PB considered in this study were recorded by using the instrument Fourier Spectrum 2000 spectrometer
PerkinElmer® System 20000FT-IR (United States).

For samples preparation, 2.5 mg of the corresponding PB (test, standard, PB1 or PB2) were weighted, and KBr (Panreac Quimica S.
L.U., Barcelona, Spain), transparent to infrared radiation, was added until a total of 250 mg was reached. Both raw materials were
mixed in an agate mortar until a complete mixture with adequate particle size is reached. Then, the mixture was pressed into a tablet,
appl¥ing a force of 10 tons for 15 s. The Infrared spectra were recorded performing ten scans in wavelengths range from 4000 to 400
cm .

2.8. Thermogravimetric analysis (TGA)

The variation of the weight of a sample as a function of temperature was determined by thermogravimetric analysis using the TA
Instruments GA55 TGA Analyzer (United States of America). The heating was 20 °C/min starting from 25 °C to 360 °C with a N5 flow of
40 mL/min. This technique provides information about both water content and thermal stability [45].

2.9. X-ray diffraction (XRD)

To carry out the characterization of the PB test, the method of powder and surface sweep was used with a Philips® X'Pert-MPD X-
ray diffractometer (Malvern Panalytical, Almelo, Netherlands). The sample is placed on a sample holder, and it is impacted with
monochromatized CuKa radiation. The conditions established for this test were 40 KV of voltage and 55 mA of intensity. The dif-
fractograms obtained from the PB test allow to know its degree of relative crystallinity, by comparing the intensity of the signal
obtained against PB standard.

2.10. Determination of metal composition by inductively coupled plasma mass spectrometry (ICP-MS)

2.10.1. Analytical method and validation

All samples PB samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) using a ICP-MS (7700x, Agilent
Technologies). Each sample was analyzed in triplicate. Blanks were run between every sample. Standard regression lines were ob-
tained as the mean of three injections of each calibration point, and the regression coefficient was >0.99. The concentration ranges
used in the regression lines were 5-1000 ng/L and 0.005-1000 pg/L in 1 % nitric acid for Hg and the rest of metals, respectively. The
samples were prepared in different ways using two sampling protocols.

Solid samples were subjected to a microwave (ETHOS One, Millestone) digestion process using a mixture of HNO3: HCI (1:3) and
applying a temperature ramp up to 190 °C. After that, the samples were filtered out through PVDF filters (0.45 pm). The digested
extract was put in a flask and diluted with ultrapure water (100 mL). For the quantification for Fe, Mg and K, the extracts were
subjected to different dilutions (1/5, 1/100, 1/1000) in HCI (1.8 %): HNO3 (0.6 %) medium according to instrumental requirements.
The signal instrumental (cps) is interpolated in the corresponding external calibration line, being the linear ranges used: 3 pg/L — 1000
pg/L for Mg and K, and 10 pg/L — 1000 pg/L for Fe. ICP instrument conditions were: Forward power: 1550 W; Gas plasma flow: 15 L/
min; Carrier gas flow: 1.10 L/min; collision gas: He; Collision gas flow: 4.3 mL/min; Integration time: 100 ms in triplicate.
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Liquid samples were acidified with HNO3 (—9%) (pH 2-3) and filtered out using PVDF syringe filters with a pore size of 0.45 pm.
Then, they were applied for serial dilutions (1/10, 1/200, 1/2000) in HNO3 medium (1 %) according to the instrumental re-
quirements. The content of Cs and K was quantified by external calibration interpolating the instrumental signal (cps) within the linear
intervals 1 pg/L — 10 mg/L and 3 pg/L — 1 mg/L for Cs and K, respectively.

2.10.2. Determination of Cs binding capacity at pH 7.4 for 24 h (600 ppm)

A 0.1 g amount of each PB was introduced individually to a glass flask (100 mL). After that, a phosphate buffer solution of 40 mM
with pH 7.4 and Cs stock solution (30 mg/mL Cs) was added, resulting in a final concentration of 600 ppm. The flask was tightly closed
and incubated in a shaking bath at 37 °C with 40 shakes/min for 24 h. All sample batches were prepared in triplicate. After this in-
cubation process, the samples were filtered out with 0.2 pm Acrodisc® syringe filter and then, an aliquot of sample (10 mL) was
transferred to a glass test tube. The sample was diluted, if necessary. All the samples were prepared in triplicate. After that, the content
of Cs was determined by using the experimental procedure described above for liquid samples.

2.10.3. Concentration profile (600, 750, 900, 1200, 1500, 1800 ppm) at pH 7.4 for 24 h

In phosphate buffer solution 40 mM pH 7.4 (49 mL) and Cs stock solution (30, 37.5, 45, 60, 75 or 90 mg/mL Cs) (1 mL) were added
into a glass flash (100 mL), followed by the addition of PB (0.1 g) to produce a final Cs concentration of 300, 600, 750, 900, 1200, 1500
or 1800 ppm. The flash was tightly closed and incubated in a shaking bath at 37 °C with 40 shakes/min for 24 h. After this incubation
process, the samples were filtered out with 0.2 pm Acrodisc® syringe filter and then, an aliquot of sample (10 mL) was transferred to a
glass test tube. The sample was diluted, if necessary. All the samples were prepared in triplicate. After that, the content of Cs was
determined by using the experimental procedure described above for liquid samples.

3. Results and discussion

The locally synthesized PB was characterized by using the following methods and techniques, employing the PB active contained in
Radiogardase® as standard. In addition, three commercial samples of PB were subjected to various of these analysis for expanding the
knowledge and comparison with both PB standard and the PB test.

3.1. Elemental analysis (EA)

The average of percent of weight of C, H and N obtained for every PB is reported in Table 1. The results of the chemical analysis
clearly demonstrate that all the samples have a composition close to the ideal formula Fe4 [Fe(CN)gls. xH20 corresponding to the
stoichiometry of “insoluble PB”. Moreover, as can be seen in the results of the EA, the PB test, obtained in the UAH has a composition
equivalent to that of the PB standard, which correspond to the formula of the PB and its relative composition with respect to C, H and N.

Considering that the general molecular formula of insoluble PB is Fe4 [Fe(CN)g]3-xH20, and that the percent of H is closely related
with the water content, the obtained results reveal that the PB standard contains 19 water molecules, whereas the PB obtained by
synthesis is characterized by the presence of 18 (Table 1). The differences observed can be attributed to the fact that the exact degree of
hydration is unknown and the difficulty of determining it accurately.

Taking in to account the proposed action mechanism for PB in which the zeolitic water contained in the empty spaces of the
crystalline lattice is fundamental for the incorporation of the Cs* cations, as the space generated by losing the water molecules favours
the union of 37Cs due to the similar size of the space and the 137Cs jonic radium; a major amount of water contents, as seen in PB test
and PB standard, means an improvement in the decorporant capacity of PB [46].

Regarding to the results obtained for PB1, PB2 and PB3, it can be observed a proportional increase in the percentage of C nd N, as
well as a decrease in the percentage of H, which indicates a lower water content in the formula. In function of the obtained percentages,
the molecular formula for each PB is depicted also in Table 1 and seem that they contain between 6 and 7 water molecules in their
structure. So, the theoretical percentage is calculated in function of these molecular formula. Due to the lower water content is ex-
pected that these PB derivatives will have a minor decorporant capacity and can also be an indicator of the soluble form of PB, this is
because the increase in N and C is equivalent to the addition of a CN™ group occupying the free space of the unit cell present in the
insoluble PB [46].

Table 1

Elemental analysis of PB.
Sample Molecular Formula Theoretical Experimental determined

%C %H %N %C %H %N

PB1 Fe4 [Fe(CN)gl3-6H20 22.33 1.2 26.05 21.03 £ 0.07 2.05 £+ 0.06 26.19 + 0.05
PB2 Fe4 [Fe(CN)el3-6H20 22.33 1.2 26.05 21.12 £ 0.37 1.82 +0.14 26.77 £ 0.11
PB3 Fe4 [Fe(CN)gl3-6Ho0 22.33 1.2 26.05 21.03 £ 0.07 2.05 £+ 0.06 26.19 + 0.05
PB standard Fe4 [Fe(CN)gl3-18H,0 18.40 3.1 21.50 18.64 + 0.21 3.17 £ 0.06 19.58 + 0.15
PB test Fe4 [Fe(CN)el3-22H,0 17.20 3.5 20.07 17.49 £+ 0.48 3.07 £ 0.03 18.44 + 0.35
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3.2. Thermogravimetric analysis (TGA)

The thermogravimetric analysis has been used to estimate the percentage of water content in all the PBs used. To visualize better
the moisture in every sample, the first derivative was represented (Figs. 2 and 3). As it is shown in Fig. 2, in both PB standard and PB
test appears the first mass loss, below 180 °C, which corresponds to the evacuation of zeolitic water molecules, whereas the second
mass loss appears between 180 °C and 230 °C, which is related to the loss of coordinated water. In the case of PB test, the percentage of
weight lost between 25 and 230 °C is 32 %. This loss of weight is attributed to the presence of 22 water molecules in its structure. These
results agree with the reported data in which describes that the water content of active pharmaceutical PB as ingredient [47]. These
water molecules in PB can be distinguished as either coordination or crystallization. The coordination water molecules are six and are
occupying by Fe(Ill) via the six empty nitrogen (CN) coordination moieties. However, the rest of water molecules or crystal-
lization/zeolitic water molecules are partially connected to the coordination ones via hydrogen bonds and represents between 8 and 12
molecules and are responsible that the PB active ingredient maintenance the Cs binding capacity [48]. However, in the PB standard,
the loss of weight in this region is a smaller (27 %). This result indicates that PB standard contains 18 water molecules. These results
agree with those obtained by elemental analysis. Weight loss above 250 °C was due to the decomposition of C-N bindings.

The TGA curves of PB1, PB2 and PB3 (Fig. 3) show low loss of weight below 180 °C (in the range of 3.47-3.57), indicating that both
products have few zeolitic water molecules in their crystalline network, also, while the water lost below 180 °C is lower, the total loss
of weigh is similar to that of PB standard and test, meaning that PB1 and PB2 have a higher weigh lost over 230 °C, which corresponds
to a dramatic loss of CN- groups from the molecule and, therefore, the lower water content in their structures makes PB1, PB2 and PB3
useless for the future formulation in any dosage form.

3.3. Determination of metal composition by inductively coupled plasma mass spectrometry (ICP-MS)

The percentage of iron and potassium present in the all PB compared in this work have been determined by ICP-MS. In Table 2, the
observed iron and potassium contents are compared to the expected contents, calculated from the stoichiometry of the insoluble Fey4
[Fe(CN)els. xH20 PB, in which the water content is different. By using EA and TGA, the water content was estimated for each PB. For
example, for PB standard, both EA and TGA indicate that the water content is PB is in the range 17-18 molecules. These results indicate
that theoretically PB standard contains 335,549 mg/kg of iron. However, the content of iron determined by ICP-MS is around 9 % less
than the theoretical one. These results indicated again that the exact content of water or hydration, which is often difficult to
determine, will have an important impact on the calculated amount of iron and potassium present in the sample. The presence of
potassium in all analyzed samples can be explained due to the tendency of PB to introduce metal inside of its lattice. The ratio of K/Fe
in PB standard is 2.38 % whereas as in the PB test represents 5.8 %. This percentage does not correspond to the ratio K/Fe present in
soluble PB, confirming the presence only the insoluble PB species.

3.4. Scanning Electronic Microscopy (SEM)

The images of PB test and PB standard recorded by electron microscope indicate that the PB present a crystalline morphology with a
smooth surface with great variability in particle size and length (Fig. 4). Moreover, the sizes of the crystals in the PB standard sample
are higher compared to those achieved in the locally manufactured raw material, which represents an advantage from the techno-
logical point of view to produce tablets.

The SEM images in Fig. 4 showed that the morphology of the crystals in both samples could be considered as equivalent. In the 400X
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Fig. 2. TGA curves of PB Radiogardase (®) (black line) and PB test (red line).
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Fig. 3. TGA curves of commercially available PBs. First derivate PB1 (red line), PB2 (blue line) and PB3 (black line).

Table 2
Determination of PB’s water content, formula, and molecular weight by TGA.
H,0 content (%) MW (g/mol) mg/kg
Reference Zeolitic Coordination Molecular Formula mg K Fe
PB1 3.47 2.72 Fe,4 [Fe(CN)el3-3H20 913 322+ 0.7 1342 £ 0.9 344,000 + 1.9
PB2 4.98 2.72 Fe, [Fe(CN)g]3-4H20 931 544 +1.1 1790 £ 1.5 344,000 + 0.7
PB3 3.57 2.58 Fe4 [Fe(CN)gl3-3H20 913 3224+ 0.7 1538 £ 0,9 343,000 £ 1.9
PB Standard 15.63 10.96 Fe,4 [Fe(CN)el3.18H20 1165 N.D. 7120 + 4.7 299,000 + 2.2
PB test 21 10.63 Fe4 [Fe(CN)gl3.22H,0 1255 N.D.
Prussian Blue SEM DSM950, 15KV
API 60X 250X 400X 1000X
PB test

PB standard

Fig. 4. Electronic images of PB test and PB standard.

magnification it is seen that the PB crystallizes predominantly in cubic form. The 60X magnification showed that the particles did not
have in either case a tendency to form aggregates. All images revealed submicron particles.

3.5. Particle size distribution studies (PSDs)

The characterization studies of the size and distribution of the particles of the ingredients of a pharmaceutical formulation are
considered valuable information, since their pharmacotechnical and physicochemical behavior depends to a great extent on these
values, at each stage of formulation development, from the laboratory scale to industrial level production.

At it is shown in Table 3, the PB test presents a more uniform and lower value of particle size on average (257 pm) than the PB
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standard (336 pm), maintaining an equivalent particle size distribution that allows both the flow of the material and the suitable
mixing processes, considering the particle sizes of the possible excipients to be used. These results are in agreement which those
obtained by electronic microscope.

If the particles of a solid are smaller, the surface area increases, this increase in the surface area is of great interest, since the zeolitic
behavior of PB only take place in the surface of the crystalline network, therefore, the higher the surface area is related with an increase
of the decorporant capacity [4].

On the other hand, the efficiency with which the particles are compressed, that is, the compression density, is crucial for the
manufacture of solid dosage forms. As a rule, large particles compress less than small particles. By reducing the size of the particles, the
compression density is improved, and voids (unoccupied volume) are reduced. This is especially relevant in the production of tablets to
avoid flaking and percentages of friability out of specifications [38,39].

3.6. Angle of repose determination

For the evaluation of the results obtained in the angle of repose determination for PB and to stablish its flow properties, the values
recorded in Table 4 were used as reference.

The repose angle measured for PB test was 34.8 + 0.6°. This result indicates that the locally synthesized PB indicates has good flow
properties. This is a fact that is also confirmed by the sliding time/flow time of the material, which is less than 1 s, determined in
triplicate by the falling time of material in the angle of repose test.

A combination of good values for flow time, <1 s, and the angle of repose between 31 and 35° confirm the good flow properties of
locally manufactured PB, which emerge due to the particle size, the absence of electrostatic charges and the crystalline properties of
the product.

These flow properties are critical as the active ingredient constitutes a high % of the formulation (71.43 %). These results indicate
that in the future selection of excipients for a PB tablet formulation the addition of glidants will not require a special effort, because the
active ingredient has good flowability and is expected to represent a good proportion within the tablet ingredients. On the other hand,
the need to include excipients that favor compressibility and disintegration may be detrimental to the good fluidity of PB crystals,
provided that the size is not decreased too much, in which case these properties would be impaired.

3.7. Differential Scanning Calorimetry (DSC)

The DSC thermograms of PB Standard and PB test show the presence only of one endothermic peak corresponding to the melting
t™rature (Tm) at 168.51 °C and 172.85 °C, respectively. These two temperatures differ only in less than 5 °C. The molar enthalpy of
melting (AHm) was also calculated for each PB, being 174.3 J/g and 130.2 J/g, at a constant heating rate of 5 °C/min, respectively
(Fig. 5). At it is shown in Fig. 5, both thermograms are very similar and the presence of a flat baseline in both cases suggested the
absence of phase transitions. These results indicate that both PB samples are equivalent, and that they do not correspond to poly-
morphic modifications or different crystalline forms, as expected.

At the same time, the thermal behavior of both commercial PBs (PB1 and PB2) was also evaluated. By using the same experimental
conditions implemented for PB standard, the DSC analysis indicated that both, PB1 and PB2, highly differs from the Tm and AHm of PB
standard (Figs. 6 and 7). The Tm and AHm values calculated for PB1 were 192.78 °C and 55.49 J/g, respectively. However, the values
obtained for PB2 were higher than those obtained for PB standard, being the Tm of 210.09 °C and AHm of 71.08 J/g.

These results indicate that both commercial PB samples are different from PB standard and thus, from PB test, and that they may
correspond to polymorphic modifications or different crystalline forms.

3.8. Fourier Transform Infrared Spectrophotometry (FTIR)

All the PBs employed in this study were characterized by the InfraRed (Fig. 8). The InfraRed spectra of PB test and PB standard show
a broad band around 3400 cm ! which is characteristic of O-H group of crystallized or zeolitic water. In both cases, it is observed
absorption peak at 3630 cm ™, which is characteristic of the coordinate water. Around 2000 cm ™~ appears the characteristic band of
the metal coordinated C-N bonds [50]. The characteristic band for C-N is very wide in both cases, possibly due to the electronic
delocalization generated by the coordination structure of which it is part. It should be noted that the behavior of the PB test corre-
sponds to that of the PB used as standard.

The main difference between the commercial PB1 and PB2 and standard and test PBs is the intensity of the C-N band. This value can

Table 3

Distribution of Particle size of analyzed PBs.
Reference Dv (10) pM Dv (50) pM Dv (90) pM [4:3]pyM
PB1 15.6 69.3 177 86.4
PB2 25.7 76.5 210 101
PB3 37.7 95.2 215 114
PB standard 49.8 315 662 336
PB test 59.0 213 495 257
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Table 4

Flow properties and correspondent repose angles [44,49].
Repose angle (°) Flow Properties
25-30 Excellent
31-35 Good
36-40 Correct
41-45 Tolerable
46-55 Poor
56-65 Very poor
>66 Very, very poor

PB standard

PB test

20
mw

] 20 40 60 80 100 120 140 160 180 200 220 240 260 *C
. h N . h . v .

Fig. 5. Thermograms of PB standard and PB test.

PB standard

10
mw

[ 20 40 60 80 100 120 140 160 180 200 220 240 260 c
. " s . . L y

Fig. 6. Thermograms of PB standard and PB1.

be interpreted as a major amount of CN groups in these two compounds.
3.9. X-ray diffraction (XRD)

In the evaluation by X-ray diffractometry, the most distinctive signals are evaluated, which are those that pro-vide the information
presented in Fig. 9.

A comparison of both diffractograms obtained by XRD for PB test and PB standard indicate that they are equivalent, revealing a
similar degree of crystallinity due to both the absence of displacement of the absorption peaks, and the degree of intensity of the peaks.
The highest values correspond to the sample compared to the standard.

The previous results are in agreement with those found in the FIR and DSC studies.

Finally, the XRD studies confirm the crystallinity of PB test and the one used as a standard. Despite the small differences in their
degree of crystallinity, it can be considered that the locally produced PB sample corresponds to the one used as a standard. The XRD
study allows us to affirm that they have an equivalent degree of crystallinity, based on the distinctive signals, and the absence of

10
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Fig. 7. Thermograms of PB standard and PB2.
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Fig. 8. FTIR spectra of all insoluble PB samples.
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Fig. 9. X-ray diffractograms of PB.

displacement. On the other hand, the influence on the decorporating capacity detected by the slight differences due to its fragility
should be evaluated in subsequent studies.

3.10. Determination of Cs binding capacity at pH 7.4 for 24 h (600 ppm)

As it was mentioned before, the binding of radioactive Cs to insoluble PB is affected by the pH value displaying a pH-dependent
profile with an increase of the binding with increases of pH [48]. Moreover, it is also described that the maximum binding is
reached at pH 7.5 °. Moreover, these authors showed that the binding equilibrium is adopted after 24 h. Due to these facts, pH 7.4-7.5
was selected to determine the Cs binding capacity of all the PB samples using Cs concentration of 600 ppm for 24 h.

At it is shown in Fig. 10, the lowest amount of Cs binding occurred for PB1, PB2 and PB3 ranging from 53 to 113 mg Cs/gram of
Prussian Blue. Whereas the highest amount of Cs binding was found for PB standard and PB test, being 415 and 428 mg Cs/g PB,
respectively.

These results indicated that the hydration stage of PB has a strong influence on the Cs binding process, existing a direct correlation
between them. In general terms, the loss of moisture reduces the binding capacity, indicating that the water molecules in PB are
involved in Cs and PB interaction. Thus, in the cases of PB1, PB2 and PB3 with only 4 to 6 water molecules have lest binding capacity
PB standard and PB test, in which the number of water molecules are 18 and 22, respectively.

547 550

1

0-

Blank PB1

Fig. 10. Comparison of Cs binding capacity sample to sample of PB. Each sample was incubated with 600 ppm Cs in phosphate buffer solution of 40
mM with pH 7.4 at 37 °C for 24 h.

=

2
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3.11. Concentration dependent profile. Determination of maximal binding capacity (MBC)

After the last experiment, only the PB standard and PB test were selected to determine the maximal binding capacity (MBC) to Cs at
pH 7.4. For this purpose, different Cs concentrations ranging from 300 to 1800 ppm were used and taking into account that the Cs
binding acquires the equilibrium at 24 h (Fig. 11). After that, the obtained data at this time were used for plotting the Langmuir
isotherm (Fig. 12). In the Langmuir equation:

1 C
“ "ok T

Cxm is the ratio of free to bound Cs, C oncentrationCs concentratio in mg/L, k1 is the affinity constant, and k2 is the MBC in mg of
Cs/g of PB, calculated from the slope (1/k2) using least squares linear regression.

As it is shown in Fig. 11, the binding Cs capacity of both PB is very similar and it related with the Cs concentration. At 300 ppm, the
amount of Cs binding to both PB is around 200 mg Cs/g PB. However, this amount is increased when increase the Cs concentration. The
highest amount of Cs binding to PB test was 501 mg Cs/g PB at 1500 ppm compared to 217 g Cs/g PB at 300 ppm. The PB standard has
similar behavior binding the highest Cs amount of 495 mg Cs/g PB at 1800 ppm.

From the Langmuir isotherm and considering the calculated slope (1/k2) in this study, the MBC was found to be approximately 561
mg Cs/g PB for PB test and 578 mg Cs/g PB standard, respectively (Fig. 12).

4. Conclusions

It can be said from the results of Studies of Elemental Analysis (EA), Scanning Electronic Microscopy (SEM), Laser Diffraction
Technology for Measuring Particle Size Distributions (PSDs), Differential Scanning Calorimetry (DSC), Fourier Transform Infrared
Spectrophotometry (FTIR), Thermogravimetric Analysis (TGA) and X-Ray Diffraction (XRD) performed following the Real Farmacopea
Espanola recommendations for this techniques, that the PB obtained locally is equivalent in every single aspect evaluated to the
commercially available standard PB. Moreover, these analytical techniques allow to distinguish the insoluble and approved form of PB
from those other chemical forms which are not authorized, this leads to stablish the need to carry out exhaustive controls to determine
the nature of the product and ensure that is the insoluble form of PB authorized for use as a decorporant of radioactive metals. This
information together with the extra analysis which confirm that the PB test and PB standard have the same behavior as a decorporant
agent, displaying an MBC of 561 and 578 mg Cs/g PB, respectively. However, the commercially available PB1, PB2 and PB3 do not
show equal properties indicating that the moisture loss in PB has a strong influence on the decorporation mechanism of action.

These results are of great significance, in combination with the information obtained from the results of pharmacotechnical studies,
such as the repose angle determination and flow time, to foresee that the locally developed PB will have an excellent behavior in the
formulation of oral dosage forms, like tablets or capsules; decreasing the amount and variety of excipients that will be needed and
simplifying the operations in the future production of a drug with PB as an active ingredient. This fact will be considered in the future
because it will contribute to improve the conventional release and develop a new oral dosage formulation to improve its efficacy. The
incoming development of new PB oral dosage formulation will require deep investigation for an optimal composition selection,
characterization and assurance of its quality properties, both right after production, and in long term conducted stability studies
following ICH and drugs agencies recommendations. Moreover, these results also contribute to have a new supplier of this costly active
principle that are capable of covering the demand for the product for the industrial scale production of the drug, can be validated.

550
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400 —
350 —
300 —
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Cesium Binding (mg/g)

200

150

T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Cesium Concentration (ppm)

Fig. 11. Concentration dependent profile of PB standard (red line) and PB test (black line). Both PB were incubated with 300, 600, 900, 1200, 1500
and 1800 ppm Cs pH 7.54 at 37 °C for 24 h.
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Fig. 12. The concentration — dependent Cs binding profile of PB test (black line) and PB standard (red line). Thus, the Langmuir isotherm for each
PB was plotted on 24 h binding data. Linear regression using the least squares method. The X axis represents t.
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