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Abstract 

Ex vivo freeze-dried rat muscle tissues, collected at different times t after a single dose of subcutaneously 

injected iron dextran, have been magnetically characterised. The AC susceptibility of the tissues shows 

an overall superparamagnetic behaviour and the dependence on t of, especially, the out-of-phase 

component is remarkably systematic despite the fact that each tissue originates in a different rat 

individual. The experiments show that the akaganéite (β-FeOOH) nanoparticles contained in the injected 

drug are progressively degraded in the living tissue and, at times of the order of 1 month and for all the 

analysed rat individuals, converge to a magnetically well-defined species with much narrower magnetic 

activation energy distribution than iron dextran. Thorough transmission electron microscopy experiments 

of the same tissues indicate the presence of oxyhydroxide particles, whose size decreases for 

increasing t in agreement with the interpretation of the magnetic susceptibility. The conclusions drawn 

from the magnetic study do well correspond to the properties of the whole tissue since no biochemical 

extraction work has been done. The AC susceptibility appears to be a valuable and complementary tool in 

pharmacological studies of iron-containing drugs. 
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1. Introduction 

The detailed knowledge of the degradation process of a drug following their administration is of much 

interest in pharmacological research. There is a great number of physicochemical techniques used to 

characterise both the pharmacological compounds and their degradation products, although most of them 

often need previous biochemical procedures to improve both sensitivity and selectivity. This paper 

presents the application of a selective technique that is able to monitor the degradation processes of iron-

containing drugs taking advantage of their specific magnetic properties. 

The study of iron in biology has been an active field of research although, besides determining the 

content of elemental iron in different organs and tissues, relatively few works address the iron speciation, 

that is, the form of presence of such metal in the biological medium. This aspect is crucial to understand 

in general the role of iron in biology and, particularly, in the design of drugs to compensate iron 

deficiencies and to understand tissue degeneration phenomena in iron overload diseases. In this work, 

we shall focus on the inorganic chemistry of biological iron, as a particular case of the problem, with the 

help of somehow refined physical experimental techniques. 

Among the studies to assess the inorganic speciation of iron, some of them have made use, directly or 

indirectly, of the orbital magnetism of iron ions, in particular by the use of electron paramagnetic 

resonance[1], Mössbauer spectroscopy [2] and [3], nuclear magnetic relaxation [4] and [5] or magnetic 

susceptibility methods [6], [7], [8] and [9]. The benefits of the last type of techniques with respect to the 

time consumed in the experiment have recently been pointed out [6]. 

In the use of any of these techniques, and since iron in biological systems is present in a very low 

concentration, the experimental sensitivity is always a major problem. This issue has often been 

addressed by previous biochemical isolation of the iron-containing proteins from the biological tissue in 

order to obtain a sample with sufficient iron enrichment. In that case, however, the results depend on the 

characteristics and reliability of the separation method, and eventually do not represent properly the entire 

tissue. Only in few works the whole raw biological tissue has been used in the 

characterisation[10] and [11]. 
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The characterisation by magnetic methods of iron-containing species in biological matter has scarcely 

been considered in the past because, in the majority of the cases, iron is present as entities of low 

magnetic susceptibility. In the particular case of mammals, this means that iron is mostly in the 

paramagnetic state, as for example in haemoglobin, or in the form of antiferromagnetic nanoparticles, as 

in ferritin. Consequently, biological tissues that contain such species present a dramatically lower 

magnetic susceptibility, relative to the amount of iron, than if they were ferrimagnetic. 

The wide availability in the last years of very high sensitivity characterisation techniques based on SQUID 

devices has considerably improved this type of research. In particular, AC measurements are 

advantageous for no care has to be taken on the accurate compensation of spurious remanences or 

trapped magnetic fields that might invalidate the magnetisation results. 

Although characterisation of the ferritin and haemosiderin iron stores have carefully been carried out [12], 

studies on the biotransformation of iron-containing drugs after their administration scarcely appear in the 

literature. Some in vitro works have been published [13] but few exist on that problem using real 

tissues [1]. 

Parenteral administration of iron dextran, a drug that contains akaganéite (β-FeOOH) nanoparticles 

dispersed in dextran, has been used in the treatment of iron deficiency anaemia [14] and also to obtain 

iron overload animal models [15]. This compound, which has been object of many previous 

physicochemical studies, has recently been studied with especial emphasis on their dynamical 

susceptibility [16], as a starting point of the research presented here. In this paper, it is presented, for the 

first time, the monitoring by means of AC magnetic susceptibility measurements of the metabolism of iron-

containing particles in rat muscle tissues, without previous biochemical extraction procedures, following a 

single dose of iron dextran. The presented results, achieved with similar methods as in other studies on 

non-biological systems like catalysts [17] or alloys [18], are corroborated with the help of transmission 

electron microscopy observations. 

2. Materials and methods 

Male Wistar rats (WI-SIMA075Z), 6 weeks old, were purchased from Charles River Laboratories (Spain). 

A single dose (1 mg Fe/g body weight) of iron dextran (Sigma) was administered to a group of 

individuals [15]by subcutaneous injection in the rat back. The animals were sacrificed at times t=2, 7, 14, 

24, 60 and 84 days after administration. Corresponding control rats were also sacrificed at t=0, 24, 60 and 

84 days. 

Blood samples were taken by heart puncture under pentobarbitone anesthesia. About 4 ml of whole blood 

were taken out of each animal, from which 2 ml were dispensed into EDTA (ethylenediaminetetraacetic 

acid) tubes and the remainder into silicone-coated BD® serum separation tubes. The haematological 

tests were assessed from anticoagulated blood samples (EDTA) immediately after blood extraction using 

standardised COULTER® STKS™ equipment with VCS (volume, conductivity, scatter) technology. The 
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quantitative determination of serum iron concentration, on centrifuged serum samples, was based on a 

colorimetric technique using the Guanidine/Ferrocine® method (COBAS-Integra 400 Roche® Diagnostic 

GmbH). The quantitative determination of serum ferritin concentration was turbidimetrically performed in 

the same equipment. 

A portion of the lumbar back muscle from each rat was removed and rinsed with isotonic saline solution 

(0.9% NaCl) to remove excess blood, and was quickly prepared for histological analysis. The remainder 

tissue samples were stored at −20 °C until being freeze dried. 

Specimens for transmission electron microscopy (TEM) observations were prepared by standard 

methods[19]. A Jeol JEM-2000 FX and a Jeol JEM 1010, operating at 200 and 100 kV, respectively, were 

used in the characterisation. Electron diffraction and chemical analysis with an Oxford-Link energy-

dispersive spectrometry (EDS) analyser integrated in the JEM-2000 FX microscope were carried out in a 

selected area. 

The freeze-dried samples, a part of which were magnetically characterised, have been submitted to 

elemental analysis by inductively coupled plasma atomic emission spectrometry (ICP-AES) with especial 

focus on the determination of Fe as well as other magnetogenic elements as Co, Ni, Mn, and Cu. Acid 

digestion of the samples was previously done by a method described elsewhere [20]. 

The magnetic characterisation has been carried out in a Quantum Design MPMS-5S SQUID 

magnetometer with an AC susceptibility option. The measurements have always been performed with an 

AC amplitude of 0.45 mT, in the temperature range 1.8–300 K and, unless otherwise specified, at a 

frequency of 10 Hz. Due to the time needed to carry out this type of measurement temperature run 

(typically 8 h), in a first attempt, only one sample for each t value was magnetically characterised, 

although additional samples were occasionally measured to have an estimate of reproducibility. 

3. Results 

3.1. Haematological data and elemental analyses 

The haematological data are shown in Fig. 1. Serum iron raises dramatically (up to 7766 μg/dl) at t=2 

days. Serum ferritin reaches a mean value of 216 ng/ml at t=7 days and remain on the mean range 163–

259 ng/ml until the end of the experiment. These values are always higher than the corresponding control 

rat values (mean range 13–45 ng/ml). Haemoglobin and haematocrit show an increasing tendency with 

time, but the values were similar to those of control rats. 
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Fig. 1.  

Haematological data of the rat blood samples (a–d) and elemental iron concentration in the muscle tissue samples (e) as 

a function of the time t after the single-dose iron dextran administration. Open dots correspond to data of control rats. 

Error bars correspond to standard deviations being n=5 and n=3 the number of individuals for the treated and control rats, 

respectively. 

Figure options 

From the ICP-AES elemental analyses, it can be concluded that the iron content in the samples 

systematically decreases for increasing t ( Fig. 1e). Incidentally, we can say that the order of magnitude of 

the determined iron contents is the same as in other studies on iron overload with animal models [21]. 

With the exception of iron, the content of the other analysed magnetogenic elements is less than about 

0.003 wt.% freeze-dried tissue. 

3.2. Transmission electron microscopy 

Muscle tissues, belonging to the same rat individuals from which the corresponding samples were 

magnetically analysed, have been observed by TEM. In Fig. 2, at low magnification, a typical appearance 

of the muscle tissues is shown. After a first observation of the general aspect of the tissues, the 

procedure followed in the observation has been: i) identification by EDS of iron containing organelles, ii) 

micrograph capture of the selected region to get morphological information and iii) obtainment of selected 

area electron diffraction (SAED) patterns. 

 
Fig. 2.  

Low-magnification TEM micrograph of a representative muscle tissue sample. In the upper-right side, a typical structure of 

striated muscle cells is observed. The lower-left side shows typical connective tissue where most of the observed iron is 

accumulated. 

Figure options 

http://www.sciencedirect.com/science/article/pii/S092544390400239X
http://www.sciencedirect.com/science/article/pii/S092544390400239X#fig1
http://www.sciencedirect.com/science/article/pii/S092544390400239X#bib21
http://www.sciencedirect.com/science/article/pii/S092544390400239X#fig2
http://www.sciencedirect.com/science/article/pii/S092544390400239X
http://www.sciencedirect.com/science/article/pii/S092544390400239X#gr2


In Fig. 3a, a part of the connective tissue, corresponding to a rat sacrificed at t=2 days, is shown. The 

indicated squared area, apparently being a portion of a lysosome, is shown with higher magnification 

in Fig. 3b. In this micrograph, elongated electrodense objects, always smaller than 20 nm, the typical 

length of the particles in iron dextran, are observed, very probably constituting the degradation products 

of the drug. It is in these lysosomes, and not in other regions of the connective tissue, that iron has been 

qualitatively detected by EDS (see Fig. 3c). 
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Fig. 3.  

(a) Typical TEM micrograph of muscle connective tissue of a rat sacrificed at t=2 days after iron dextran administration. In 

the picture, macrophagic lysosome-type organelles (upper-right side) and transverse-cut collagen fibers (lower-left side) 

are seen. (b) High magnification view of the squared region indicated in (a) showing elongated electrodense objects 
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(indicated by arrows) that likely correspond to, already degraded, iron dextran particles. (c) EDS spectrum taken from the 

region shown in (b) corroborating the significative presence of iron. 

Figure options 

In Fig. 4a, a portion of the connective tissue, corresponding to a rat sacrificed at t=24 days, is shown. 

Although several lysosome-type organelles are seen, only some of them have an outstanding iron 

content. The indicated squared region belonging to a macrophagic lysosome is shown with higher 

magnification inFig. 4b. Electrodense objects, not elongated but more spherical, of around 10 nm in size 

are seen in the micrograph, being in any case smaller than those of Fig. 3b. In Fig. 4c, the EDS spectrum 

corresponding to the selected area of Fig. 4b is shown. 
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Fig. 4.  

(a) Typical TEM micrograph of muscle connective tissue of a rat sacrificed at t=24 days after iron dextran administration. 

The picture shows macrophage sections as well as conspicuous longitudinally and transversely cut collagen fibers. (b) 

High magnification view of the lysosomal squared region indicated in (a), showing electrodense species (indicated by 
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arrows) smaller in size than those shown in Fig 3b. (c) EDS spectrum taken from the region shown in (b), indicative again 

of the presence of iron. 

Figure options 

Due to the intrinsic irregular geometry of the biological specimens, we must indicate that the intensity of 

the iron peaks in the EDS spectra should only be considered as a qualitative indication of the presence of 

iron. The EDS spectra, included those taken from control rat specimens, not shown here, do always 

show, as expected, the presence of copper from the TEM grids, and U and Os from fixative and staining 

agents conventionally used in the biological specimen preparation. 

In Fig. 5, a comparative representation of the electron diffraction profiles corresponding to the areas 

shown in Fig. 3 and Fig. 4 (rats sacrificed at t=2 and 24 days, respectively), together with a typical pattern 

obtained from equivalent histological regions in a control rat tissue specimen, is presented. The profiles 

have been calculated by measuring the radial diffraction intensity followed by subtraction of a Gaussian 

background. In the three spectra, clear maxima at interplanar spacings d=1.2, 2.1 and 3.2 Å, 

corresponding to the carbon coating the TEM grids, are seen. However, in addition, the sample of t=2 

days presents a peak at 1.5 Å as it happens for the injected iron dextran compound [16]. This peak is 

substantially reduced for the sample of t=24 days and does not appear at all in the control rat tissue 

diffraction spectrum. 

 
Fig. 5.  

Selected area electron diffraction intensities corresponding to the tissue regions shown in Fig. 3 and Fig. 4 (rats sacrificed 

at t=2 and 24 days, respectively), together with a typical spectrum of a control rat tissue taken from equivalent histological 

regions. The shown intensities result after subtracting a Gaussian background to the experimental data. The most salient 

features are the maxima due to the carbon coating. Some significance may though have the anomaly at d=1.5 Å, 

consistent with the remains of akaganéite or its degradation products. 

Figure options 
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3.3. AC magnetic susceptibility 

Since the additional samples for the same t values, mentioned at the end of Section 2, gave rather good 

reproducibility, only one result for each t has been included in the magnetic susceptibility plots for the 

sake of clarity. 

In Fig. 6, the temperature dependence of the in-phase susceptibility per mass of freeze-dried tissue is 

shown. The in-phase susceptibility χ′(T) at high temperatures of all the samples shows a Curie-type 

behaviour as corresponds to para- or superparamagnetic systems. In all cases, there is a diamagnetic 

(negative and temperature independent) contribution to the susceptibility, whose magnitude depends on 

the sample and is more visible in the control one (see Table 1), that is the sample with the lowest iron 

content. Except for the control sample, all the remainder data present a rounded maximum somehow 

below 20 K, which corresponds to a typical relaxation phenomenon of magnetic blocking of 

superparamagnetic particles. In addition, some samples have a small in-phase susceptibility tail at the 

lowest temperatures whose importance apparently decreases for increasing t. 

 
Fig. 6.  

Temperature dependence of the in-phase susceptibility per mass of freeze-dried muscle tissue corresponding to rats 

sacrificed at different times t after iron dextran administration. Values of t are indicated in days. The continuous lines are 

just guides for the eye. 

Figure options 

Table 1. 

Dependence of the iron content and effective moment μeff on the time t, in days, after the iron dextran administration 

Sample mg Fe/g dry tissue μeff (μB) 

Control 0.03 4.21 
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Sample mg Fe/g dry tissue μeff (μB) 

Iron dextran _ 1.58 

 t=2 7.18 1.88 

 t=7 5.61 2.32 

 t=14 3.52 2.35 

 t=24 5.20 2.50 

 t=60 2.01 2.82 

 t=84 1.15 3.43 

Data correspond to the muscle tissue samples whose magnetic behaviour is presented in Fig. 6, Fig. 7, Fig. 8, Fig. 

9 and Fig. 10. 

Table options 

The temperature dependence of the out-of-phase susceptibility χ″(T) per mass of freeze-dried tissue is 

shown in Fig. 7. Except for the control sample, which shows a nearly negligible χ″ in the whole 

temperature range, all the other samples show a single maximum whose height increases systematically 

with t up tot=24 days and then it decreases again. 

 
Fig. 7.  

Temperature dependence of the out-of-phase susceptibility per mass of freeze-dried muscle tissue corresponding to rats 

sacrificed at different times t after iron dextran administration. Values of t are indicated in days. The continuous lines are 

just guides for the eye. 

Figure options 

4. Discussion 
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From the haematological data, we can say that the serum iron values indicate the existence of a quick 

input of iron in the bloodstream during the first 2 days after administration followed by a subsequent 

sudden decrease. At t=60 and 84 days, the serum iron levels in the treated rats are higher than in the 

control rats, suggesting that the iron absorption still continues even at 84 days after administration. 

Serum ferritin, a protein directly associated to the iron content in the organism, shows an increase 

after t=7 days, most likely indicating that the administration of a unique dose of iron dextran induces a 

high synthesis of ferritin with the aim of detoxifying the administered iron. 

Haemoglobin and haematocrit levels of the treated rats do not show a substantial change compared with 

those of the control rats, but it must be taken into account that the rats included in the study did not have 

previous iron deficiency. 

As it has been indicated previously, the removed muscle tissues used as samples for the magnetic 

analyses were anatomically located in the vicinity of the iron dextran injection. From the elemental iron 

analyses of those tissues, it is observed that the iron amount decreases almost exponentially for 

increasingt with a time rate of about 0.018 day−1 (half-life=38.5 days). This fact can be understood from 

the progressive diffusion of iron to other parts of the rat body and by any mechanism of iron excretion. In 

any case, its manifest quantitative decrease in the muscle tissues must be taken into account in the 

interpretation of the magnetic data. 

The TEM observations confirm that iron is substantially accumulated in macrophages of the connective 

tissue, and it is after incorporation into lysosomes that the originally injected iron oxyhydroxide particles 

are progressively degraded and eventually delivered to other parts of the organism [22]. From the 

bioinorganic point of view, this degradation takes place with a progressive reduction of the size of those 

particles (seeFig. 3 and Fig. 4). 

The SAED spectra shown in Fig. 5 offer the following information. The three samples (corresponding to 

iron loaded rats and control) exhibit the diffraction peaks corresponding to the carbon coating, thus, only 

the additional peaks can be interpreted as originated from the crystalline iron compounds. The sample 

fort=2 days presents the most visible peak at an interplanar spacing d=1.5 Å, as it is known for iron 

dextran[16], although other iron oxyhydroxides like ferrihydrite do also have a diffraction peak at the 

same d value. This peak is almost absent for the sample of t=24 days, as it would be expected in case of 

intense reduction of particle size or transformation into a less crystalline species. Probably due to the 

proximity to other carbon peaks, no other features are significatively visible. The spectra, as shown in the 

figure, should just be understood in a qualitative manner since it is practically impossible to make electron 

diffraction in absolutely equivalent lysosomal areas, due to the local character of the TEM technique. 

To interpret the magnetic susceptibility results of the muscle tissues, we shall make the general 

assumption that the tissue is composed of i) a matrix of organic matter with diamagnetic behaviour, ii) 

paramagnetic ions (originated in transition metal ions from, e.g., heme proteins) and iii) antiferromagnetic 

http://www.sciencedirect.com/science/article/pii/S092544390400239X#bib22
http://www.sciencedirect.com/science/article/pii/S092544390400239X#fig3
http://www.sciencedirect.com/science/article/pii/S092544390400239X#fig4
http://www.sciencedirect.com/science/article/pii/S092544390400239X#fig5
http://www.sciencedirect.com/science/article/pii/S092544390400239X#bib16


oxide/oxyhydroxide nanometric particles (as those contained in ferritins, haemosiderins and antianemic 

drugs like iron dextran in this case). Therefore, the total tissue susceptibility can be expressed as 

equation(1) 

χ=χP+χSP+χAF+χD  

Turn MathJaxon 

 

where χP is the paramagnetic susceptibility of ions, χSP the superparamagnetic susceptibility of magnetic 

nanoparticles (also accounting for their associated relaxational effects), χAF the antiferromagnetic 

susceptibility of the material constituting the particles and χD the total diamagnetic susceptibility of the 

sample. 

Since the magnetic experiments have been conducted at very low exciting AC fields and zero DC fields, 

we can use the customary approximation of low H/T in such a way that the experimental susceptibility 

coincides with the so-called initial susceptibility. 

In the high temperature region, the parameter σ=Kv/kT, where K is the anisotropy energy density of the 

particles, v the particle volume, k the Boltzmann constant and T the absolute temperature, can be 

assumed to be small. In this temperature range, the influence of magnetic relaxation phenomena on the 

AC susceptibility can be neglected, and its complex value χAC =χ′−iχ″ is such that χ′≈χ(ω=0) and χ″≈0, 

being ωthe angular frequency of the AC field. χP will follow the Curie law χ=μ0Nm2/(3kT), where μ0 is the 

magnetic permeability of empty space and N the number of single ion moments m per unit volume. 

The susceptibility χSP, corresponding to particles, will also follow the Curie law, but in this case m is the 

net magnetic moment per particle and N the number of particles per unit volume. For small particles 

constituted by a material that is antiferromagnetic in the bulk state, the magnetic moments of the different 

sublattices are not fully compensated giving rise to a non-zero particle magnetic moment likely due to 

magnetic ion vacancies in the inner volume or at the particle surface [23]. This assembly of tiny, but non-

zero, magnetic moments behaves like a superparamagnet. 

In systems that contain magnetic moments of ionic and/or particulate nature, it is customary to make a fit 

of the high-temperature susceptibility to a Curie law by assuming N equal to the total number of magnetic 

ions, a value that can be determined from elemental analysis of the sample, in order to calculate the so-

called effective moment meff per ion. Obviously, in a pure paramagnet, meff=μ, where μ is the single ion 

moment. For assemblies of antiferromagnetic particles, in the volume or surface spin uncompensation 

models, meff results equal to μ or μn−1/6, respectively, where n is the number of ion spins per particle [17]. 

Therefore, depending on the model, the effective moment of an assembly of antiferromagnetic particles 

for decreasing particle size either increases or stays constant converging, in the limit of very small particle 

size, to the single ion moment μ. 

It is very common in biological samples to know the number of magnetogenic ions in the sample, but not 

the relative amount of paramagnetic and superparamagnetic species. In these cases, the total high 
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temperature susceptibility is still proportional to 1/T. If, in addition to isolate (paramagnetic) ions, there is 

presence of ferro- or ferrimagnetic particles, whose intraparticle exchange interactions enhance the 

orientation of the ion spins towards the applied field, then meff results higher than the single ion magnetic 

moment. On the contrary, if the system contains paramagnetic and antiferromagnetic species, the 

effective moment may be lower than, or at most of the same order of, the single ion value. In this last 

case, the actualmeff value depends on the size of the particles and on the type of spin 

uncompensation [23]. 

For low temperatures, the parameter Kv/kT is no longer negligible and more involved theories of the 

dynamic susceptibility must be taken into account [24]. In this temperature range, it must be considered 

that the net magnetic moment of the particle, in order to rotate by the action of the external field, must 

surmount its anisotropy energy barrier Ea=Kv. In the simplest model of uniaxial anisotropy and for 

moderate AC frequencies ω, this process is assumed to take place immediately in the case of intra-well 

rotations, but it takes a time of the order of the relaxation time τ=τ0exp(Ea/kT) to rotate from one anisotropy 

potential well to the other. For decreasing temperature, this relaxation time increases exponentially and, 

as soon as τ becomes comparable to the characteristic time of the experiment (1/ω) alterations from the 

equilibrium susceptibility start to appear. In this context, for an assembly of non-interacting particles with 

randomly oriented easy axes, the complex susceptibility can be written as 

equation(2) 

 
Turn MathJaxon 

 

where R and R′ are σ-dependent integral functions, n(D)dD is the number of particles with diameters in 

the (D, D+dD) interval, m(D) the magnetic moment of particles of diameter D and ɛ the fraction of the total 

sample volume occupied by magnetic particles. Expression (2), in the limit of high temperature, yields 

again the celebrated Curie law mentioned above, while in the limit of low temperature represents the 

behaviour of a fully blocked assembly of magnetic moments. For intermediate temperatures it predicts a χ

′(T) maximum, which in fact results from the antagonism of the Curie law and the magnetic relaxation, 

which for lowering temperatures makes to increase and decrease, respectively, the in-phase 

susceptibility, and a χ″(T) maximum, which represents magnetic energy absorption. This behaviour is the 

typical one for magnetic nanoparticle assemblies [24]. 

χAF is usually small compared with the superparamagnetic contribution, and may show a slight 

temperature variation depending on the type of antiferromagnetic oxide and on particle size [25]. χD is 

expected to be a negative temperature independent value. From all the contributions to the susceptibility 

only one, the relaxational part of χSP presents a substantial contribution to the out-of-phase component χ″

(T). 
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The magnetic properties of the iron dextran compound initially injected in the rats have previously been 

studied [16]. Summarising, this compound contains an assembly of small, spindle shape, inorganic 

particles with a structure very similar to the iron oxyhydroxide akaganéite (β-FeOOH) and about 4×20 nm 

in size. Magnetically speaking, its behaviour at temperatures above 100 K is superparamagnetic with a 

lowμeff per iron ion (1.5 μB) in agreement with the existence of antiferromagnetic interactions between the 

single ion spins, as it would correspond to bulk akaganéite. Below such temperature, there is a relaxation 

process (progressive blocking of the magnetic moments) giving rise to a χ′(T) maximum near 20 K and 

also to a flattened maximum in the out-of-phase susceptibility χ″(T) whose profile will be considered later 

for comparison. 

In what follows, we shall discuss on the variations experienced by the magnetic susceptibility of the 

muscle tissue samples upon increasing t, in order to see what information can be obtained from those 

results on the biotransformation of iron dextran after its administration to the rats. 

The AC susceptibility of the several tissue samples (Fig. 6 and Fig. 7) presents, except for the control rat 

tissue, a χ′(T) component with a maximum, whose temperature decreases as t increases, indicative of 

magnetic blocking, and a χ″(T) maximum at slightly lower temperatures. Until here this is, qualitatively, 

the result predicted by Eqs. (1) and (2). 

The in-phase susceptibility of the different tissue samples (Fig. 6), for T higher than 60 K, has been fitted 

to expression (1) by assuming that χP and χSP obey the Curie law and approximating χAF+χD to a constant 

value. The effective moment of the tissues (see Table 1) departs from the μeff value of the original iron 

dextran compound and presents a steady increase for increasing t eventually approaching, but not 

surpassing, the moment of the free iron ion (around 5 μB). Since the effective moment comes from an 

average over all the iron ions in the samples, the observed variation with t indicates a relative decrease of 

the number of low μeff species, as large antiferromagnetic particles, and an increase of high μeff species, as 

small antiferromagnetic particles or paramagnetic ions. This result is a first indication of the progressive 

degradation of the iron oxyhydroxide particles of iron dextran in the tissue and the apparition of the 

corresponding degradation products. It is the control rat tissue that presents the highest effective 

moment, in agreement with the obvious absence of large antiferromagnetic particles in this case. 

In the control rat tissue, as well as in samples of low t value, the in-phase susceptibility presents a 

paramagnetic tail at low temperature ( Fig. 6). In low temperature experiments, adsorbed oxygen is 

known to be possibly present in the samples. This spurious oxygen contributes to the susceptibility either 

with a paramagnetic low temperature tail and/or with an antiferromagnetic ordering anomaly at around 50 

K [26]. These contributions, which depend on the specific form of the adsorbed species, are known to 

disappear after forced oxygen desorption, heating the sample to high temperatures. The result is that if a 

second temperature run is made the obtained data do not reproduce those of the first run. In what 

concerns our samples, we must specify that the data presented here were fully reproducible after a first 

run up to 200 K. The importance of the paramagnetic tail, thus not due to residual oxygen, seems to 

decrease for increasingt. In order to make an interpretation of this effect, and since the iron content in the 
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samples is much higher than that of other magnetogenic elements even in the control samples, we have 

estimated the contribution to the susceptibility of the analytically determined iron amount of the control rat 

tissue, assumed paramagnetic, resulting in a mass susceptibility of around 1.4 m3/kg at 1.8 K. This 

contribution would naturally explain the low temperature χ′ tails observed in the control sample and in the 

low t samples, although no more conclusions can be drawn from this since no biochemical separation of 

the samples have been made. The inorganically free (paramagnetic) iron seems to decrease for 

increasing t but this fact does not have yet a clear interpretation. 

To interpret the out-of-phase susceptibility data (Fig. 7), we must consider that, as a result of 

expression(2), the χ″(T) profile represents the distribution of activation energies and, for a non-interacting 

assembly of particles reversing their intraparticle spins in a coherent way, it is a measure of the 

distribution of particle sizes. Under these assumptions, experimental χ″(T) data obtained for different ω, if 

represented as a function of −T log(ωτ0), where τ0 is the preexponential factor entering the Arrhenius 

thermal dependence of the relaxation time τ=τ0exp(Ea/kT), must collapse into a single master curve [24]. It 

was observed that for iron dextran, this scaling was impossible to achieve under physical τ0 values, and 

this effect was ascribed to some type of single particle incoherent reversal of the magnetic moments [16]. 

We have tried the same procedure with the data of samples at t=24 and 84 days. The results (shown 

in Fig. 8 for t=24 days) yield prefactors of the order of 10−13 s, which are very close to the usually 

determined values for non-interacting assemblies of small particles. We believe that the non-ideal scaling 

that was previously obtained for iron dextran characterises the magnetic dynamics but does not have an 

important effect on the relationship between the χ″(T) profile and the particle size distribution. In this 

context, the observed tissue susceptibilities suggest that, for increasing t, there is a substantial decrease 

of the number of large iron-containing particles in favour of the small ones, in agreement with the TEM 

results. Eventually, the χ″(T) profile tends to a bell-shaped maximum at about 10 K which, from the point 

of view of magnetic dynamics, has a better agreement with the non-interacting magnetic particles model. 
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Fig. 8.  

Representative scaling plot of the out-of-phase susceptibility (in this case for a t=24 days sample). Best overlap of the 

data correspond to a preexponential factor τ0=10−13 s (for a detailed explanation, see text). 

Figure options 

Although originated from the same raw data, we find very adequate to show the same χ″(T) curves but 

scaled to their maxima ( Fig. 9) in order to compare the shape and width of the profiles. The figure shows 

a systematic variation of χ″(T) from the original iron dextran profile to a much narrower maximum in the 

vicinity of 10 K. It is evidenced from this representation that the nature of the particles converge in time 

towards the same species, even though each susceptibility curve comes from tissues of different rat 

individuals. The χ″(T) maximum characteristics of this species, in terms of peak temperature and peak 

width, indicative of the distribution of activation energies, resemble those of the cores of some 

ferritins [27], although the study of its shell characteristics and organic environment has not been 

attempted in this work. 
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Fig. 9.  

Comparative plot of the out-of-phase susceptibility profiles, for different t values, scaled to their respective maxima. Data 

on iron dextran (dashed line) have been taken from Ref. [16]. Values of t are indicated in days. The continuous line, which 

corresponds to data of t=84 days, is just a guide for the eye. 

Figure options 

In Fig. 10, a different representation is presented. Here the out-of-phase susceptibility is shown per mass 

of iron in each sample. It is clear from the figure that, for increasing t, there is an absolutely systematic 

increase of the maximum height. The steady increase of μeff with t, while keeping the χ″ maximum 

(for t>24 days) at the same temperature, does not indicate an indefinite decrease of particle size. The 

good explanation for this is, in our opinion, the progressive decrease of the number of iron dextran 

particles (which have a low effective moment per iron ion and also have a very low effect on χ″) together 

with the increase of the number of small particles in their final form (which have a higher effective moment 

per iron ion and much larger effect on χ″). In this representation, as it is relative to the iron content in the 

sample, it is evidenced that the magnetic signal of a given concentration of iron atoms, totally or partially 

aggregated into particles, depends dramatically on their size and nature. 
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Fig. 10.  

Temperature dependence of the out-of-phase susceptibility relative to the iron content in the tissue of freeze-dried muscle 

samples of rats sacrificed at different t times. Values of t are indicated in days. The dashed line corresponds to data of 

iron dextran. 

Figure options 

5. Conclusions 

The studied rat muscle tissues behave, like the injected compound, superparamagnetically above 100 K. 

However, as far as iron dextran is transformed in the tissue, some magnetically observable variations 

take place. Although this work has obviously studied tissues originated in different rat individuals, the 

obtained results are remarkably systematic. 

During the transformation of the previously injected iron dextran, the χ″(T) profiles show a removal of the 

magnetic relaxation mechanisms corresponding to large activation energies. This may be caused by 

degradation or fractioning of the largest magnetic particles. The trend is to form particles of a somehow 

well-defined size, whose magnetic moments relax as in the case of non-interacting particle models and 

coherent reversal mechanisms. This final state reminds the magnetic behaviour of ferritin-type protein 

cores. In comparison with the mere experimental blocking temperatures, which just get an average value 

over all the relaxational processes, considered in other studies, the χ″(T) profile contains more 

information over all the particle sizes. 

The in-phase susceptibility is much affected by somehow uncontrollable factors as the diamagnetic 

contribution of the tissue or other residual paramagnetic remains, nevertheless the χ″(T) profile has been 
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revealed as extremely adequate to characterise the drug degradation process because of its magnetic 

immunity to those mentioned factors. The technique appears useful in other studies of transformation of 

iron-containing species in biological systems. 

In spite of the intrinsic difficulty of the experiments, consistent in the detection of trace metals in an 

organic tissue or in the identification of a few crystalline species in a much large matrix, the magnetic 

susceptibility, even the out-of-phase component which is typically much smaller in magnitude than the in-

phase signal, offers detectable substantial information on the iron speciation. The magnetic 

measurements, since they characterise the whole sample, are advantageous with respect to local 

techniques and their specificity to transition metal ions allow, in conjunction with elemental analyses, to 

monitor changes in the form of presence of magnetogenic elements as it is particularly the case of iron. 

This work corroborates the fact that the static (and dynamic) magnetic susceptibility of iron loaded tissues 

does not only depend on the concentration of iron in the tissue but also substantially on its speciation. It 

results that, for a given iron concentration in the tissue, the susceptibility of the assembly of magnetic 

spins, if iron is present as the type of antiferromagnetic particles contained in iron dextran, is lower than in 

the case of paramagnetic iron. This fact, which is also obviously fulfilled if the tissues are at room 

temperature as a particular case, is of much relevance in the frame of quantitative determinations of 

tissue iron from noninvasive magnetic susceptometry clinical techniques recently proposed [28] and [29]. 

The results of this work should also be of interest with respect to future studies of biological degradation 

of magnetic carriers, as, e.g., magnetic particles for drug delivery, or magnetic resonance imaging 

contrast agents. 
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