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Abstract
A brief review on the applications of Mössbauer spectroscopy in biomedical research discusses the results of more than fifty
years of experience in this field. Basing on the numerous results the main directions of biomedical applications of Mössbauer
spectroscopy are considered as follows: 1) studies of the quantitative changes of iron-containing biomolecules related to
pathological processes; 2) studies of the qualitative changes in iron-containing biomolecules related to pathological
processes; 3) studies of the effect of various environmental factors (physical, chemical, and biological) on iron-containing
biomolecules; 4) studies of metabolic processes by means of analysis of the Mössbauer nuclides pathways in organisms; 5)
studies of dynamic processes; 6) studies of pharmaceutical compounds and blood substitutes containing Mössbauer nuclides;
7) miscellaneous studies. Some examples of biomedical research using 57Fe, 57Co, 119Sn, 153Sm, and 197Au Mössbauer
nuclides are presented.
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Introduction

Since Rudolf Mössbauer discovered the resonance nuclear
transition between the excited and the ground states for 191Ir
nuclei (recoilless emission and absorption of γ-rays) [1] and
a new spectroscopic technique was developed, a lot of
various applications of Mössbauer spectroscopy in different
research fields from physics to archeology have successfully
emerged. These fields were determined mainly by the pre-
sence of so called Mössbauer nuclei in materials subjected
for the study by means of Mössbauer spectroscopy. It is
well known that 57Fe, the main Mössbauer nuclei, can be
found in various biological objects such as proteins, cells,
tissues, and organs because iron is the essential metal for
life (see refs. [2, 3]). This work aims to give a short
explanation of the bases of Mössbauer spectroscopy and a
brief review of its biomedical applications.

Mössbauer Effect and Mössbauer
Spectroscopy

The details of the basic principles of the Mössbauer effect
and spectroscopy were considered in numerous books (see,
for instance, refs. [4–11]) which were used for the following
brief explanation. Let us consider a bound nucleus, for
instance, in a molecule, crystal or solid with the mass M and
a strong binding energy in the lattice. In this case the
transitions between the ground (g) and excited (e) states
with the energy difference E0= Ee–Eg will be accompanied
by the absorption (emission) of γ-quantum with the same
energy E0. The recoil energy ER loss is proportional to 1/M.
If the mass M is large enough in comparison with the mass
of free nucleus, ER is of negligible quantity allowing the
resonance emission or absorption of γ-quanta, i.e., without
recoil energy loss. The mean lifetime τ of the excited
nucleus is determined. Therefore, according to the Heisen-
berg uncertainty principle, the energy of the excited state Ee

can be determined within the uncertainty of ΔEe × τ= h/2π
(h is the Planck constant). Therefore, the emission and
absorption lines demonstrate Lorentzian shape with a line
width Γ=ΔEe (full width at a half maximum). The line
width is related to the lifetime τ of the excited nuclear state
as Γ= h/2πτ. Generally, if we embed resonance nuclei in
two different matrices of the source (s) and absorber (a), the
energies of the ground and excited states of the same
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resonant nuclei in the source and absorber will be different.
Therefore, the transition energies E0s and E0a of the same
nuclei in the source and absorber, respectively, and corre-
sponding energies of the emitted and absorbed γ-quanta are
not equal. In this case, it is not possible to observe resonant
absorption of emitted resonance γ-quanta due to this dif-
ference. However, if we compensate the difference between
the energy of emitted γ-quantum and the transition energy
of the nucleus in absorber we can reach the nuclear reso-
nance absorption. This compensation can be obtained using
the Doppler effect, by moving the source relative to the
absorber. If, for example, the source is moved relative the
absorber with the constant acceleration and velocity +Vi or
–Vi at the time ti, the energy of emitted resonance γ-quan-
tum will be changed as a result of the Doppler effect as Eis

= E0s(1 ± Vi/c), where Eis is the modulated energy of the
emitted γ-quantum, E0s is the transition energy of the
resonant nuclei (energy of resonantly emitted γ-rays) in the
source, and c is the velocity of light. If we place a detector
behind the absorber and measure the counts of resonantly
emitted γ-rays transmitted through the absorber with respect
to the source velocity, we can record a decrease of counts

when the Doppler velocity shifts the emission γ-quanta
energy Eis to be equal within the Γ with the transition
energy E0a in the absorber. Thus, we can observe the
nuclear absorption line in the spectrum of γ-rays. This is the
basis of Mössbauer spectroscopy.

By now, more than 40 Mössbauer isotopes have been
observed. The most widely used Mössbauer nucleus is the
57Fe with the transition energy from the ground to the first
excited nuclear state E0 of 14.4 keV. The lifetime for the
first excited state of 57Fe is of 1.4 × 10–7 s, therefore, the
natural line width Γ is of 4.7 × 10–9 eV. In case of 57Fe
Mössbauer spectroscopy the Doppler velocity of 1 mm/s
corresponds to the energy of ~4.8×10–8 eV. Therefore, it is
possible to detect the nuclear hyperfine interactions using
Mössbauer spectroscopy.

Interaction between the nuclear charge and electron
cloud which crosses the nucleus volume determines the
isomer shift (δ) of the energy states (the difference between
E0a and E0s). In the scheme in Fig. 1 the hyperfine inter-
actions and resulting shifting and splitting of the 57Fe
nuclear states are shown. The energy shift δ= δa–δs, where
δa= E0–E0a, δs= E0–E0s, is related to the difference in the
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Fig. 1 The scheme of the
hyperfine splitting of nuclear
states and hyperfine parameters
for the 57Fe, resonance
transitions and resulting shape of
the Mössbauer spectra. I is a
nuclear spin, m is magnetic
quantum number: m= 2I+ 1 in
the range –I ≤m ≤+I, δ is isomer
shift, ΔEQ is quadrupole
splitting, ε is quadrupole shift
(2ε=ΔEQ), Heff is the effective
magnetic hyperfine field
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electron density at the 57Fe nuclei in the absorber and in the
source:

δ ¼ A
ΔR
R

Ψ 0ð Þj j2a� Ψ 0ð Þj j2s
n o

; ð1Þ

where A is a constant for a given isotope containing nuclear
parameters and relativistic correction, R is nuclear radius in
the ground state, ΔR is the difference of radii in the ground
and excited states, |Ψ(0)|2 is the total electron density at the
nucleus. Therefore, the isomer shift as a Mössbauer
parameter gives information about the iron valence/spin
state. In the spectrum in Fig. 1, which in this case has a
shape of a single resonance absorption peak (singlet), this
value can be determined as a distance between the center of
peak position and relative zero velocity point (usually the
standard absorbers are used for this purpose such as α-Fe
foil to avoid problems with different matrices of the sources
leading to different δs values that is why the δ values are
given with respect to α-Fe).

Interaction of the nuclear quadrupole moment Q with the
electric field gradient (EFG) at the nucleus position leads to
the splitting of degenerated excited state into two sub-states
with the energies WQ described by the equation:

WQ¼ 1
4
Vzze

2Q
3m2 � I I þ 1ð Þ
3I2 � I I þ 1ð Þ ; ð2Þ

where Vzz is the electric field gradient along the z axis, e is
an electron charge, m is a magnetic quantum number, I is a
nuclear spin. The m takes on 2I+ 1 values in the range from
–I to I with a step of 1 and determines the order of the
ground and excited states degeneration. The energy WQ

depends on the value of m2. Therefore, the excited state of
the 57Fe nucleus with I= 3/2 splits into 2 sub-states only
with m= ±1/2 and m= ±3/2 although each sub-state still
remains twofold degenerated. The ground state of the 57Fe
nucleus with I= 1/2 also remains twofold degenerated
because m= ±1/2. The energy between the two nuclear sub-
states (quadrupole splitting) can be defined as:

ΔEQ¼ ±
1
2
e2QVzz 1þ 1

3
η2

� �1=2

ð3Þ

where η= (Vxx–Vyy)/Vzz is asymmetry parameter, the
principal axes of coordinate system were chosen such that
the principal eigenvalues of the EFG tensor were in the
order |Vzz|≥|Vxx|≥|Vyy|. The energy scheme of two transitions
between one nuclear ground state and two split sub-states of
the first excited nuclear state, as well as correspondent
shape of the Mössbauer spectrum with two resonance
absorption peaks (quadrupole doublet) are shown in Fig. 1.
The value of δ can be determined as a distance between the
chosen zero velocity point and the center for two peaks. The

value of ΔEQ is related to the iron valence/spin state,
symmetry of the electric field, the energies of the iron
electronic terms, etc., and very sensitive to the iron local
microenvironment.

If the nucleus has I > 0 its dipole magnetic moment μ can
interact with a magnetic field. This interaction (nuclear
Zeeman effect) leads to the splitting of both the ground and
excited states with the energies Wμ determined by:

Wμ¼� μ�Hð Þ¼ � μ

I
mHeff ; ð4Þ

where Heff is the effective magnetic hyperfine field on the
nuclear surface. The first nuclear excited state of the 57Fe
splits into 4 sub-states while the ground state splits into 2
sub-states. The number of possible transitions between the
split ground and excited sub-states (Fig. 1) is 8. However,
within the Pauli exclusion principle, the allowed transitions
are defined by the selection rule: Δm= 0, ±1. Therefore, it
is possible to observe 6 transitions only for the 57Fe nuclei
as shown in Fig. 1 with the Mössbauer spectrum as a six-
line pattern (magnetic sextet). In general, the ratio of peak
intensities related to correspondent transition probabilities is
3:2:1:1:2:3 (it should be noted that intensities of the second
and the fifth peaks may vary in the range from 0 up to 4
depending on the sample texture and experimental condi-
tions). In addition to the value of Heff it is possible to extract
the value of quadrupole shift (2ε=ΔEQ). Quadrupole
interaction shifts the sub-state energies in the excited state
due to the interaction of Q and EFG as shown in Fig. 1 (in
this case there is a change of the spectral peaks positions as
a result of combination of quadrupole and magnetic
interactions). The value of δ can be determined as the
central spectrum position relative to the zero velocity point
from the magnetically split Mössbauer spectrum.

The experimental line width in the measured Mössbauer
spectra appeared to be broader than the natural one
(0.19 mm/s for the 57Fe). This is a result of several factors
namely instrumental broadening, effective thickness of
absorber (surface density of iron), dynamic effects, over-
lapping of poorly resolved peaks, the presence of a dis-
tribution of small structural variations of the 57Fe
microenvironment in the sample, broad source emission
line, etc. Concerning dynamic effects, the resonant nuclei
bound in the matrix are vibrating with the mean square
displacement <x2> which can be described within the
Debye model. These nuclear vibrations can change the
energy of resonant γ-quanta, that is why the probability of
resonance emission or absorption of γ-rays will be changed.
The Mössbauer effect probability (f-factor) depends on <x2>
as follows:

f¼ exp � 4π2

λ2
x2
� �� �

; ð5Þ
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where λ is the wave length of the resonant γ-ray. The f-
factor or the Mössbauer effect probability is also known as
Lamb–Mössbauer factor. The values of <x2> will increase
with temperature increase, therefore, the f-factor will
decrease down to zero (for instance, it is not possible to
observe the Mössbauer effect in liquids unless they are
frozen). The spectral line width is related to the absorption
peak area A for Lorentzian line shape: A= π/2×I×Γ, where I
is the intensity of the absorption peak. On the other hand,
the A value is proportional to the product na×fa, where na is
the number of resonant nuclei in the absorber and fa is the
Mössbauer effect probability in the absorber. Therefore,
determination of the A values of spectral components in the
Mössbauer spectra of complicated materials permits the
relative Fe content in the mixture of different iron
containing compounds to be evaluated because the natural
abundance of the 57Fe isotope is ~2.19%.

The main source of the resonant γ-rays for 57Fe Möss-
bauer spectroscopy is 57Co. After K-electron capture the
57Co nucleus converts into the 57Fe nucleus in the second
excited state with nuclear spin I= 5/2 and the energy of
136 keV. Then this nucleus can emit γ-ray with the energy
of ~122 keV with transition to the first excited state with
nuclear spin I= 3/2 and E0= 14.4 keV. The next transition
to the ground state produces the resonant γ-quantum.
Radioactive isotope 57Mn can be also used because it con-
verts to 57Fe too. However, its half-life time is extremely
short while that for 57Co is 270 days. The Mössbauer source
of 57Co is mainly prepared by manufacturers in rhodium
matrix and sometimes in chromium matrix.

In addition to 57Fe it should be mentioned at least two
other Mössbauer nuclides such as 119Sn and 197Au. The
119Sn has nuclear spin I= 3/2 and E0= 23.8 keV in the first
excited state and I= 1/2 in the ground state. The natural line
width is 0.63 mm/s. The 197Au has nuclear spin I= 1/2 and
E0= 77.345 keV in the first excited state and I= 3/2 in the
ground state. The natural line width is 1.882 mm/s. The
Mössbauer spectra of tin compounds can be measured at
room temperature while those of gold compounds can be
measured in a temperature range 77–4 K for both the source
and absorber.

At present there are several options to measure Möss-
bauer spectra (transmission, emission, backscattering,
electron conversion, using synchrotron radiation, etc.). A
widely used type of Mössbauer spectrometers with trans-
mission geometry can be roughly presented using the block-
scheme in Fig. 2. Computer controlled velocity driving
system provide a movement of the source or absorber with a
constant velocity or a constant acceleration (the latter case
will be considered further). First the velocity reference
signal is formed by the digital-analog convertor as a number
of discrete steps with discretization of 2n (in different
spectrometers n can vary from 7 up to 12). This signal can

be sinusoidal, triangular, saw-tooth, etc. The velocity signal
is transmitted to the electro-mechanical driving part with
linearization to produce a movement of the source or
absorber. The height of the velocity reference signal step (in
mV) is chosen to reach the required velocity range between
–V and +V (in mm/s), thus the value 2V/2n can be con-
sidered as velocity resolution in Mössbauer spectrometer.
The γ-rays beam transmitted through the absorber is regis-
tered by detector with discrimination of resonance energy
region. The velocity driving system is synchronized with
the data acquisition system: the start of the i-th velocity step
opens the i-th memory cell in the multichannel analyzer for
storage pulses correspondent to the i-th range of Doppler
modulation. Thus, the channel switching for γ-rays regis-
tration is related to the next velocity step starting by the
digital-analog convertor (the time window of the digital-
analog convertor). As a result, computer accumulates pulses
into consequent set of 2m channels in which the stored
pulses in the i-th channel correspond to the i-th Doppler
velocity value (0 ≤ i ≤m). Therefore, the total number of
stored pulses in each channel versus Doppler velocity
represents the Mössbauer spectrum. This set (spectrum) can
contain the same number of points (analyzer channels) as
the number of velocity steps or 2, 4, etc. times smaller (m=
n, n–1, n–2, etc.). Therefore, the velocity resolution in the
Mössbauer spectrum can be determined as 2 V/2 m. To get a
twice smaller velocity resolution in the spectrum it takes to
increase twice the time window of multichannel analyzer or
consequently summarize two neighboring channels in the
initial spectrum.

Usual (so-called conventional) Mössbauer spectrometers
use sinusoidal or triangular velocity reference signal and
256 or 512 steps (n= 7 or 8) to form the velocity reference
signal on both direct (from –V to +V) and reverse (from +V
to –V) motion or vice versa. Such a velocity driving system
provides spectra measurement with a low velocity resolu-
tion (in 2m= 256 or 512 channels) with a possibility to
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Amplifier 

Analyzer 

System of driver 
assign and control 

Personal Computer. 
System of spectrometer 

control and 
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Fig. 2 Simple block-scheme of Mössbauer spectrometer with moving
source or absorber
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decrease measurement time and reach needed signal-to-
noise ratio by the folding of the direct and reverse motion
spectra. However, these driving systems do not provide a
low instrumental (systematic) error for the velocity signal,
while folding increases the integral velocity error due to
different velocity errors in the direct and reverse motions.
These problems can be neglected if a high precision is not
required for the spectra measurement (for instance, for
distinguishing of ferrous and ferric compounds only).
However, one of the ways of further development of
Mössbauer spectroscopy is related to increasing the preci-
sion and quality of the spectra measurement with a smaller
instrumental (systematic) velocity error by increasing the
discretization of the velocity reference signal and, therefore,
velocity resolution for both the spectrometer and the spec-
trum. Some comparison and advances of the high velocity
resolution Mössbauer spectrometers with the velocity
reference signal quantification up to 4096 velocity steps
formed by the digital-analog convertor (discretization is 212)
were considered in refs. [12, 13]. This approach can provide
much more precise measurement of the Mössbauer spectra
that would be very important for biomedical research.

Classification of Biomedical Applications

All cells include various vitally important proteins con-
taining iron. Tetrameric hemoglobins in red blood cells
(RBC) are oxygen transport proteins while monomeric
myoglobins in myocardial and other muscles cells are
oxygen storage proteins. All cells have enzymes catalases
and peroxidases and electron transport proteins cyto-
chromes. Transferrin and lactoferrin are iron transport pro-
teins, ferritin and hemosiderin are iron-storage proteins, etc.
Various tissues, especially liver and spleen, contain ferritin
and hemosiderin. Therefore, these iron containing proteins,
tissues, and blood (red blood cells) can be studied using
57Fe Mössbauer spectroscopy, which is why biological
application of the technique was started at the early stage of
the Mössbauer effect since 1960. The first studies of
hemoglobins were reviewed by Gonser and Grant [14],
Lang and Marshall [15, 16], and Lang [17]. Then the first
studies on cytochrome c, ferritin and hemosiderin were
published in refs. [18–20]. As a result, numerous investi-
gations of biological subjects were carried out using
Mössbauer spectroscopy within the biological application of
technique (for review see, for instance, refs. [8, 21–32]).
Moreover, further development of methodology and new
Mössbauer spectroscopy techniques demonstrated biologi-
cal application of synchrotron radiation [33], emission
Mössbauer spectroscopy [34], Mössbauer spectroscopy
with a high velocity resolution [35], etc. Then these studies
related to the normal proteins were extended to the study of

iron containing proteins during some pathological states of
organisms. Moreover, various investigations of pharma-
ceutical compounds containing 57Fe, 119Sn, and 197Au have
been started using Mössbauer spectroscopy. Therefore,
nowadays a lot of studies can be considered as biomedical
applications of Mössbauer spectroscopy (see for review [23,
31, 36–46]). Further we will limit this wide range of studies
to proper biomedical research within the framework of the
comparative studies of normal and pathological states or the
effect of factors causing diseases, as well as the studies of
developed and commercial pharmaceutical products.

A number of diseases, so called molecular diseases (see
ref. [47]), are related to the synthesis of anomalous bio-
molecules or any other protein biosynthesis disturbance.
The main example of these diseases is hemoglobinopathies
accompanied by the synthesis of anomalous hemoglobins in
red blood cells. Other hereditary and malignant diseases
have molecular nature also. Some pathological states of the
body are caused by environmental factors that may affect
biological molecules, cells, and tissues (for instance,
radiation disease, poisoning, or other toxic effects, etc.).
Some analogs of iron containing proteins or modified pro-
teins, as well as synthetic iron, tin, and gold containing
compounds are developed and used as pharmaceuticals for
various medical purposes. Basing on molecular nature of
diseases and pharmaceuticals the numerous results obtained
in the field of biomedical applications of Mössbauer spec-
troscopy can be classified by considering the main direc-
tions shown in Fig. 3. These directions will be discussed in
the following order: 1) Studies of the quantitative changes
of iron containing biomolecules related to pathological
processes; 2) Studies of the qualitative changes in iron
containing biomolecules related to pathological processes;
3) Studies of the effect of various environmental factors
(physical, chemical, and biological) on iron containing
biomolecules; 4) Studies of metabolic processes by means
of analysis of Mössbauer nuclides pathways in organisms;
5) Studies of dynamic processes using iron containing

MÖSSBAUER NUCLEI
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CHANGES

57Fe
57Co, 119Sn, 153Sm, 197Au
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CHANGES

ENVIRONMENTAL
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Fig. 3 The main directions of biomedical applications of Mössbauer
spectroscopy

Cell Biochemistry and Biophysics (2019) 77:15–32 19



biomolecules; 6) Studies of pharmaceutical compounds and
blood substitutes containing Mössbauer nuclides; 7) Mis-
cellaneous studies [37, 45, 46].

Heme proteins and non-heme iron bearing enzymes
contain iron in the active site. The iron electronic structure
and stereochemistry are related to physiological functions of
these proteins in cells. Therefore, any changes in the iron
electronic structure and stereochemistry lead to variations of
protein functions. This can be observed in case of variety of
normal proteins from the same class which appeared as a
result of evolution process and provided functional variety
of these proteins in nature. On the other hand, pathological
changes can be related to some changes in the iron elec-
tronic structure of some proteins. In this case it is also
possible to consider Mössbauer studies of iron containing
proteins related to revealing so called “drastic” and “small”
changes with respect to the iron electronic structure in
physiologically normal proteins. The drastic changes of the
iron electronic structure could be related to the change of
the iron valence/spin state resulting from protein transfor-
mation and/or destruction (the latter is commonly accom-
panied by loss of the protein functions). The small changes
of the iron electronic structure could be related to small
stereochemical differences resulting in variations of the
energy spectrum of the iron electron terms. There is no
protein destruction in the latter case while some changes of
protein functions reflecting pathological process are possi-
ble. This information can be useful for analyzing the
molecular nature of diseases.

Below we consider some examples of biomedical
applications of Mössbauer spectroscopy following the
suggested classification.

Quantitative Changes of Iron Containing
Biomolecules Related to Pathological
Processes

Quantitative changes of iron containing biomolecules in
cells and tissues are related to serious diseases resulting
from the iron status disorder in the organism (see refs. [47,
48]). A part of these molecular diseases related to iron
overload are mainly hereditary diseases, for instance, her-
editary (idiopathic) hemochromatosis [49] and various
hemoglobinopathies (hemoglobin disorders) [50–52]. Both
groups of diseases lead to iron overload in tissues due to
gene mutations resulting in enormously large iron loading
in cells (hereditary hemochromatosis), and instability of
anomalous hemoglobins and a shortening of the lifetime of
red blood cells resulting in iron release with further accu-
mulation of iron excess in tissues and red blood cells
(hemoglobinopathies). Moreover, in the latter case multiple

blood transfusions could be a cause of additional iron
overload (secondary hemochromatosis).

The red blood cells from patients with various hemo-
globinopathies such as β-thalassemia, sickle-cell anemia,
and hemoglobin Hammersmith were studied since 1975 in a
series of papers by Bauminger et al. [53–57]. The authors
observed a new ferritin-like component in the Mössbauer
spectra of red blood cells (Fig. 4) and serum. They showed
that reticulocytes (young RBC) contained a larger amount
of ferritin-like iron than old erythrocytes. It was observed
that in case of idiopathic hemochromatosis the ferritin-like
iron was absent in patient’s RBC while present in patient’s
serum. The appearance of ferritin-like iron can be related to
instability of anomalous hemoglobin and intracellular (in
RBC) accumulation of released iron by iron-storage pro-
teins to protect the organism from the toxic effect of free
iron ions. Some additional minor components were
observed also in the Mössbauer spectra of hemoglobins in
red blood cells from patients with hemoglobinopathies in
refs. [58–61]. However, the quality of some of these spectra
(with a poor signal-to-noise ratio and the intensities of the
minor components lower than the noise) raised some doubts
concerning correctness of revealing the minor components.

Studies of iron overload in cells of various tissues such
as spleen, liver, pancreas, heart, etc., were developed in refs.
[62–68]. The authors observed an increase of iron in tissue
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Oxyhemoglobin

Deoxyhemoglobin

Oxyhemoglobin

Ferritin-like

RBC from 
healthy 
donor

T=4.2 K

RBC from
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ββ-thalassemia

T=80 K

VELOCITY, mm/s

EF
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Fig. 4 Mössbauer spectra of normal red blood cells and red blood cells
from patient with β-thalassemia. Adopted from ref. [54]
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cells from patients with hemoglobinopathies in the form of
iron-storage proteins ferritin and/or hemosiderin. Secondary
hemochromatosis resulting from the multiple transfusions
also led to increasing the content of iron in iron-storage
proteins in tissues. A study of spleen from patients with
hereditary spherocytosis (a case of hemolytic anemia with
shortening red blood cell life-time) demonstrated the pre-
sence of ferritin-like iron in tissue [69]. Unfortunately, the
authors did not compare the Mössbauer spectra of patients’
tissues with those of the normal tissue; that is why an
increase in ferritin-like iron can be estimated on the basis of
the ~2% absorption effect.

An increase of ferritin-like iron in serum and tissues, for
instance, in heart tissues requires a treatment of patients
with chelates such as Desferrioxamine and Desferal. Studies
of the effect of these iron chelating drugs on iron in serum
from patient with β-thalassemia and iron overloaded cul-
tured rat myocardial cells using Mössbauer spectroscopy
was carried out in refs. [57, 70, 71]. It is clearly seen in Fig.
5 that the iron content in both serum and myocardial cells
decreases after treatment with iron chelates.

It should be noted that the study of red blood cells from
patients with high altitude polycythemia (a disease related
to overproduction of RBC) using Mössbauer spectroscopy
[72, 73] showed the appearence of a new component in
patients’ RBC which was related to denatured hemoglobin.
Another case of red blood cells overproduction is related to
erythremia which is considered as hematological malig-
nancy. It was shown that undifferentiated erythroleukemic
cell lines can be transformed to normal differentiation by
adding dimethylsulfoxide (DMSO) or hemin. Undiffer-
entiated cells do not produce hemoglobin while induction of
cell differentiation causes hemoglobin synthesis. Investi-
gation of this process using Mössbauer spectroscopy was
carried out in refs. [74–77]. It was found that

nondifferentiated erythroleukemia cells synthesize ferritin
to accumulate iron from media and do not produce hemo-
globin. Induction of cell differentiation by DMSO leads to
hemoglobin synthesis and coincidence of subspectra related
to hemoglobin and ferritin (Fig. 6, left panel). If the iron
pool is limited these cells use iron from ferritin for hemo-
globin production as demonstrated by Mössbauer spectro-
scopy. Further in the study of red blood cells from patients
with erythremia by means of Mössbauer spectroscopy a
small amount of ferritin-like iron was found in some
patients’ red blood cells (Fig. 6, right panel) [78].

A comparative study of iron content in spleen and liver
tissues from several healthy people and patients with
hematological malignancies was carried out using Möss-
bauer spectroscopy with a high velocity resolution in refs.
[79–81]. These results demonstrated that the excess of
ferritin-like iron was observed in tissues from some patients
while similar content of ferritin-like iron was found in tis-
sues from healthy people and other patients.

Qualitative Changes in Iron Containing
Biomolecules Related to Pathological
Processes

Disturbance of biosynthesis of iron containing biomolecules
during molecular diseases, post translational modifications
of proteins and functional variations may lead to some
changes in the iron electronic structure and stereochemistry,
molecular structure and functions, i.e., to qualitative chan-
ges of such biomolecules. These changes are of interest for
studying the molecular nature of diseases. Mössbauer
spectroscopy as the unique technique which is sensitive to
variations in the 57Fe hyperfine parameters can be used in
the study of qualitative changes of iron containing
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treatment
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rat myocardial 

cells 
Before 
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After 
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Fig. 5 Mössbauer spectra of lyophilized serum from patient with β-thalassemia (left panel) and iron overloaded rat myocardial cells (right panel)
before and after treatment with iron chelates. Adopted from refs. [57, 70]
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biomolecules (see reviews [35, 39, 42, 44, 82]). Some
examples of the studies of qualitative changes in hemo-
globin and ferritin will be considered below.

Some of the first results of anomalous hemoglobins
studies and investigation of hemoglobins in RBC from
patients with leukemia and erythremia were considered in
refs. [78, 83–86]. Small differences in the 57Fe hyperfine
parameters were observed for human adult, fetal, and leu-
kemia patients oxyhemoglobins. The attempts to repeat the
study of hemoglobin in RBC from leukemia patients in refs.
[87, 88] was not successful, probably due to the lower
velocity resolution and spectra folding smoothing away any
small variations in the hyperfine parameters as a result of
larger instrumental errors.

Further observation of small differences in the hyperfine
parameters for hemoglobins with different molecular
structure and functions using Mössbauer spectroscopy with

a high velocity resolution [89–91] permits us to continue the
study of hemoglobins from patients with hematological
malignancies in order to reveal any changes in the heme
iron electronic structure. Samples of oxyhemoglobin in red
blood cells obtained from patients with multiple myeloma,
chronic myeloid leukemia, and primary myelofibrosis were
studied using Mössbauer spectroscopy with a high velocity
resolution in refs. [89, 91, 92]. Small differences in ΔEQ

values for the 57Fe in α-subunits and β-subunits in patient’s
oxyhemoglobins (Fig. 7) can be considered as a result of
small differences in the heme iron stereochemistry. How-
ever, it is necessary to continue this study and measure a
larger number of the Mössbauer spectra of normal and
patient’s oxyhemoglobins.

Qualitative changes can be also observed in the nano-
sized iron core in ferritin in some pathological cases. For
instance, quantitative changes, i.e., an increase of the iron
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content in the iron core, can lead to the nanoparticle size
increase, as well as formation of more crystalline iron core.
In this case the anisotropy energy barrier for the nano-
particle magnetic moment increases and a magnetically split
spectral component can be observed even at liquid nitrogen
temperature. The different contribution of the magnetically
split component was observed in spleen tissues in ref. [67]
for Australian patient with β-thalassemia who received
blood transfusion in comparison with that for Thai patient
with β-thalassemia/hemoglobin E (see Fig. 8, left panel).
The mean hyperfine parameters for paramagnetic Möss-
bauer spectra of various normal and patients’ tissues found
in ref. [67] appeared to be slightly different as shown in Fig.
8, right panel. This fact may indicate small variations in the
57Fe local microenvironment in the core in different tissues
from healthy donors and patients with β-thalassemia. Some
differences in the 57Fe hyperfine parameters were recently
observed for spleen and liver tissues from normal human
and patients with some hematological malignancies [79–
81].

Effect of Various Environmental Factors
(Physical, Chemical, and Biological) on Iron
Containing Biomolecules

It is well-known that some environmental factors may be a
reason for some diseases. For instance, various types of
radiation cause radiation disease and malignant transfor-
mation. Iron containing proteins may be one of the targets
in the body for environment factors. Moreover, proteins
may be affected directly by radiation and chemicals or
indirectly as a result of DNA and RNA damages by these
factors. Therefore, Mössbauer spectroscopy may be used for

the study of iron containing proteins affected by various
environmental factors (physical, chemical, and biological).

The effect of X-rays, γ-rays, and electrons on oxyhe-
moglobin in RBC and in solution was studied in refs. [93–
98]. Examples of the Mössbauer spectra of irradiated oxy-
hemoglobin are shown in Figs. 9 and 10. Hemoglobin
radiolysis leads to deoxygenation and formation of oxidized
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Fig. 9 Mössbauer spectra of oxyhemoglobin in red blood cells irra-
diated with X-rays. T= 87 K. Adopted from ref. [93]
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hemoglobin derivatives. Then the formation of hemi-
chromes, hemochromes and various ferric non-heme com-
pounds was observed. Using the hyperfine parameters of
spectral components it was possible to estimate the oxy-
hemoglobin radiolysis versus applied irradiation doses for
different types of radiation.

Similarly, the effect of chemicals on hemoglobin in RBC
was studied using Mössbauer spectroscopy. For instance,
the effect of hydrazine and its derivatives on oxyhemoglo-
bin was studied in refs. [99–103]. Hemoglobin degradation
was analyzed by determination of new compounds formed
after protein interaction with chemicals. It was also
observed that oxyhemoglobin in newborn RBC is more
resistant to hydrazine derivatives then that in adult RBC
[101]. It was also found that hemoglobin oxidation in RBC
caused by hydrazine derivatives demonstrated some dif-
ferences between normal RBC and RBC from patients with
breast cancer (Fig. 11) [102, 103]. This fact indicates dif-
ferent hemoglobin stability in erythrocytes from healthy
donors and patients with breast cancer.

Malaria parasites were the only external biological factor,
the effect of which on hemoglobin in red blood cells was
studied using Mössbauer spectroscopy [104, 105]. These

results demonstrated that hemoglobin is digested by malaria
parasites and hemozoin, the final iron containing product of
parasites feeding, was observed. Mössbauer parameters of
hemozoin characterized the high spin ferric compound
different from known data for porphyrin compounds [105].
Further investigations were directed to the study of malarial
pigment and its resistance to various antimalarial drugs (see,
for instance, refs. [106–109]).

Metabolic Processes and Pathways of
Mössbauer Nuclides in Organisms

Study of the pathways of Mössbauer nuclides in organism
may be useful for investigation of some metabolic processes
in the body, as well as its difference between normal and
pathological cases. The first studies of metabolic processes in
normal and tumor tissues were carried out using 153Sm and
57Co in refs. [110, 111]. These results showed the higher
concentration of 153Sm3+ complex in tumor tissues and
possible preference for metabolism of 57Co(III)-bleomycin in
tumors. However, 57Fe is the most useful Mössbauer isotope
because its incorporation in various iron containing proteins
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in different cells and tissues can be more easily analyzed by
using Mössbauer spectroscopy (see, for instance, ref. [112]).
Biomedical applications of iron-based nanoparticles raised a
problem concerning the pathways of iron in the body after
injection of magnetic fluids containing such nanoparticles. A
recent example of these pathways study using Mössbauer
spectroscopy was carried out in refs. [113, 114] in order to
follow the 57Fe uptake from magnetic fluids based on mag-
netite (Fe3O4) nanoparticles and its further transformation in
mice brain and in rat brain, spleen, and liver. These results
demonstrated that the 57Fe from magnetite nanoparticles
appeared to be converted into ferritin-like iron in the form of

ferrihydrite after 12 weeks in mice brain (see Fig. 12), as well
as in rat brain, spleen, and liver.

Dynamic Processes

The 57Fe vibrations in molecules, cells, and larger systems
like organs can be studied using Mössbauer spectroscopy
due to (i) a high sensitivity of resonance transition to the γ-
quantum Doppler energy shift and (ii) a dependence of f-
factor and line broadening on the 57Fe mean square dis-
placements. In the first case, vibrations of basilar membrane

Fig. 11 Different evolution of
oxidative products in the
Mössbauer spectra of
hemoglobin in red blood cells
from healthy donor and patient
with breast cancer incubated
with acetylphenylhydrazine.
Adopted from ref. [102]
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Fig. 12 Mössbauer spectroscopy
of 57Fe uptake from 57Fe3O4-
based ferrofluid and its
transformation in mice brain
with time. T= 300 K. Adopted
from ref. [113]
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were studied in a number of papers (see, for instance, refs.
[115, 116]). In the second case, an increase of the <x2>
values for the 57Fe and line broadening with temperature
increase could be studied. Moreover, if the molecule and/or
cell containing this 57Fe nucleus also vibrate, the total dis-
placement of the 57Fe could be considered as a result of
contribution of different vibrations (protein dynamics,
bound diffusion, viscosity, etc.) as shown, for instance, in
refs. [117, 118]. Therefore, Mössbauer spectroscopy was
applied for the study of viscosity of normal and Rous sar-
coma virus infected chick embryo fibroblasts [119]. The
authors observed the presence of ferritin-like iron in both
embryo fibroblasts. However, the line broadening with
temperature increase appeared to be different for normal and
Rous sarcoma virus infected chick embryo fibroblasts. This
observation indicated that viscosity in normal embryo
fibroblasts was twice larger than that in Rous sarcoma virus
infected fibroblasts, therefore, the 57Fe vibrations in the
latter case were larger than those in normal fibroblasts at the
same temperature.

Pharmaceutical Compounds and Blood
Substitutes Containing Mössbauer Nuclides

A number of commercial pharmaceutical products and
developed pharmaceuticals contain compounds with
Mössbauer nuclides such as 57Fe, 119Sn, and 197Au. These
pharmaceuticals are used: (i) as a source of iron for iron
deficiency prevention and treatment, (ii) as antibiotics,
antimicrobial, antifungal, anti-inflammatory, anti-hyperten-
sive, and anti-arthritic agents, etc., (iii) as cytotoxic agents
for cancer treatment, (iv) as iron-based nanoparticles for
magnetic fluids, hyperthermia, drugs delivery, as contrast
agents for magnetic resonance imaging, etc. Pharmaceu-
ticals for iron deficiency prevention are mainly various
vitamins and dietary supplements with ferrous fumarate,
ferrous sulfate and some other iron compounds. Examples
of these pharmaceuticals studies using Mössbauer spectro-
scopy demonstrated the presence of ferric and ferrous
impurities in the fresh samples (see Fig. 13) while in case of
vitamins and dietary supplements containing ferrous che-
lates, announced by the manufacturers, Mössbauer spec-
troscopy detected the presence of ferric compounds between
100 and 30% (see, for example, results in refs. [120–125]).
It is also possible to study the ageing effect on iron con-
taining compounds in medicaments using Mössbauer
spectroscopy [126]. Some pharmaceutical compounds for
the treatment of the iron deficiency could be considered as
ferritin analogs because they consist of β-FeOOH nanosized
core surrounded with various polysaccharides (dextran,
polymaltose, etc.). These pharmaceuticals such as Imferon,
Maltofer®, Ferrum Lek, and other iron-polysaccharide

complexes were extensively studied by means of Möss-
bauer spectroscopy (some of these studies can be found in
refs. [127–131]). The obtained results demonstrated some
variations in the 57Fe hyperfine parameters and the iron core
size for ferritin and iron-polysaccharide complexes from
different manufacturers. Examples of the study of anti-
microbial tin containing compounds using 119Sn Mössbauer
spectroscopy and anti-tuberculosis iron containing com-
pounds using 57Fe Mössbauer spectroscopy can be found in
refs. [132, 133] and [134, 135], respectively. Mössbauer
hyperfine parameters determined for various antimicrobial
tin compounds were used for the analysis of the tin complex
geometries. Mössbauer hyperfine parameters obtained for
anti-tuberculosis iron containing compounds demonstrated
the presence of the high spin Fe(III) and provided infor-
mation about the features of the 57Fe local microenviron-
ment. Similarly, examples of the study of some tin
containing compounds with cytotoxic and anticancer
activity using Mössbauer spectroscopy are given in refs.
[136, 137]. The authors used Mössbauer hyperfine para-
meters for the analysis of the symmetry of the 119Sn local
microenvironment in the studied complexes for its structural
characterization. Another study of anticancer drug dauno-
mycin was carried out in ref. [138] in order to analyze the
interaction of this drug with iron. The results obtained in
this work showed the formation of two iron complexes with
magnetic and superparamagnetic behavior. 197Au Möss-
bauer spectroscopy was used in the study of some anti-
arthritic drugs containing gold which demonstrated that
Myocrisin and Solganol contained two slightly different
sites for 197Au while Auranofin and Sanochrysin contained
only one site for 197Au [139]. Another study using 197Au
Mössbauer spectroscopy was directed to the analysis of the
binding of gold-containing anti-arthritic drugs metabolite

Fig. 13 Mössbauer spectrum of vitamin Elevit (Rottendorf Pharma
GmbH, Germany) containing ferrous fumarate at 295 K. Adopted from
ref. [124]
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[Au(CN)2
–] with serum albumin [140]. It was shown the

formation of the albumin–Au(CN)2
– adduct and the possi-

bility of albumin to be a transporter of gold-containing
metabolite. Numerous Mössbauer studies were related to
investigation of various magnetic fluids and iron-based
nanoparticles for various medical purposes. Some examples
of different studies of iron oxides nanoparticles prepared or
developed for magnetic fluids, drug delivery, hyperthermia,
and contrast agents are given in refs. [141–149]. For
instance, the authors of refs. [141, 143, 144] used Möss-
bauer spectroscopy for characterization of ferric oxide
nanoparticles used as contrast agents for magnetic reso-
nance imaging. The magnetic states of nanoparticles were
determined, as well as the presence of magnetite or
maghemite was evaluated. In general, various studies of
magnetic nanoparticles using Mössbauer spectroscopy were
directed to investigate the relation of the magnetic features
to nanoparticles composition and structure, size, and size
distribution, effect of coating, surface spin canting, etc.

Some blood substitutes, as artificial oxygen carriers, are
based on modified hemoglobin. Therefore, these blood
substitutes can also be a subject for the study using Möss-
bauer spectroscopy. Purified hemoglobin solution (out of
red blood cells) appeared to be toxic for intravenous
injection. Therefore, this protein should be modified by
some molecules (pyridoxal-5′-phosphate, glutaraldehyde,
etc.) to protect organism from the toxic effect while to keep
oxygen transport functions. Therefore, testing of the iron
electronic structure of modified hemoglobin in comparison
with the native protein can be done using the 57Fe hyperfine
parameters. Several studies of blood substitutes prepared
using modified hemoglobin demonstrated small changes of
the heme iron electronic structure [150–152].

Miscellaneous

A number of biomedical studies using Mössbauer spectro-
scopy cannot be clearly related to the above mentioned main
directions yet. Therefore, these studies were grouped as mis-
cellaneous. For example, studies of blood degradation in the
digestive tract [153] and in hematomas [154] have biomedical
reasons but cannot be related to quantitative or qualitative
analysis of iron containing proteins in normal and pathological
states of the body. Similarly, the study of iron containing
compounds in gallstones from some patients including
patients with thalassemia using Mössbauer spectroscopy [155,
156] should be also considered as miscellaneous.

There are series of Mössbauer studies of brain tissues
related to investigation of neurodegenerative diseases (see,
for instance, refs. [157–164]). These studies aimed to
observe any differences in the quantity or quality of iron
containing biomolecules in the cells of specific brain

tissues. However, this interesting research did not reveal yet
any confirmed information about quantitative and/or quali-
tative changes in the ferritin-like biomolecules in brain
tissues from patients with neurodegenerative diseases in
comparison with those of normal brain. Therefore, at pre-
sent these studies could be considered as miscellaneous till
new results will be obtained. For instance, it is necessary to
analyze the effect of gender and age on the iron state in
brain from donors without neurodegenerative diseases [165]
for further development of brain studies.

On the other hand, some both quantitative and qualitative
changes in ferritin-like molecules were found in the study
using Mössbauer spectroscopy of spleen tissues from
patients with genetic diseases such as hereditary spher-
ocytosis and hemochromatosis [166, 167]. Therefore, these
results can also be considered as miscellaneous at the pre-
sent stage of research.

Conclusion

A brief review on biomedical applications of Mössbauer
spectroscopy demonstrated a wide range of basic research
which can be useful in the study of the molecular nature of
diseases. The main directions of these studies suggested
earlier [37, 45, 46] demonstrate continuation of biomedical
studies. However, the number of investigations of quanti-
tative and qualitative changes in iron containing proteins
from patients with molecular diseases is significantly
decreased, probably, due to a limitation of conventional
Mössbauer spectroscopy for revealing small differences in
Mössbauer parameters. On the other hand, the number of
studies of pharmaceutical compounds containing tin and
iron, as well as iron-based nanoparticles for medical pur-
poses is slightly increased. Therefore, further development
of Mössbauer spectroscopy and wide distribution of new
powerful spectrometers may be useful and perspective in
biomedical applications of Mössbauer spectroscopy.
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