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Abstract We studied radiation effects on the stability of various states of hemoglobin
(Hb) in red blood cells (RBC) irradiated with a very low dose of neutron rays,
50 μGy. We investigated RBCs isolated from blood of healthy donors. Mössbauer
spectroscopy was applied to monitor different forms of Hb. Our results show, for
the first time, that oxyhemoglobin (OxyHb) and deoxyhemoglobin (DeoxyHb) are
two Hb forms sensitive to such a low neutron radiation. Both Hbs change into a new
Hb form (Hbirr). Additionally, OxyHb transfers into HbOH/H2O, which under our
experimental conditions is resistant to the action of neutron rays.
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1 Introduction

All living organisms are continuously exposed to an ionizing radiation. The average
dose rate of the background radiation (radioelements in the soil, rocks, cosmic
radiation or medical procedures) is around 2.5 mSv per year, i.e. 5 nSv/min at the
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sea level. The primary effect of ionizing radiation is the production of free radicals
and reactive oxygen species (ROS). All molecules in living organisms are potential
targets.

Within the frame of this work we studied the influence of neutron radiation. The
applied dose of 50 μGy is several orders of magnitude lower than those used in radio-
immunotherapy (∼keV) or in prevention of posttransfusion-associated graft-versus-
host disease (25–50 Gy) [1]. It is even three orders of magnitude lower than doses at
which hormesis phenomena were reported (5–200 mGy). Moreover, the rate dose of
the radiation (1.1 mGy/min) is only about 200 times higher than that one estimated
for the background radiation. It is known, that neutrons can produce observable
damage at lower absorbed doses than β- , γ - or X-radiation because they show
higher relative biological effectiveness (RBE) which depends on the energy transfer
(LET) being a function of the radiation type, energy and the properties of the target
[2–4]. It was observed that μGy doses of ionizing radiation, independently of its type,
may cause serious oxidative stress in living organisms. They may damage lipids and
proteins, especially enriched in -SH groups [5, 6]. Therefore we wanted to check
if there is a detectable influence of ionizing irradiation at an exposure time of a
few minutes and at a very low dose rate of ionizing radiation on the hemoglobin
(Hb) states in red blood cells (RBCs). We have chosen RBCs because they can
serve as a good model system for studying the influence of ionizing radiation on
the biomembranes of mammalian cells. Their structure is well known and mature
RBCs have no nucleus or any other cellular organelles. We applied Mössbauer
spectroscopy to follow different Hb states in untreated and irradiated RBCs. This
method was shown to be a sensitive tool in the investigations of the valence and spin
states of iron as well as properties of its binding sites [7–9].

2 Materials and methods

Erythrocytes were isolated from blood via centrifugation in phosphate buffer
(pH 7.4) using a standard method [10]. The washed RBCs were suspended in the
phosphate buffer at the cell concentration of 8·1010 red cells / ml in a volume of about
1.5 ml. These samples were kept in a frozen state at −80◦C before the measurement.

239Pu-Be was our source of neutron radiation with two energetic maxima at
877 keV and 2.9 MeV. An average energy of the emitted neutrons was 4 ± 2MeV.
Energy of the accompanying γ -rays was about 59 keV. The activity of this neutron
source at the position of the sample was 1,36·104 Bq, what was equivalent to about
1.1 μGy/min or about 2 μSv/min [2].

In the Mössbauer experiments 50 mCi 57Co(Rh) was a source of the 14.4 keV γ -
radiation. The measurements were performed at 85 ± 0.1 K. Experimental data were
fitted using Recoil Mössbauer Spectral Analysis Software [11].

3 Results and discussion

We studied the influence of a low dose of neutron radiation on the stability of Hb
in RBCs isolated from two different representative healthy donors. The Mössbauer
spectra of non-irradiated and irradiated samples are presented in Fig. 1A–D, respec-
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Fig. 1 Mössbauer spectra of non – irradiated (A, B) and irradiated (C, D) with 50 μGy neutron rays
RBCs from healthy donors (A, C – sample 1; B, D – sample 2)

tively. Values of hyperfine parameters (IS – isomer shift, QS – quadrupole splitting)
fitted to the experimental spectra obtained for both cases are collected in Table 1.

The Mössbauer spectra of untreated RBCs can be decomposed into two (sam-
ple 1) or three (sample 2) components characterized by different hyperfine parame-
ters. The subspectrum with the largest QS of about 2.17 mm/s is characteristic for
a diamagnetic state in oxygenated haemoglobin (OxyHb). At the moment, there
are two models which may explain a diamagnetism of OxyHb: (i) the Pauling
model suggesting an interaction between a low spin ferrous atom and singlet O2

(a hydrophobic amino acids in the heme iron neighbourhood may help keep Fe2+
from becoming oxidized to Fe3+) or (ii) the Weiss model assuming a strong anti-
ferromagnetic coupling between a paramagnetic low spin ferric atom and a paramag-
netic superoxide radical anion O·−

2 [7, 12–15]. Large quadrupole splitting comparable
to that one observed for a high spin ferrous state results from a negative principal
electric field gradient [7]. In OxyHb, the movement of the iron atom toward the
porphyrin plane was caused by the contraction of the coordination bonds between
iron and four nitrogens of the porphyrin.In consequence the proximal histidine (His)
comes closer to the heme plane by about 0.5 Å. There is a hydrogen bond between
distal His and the terminal oxygen atom of the coordinated molecular oxygen which
stabilizes the Fe-OO angle about 120 degree as shown in ref. [16]. The doublet with
QS ∼ 1.70 mm/s is assigned to deoxyhemoglobin in which the OH/H2O molecule
is the 6th ligand of the heme-iron (HbOH/H2O). In this case the water molecule is
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Table 1 Hyperfine parameters fitted to the Mössbauer spectra obtained for non-irradiated and
irradiated RBCs isolated from healthy donors

Hyperfine Component 1 Component 2 Component 3 Component 4
parameters OxyHb HbOH/H2O DeoxyHb Hbirr

Sample 1 non-irradiated
IS [mm/s] 0.16 ± 0.01 0.16 ± 0.04
QS [mm/s] 2.14 ± 0.02 1.69 ± 0.15
A [%] 88.0 ± 1.5 12.0 ± 1.5

Sample 1 irradiated 45 min
IS [mm/s] 0.16 ± 0.01 0.18 ± 0.02 0.25 ± 0.04
QS [mm/s] 2.21 ± 0.03 1.77 ± 0.07 0.35 ± 0.22
A [%] 69.0 ± 2.0 26.8 ± 2.0 4.2 ± 2.0

Sample 2 non-irradiated
IS [mm/s] 0.17 ± 0.01 0.17 ± 0.04 0.87 ± 0.04
QS [mm/s] 2.17 ± 0.02 1.55 ± 0.05 2.21 ± 0.08
A [%] 72.3 ± 2.0 15.4 ± 2.0 12.3 ± 2.0

Sample 2 irradiated 45 min
IS [mm/s] 0.15 ± 0.01 0.14 ± 0.10 0.72 ± 0.17 0.14 ± 0.07
QS [mm/s] 2.18 ± 0.04 1.65 ± 0.21 2.80 ± 0.34 0.28 ± 0.12
A [%] 65.9 ± 2.0 14.3 ± 2.5 6.8 ± 2.5 13.3 ± 2.5

IS – isomer shift, QS – quadrupole splitting. The line width was 0.20 ± 0.02 mm/s

additionally bound to distal His via a hydrogen bridge [17]. One may consider the
sixth Fe ligand as a hydroxide or water molecule depending on the delocalization
of the hydrogen charge toward the His nitrogen or oxygen atom, respectively. In
this case the heme-iron could be in a mixed valence state (Fe2+/Fe3+) having mixed
spin states [7]. The third component with IS ∼ 0.9 mm/s and large QS comes from
deoxygenated hemoglobin (DeoxyHb in sample 2) [7, 16]. In DeoxyHb the prophyrin
is domed and the iron atom is displaced from the heme plane toward the proximal
His. A second iron axial ligand is formed between Fe and distal His. In this case the
heme iron is in a high spin state (S = 2). The large quadrupole splitting is due to
the asymmetric charge distribution resulting from an extra electron in the xy plane
[7, 16]. Irradiation of RBCs results in an occurrence of a new component with IS
∼ 0.20 mm/s and QS ∼ 0.30 mm/s. We call it Hbirr and it can be assigned to five
(six) -coordinated heme iron with CN(s)-group (low spin Fe3+ or high spin Fe3+
in a strong iron-ligand bonds with almost spherical electric field symmetry), which
could be formed due to His imidazole ring radiolysis [18, 19]. However, the hyperfine
parameters are also characteristic for a low spin ferrous state of the heme-iron bound
to CO [7, 16]. Radiolysis of the protein-lipid matrix may cause the formation of
carbon monoxide [19, 20]. The contribution of Hbirr is low in the spectrum obtained
for sample 1 (∼4%) and much higher in the case of sample 2 (∼13%). At the same
time the content of OxyHb decreases in the spectra of both samples. Additionally,
in the case of sample 1 the contribution of HbOH/H2O increases by ∼50% whereas
in the case of sample 2 the content of this component remains unchanged but the
DeoxyHb contribution decreases by ∼50%.

Our results show that there are two Hb forms sensitive to the neutron irradiation
of RBCs at a very low dose of 50 μGy. OxyHb and DeoxyHb change into Hbirr.
Additionally, OxyHb may transfer into HbOH/H2O, which is resistant to the action
of neutrons under our experimental conditions.
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4 Conclusions

Mössbauer spectroscopy allowed us to gain an insight into possible changes of Hb in
the RBC irradiated with neutrons at a very low dose of 50 μGy. We observed that
only two Hb forms (OxyHb and DeoxyHb), which are physiologically active in O2

transport, are sensitive to this neutron radiation. Inactive HbOH/H2O seems to be
resistant to such a low dose of neutron radiation.
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