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This paper examines the influence of a low dose of neutron radiation
of 111 µGy (1.418 mSv — ICRP21, 1.277 mSv — ICRP74) on the stabil-
ity of human red blood cells (RBCs). In the range of µGy doses, ionizing
radiation may cause a serious oxidative stress in living organisms due to
the Petkau effect. RBCs were chosen because their structure and function
are well known, so they can be used as a model system for studying the in-
fluence of ionizing radiation on mammalian cell membranes. Atomic force
microscopy (AFM) is applied to analyze the topography of RBCs, their
shape and membrane-skeleton network, along with the Mössbauer spec-
troscopy to monitor different states of hemoglobin (Hb) and its ability to
bind or release O2 in untreated and irradiated erythrocytes. We find that
neutron radiation at a dose of 111 µGy causes a shape change of RBCs and
a stretching of the spectrin network. In addition, it modifies the permeabil-
ity of erythrocyte membrane to gases and slows down the O2 rebinding by
Hb by a factor of 4 in comparison to untreated red cells. We also observe
that a new form of Hbirr occurs at a level of about 6%.
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1. Introduction

Neutron radiation comes under the heading of indirectly ionizing radia-
tion and is more penetrating than charged alpha, beta particles or γ-ray.
Only in materials of low atomic number such as hydrogen, low energy
γ-radiation is more penetrating than that of high energy neutrons. The
energy transfer during neutron scattering could be very high, especially for
hydrogen, in this case up to 100%. Hydrogen atoms are common in lipids,
proteins and other biologically important structures of living organisms. Hy-
drogen nuclei produced during a collision with neutrons cause ionization of
the biological material through which they travel. The formation of reactive
oxygen species (ROS), for example singlet oxygen and free radicals, results
in major damage to biomolecules. These harmful species and the products
of their reactions have been shown to have dysfunctional effects in living
cells [1, 2]. Neutrons indirectly involve high linear-energy transfer (high
LET) radiation (protons, alphas, scattered ions) which significantly impairs
the repair mechanisms of cells. Since it has a higher relative biological effec-
tiveness (RBE) than γ- or beta-radiation by about 10 times, neutron therapy
can be very effective. Usually, in radiotherapy fast neutrons are applied, i.e.
those with energies higher than 20 MeV. The severity of the side effects
depends on the total dose delivered and the general health of the patient.

Studies on the influence of low doses of neutron radiation at lower energy
are required in order to better understand the action of neutrons on living
organisms. There are only a few works available on this subject. In the
case of high doses of ionizing radiation, at least 100 times higher than the
estimated background radiation (∼ 2.5 mGy at sea level), the severity of
the cell damage is proportional to the dose and appears shortly after expo-
sure [3]. However, cellular responses to doses absorbed at a low level cannot
be extrapolated from these high doses. For doses from 5 mGy to 200 mGy,
“radiation hormesis” and “radioadaptive responses” have been reported [4–6].
This is possible because stimulation of defensive mechanisms against ROS
damage is to be expected. Most of them are the same as those activated
under normal circumstances. The biological effects of these highly reac-
tive compounds are controlled in vivo by a wide spectrum of antioxidant
enzymatic mechanisms as, for example, by superoxide dismutases (SOD),
glutathione peroxidase (GPx), catalases (CAT), peroxiredoxin, and also by
such small antioxidant molecules as carotenoids, tocopherols, ascorbic acid
and glutathione [7–13].

This work presents a study of the stability of RBCs exposed to neutron
radiation at a dose of 111 µGy, which is about 3 orders of magnitude lower
than those for which the radiation hormesis is observed. The phenomena
expected were those associated with what is known as the Petkau effect,
when an enhanced propagation of free radicals takes place [14, 15] as in
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the case of RBCs treated with very low doses of γ-radiation [16]. Petkau
showed that free radicals are more damaging to biological material in lower
than higher concentrations because of the screening effect in the latter, when
they more readily recombine with each other instead of interfering with the
target molecules. This has non-monotonic consequences. We chose human
RBCs because of their availability and their well-defined structure [17, 18].
The stability of erythrocytes exposed to neutron rays was monitored using
absorption spectroscopy. Atomic force microscopy (AFM) was applied to in-
vestigate any modifications to the structure of irradiated RBC. This method
is a powerful tool in studies of the erythrocyte membrane-skeleton [19] as
well as other physico-chemical properties of RBCs [20]. The Mössbauer
spectroscopy is usually used as a sensitive tool for the investigation of the
valence and spin states of heme-iron and properties of its binding site in
hemoglobin [21, 22]. In this work, it was also applied to monitor the per-
meability of the erythrocyte membrane to gases, and the reversibility of O2

binding by hemoglobin in untreated and irradiated red cells [19]. This ex-
perimental approach allowed us to correlate changes in the RBC membrane-
skeleton structure with hemoglobin’s ability to bind or release O2.

2. Materials and methods

RBCs were isolated from fresh blood. Heparin was added as an anti-
coagulant. Blood was taken from 3 healthy persons. The donors were non-
smokers and had not undergone any therapy prior to the studies in at least
the previous three months. They were free of any allergic diseases. The
clinical characteristics and laboratory parameters of the healthy donors are
presented in Table I. All morphological parameters remained in the physio-
logical range.

Erythrocytes were isolated from blood using a standard method [20].
Blood was centrifuged at 4500 rpm at 4◦C for 20 min and the pellet was
collected. Then, the cells were suspended in a phosphate buffer (pH 7.4,
NaH2PO4/Na2HPO4, 200 mM) and again centrifuged at 4500 rpm at 4◦C.
This procedure was repeated at least 3 times. Washed RBCs were suspended
in a phosphate buffer at 4 × 109 red blood cells/ml. For the Mössbauer
experiments, about 20-fold concentrated samples having a total volume of
about 1.5 ml were used. These samples were kept frozen at −80◦C. During
the procedure of the isolation of erythrocytes and their further treatment
with neutron radiation, samples were protected against light.



428 M. Kaczmarska et al.

TABLE I

Clinical characteristics and laboratory parameters of studied donors. BPs — blood
pressure [mmHg]. BPr — blood pressure [mmHg], Hb — hemoglobin [g/dl], Ht
— hematocrit [%], RBC — red blood cells [mm−3], MCV — mean corpuscular
volume [fl], MCHC — mean corpuscular hemoglobin concentration [g/l], TCh —
total cholesterol [mmol/l], LDL — low-density lipoprotein [mmol/l], HDL — high-
density lipoprotein [mmol/l], TG — triglyceride [mmol/l], Gl — glucose [mmol/l],
HbA1c — glycated hemoglobin [%], Cr — creatinine [mol/l], Fib — fibrinogen [g/l],
CRP — C-reactive protein [mg/l], TSH — thyroid-stimulating hormone [µlU/mL].

Patient Healthy*
Sex 2M+1F
Age 25± 2.2
BPs 122.3± 1.9
BPr 77.7± 1.6
Hb 15.7± 0.2
Ht 46.1± 1.3
RBC 5.38± 0.17
MCV 85.8± 0.5
MCH 31.1± 1.9
TCh 4.9± 013
LDL 2.6± 0.3
HDL 1.63± 0.04
TG 1.02± 0.08
Gl 4.94± 0.13
HbA1c 5.17± 0.13
Cr 83.3± 4.3
Fib 2.66± 0.26
CRP 3.36± 0.01
TSH 3.28± 0.5

*an average parameters are given for healthy donors; F — female, M — male.

239Pu–Be was our source of neutron radiation. Neutron flux density
in the sample position was 1.5 × 103 ncm−2s−1, which is equivalent to
about 2.5 µGy/min or about 315 µSv/min — ICRP21 and 284 µSv/min
— ICRP74. The contribution to energy deposition is as follows: protons
89.6%, alphas 0.5%, recoil ions and other high LET particles 8.5%, electron
and photons only due to source neutrons interactions 1.3%. Dose due to
photons from Pu–Be source (Pu fission products) activity of steel housing
is less than 20% of total dose [23]. Neutron flux density and doses were
calculated with the use of MCNP-6 code [24]. Neutron spectrum of Pu–Be
source was taken from IAEA Compendium of Neutron Spectra and Detector
Responses for Radiation Protection Purposes [25]. Energy deposition was
calculated with the use of F6 tally and doses with the use of F4 tally modified
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by standard dose function ICRP-21 1971 [26, 27] and ICRP-74 1996 ambient
dose equivalent [28]. A sample was about 1 mm thick blood layer of about
1 g/cm3 density and chemical composition taken from PNNL-15870 [29].

The hemolysis of RBCs was monitored using an absorption spectrometer
(Varian Cary 50Bio). Samples were exposed to neutron rays for 45 min at
room temperature. The rate dose of 2.5 µGy/min was constant. The super-
natant, obtained from centrifuged non-irradiated or irradiated samples, was
measured within wavelength range from 450 nm to 700 nm. The absorption
spectra were fitted using the superposition of two Gaussian functions (three
functions when a methemoglobin was present). The percentage of hemol-
ysis was determined from the ratio of the area under the Gaussian curve
with the absorption peak centered at 577 nm of an irradiated sample and a
corresponding non-irradiated, totally hemolyzed sample. The spontaneous
hemolysis of the control (untreated) sample was at a level of about 0.3%
and this was always subtracted. All results were normalized to the amount
of erythrocytes in the samples. Only freshly prepared RBCs were used.

Erythrocyte topography was detected using atomic force microscopy
(AFM, Agilent 5500). About 200 µl of erythrocytes suspended in a phos-
phate buffer was placed on a mica surface (V5, Veeco). Measurements were
carried out in air at room temperature, always 2 h after the sample’s depo-
sition on the mica. We did not use any of the chemicals which are usually
applied in such experiments in order to stabilize the structure of erythro-
cytes. Measurements were performed in the contact mode. V-shaped Si3N4

cantilevers with a spring constant of 0.01 N/m were applied.
In the Mössbauer experiments, samples containing concentrated erythro-

cytes in the phosphate buffer were put in a home-made cryostat. The
reversibility of O2 binding to Hb was performed according to the proce-
dure described in [22]. 50 mCi 57Co(Rh) was the source of the 14.4 keV
γ-radiation. Measurements were performed at 85±0.1 K. Experimental data
were fitted using Recoil software [30]. The studies were approved by the
Bioethics Committee of the Jagiellonian University (KBET/11/B/2009 and
124/KBL/OIL/2011).

3. Results and discussion

3.1. Erythrocyte topography

The applied 111 µGy dose of neutron radiation caused hemolysis of the
erythrocytes at a level of 2± 0.5%. This means that most of them remained
unhemolized. Atomic force microscopy was applied to investigate differ-
ences in the shape and membrane structure between healthy RBCs both
non-irradiated and irradiated. This method allows one to image the sur-
faces of biological cells with a nanometer resolution [22, 31, 32]. Because
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the RBC membrane is only about 4 nm thick and the experiments were
performed under partial dehydration of the samples, the cell membrane-
skeleton network could be made visible. In Fig. 1, we present in the same
resolution representative images of RBCs not irradiated (a) and those irra-
diated for 45 min with neutrons ((b) and (c)). The images in Fig. 1 (b) and
(c) show two typical forms of erythrocytes for irradiated cells. In Fig. 1 (d),
(e) and (f), there are three-dimensional pictures of the subsequent repre-
sentative erythrocytes. One sees that RBC exposure to neutron radiation
does not cause a change in cell size and, in some cases, even a biconcave
shape is preserved (Fig. 1 (b)). However, all RBCs irradiated with neutrons
have irregular craggy edges (Fig. 1 (b), (c), (e) and (f)). These changes are
usually observed in erythrocytes suspended in a hypertonic medium [33].

(a) (b) (c)

(d) (e) (f)

Fig. 1. AFM images of red blood cells isolated from a healthy donor: non-irradiated
(a) and after 45 minutes of irradiation by neutron rays, the total deposited dose
was 111 µGy ((b) and (c)); and their three dimensional counterparts: (d) — non-
irradiated RBC, (e), (f) — irradiated RBCs.

The fine structures of the red cell membrane skeleton were monitored by
scanning the surfaces of erythrocytes with a higher resolution, 2 × 2 µm2

(Fig. 2 (a) and (b)). Elongated splits and protrusions are visible on the
surface of the irradiated RBCs. Corresponding cross sections marked in
Fig. 2 (a) and (b) are shown in Fig. 2 (c) and (d), respectively. Figure 2 (d)
exposes both larger structures and finer structures. Usually, these occur in
the case of irradiated erythrocytes. Distributions of protrusions and cavities
for healthy non-irradiated and irradiated RBCs are presented in Fig. 3. Fig-
ure 3 (a), (b) show the distributions of fine protrusions on larger structures
(Fig. 3 (c), (d)). The average values for each group of erythrocytes are given
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Fig. 2. AFM example images of the surfaces of healthy RBCs non-irradiated (a) and
after irradiation by neutron rays at 111 µGy dose (b). The scan area is 2× 2 µm2.
Cross sections along the directions indicated by white lines in (a) and (b) are shown
in (c) and (d), for the cross section No. 2, respectively.

in the figures. Additionally, in Fig. 3 (e), (f) and (g), (h) diameters and
lateral cross sections (shown as distances) are presented, respectively. Fine
protrusions of about 38± 9 nm and longer structures of about 100± 20 nm,
cavities about 39 ± 12 nm in diameter, and lateral cross sections of about
52±18 nm characterize the honeycomb membrane skeleton of non-irradiated
RBCs (Fig. 3 (a), (c), (e), (g)). In the case of irradiated RBCs, the mem-
brane skeleton still has the honeycomb organization with cavities, large and
small protrusions with average diameters of about 47± 15 nm, 52± 15 nm
and 155±31 nm, respectively (Fig. 3 (b), (d), (f)). These structures, as well
as the lateral cross sections (62± 24 nm) seem to be larger in erythrocytes
exposed to neutron radiation than in non-irradiated cells.

In order to extract possible differences between the membrane-skeleton
organization in non-irradiated and irradiated healthy RBCs, statistical anal-
ysis of the data presented in Fig. 3 was carried out. All evaluations were
done using a t-test for independent samples. If the assumption of normal
distribution was fulfilled (it is the case of the large elongated protrusions),
a parametric t-test was used, otherwise (all other data) a non-parametric
Mann–Whitney U-test was applied.
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Fig. 3. Gaussian distributions of the sizes of fine protrusions (a), (b), of large
protrusions (c), (d) and of cavity diameters (e), (f) as well as of protrusions (g),
(h) along lateral cross sections (for example, see line 1 in Fig. 2 (b)) are presented
for the control and irradiated RBCs in the left and right panel, respectively. The
estimated average values are given in the corresponding diagrams. In each case,
above 100 structures were taken into account.
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The statistical analysis shows that there are significant differences be-
tween the corresponding data sets obtained for the non-irradiated and irra-
diated red cell structures at a level of p ≤ 0.01. A comparison of the mean
values for these two data sets is presented in Fig. 4 as box and whisker plots.
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Fig. 4. Quantitative analysis of differences between the subsequent structures of
erythrocyte membrane skeleton of non-irradiated and irradiated RBCs from healthy
donors. The dose of neutron radiation applied was 111 µGy. The size differences
of fine protrusions, large protrusions, diameters of cavities and protrusions along
lateral cross sections are shown in figures (a), (b), (c) and (d), respectively.

The RBC membrane composed of cholesterol and phospholipids is spread
over an elastic network of skeletal proteins via transmembrane peptides
[18, 34]. It has been shown that the network of short actin filaments is
cross-linked into a hexagonal structure by 200 nm long, flexible spectrin
tetramers. The lengths of the short actin filaments containing approxi-
mately 13 monomers at the central junctions are stabilized and limited by
association with rodlike tropomyosin molecules (about 33–34 nm long) and
the tropomyosin-binding protein, tropomodulin (14.5 ± 2.4 nm in diame-
ter) [35, 36]. Spectrin is also associated with ankyrin, and the distance from
the tail end of spectrin to its ankyrin binding site is about 78± 7 nm as the
spectrin dimmer is estimated to be 100 nm long [37]. Due to these interac-
tions, the skeleton network forms tetra-, penta-, hexa- or heptagonal struc-
tures. Analysis of the present structures shows that this honeycomb pattern
indeed represents the membrane-skeleton network but one has to take into
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account that the sizes of the structures obtained from cross sectional pro-
files are somewhat exaggerated [32, 38]. However, this overestimation should
not exceed about 20%. On the other hand, under these experimental con-
ditions, unstretched skeleton molecules are monitored. Spectrin tetramers
may, therefore, have a length of about 1/3 of their stretched conforma-
tion [38] and that is why the fine protrusions (of about 38–52 nm) can be
assigned to such spectrins or to junctional/ankyrin complexes [32, 35, 36, 39].
The larger protrusions of about 100–155 nm correspond to partially stretched
tetrameric spectrin molecules.

These changes in shape and in membrane-skeleton organization in RBCs
exposed to a neutron radiation dose as low as 111 µGy provide experimental
evidence for the Petkau effect. So far, morphological changes in human ery-
throcytes were reported for much higher (> 106 order of magnitude) doses
of thermal neutrons (flux 9.4× 109 neutrons/s cm2 corresponding to a dose
rate of 83 mGy/min), up to 72 Gy [40]. The authors detected a four-stage
discoid-to-spheroid shape transformation of damaged RBCs using scanning
electron microscopy. An irregular RBC shape and aggregation of cells due
to ROS action on the erythrocyte membrane were also observed for rat ery-
throcytes exposed to fast neutrons at the dose of 0.1 mGy (1.0 mSv) and for
murine RBCs irradiated by neutrons and concomitant γ-radiation at a total
dose of 0.5–14 Gy [41, 42]. Irradiated RBCs had increased osmotic fragility
which was related most probably to their morphological modifications.

Usually, effects like those which cause the destruction of RBCs are re-
ported for much higher doses and dose rates of ionizing radiation [43–48].
Protein–SH groups have been shown to be especially sensitive to oxidative
stress [49]. However, lipids are most probably the first target of ROS ac-
tion, given that Petkau proved that lipid peroxidation occurs even under
conditions of background radiation [3, 14, 50, 51].

3.2. Mössbauer measurements

Neutron radiation is the most penetrating radiation and it can also
modify the inner structures of RBCs. In particular, this study found that
neutron doses as low as 111 µGy caused oxyhemoglobin (OxyHb) and de-
oxyhemoglobin (DeoxyHb) to change into a new form called Hbirr, which
is characterized by a low isomer shift (IS) of about 0.20 mm/s and low
quadrupole splitting (QS) of about 0.35 mm/s [52]. The results also show
that OxyHb may turn into HbOH/H2O, which is resistant to the action of
neutrons under our experimental conditions. Interestingly, the hyperfine pa-
rameters of the new Hbirr state detected in erythrocytes exposed to 1.8 mGy
γ-radiation differ from those estimated in the case of RBCs irradiated by
neutrons. They were more similar to MetHb parameters (IS ≈ 0.07 mm/s
and QS ≈ 0.47 mm/s), which suggests a five coordinated heme-iron in a
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high spin oxidized state [16]. However, the hyperfine parameters found for
Hbirr in erythrocytes irradiated by neutrons are rather close to those usu-
ally observed for a low spin ferrous state [21, 53] although Fe3+ in a strong
electric field with almost spherical symmetry, which could be formed due to
histidine (His) imidazole ring radiolysis, cannot be excluded [52, 54].

Recently, it has been shown that the Mössbauer spectroscopy can be used
in monitoring oxygen rebinding by Hb inside RBCs [22]. The same experi-
mental protocol is applied here to check how the above described morpholog-
ical changes in RBCs caused by the influence of neutrons on gas exchange
through the erythrocyte membrane and the affinity of Hb to O2 binding.
Example Mössbauer spectra of two samples collected at different times after
incubation under low O2 (high N2) pressure are shown in Fig. 5. Figure 6 (a)
and (b) shows the time-evolution of OxyHb formation after the RBC trans-
fer to low N2 (high O2) pressure and other Hb forms present in red cells
non-irradiated and irradiated with neutrons (111 µGy).
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Fig. 5. Example Mössbauer spectra of Hb states in healthy RBCs non-irradiated
(a), (b) and after irradiation (c), (d) with 111 µGy neutron rays ((a), (c) — sam-
ple 1; (b), (d) — sample 2) measured at 85 K under low N2 pressure conditions and
collected about 7 h (a), (b), 25 h (c) and 72 h (d) after transfer of the samples from
high N2 (low O2) pressure conditions at room temperature (T = 296± 1 K) to low
N2 (high O2) pressure conditions at 85 K. Both samples were obtained from one
donor during the same isolation procedure. Lower effects of the Mössbauer spectra
measured for the irradiated sample are caused by the partial loss of experimental
material due to the irradiation and additional centrifugation.
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Fig. 6. Time-dependent changes in the contribution of HbOH/H2O and OxyHb for
non-irradiated (a) and irradiated (b) RBCs. In the case of the irradiated sample,
contributions of two other Hb states (DeoxyHb and Hbirr) are shown.

The Mössbauer spectra of untreated RBCs can be decomposed into two
subspectra characterized by different hyperfine parameters. The subspec-
trum with the largest QS of about 2.17 mm/s is characteristic for a dia-
magnetic state in OxyHb [21]. The doublet with QS ≈ 1.70 mm/s is as-
signed to deoxyhemoglobin in which the OH/H2O molecule is the 6th ligand
of the heme-iron (HbOH/H2O). In this case, the heme-iron could be in a
mixed valence state (Fe2+/Fe3+) with mixed spin states [21]. In the case
of the irradiated sample, a third component with IS = 0.77 ± 0.14 mm/s
and QS = 1.12± 0.26 mm/s arises most probably from modified DeoxyHb,
in which the heme-iron is present in a high spin Fe2+ state. However, in
DeoxyHb as usually observed, QS is about two times larger [21, 53]. The
quadrupole splitting for this Hb state increases up to about 2.0 mm/s with
increasing time of measurements (data not shown, only the contribution
of this DeoxyHb is presented in Fig. 6) and that is why it is ascribed to
DeoxyHb. After 72 hours, there was no more DeoxyHb in the Mössbauer
spectra. Instead, the Hbirr content increased (IS = 0.15 ± 0.09 mm/s and
QS = 0.46± 0.14 mm/s). The same changed Hbirr state was already visible
after 13.5 h (Fig. 6).

In non-irradiated RBCs, the content of HbOH/H2O, which was initially
(after 1 h) at a level of about 60%, diminishes with a half-life time ∼ 2 h
reaching a stable level of about 18% after ∼ 8 h. Then, it remains con-
stant to the final measurement. At the same time, the content of OxyHb
increases from an initial level of about 40% to 85% after 8 h of measurement.
Reversible oxygen binding by hemoglobin from irradiated RBCs in compar-
ison to the non-irradiated RBCs slows down significantly. The half-life time
of the changes in the contribution of OxyHb and HbOH/H2O increases by
almost 4 times up to ∼ 10 h.
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These results show for the first time that due to the Petkau effect, a
new form of Hb occurred inside irradiated RBCs, and that modifications of
the erythrocyte membrane result in a decreased rate of oxygen rebinding
by Hb. Because in the Mössabuer experiments an increase in time is related
to increased oxygen partial pressure, one may conclude that the Hb affinity
to bind O2 decreases and that the saturation of OxyHb is shifted towards
higher oxygen partial pressure in irradiated RBCs.

4. Conclusions

The main outcome of this paper is experimental evidence that neutron
radiation at as small dose as ∼ 100 µGy causes changes in RBCs including
modifications in the structural and functional properties of erythrocytes:
(i) in their shape and membrane skeleton network and (ii) in the affinity of
Hb to oxygen. All these changes can be explained by the Petkau effect.

It may be stated more precisely that:

1. Topography measurements using AFM reveal changes in the shape of
irradiated RBCs, characteristic of erythrocytes in a hypertonic envi-
ronment. These changes are related to the fact that the membrane
skeleton is less tense. A more stretched spectrin network than in non-
irradiated RBCs is most probably responsible directly or indirectly for
the disruption of RBC membrane permeability to water molecules.

2. Mössbauer studies of O2 rebinding by Hb inside RBCs show that this
small neutron irradiation causes a decrease in the affinity of Hb to oxy-
gen binding. This phenomenon may also be related to morphological
changes in irradiated erythrocytes because the interaction of deoxyHb
with membrane-skeleton proteins may regulate it [55–57]. In addition,
gaseous exchange via the RBC membrane may be impaired.

3. A new form of Hbirr is detected in the Mössabuer spectra of irradiated
RBCs. It has previously been reported that only two physiologically
active Hb forms (OxyHb and DeoxyHb) are sensitive to such low doses
of neutron radiation [52].

The results obtained from these studies of the Petkau effect in RBCs irra-
diated by neutrons at very low doses may help us to understand hormesis and
what is known as the “by-stander” effects observed at much higher doses of
ionizing radiation [2, 58–60] and develop new radiological approaches which
will reduce the side effects of irradiation.
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