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Reactive Effect of Low Intensity He-Ne Laser upon Damaged Ultrastructure of
Human Erythrocyte Membrane in Fenton System by Atomic Force Microscopy
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Abstract        To find out the mechanism of modulating the deformability of erythrocytes with low intensity
He-Ne laser action, we studied the effect of low intensity He-Ne laser on the ultrastructure of human
erythrocyte membrane. Erythrocytes were treated with free radicals from a Fenton reaction system before
exposing them to low intensity He-Ne laser. The ultrastructure of damaged erythrocyte membrane was
examined by atomic force microscopy. The results showed that the erythrocyte membrane became very
rough and the molecules on the surface of the membrane congregated into particles of different magnitudes
sizes after treating with free radicals. Comparing the degree of congregation of the molecular particles in the
non-irradiated group and the He-Ne laser irradiated (9 mW and 18 mW) group, we found the average size of
molecular particles in the laser irradiated group was smaller than that in the non-irradiated group, indicating
that the low intensity laser had repairing function to the damage of erythrocyte membrane produced by the
free radicals.
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There is a great significance for guiding clinical treat-
ment by exploring the biological effects and mechanisms
of action of laser irradiation [1]. Low intensity laser irra-
diation has been clinically investigated and used to treat
various pathologic processes such as tissue repair [2],
wound healing [3] and prevention of restenosis following
coronary angioplasty [4]. In recent years blood therapy
using low intensity laser irradiation has become popular in
a variety of clinical applications because of its ability to
modulate blood rheology [5], improve microcirculation [6],
increase activity of multiple enzymes [7,8] and improve
the deformability of erythrocytes [9]. A lot of studies have
used biochemistry data to show the effect of low intensity
laser radiation on erythrocyte rheology, such as changes
in membrane fluidity and lipid peroxidation levels, the con-
tent of its metabolized products malondialdehyde (MDA),

superoxide dismutase and ATPase, and the membrane cho-
lesterol-membrane phosphatide ratio in the membrane [10−
12]. Despite numerous reports on laser cellular effects,
the interaction mechanisms of low intensity laser irradia-
tion with erythrocytes and its components are still far from
clear. There are few reports showing molecular images of
normal or damaged erythrocytes after laser irradiation. Our
understanding of how the interaction between laser and
molecules leads to the structural response of the
erythrocyte membrane in vivo remains poor. The normal
structure and function of erythrocyte membrane is
considered a major factor in carrying out its physiological
function. Observing the changes of the molecular image
in the erythrocyte membrane has great significance in
revealing the function of the erythrocyte. Atomic force
microscopy (AFM) is a powerful tool for studying changes
in membrane components and the protein skeleton of
erythrocytes. It also helps us to understand the pathologic
mechanisms of erythrocytes. AFM is the most prominent
instrument among the scanning probe microscopes. It has
been widely applied to investigate biological processes and
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topographic structures of the cell surface and biopolymers,
both in air and in physiological liquid environments [13].
AFM can provide high resolution images of the cell surface
and capture 3-D images under native conditions.

Based on the previous work of our group [14] and in
order to observe the effect of low intensity laser irradia-
tion on erythrocytes after treatment with free radicals, in
the current study we used AFM to scan the ultrastructure
images of human erythrocytes. This is the first time the
effect of low intensity laser irradiation in the erythrocyte
has been discussed from the point view of molecular
imaging, which was obtained by AFM.

Materials and Methods

Preparation of erythrocytes

Four healthy volunteers (two men and two women),
aged between 23 and 27 years, gave their consent to
participate in this study. Two milliliters of fresh whole
blood, drawn from each volunteer by venipuncture into a
Vacutainer (Guangzhou Improve Medical Instruments,
Guangzhou, China) containing EDTA, was centrifuged at
750 g for 10 min at 20 ºC. After the yellowish supernatant
containing plasma and the white fluffy coat on the pellet
were discarded, the erythrocytes were resuspended and
washed three times in PBS (140 mM NaCl, 5 mM Na2HPO4,
5 mM NaH2PO4,  10 mM glucose, pH 7.4)  with
centrifugation. Then 50 μl extracted erythrocytes were
resuspended in 950 μl of PBS for normal erythrocytes.
Three hundred microliters of erythrocyte solution were
extracted and incubated in 3 ml of Fenton reaction solution
(3% H2O2, 450 μM FeSO4 and 1.8% NaCl mixed with
isotonic solution; pH 7.0) for 30 min at 37 ºC [15]. After
incubation, the damaged erythrocytes were washed three
times in PBS and resuspended in 5.7 ml of PBS again.

Laser irradiation protocol

The damaged erythrocyte suspension was divided into
three aliquots, two for laser irradiation and the third for
non-irradiation as the control. Blood samples were placed
into plastic Petri dishes. The beam from a 632.8 nm He-
Ne laser (Guangzhou Laser Technology Institute,
Guangzhou, China) was used. The power of the laser was
9 mW and 18 mW, which did not induce damage to
erythrocytes [16,17]. A laser ergometer (LM-200A; Optics
Department, Chinese Calculation Research Institute,
Guangzhou, China) was used to regulate the output power
of the He-Ne laser. The precision of the laser ergometer

was 0.01 mW. The diameter of the light spot was 25 mm
and the irradiation time was 30 min. The energy density of
the laser was 3.294 J/cm2 and 6.588 J/cm2. With the
exception of the irradiation protocol, all groups were treated
under the same conditions with the same sample handling.
After irradiation, both irradiated and non-irradiated samples
were diluted with PBS. The hematocrit of the solutions
was approximately 0.25%.

AFM sample preparation and image collection

All erythrocyte samples were deposited on freshly cleaved
mica surfaces and fixed with 2.5% glutaraldehyde for 5
min. The fixed cells were washed five times with distilled
water in order to avoid the disturbance of salinity, then
air-dried at room temperature. AFM (AutoProbe CP; Veeco
Instruments, Santa Barbara, USA) was carried out in air
and imaged in contact mode. Microfabricated silicon
cantilevers with a constant force of approximately 2.8 N/m
were used. AFM images were planar leveled using Proscan
Image Processing Software Version 2.1 (Thermo
Microscopes) provided with the instrument in order to
eliminate low frequency background noise in the scanning
direction.

Statistical analysis

Student’s t-test for paired data was used to determine
the differences among experimental groups. Results were
expressed as the mean±SD. All statistical calculations and
analyses were carried out with Origin 7.0 software
(OriginLab, Northampton, USA). P<0.05 was considered
significant.

Results

Effect of free radicals on erythrocyte membrane

The AFM images of whole erythrocytes revealed some
differences between normal [Fig. 1(A,B)] and damaged
erythrocytes [Fig. 1(C,D)]. A low magnification (10×10
μm2 square scanning) view of both normal and damaged
whole erythrocytes showed an image of a disk with a
central depression. There was no difference in the whole
shape aspect of the damaged erythrocyte and the normal
one, except the depth of the central concave area; the depth
of the central concave area of the damaged one was
shallower than that of the normal one. The diameters of
the two kinds of cell were both approximately 8 μm.
However, there was a significant difference in the cell
surface between normal and damaged erythrocytes. The
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surface of the normal erythrocyte membrane was smooth,
whereas the surface of the damaged erythrocyte was very
rough.

Effect of He-Ne laser irradiation on damaged eryth-
rocyte membrane

Fig. 2 shows the AFM 2-D and 3-D topographic images
of laser irradiated erythrocytes and non-irradiated
erythrocytes, all of them previously treated with free
radicals (scan size 2 μm×2 μm). From the images, it can
be seen that the surface of the erythrocytes featured the

mountain-ridge-like structure, similar to those reported by
others [18,19]. Based on the previous studies, the particles
on the erythrocyte surface formed clusters of membrane
proteins protruding from the membrane surface, including
peripheral proteins and integral proteins. The dark areas
or gorges corresponded to the phospholipids membrane
bilayer below the cytoskeleton. Fig. 2(A,D) shows that
the particles of non-irradiated erythrocytes, treated with
free radicals, aggregated and some particles that existed
alone were cross-linked. It is clear that two dark holes
have formed due to heavy proteins joining together.

Fig. 1        Atomic force microscopy images of whole erythrocytes (scan size 10 μm×10 μm)
(A) Topographic image of a normal erythrocyte. (B) Error-signal mode image of a normal erythrocyte. (C) Topographic image of an erythrocyte treated with free radicals
of the Fenton system. (D) Error-signal mode image of a damaged erythrocyte.

Fig. 2        Atomic force microscopy images of the ultrastructure of the membrane of damaged erythrocytes treated with free radicals
of the Fenton system (scan size 2 μm×2 μm)
(A) Topographic image of damaged erythrocytes treated with free radicals and not irradiated. (B, C) Small scan size topographic images of damaged erythrocytes irradiated
by 9 mW and 18 mW He-Ne laser, respectively, after treatment with free radicals. (D−F) 3-D images corresponding to panels A−C. div, minor tick labels of axis.
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Compared with the non-irradiated group, the degree of
aggregation of the protein molecular particles of both laser
irradiated groups had been improved [Fig. 2(B,C,E,F)].
The interspaces among particles of laser irradiated eryth-
rocytes were larger than that of the non-irradiated one.
From Fig. 2(B,C), we can see some small single particles,
which might be the cross-linked protein polymers disas-
sembled into monomers. There is no hole on the erythro-
cyte membrane. The average size of the particles on dam-
aged erythrocyte membranes was 66.41±3.25 nm (Fig.
3). But the sizes of particles of laser irradiated erythrocyte
membranes were smaller than those of the control. The
average size of particles of 9 mW laser irradiated erythro-
cytes was 62.50±1.78 nm (P<0.05), and that of the 18
mW laser irradiated erythrocytes was 54.69±3.22 nm (P
<0.01), which is close to the size of particles that are not
larger than 50 nm on normal erythrocyte membrane [20].
There was also a significant difference between the 18
mW and 9 mW groups (P<0.05). The result implies that
laser irradiation has a positive effect on the modulation of
erythrocyte membrane. There is a repair function for laser
irradiation, in that the reactive effect of He-Ne laser makes
the damaged erythrocytes turn to the normal ones.

curves of the irradiated groups were much flatter than
that of the non-irradiated. The distance between peaks in
the irradiated samples was smaller than in the non-irradiated
sample. Moreover, the distance between the highest and
lowest points for the non-irradiated cell was 24.7 nm,
whereas the corresponding distance for 9 mW and 18 mW
laser irradiated cells was 22.24 nm [Fig. 4(B)] and 18.68
nm [Fig. 4(C)], respectively. The possible explanation for
this observation is that laser irradiation can lead to an
increase in the fluidity of the molecules and the erythrocyte
membrane, improving the function of the erythrocyte
membrane. The congregative form of the proteins is
extended. A possible explanation could be that the cross-
linked protein polymers disassembled into monomers as a
result of laser irradiation, therefore the curves of the
irradiation groups were much flatter and the distances
between the highest point and the lowest point were smaller.

Fig. 3        Effect of laser irradiation on average size of damaged
erythrocytes (n=6)
* P<0.05 versus non-irradiated erythrocytes; # P<0.05 versus 9 mW laser irradi-
ated erythrocytes. Data are presented as mean±SD.

Effect of laser irradiation on fluctuations of erythro-
cyte membrane

Comparing the line scans from randomly chosen sites
from the three kinds of cells [Fig. 2(A−C)], there are
some differences among them (Fig. 4). The fluctuation of
the non-irradiated erythrocyte membrane [Fig. 4(A)] was
larger than that of laser irradiated ones [Fig. 4(B,C)]. The

Fig. 4       Sectional curves corresponding to the lines in Fig. 2
show the relative flatness of the ultrastructure images
Ra, arithmetic average of the absolute values of the surface height deviations

measured from mean line, expressed as Ra= 1
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Zj is the current Z value, and N is the number of the point. Rv, minimum peak
height within the analyzed area with respect to the mean date line. Rp, maximum
peak height within the analyzed area with respect to the mean date line.
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Discussion

Free radical is the active substance, which contains not
pair-matching electrons for the required physiological
process. Free radicals are necessary to physiological
process. However, producing free radicals in excess or at
inapposite positions in cells will lead to pathological changes
in the organism. It can produce a great amount of ·OH by
the Haber-Weiss reaction (Fe2++H2O2 → ·OH+OH−+Fe3+).
·OH is one of the strongest oxidative free radicals. Free
radicals lead to changes of molecular chemical structure
and conformation by damaging the hydrogen bond of
membrane protein molecules, decreasing the content of
membrane hydrosulfuryl bases, which are oxidized into
S-S, peroxidating the hydrophile and hydrophobe areas of
the phosphatide membrane molecule [15]. Furthermore,
these changes could induce the destruction of the normal
configuration and interaction of molecules. There are a lot
of macromolecular polymers and MDA and the cross-
linking of amidogen between the membrane proteins and
phosphatides of the damaged erythrocyte membrane,
which increases its rigidity [21]. Finally, it leads to the
decrease of the fluidity of the erythrocyte membrane and
deformability of the erythrocyte. Our outcomes in the
current study show that the erythrocyte membrane was
damaged by free radicals.

There are a lot of biostimulatory effects of low intensity
laser irradiation that can provide energy for erythrocytes
at a low energy state and for metabolic enzymes. The
chemical activity and the stability of erythrocyte membrane
is increased after low intensity laser irradiation. The results
of our study showed that proteins could be prevented from
cross-linking and congregating by laser irradiation. Free
radicals could weaken the binding force of hydrogen bonds
between proteins, and break other non-covalently bonds
of protein binding as well. But molecules of the erythrocyte
membrane have absorbed He-Ne laser photons, which were
able to provide energy of 1.96 eV. The energy was used
to break off the binding of abnormal non-covalent bonds
(for  example, the energy of a hydrogen bond is
approximately 0.087 V−0.22 V, and that of a Van der Waals
bond is approximately 0.043−0.13 V) induced by the
change of conformation of membrane proteins which were
damaged by free radicals and to recover the binding of the
normal bonds. Then the binding force in membrane proteins
or between proteins was increased. Furthermore, the
revolving movement and chain swing of protein molecules
themselves, which were damaged by free radicals, were
reduced. The vibratory and rotational kinetic energy of

membrane molecules can be provided by the low intensity
He-Ne laser photons, which leads to an increase in the
revolving movement and resonance movement of
molecules [22], then the fluidity of the membrane increases
and the function of erythrocyte membrane improves. The
cross-linking of membrane proteins leads to conforma-
tional changes of membrane proteins [23]. Conformational
changes of membrane proteins, especially the band 3, can
modify the relation between the area of the outer membrane
leaflet relative to the inner one, which in turn can lead to a
change of the overall shape of the cell [24]. The
biostimulatory effect of low intensity laser irradiation stems
from the fact that its energy can normalize the conformation
of several kinds of proteins, leading to an increase in the
interaction among proteins. Furthermore, low intensity
laser irradiation not only can improve the activity of several
kinds of antioxidant enzymes, and increase the activity of
superoxide dismutase, which can effectively eliminate the
free radicals from the erythrocyte membrane, but can also
reduce the level of lipid peroxidation and the content of its
metabolized product MDA [25]. The deformability of
erythrocytes depends on the supply of ATP, which plays
an important role in maintaining the nature of cytoskeleton
molecules [26,27]. Laser photons might play the role of
the enzyme, making the progress in glycolysis successfully.
Providing energy by He-Ne laser, photons ensure enough
energy for the erythrocyte, to preserve its shape and
deformability

Our results show the beneficial effect of low intensity
laser irradiation on the function of erythrocyte membrane
damaged by free radicals, and the effect of 18 mW laser
irradiation on damaged erythrocytes is better than that of
9 mW laser irradiation. A possible explanation is that 18
mW laser can provide more photons and energy than 9
mW laser in the same timeframe. Absorbing more photons
would recover the functions of the erythrocyte and
erythrocyte membrane more quickly. The possible mecha-
nisms by which low intensity laser irradiation improves
the deformability of erythrocytes damaged by free radical
are: (1) enhancing the activity of the ATPase and thus
enhancing the metabolic function of erythrocytes and the
repairing function of erythrocyte membrane; (2) increasing
the activity of several kinds of antioxidant enzymes and
their ability to eliminate free radicals from erythrocytes;
and (3) recovering the damaged bonds and abnormal
molecular conformation of the erythrocyte membrane.

AFM can provide nanometer resolution images of cell
surfaces. An additional advantage of AFM is that the images
can be achieved with very simple sample preparation. In
contrast, transmission electron microscopy requires the
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