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Proper rheological properties of red blood cells (RBC) including flexibility and aggregability are essential for
healthy blood microcirculation. Excessive RBC aggregation has been observed to be associated with many
pathological conditions and is crucial in acute circulatory problems. Low-level laser radiation (LLLR) has been

BlomOduPnon found to have positive effects on the rheology of human blood, however, the detailed mechanisms of blood
Aggregation . . . . P . . .
Deformation photobiomodulation remains unclear. In this study, utilizing the single-cell technique optical tweezers (OT) and

traditional light microscopy, the influence of photobiomodulation of human RBC was examined under different
conditions of laser irradiation. The results revealed that high radiant exposure (over 170.5 J/cm? radiant fluence)
caused enhanced RBC aggregation and cell shape transformation while the aggregation force between single RBC
remained unchanged. LLLR with radiant fluence below 9.5 J/cm? by 450 nm wavelength improved the RBC
deformability, weakened the strength of cell-cell interaction in the RBC disaggregation process, and showed

Optical tweezers

rejuvenating effects on RBC suspended in a harsh cell environment.

1. Introduction

Red blood cells (RBC) of healthy human blood are observed to
reversibly form clusters termed “rouleaux” in distinctive arrangements
resembling stacks of coins at stasis or low-flow-rate conditions [1]. The
process of forming two/three-dimensional rouleaux through face-to-face
and face-to-edge attachments is termed “aggregation” and the detach-
ment of aggregates is described as disaggregation [2]. Studies have
revealed the vital role of proper RBC aggregation in regulating blood
viscosity and tissue-organ perfusion [3-5]. Enhanced RBC aggregation
has been reported in various clinical conditions including malaria, in-
fections, acute circulatory problems such as myocardial/cerebral
ischemia and infarction and peripheral vascular diseases, stable angina,
and coronary slow-flow phenomenon [3,6]. However, several basic

aspects of RBC aggregation mechanism and dynamics and in vivo effects
on blood flow remain unclear and there is an urgent need for methods
that can effectively improve the RBC aggregation state, especially in the
situations of acute myocardial/cerebral infarctions [7].

For more than four decades, laser biomodulation effects on human
blood including modifications in structural and functional properties
have been studied in various irradiation protocols with a broad spectral
range (ultraviolet, blue, green, red, infrared) and through different
irradiation methods such as intravenous and transcutaneous blood
irradiation [8]. Positive effects of low-level laser radiation (LLLR) on
improving blood microcirculation, inducing anti-inflammatory effects,
stimulating the immune response, normalizing blood rheology, and
reducing infarct size in acute myocardial infarction have been reported
[8-10]. Most in vitro studies that investigated the laser irradiation
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effects on the rheological properties of blood cells especially of RBC
were based on traditional analyzing methods and statistical results on a
macroscale were obtained. For instance, RBC deformation is evaluated
based on the performance of a large number of cells in red cell
deformability meter, RBC aggregation degree is typically assessed by the
erythrocyte sedimentation rate (ESR) measurement based on Wintrobe
tubes, and zeta potential is analyzed by electrophoretic mobility
[11-13]. Furthermore, the irradiation of the blood sample was typically
done in test tubes with a larger diameter than the beam spot, so the
blood sample need to be continuously stirred [14] or only a fraction of
the blood surface was irradiated directly [11,13]. Such irradiation
methods will somehow affect the experimental observation of the bio-
modulation effects of LLLR, and the reported effective radiant exposure
varied from 0.27 J/cm? to 550 J/cm? in different studies [10,12,13].
Moreover, the detailed modulation mechanism of LLLR on RBC behavior
and cell properties remains in discussion, and more studies are needed
for a better understanding of laser biomodulation effects and for
thoughtful designing of the irradiation protocol.

Optical tweezers (OT) is served as the single-cell manipulation
method to study the effects of LLLR on the rheological properties of RBC
in vitro. The optical trapping phenomenon based on radiation pressure is
derived from the fact that light carries momentum [15]. As a Nobel-prize
winning technique, OT has a profound impact on cell biology and bio-
nanotechnology research and has become a vital tool in hemorheology
studies [2,16]. With the ability to non-invasively manipulate single cells
with controllable trapping forces, OT can reveal the microscopic
mechanisms under the cell membrane deformation and intercellular
interaction and communication among RBC at the pico-Newton level
[17]. The aim of the current study was to explore the biomodulation
effects of laser irradiation on the in vitro rheological properties of
human RBC including spontaneous aggregation at rest, cell deform-
ability, dis/aggregation dynamics, and survival of RBC in the harsh
environment by conventional light microscopy and OT. The modulation
mechanism of laser irradiation on the RBC mutual interaction dynamics
was revealed for the first time at the single-cell level.

2. Materials and Methods

As the single-cell level measurement by OT is very sensitive to
external influences, the blood samples utilized in the current study were
donated by one healthy donor (female, age 28) with oral consent and
under the ethical permission (Finnish Red Cross, No. 7/2021) to avoid
donor-specific differences. The standard erythrocyte sedimentation rate
(ESR) of the donated blood was measured at a Mehilainen clinic (Oulu,
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Finland) as 2 mm/h within the normal range (< 20 mm/h). The
experimental samples were prepared by diluting washed RBC from
finger-prick blood in platelet-free autologous plasma obtained from
double-centrifuged whole blood (hematocrit <1%). The prepared blood
sample was injected into a sample chamber consisting of a microscopic
slide and a cover glass bonded by double-sided tapes (100 pm thick) for
irradiation treatment and following studies. The inner thickness (i.e., the
distance between the bottom and upper glass surfaces) of the sample
chamber was measured to be about 70-80 pm. The detailed instructions
on sample preparation can be found in our previous studies [18,19]. The
irradiation treatment was applied by localizing the sample chamber on
the irradiation stage of the in-house made laser irradiation platform as
shown in Fig. 1(a). Continuous diode lasers (Oxlasers, China) with
measured beam diameters of about 11 mm as shown in Fig. 1(b) were
used as irradiation sources. According to the First Law of Photochem-
istry, the premise of photochemical reaction is that photons are absor-
bed by molecular photoreceptors or chromophores [20]. The irradiation
wavelength of 450 nm close to the highest absorption peak of the tar-
geted photoreceptor (i.e., hemoglobin) according to the hemoglobin
absorption spectra as shown in Fig. 1(c) was adopted. The 520-nm
wavelength, which can be absorbed by hemoglobin but has a lower
absorption coefficient than the 450-nm wavelength, was selected for
comparison. A triangular-shaped prism with experimentally measured
light transmission efficiency (P / Pin) of about 90% for both 450- and
520-nm wavelength was used to direct the laser beam to the sample
chamber. The irradiation power was measured below the prism at the
sample stage. The output power of the diode lasers is stable enough for
our experiments as the relative fluctuations in the output power were
measured to be 0.4% and 5% for 450- and 520-nm wavelengths after 3 h
of operation at room temperature. The microscopic cover glasses used to
make the sample chambers are made of high transmittance glass, thus
the absorption by cover glasses was ignored. The temperature drift on
the surface of the sample chamber was measured to be no more than
0.3 °C for up to 4 h irradiation with a maximum output power of 50 mW
by both wavelengths. For the given wavelength, the radiant fluence or
exposure (H,) is the radiant energy (Q,) received by per unit area (A) and
is calculated by:
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n :n:rZ (J/cm2) (€]

H,

where @, is the radiant flux/power (W), t is irradiation time (s), and r is
the radius of the irradiated area (5.5 mm). Only the cells in the sample
chamber within the irradiation area covered by the laser beam were
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Fig. 1. (a) Schematic layout of the sample irradiation platform made of a continuous-wave diode laser and a triangular prism with a light transmission efficiency
(Pou/ Pin) of about 90% for both 450- and 520-nm wavelength. (b) The diameter of the irradiation beam is measured to be 11 mm. (c) Absorption spectra of oxy- and
deoxy-hemoglobin (HbO, and Hb) with blue and green lines indicating the wavelengths (450 and 520 nm) used for blood sample irradiation. Reproduced from Prahl
S. Optical Absorption of Hemoglobin. Copyright © 1999 Prahl S. Available from: https://omlc.org/spectra/hemoglobin/. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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studied. The irradiation conditions used in the experiments are named in
the form of “wavelength_power”.

An Eclipse LV100DA-U microscope (Nikon, Japan) was used to
observe the RBC spontaneous aggregation process after a certain
standing/irradiation time. The dual-trap OTs system used to manipulate
RBC to study the cell deformation and cell-cell interaction is schemati-
cally sketched in Fig. 2(a). The main components are an infrared (1 =
1064 nm) Nd:YAG trapping laser source (ILML3IF-300 Leadlight Tech-
nology, China), two polarizing beam splitters to split the laser beam into
two channels, and a water immersion objective with a high numerical
aperture (LUMPIlanFl 100x/1.00 W, Olympus, Japan) to form gradient
force traps. It has been well manifested in our previous studies that the
continuous trapping of RBC within the infrared optical traps with the
trapping power of less than 100 mW for up to 5 min will not affect the
rheological properties of trapped RBC [2,18,21]. In the current study,
the trapping wavelength of 1064 nm is in the low absorption spectral
range of hemoglobin and each measurement by OT was performed
within 1 min with trapping power below 70 mW, therefore, the trapping
laser was not supposed to influence the measured RBC rheological
properties. The trapped RBC was observed to align with the polarization
direction of trapping beams as shown in Fig. 2(b). The relationship be-
tween the laser power and the trapping force was calibrated with the
method used in our previous studies [2,18] and the result is shown in
Fig. 2(c). The laser power represents the output laser power measured
after the “beam expander” module before being directed to the objec-
tive. All measurements were carried out at room temperature (23 +
1°QC).

3. Results

3.1. Laser Irradiation Effect on RBC Spontaneous Aggregation Studied by
Conventional Light Microscopy

As one of the most important determinants of blood rheology and
microcirculation, the intrinsic and well-known property of RBC in
forming binding structures “aggregates” or “rouleaux” by attaching to
each other was examined by conventional light microscopy. The samples
were observed under a 20 x objective after a certain standing (control
sample) or irradiation time. At least 20 microscopic images were taken
and the number of single RBC and all objects, as well as the sizes of the
RBC aggregates, were counted and analyzed to evaluate the effect of
laser irradiation on the process of rouleaux formation and to select
proper irradiation conditions for further studies. For the control sample,
Fig. 3 illustrates the changes in the status of RBC in the prepared sample

‘Camcra
Polarizing beam Beam €3
A2 splitter (PBS)  expander® = R-filter
Laser » A RS
Nd:YAG = = -{}—% Dichroic
1064nm ¥ o 'V_Wi . S IIEOr
350mW = I a N2

objective

A l— ? Mirror 2 | | NA=1 water
Mirror 1 immersion
3

B
Sample

00 008

U""‘."' chamber

£ a
LED@—
(@)

Journal of Photochemistry & Photobiology, B: Biology 230 (2022) 112438

over time. The column chart in Fig. 3(a) shows the changes in counts of
total objects and aggregates with the line chart better indicates the trend
of the changes. Fig. 3(b) presents the lognormal distributions of the sizes
(areas) of RBC aggregates with the rug plot visualizes the distribution of
the discrete data. It can be concluded that not only the total number but
also the size of aggregates increased gradually while the number of total
objects decreased with time. The results demonstrate that in the in vitro
experimental condition, the RBC suspended in the autologous platelet-
free plasma intrinsically clump together to form aggregates that follow
a lognormal distribution and become larger over time.

For the irradiated samples, up to 180 min irradiation by 520-nm laser
operated at a maximum of 50 mW did not cause any morphological
changes to the blood samples. A normal morphology of individual cells
and cell aggregates is shown in Fig. 4(a). However, obvious cell distor-
tion appeared after 90-min irradiation by 450-nm laser operated at 50
and 30 mW, as illustrated by Fig. 4(b). Irradiation by 450-nm laser
operated at lower power (e.g., 15 mW) for longer time (e.g., 180 min)
also caused similar morphologic changes, which did not recover after
irradiation stopped. Therefore, high radiant exposure (over 170.5 J/
cm?) by 450-nm wavelength caused irreversible morphological damage
to RBC. In the low radiant exposure irradiation groups of
“450nm_5mW”, “450nm_15mW”, and “450nm_30mW”, the normalized
total counts (normalized to t = 0 min) of spontaneously formed aggre-
gates after different standing/irradiation time were compared as shown
in Fig. 5. The counts of aggregates increased rapidly in the irradiation
groups with time and far exceeded the count in the control group after
30 min of irradiation. Enhanced formation of RBC aggregates was also
observed in the high radiant exposure irradiation groups of
“450nm_50mW” and “520nm_50mW” as shown in Fig. 6. Furthermore,
the normalized average values and the lognormal distribution of the size
(area) of formed aggregates were compared between the control and
different irradiation groups as shown in Fig. 7. In both the low and high
radiant exposure groups, though there is little difference in the average
size of formed aggregates, the distribution curves obviously expanded to
large size areas (i.e., more large aggregates appeared) in the irradiated
samples. As a conclusion, laser irradiation, especially over 9.5 J/cm?,
speeded up the formation of RBC aggregates and promoted the forma-
tion of large aggregates in the spontaneous aggregation process of RBC
suspension in the autologous plasma at rest. Therefore, the subsequent
investigations of laser irradiation effects on RBC were carried out with
low-exposure irradiation below 9.5 J/i em? (ie., by 450 nm laser at 5 mW
for up to 30 min).
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Fig. 2. (a) Illustration of the experimental setup of the OT system comprises an infrared laser source, polarizing beam splitters, focusing objective, a CMOS camera,
and other necessary optical components. (b) The colored microscopic images showing the single-cell trapping at two diametrically opposite points (top picture) and
by each beam individually (bottom picture). (c) Calibration results for the central (green dots) and movable beams (red triangles). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Results of spontaneous aggregation in the control sample within 180 min. (a) The total counts of all cell objects (red) and of RBC-aggregates solely (blue) in
20 recorded micrographs. (b) Statistical size distributions of RBC-aggregates. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 4. Illustration of (a) morphology of individual RBC and RBC-aggregates under the observation by conventional light microscope (20 x objective) and (b)
morphological changes induced by long time radiation with 450-nm laser.
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Fig. 5. Comparison between normalized total counts of RBC aggregates in control and low radiant exposure irradiation groups of (a) “450nm_SmW”, (b)
“450nm_15mW”, and (c) “450nm_30mW” for 0, 30, and 60 min of standing/irradiation time. The asterisks denote statistical significance (Mann-Whitney U test, p
< 0.05).
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Fig. 7. Comparison of the normalized average values and the lognormal distribution of the size (area) of formed RBC aggregates between the control and different
irradiated samples of (a) “450nm_5mW?, (b) “450nm_15mW?, (c) “450nm_30mW”, (d) “450nm_50mW”, and (e) “520nm_50mW”.

3.2. Laser Irradiation Effect on RBC Aggregation

The aggregation force between two RBC, considered as the force
attracting two cells to clump together to form tightly attached aggregate
(rouleau) through face-to-face interaction, was studied by OT as the
minimum optical holding force to prevent the RBC clumping action from
a certain existing contact area between two cells. Experimentally, two
individual cells were captured by two trapping beams with sufficiently
high power to manipulate the two cells to form a stable initial contact.
The power of trapping beams was decreased slowly with the fine
adjustment of the relative position between the two traps to keep the
contact area between the two cells unchanged. The minimum trapping
power that can prevent the cells from aggregating was recorded when
cell interaction pulled the RBC out of the traps. With the trapping force
calibration results shown in Fig. 2(c), the obtained RBC aggregation

force increased almost linearly with the increase of relative initial con-
tact between the two cells as shown in Fig. 8(b). The Pearson correlation
coefficient (Pearson’s r) was calculated to be 0.768, with the R-Square
(R?) value to be 0.575 in the linear fitting. The contact area between two
cells was calculated as the sum of the two segments enclosed by two
circular arcs as shown in Fig. 8(a) and the relative initial contact area
between RBC was calculated as the ratio of interaction area (S;) to single-
cell surface area (Sp):

5 (En {r,z, [2 e arccos ("’:—‘/2) — sin (2 ® arccos ('“:—X/Z> ) } } o

Sy (zr? + zr,?)

where r; and r; are the radii of RBC on the left and right sides and x is the
length of overlap between the two cells.
Despite of the data fluctuation in Fig. 8(b), the applicability of the
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Fig. 8. (a) llustration of a top-view observation (upper image) and a side-view geometric relationship (lower image) of the cell overlapping that can be calculated as
the area within two circular arcs shown in green and yellow. Cell diameters (dj, d;) and overlapping length (x) can be extracted from experimental observation. (b)
Experimental results of RBC aggregation force (pN) versus relative interaction area in a range of 20% to 60% with a linearly fitting result (red line). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Statistical analysis of the fitting result of RBC aggregation force. (a) The plot of residuals versus independent variable of relative interaction area. (b) The
histogram of the residuals with Gaussian fit. (¢) The plot of residuals versus predicted values of RBC aggregation force. (d) The normal probability plot of residuals.
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Fig. 10. The comparison between the experimental results of aggregation forces measured in the control group (black dots) and high-radiant-fluence irradiation
groups of “520nm_50mW_30min” (green dots), “520nm_50mW_120min” (blue dots), “450nm_50mW_30min” (cyan dots), and “450nm_30mW_30min” (magenta

»
[

| | ® 520nm_50mW_30min

o
o

Journal of Photochemistry & Photobiology, B: Biology 230 (2022) 112438

520nm_50mW_120min

>
=3
T

w
o
T

RBC Aggregation Force (pN)

N
=3
T

L I L

>
o
T

w
©
T

RBC Aggregation Force (pN)

[
o
T

R2=0.493

30 40 50
Relative Area (Si/So, %)
(a)

R2=0.441

60 20

30 40 50
Relative Area (Si/So, %)

60

~ 45| [ ¢ 450nm_50mW_30min a5 | [ 450nm_30mW_30min

=z - =z .
= K=

@ a0} @ 40

54 &4

2 ks

o 35+ - 35|

il O

[ ®

o 30+ D30

(o)) Dysl

< 25 < 25

2 8 o

o 20 R2=0.671 | @ 2°f R2=0.705

30 40 50
Relative Area (Si/So, %)
(c)

20

30 40 S50
Relative Area (Si/So, %)

dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

» »
=) o

o
3]

RBC Aggregation Force (pN)
N
o

N
(=)

60

® 450nm_5mW_5min

® 450nm_5mW_15min

® 450nm_5mW_30min

1

1

1

20

30

40

50

60

20

30 40

50

60

20

30

40

50

60

Relative Area (Si/So, %)

Fig. 11. Comparison of the results of aggregation force measured in the control sample (black dots) and samples irradiated by 450-nm laser operating at 5 mW for 5
min (magenta dots), 15 min (cyan dots), and 30 min (green dots) separately. In the irradiated samples, the RBC aggregation force was mainly measured with an initial
relative interaction area of around 40%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



R. Zhu et al.

linear fitting in the experimental data of RBC aggregation force is proved
by Fig. 9 with plots of statistical analysis of the linear fitting results. The
scatter plots in Fig. 9(a) and (c) show that the residuals of RBC aggre-
gation force against the relative area (S;/Sp) and the fitted result are
disorderedly distributed in an almost horizontal-band pattern, thus the
residuals have constant variance. Intuitively, the histogram plot of the
residuals Fig. 9(b) exhibits a symmetric bell-shaped distribution around
zero and the normal probability plot of the residuals Fig. 9(d) shows a
good linear relationship, indicating that the deviation is normally
distributed. Therefore, the residual plots prove the validity of the linear
fitting model used for the RBC aggregation force analysis.

The RBC aggregation force after irradiation treatment was measured
in the same way as in the control group to explore whether the cell
interaction was promoted. The RBC aggregation force measured in
different high-radiant-fluence irradiation groups are shown in Fig. 10
and the results of different low-radiant-fluence (below 9.5 J/cm?) irra-
diation groups are shown in Fig. 11. The low-level-laser irradiation was
performed by 450 nm laser operated at 5 mW for up to 30 min, and the
aggregation forces were mainly measured around a 40% relative inter-
action area to simplify the measurement procedure. Compared to the
aggregation force measured in the control group, neither high-level nor
low-level laser radiation affected the RBC aggregation force.

3.3. Influence of Laser Irradiation on RBC Deformation

RBC are highly deformable and are frequently deformed within the
blood flow in blood vessels [22]. RBC can be distorted into axisymmetric
parachute shapes or asymmetric slipper-like shapes during circulation
depending on the diameters of the capillaries and the direction of
pressure gradient within the blood flow [23]. Regardless of the
complexity of the actual deformation of RBC in blood vessels, linear
stretching of RBC under the action of one-dimensional axial pulling
force before and after irradiation was studied by OT. Experimentally,
captured RBC was trapped by the dual beams at both ends and placed in
the horizontal direction, and was then stretched until the resilience of
the cell membrane exceeded the dragging force and pulled the cell out of
the trap as shown in Fig. 12. The lengths of the cell before and after
optical stretching are denoted by d, and d, and the relative stretching is
described by the ratio of length change to original length as (|dg - do| /
d,) %. The stretching was repeated with several optical pulling forces
and the results obtained in the control and low-level laser irradiated
samples (by 450 nm laser at 5 mW for 5, 15, and 30 min) were compared
as shown in Fig. 13. The cells were elongated with the increase of optical
stretching force linearly, and in some conditions the tested cells reached
the elongation limit when the relative stretching stopped increasing.
From the results in Fig. 13, it is obvious that the deformability of RBC
was improved by 450 nm laser irradiation for 15 and 30 min at 5 mW,
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corresponding to radiant fluence of 4.7 and 9.5 J/cm?, as the relative
stretching increased under the same pulling forces with very small
standard deviations. The large standard deviations in Fig. 13(a) reflect
that the improvement of cell deformability is not obvious with 5 min
irradiation.

3.4. Laser Irradiation Effect on RBC Disaggregation

The RBC disaggregation is considered as the process of enforced
separation of two cells initially clumped together. The interaction
mechanism and theoretical model of RBC disaggregation are usually
described by the “bridging model” and are different and more complex
compared with the aggregation process [24,25]. The disaggregation
force, which is considered as the external force required to separate
individual cells from an aggregate, is affected by many measurement
factors including mutual interaction time between cell pairs [21], initial
contact area [18,26], and solution properties as the in vitro experi-
mental environment [27]. Experimentally, two individual intact cells
were captured by two trapping beams with given power and an initial
contact between the cells was formed under the control of the positions
of the traps. The contact area was later decreased by slowly moving one
trap away from the other until the cell attracting force pulled the RBC
out of a trap, or the two cells were separated (contact area decreased to
zero) as shown in Fig. 14(a). The average relative linear overlap (1) as
shown below is used to quantify the extent of contact between two cells:

X x

v=(5+3)/2 @
where x is the linear distance of overlap between two cells, d; and d, are
lengths of the left and right RBC. As the cells are deformable and were
stretched during the process of disaggregation, the final [ was calculated
using the elongated lengths of RBC denoted as d;’ and d,’ in Fig. 14(a).

Optical pulling force that was able to peel two attached cells to a very
small conjugating area was utilized and the effect of laser irradiation
was measured in two groups with different initial relative linear overlap.
The 4.9 pN and 5.9 pN forces were experimentally selected for the
measurement groups of 60% and 80% initial overlap, respectively. The
irradiation was performed by a 450-nm laser operated at 5 mW for 5, 15,
and 30 min. The percentages of RBC-pairs that were separated from a
certain initial overlapping by a given force among at least 10 pairs of
tested cells were registered and presented in Fig. 14(b). It can be seen
that more cell pairs were successfully detached by a same pulling force
from a same initial overlapping after laser irradiation (especially after
15-min irradiation) in comparison with control. In the control sample,
only 38% (or 16%) cell pairs with a 60% (or 80%) relative initial contact
were separated by the 4.9 pN (or 5.9 pN) pulling force. After 15 min of
irradiation (radiant exposure 4.7 J/cm?), the percentage of separated

Fig. 12. Schematic diagram of the measurement procedure of cell deformation by dual-trap OT. The circles with red crosses indicate the positions of the traps, the
black arrow shows the movement direction of the trap, and d, and d, denote the lengths of the trapped cell before and after the stretching action. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. (a) Illustration of the experimental observation in the RBC disaggregation process. Two cells initially attached by OT (two pictures on the left) were pulled
by fixed optical forces at the opposite ends of the cell pair until the cell interaction exceeded the optical force and pulled the cells out of the trapping beam (two
pictures in the middle). In some cases, the cell pair can be totally detached (the picture on the right). (b) The percentage of the cases when two cells were completely
separated in different conditions of initial overlap (60% and 80%) and with different pulling forces (4.9 pN and 5.9 pN).

cell-pairs increased to 88% (or 56%) by the 4.9 pN (or 5.9 pN) pulling
force from a 60% (or 80%) relative initial overlap. The subsequent drop
of the value indicates that the optimal irradiation effect occurs within
30-min irradiation (9.5 J/cm?).

3.5. Rejuvenating Effect of Laser Irradiation on RBC under Severe
Conditions

An intriguing phenomenon proving the rejuvenating effect of laser
irradiation on RBC in terms of keeping the round disc-shapes in the long-
stored plasma that was not capable of maintaining the normal shape of
RBC in the experimental environment was observed. The suspension of
RBC diluted in autologous plasma was injected into two same sample
chambers. One served as control and was observed under the 100x
water-immersion objective after 0, 5, 15, and 30 min of standing at room
temperature. The other was put under the irradiation beam of 450 nm
with 5 mW for same time intervals and then observed in the same
environment. The image was taken whenever intact disc-shape RBC
appeared while moving the sample stage slowly (50 pm/s). When it was
too hard to find intact RBC, a photo was taken still after about 10-15 s of

searching. 10 photos of each sample were taken and microscopic pic-
tures consisting of 9 photos taken in each group after 0, 15, and 30 min
of standing/irradiation time are shown in Fig. 15 to visually demon-
strate the effect of laser irradiation on retaining cell state. The total
number of intact cells and all objects (an aggregate consisting of several
cells was counted as one object) were counted and analyzed as shown in
Fig. 16. The percentage of intact cells in both samples was about 31%
initially right after the samples were ready. For the irradiated sample, it
can be seen that not only the count of intact cells but also the total counts
were relatively stable during the first 15 min of irradiation compared to
the control sample. The fluctuations in both the percentage of intact cells
and the total counts were less than 5% during the first 15 min of irra-
diation, both dropped only after 30 min of irradiation by 17%. However,
the RBC quickly transformed into burr cells (echinocytes) and the cells
clumped into large aggregates over time in the control sample. This
phenomenon can be easily observed in Fig. 15, the number of intact RBC
marked in red was more in the irradiated sample after 15 and 30 min
compared to the control sample. Meanwhile, the size of aggregates
increased significantly, especially in the picture of 30 min in the control
group. Both the analytical results and microscopic photos show that not
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Fig. 15. Colored micrographs consisting of 9 experimental photos taken in the irradiated (by 450-nm laser at 5 mW for up to 30 min) and control samples. The intact
cells in round disc shape were colored in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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count of all objects, and the red axis (right) and red line graphs represent the
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only the cell shape was preserved, but the cell aggregation was also
prohibited to some degree by the laser irradiation.

It is important to mention that in normal experimental conditions
with the sample preparation method used in this paper, most of the fresh
RBC can maintain normal cellular characteristics and shape in relatively
fresh plasma (up to two-month storage in the fridge at 1-6 °C) for up to
3 h at room temperature (23 + 1 °C). Accidently, we noticed that when
RBC were suspended in old plasma that has been stored for 5 months, the
cells transformed into echinocytes due to changes in the stored plasma
(e.g., higher osmolarity [28]). Under such conditions, the rejuvenating
or protective effect of laser radiation on RBC is clear. The amplification
of laser radiation effects in a defective blood environment agrees well
with the results of previous studies [12,29]. It was observed that in
blood samples with hyper-viscosity, the irradiation significantly reduced
the blood viscosity, though this effect was not observed in normal blood
samples [12].
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4. Discussion

Hemoglobin is the most abundant biomolecule in the cytoplasm of
RBC. It is the iron-containing metalloprotein responsible for oxygen
transport and carbon dioxide removal through the circulating of RBC.
Hemoglobin is the main absorber of RBC within visible spectral range
with absorption peaks at around 400 and 600 nm wavelength [30]. The
results of this study show that high-fluence laser irradiation at 450-nm
wavelength has a more prominent influence on boosting the formation
of aggregates and causing cell morphologic damages compared with
520 nm wavelength at the same radiant fluence. This wavelength-
related observation proved that the photon absorption by hemoglobin
plays a role in the irradiation process as hemoglobin has a higher ab-
sorption coefficient at 450 nm than 520 nm [30].

Studies have found that though hemoglobin can be easily removed
from the cell membrane, it is capable of binding to the intracellular
surface of normal membranes under certain conditions such as mild
oxidative stress [31]. The binding of hemoglobin to the RBC membrane
is associated with the flexibility of the RBC by decreasing cell deform-
ability [32]. The hemoglobin-membrane interaction was found to be not
affected by temperature variations but dependent on pH value and the
ionic composition of the cell environment and impeded by high ionic
strength, suggesting the importance of electrostatic bonds in
hemoglobin-membrane binding [33,34]. In this study, the deformability
of RBC measured by OT was increased by radiant exposure of 4.7 and
9.5 J/cm? by 450-nm wavelength. This change in cell deformability is
not the result of the thermal effect due to the absorption of radiation
because the heat treatment of up to 48 °C has shown to increase mem-
brane viscosity and reduce cell deformability [35]. Therefore, the most
possible explanation is that the electromagnetic radiation field inter-
fered with the electrostatic bonds in hemoglobin-membrane interaction
in a way that disrupted the binding and led to increased RBC deform-
ability. The change of oxidative stress caused by low-level laser radia-
tion may also play a role in interfering with the hemoglobin-membrane
binding as laser radiation has been proved to increase oxidative stress in
vitro [36].

RBC aggregation and disaggregation processes have different inter-
action dynamics and mechanisms. The RBC aggregation follows the
“depletion layer” mechanism, which describes the aggregation behavior
as the result of osmotic pressure due to the formation of a layer of low
macromolecule concentration near the cell surfaces [21,24]. The RBC
disaggregation mechanism is more complicated and has been described
by the “bridging model” based on the physisorption of macromolecules
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(e.g., protein molecules) to cell membranes that connects the adjacent
cells [27]. Blood plasma proteins including fibrinogen and albumin is an
important determinant in RBC interaction in both aggregation and
disaggregation processes [25]. In this study, the spontaneous RBC ag-
gregation was enhanced by laser irradiation with radiant exposure over
9.5 J/em? without influencing the aggregation force. Meanwhile, the
LLLR with radiant fluence below 9.5 J/cm? was proved to weaken the
inter-cell interaction and make RBC aggregates easily separated by an
external force. Therefore, it is assumed that the laser radiation did not
affect the osmotic pressure in the depletion mechanism but influenced
the formation of “cross-bridges” in the bridging model. As the “bridge-
formation” process is time-dependent, it is possible that the attachment
activity of macromolecules to the surfaces of cell membrane became
harder and required longer interaction time due to laser irradiation,
making the intercellular interaction measured in a certain cell contact
time weaker [18,21]. This assumption is also supported by increased
electrophoresis mobility of irradiated blood samples, especially of non-
irradiated RBC re-suspended in irradiated plasma, as the weakened
attachment of plasma proteins to cell surfaces caused the recovery of the
quantity of net negative charges on RBC [12,13].

5. Conclusions

The current study reveals the potential effects of 450 nm and 520 nm
laser radiation on rheological properties of RBC at a single-cell level and
indicates that LLLR is a potentially effective and non-invasive method in
improving blood vitality and microcirculation. It is demonstrated that
laser radiation with a high radiant fluence of above 9.5 J/cm? by both
450- and 520-nm wavelength speeded up the formation of RBC aggre-
gates, and radiant exposure of over 170.5 J/cm? by 450 nm caused
irreversible cell morphological changes characterized by increased
echinocyte formation. However, the deformability of human RBC was
improved and the inter-cell interaction was weakened by the LLLR by
wavelength of 450 nm with radiant exposure below 9.5 J/cm?, while the
RBC aggregation force remained unaffected. The underlying mechanism
of the observed laser irradiation effects was assumed as the modulations
in hemoglobin-membrane binding and macromolecule-membrane
interaction induced by photon absorption by hemoglobin and protein
molecules in the suspending medium. Further clarification on the bio-
modulation mechanism of laser irradiation and the dependence of
irradiation effects on the radiant fluence will be the subject of future
research. Increased RBC aggregation is a significant manifestation of
many pathological processes including ischemic heart disease and is
critical in acute clinical conditions such as myocardial/cerebral in-
farctions [37]. The results will contribute to the development of better
treatment of clinical problems involving enhanced RBC aggregation and
rigidity in the future.
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