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Abstract: Dynamic rotation and deformation of human red 
blood cells (RBCs) are extremely important to investigate 
the survival and mechanical features of cells, which will 
be of great physiological and pathological significance. 
Here, we report an optical approach that is capable of both 
rotating and deforming RBCs with light from two tapered 
fiber probes (TFPs). With laser beams at the wavelength of 
980 nm injected into the TFPs, a single RBC was rotated 
around different axes while single or multiple RBCs were 
stretched by adjusting the points of action and magnitude 
of the optical forces from the TFPs. The biological safety of 
the approach was also discussed by taking the laser power 
required into account.

Keywords: biophotonics; optical tweezer; cell manipula-
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1  Introduction
Red blood cells (RBCs) play an important role in cell 
metabolism and aerobic respiration [1, 2]. The physical 
and mechanical features of RBCs have been regarded as 
an important indicator in the studies of bio-processes, 
pathology, and toxicology [3, 4]. Flexible and precise 
manipulation of RBCs, especially controllable rotation 
and deformation, promises more understandings of 
cell structure at the nanoscale and offers new insights 
into the vascular disease diagnoses [5–7], tomographic 

microscopy [8], cell microrotor [9], mechanotransduction 
and chemical release [10–12]. To date, methods to rotate 
RBCs have been proposed based on the dielectrophoretic 
[13], dual-beam spanner [14], and confocal fluorescence 
microscopy [15], while the deformation of RBCs has also 
been demonstrated with microfiltration [16], diffraction 
ektacytometry [17], micropipette aspiration [18], electric 
field [19], and atomic force microscopy [20]. However, 
the function of these devices or platforms was limited to 
either rotation or deformation. To achieve diverse inves-
tigation of physical and mechanical features of RBCs in a 
simple and efficient way, a combination of the functions 
of both rotation and deformation within a single device or 
platform is highly expected. As a candidate for manipu-
lating microparticles and cells [21], tapered fiber probes 
(TFPs) have advantages of small size and ease in fabrica-
tion, which has been demonstrated to arrange cells in a 
chain and further to perform the precise regulation of cell 
chain [22]. Here, we demonstrate the rotation and defor-
mation of RBCs with light from TFPs. By adjusting the 
points of action and magnitude of the optical forces from 
the TFPs, a single RBC can be rotated around different 
axes of the cell. Besides, single or multiple RBCs can be 
stretched, providing the potential application to investi-
gate the interaction between deformed cells.

2  Results and discussion
Figure 1A shows the scheme of RBC rotation around the 
optical axis of TFP (defined as x axis in Figure 1A). Two 
fiber probes, i.e. TFPs 1 and 2 shown in Figure 1A, were 
fabricated with flame-heating technique (see Methods 
for the fabrication). The structure details of the probes 
are shown in Figure S1 in the Supplementary Materials. 
One side of RBC was bound to TFP 1 tip by the optical 
forces (generated by TFP 1) and Van der Waals force. The 
wavelength of laser beam was set at 980  nm due to the 
low absorption for the biological cells [23]. Such a wave-
length induces little optical damage to bacteria and mam-
malian cells [24]. After injecting the 980-nm laser beam 
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into TFP  2, the upper part of RBC can be trapped and 
then shifted along the y direction by adjusting TFP 2. Due 
to the binding of a part to TFP 1 tip, the RBC will suffer 
from an optical force torque, under which the cell will be 
rotated around the x axis. As shown in Figure 1B, the red, 
yellow, and white wireframes indicate the upper (Part I), 
lower (Part II), and left (Part III) parts of the RBC, respec-
tively. The x-y plane and orientation plane of the cell were 
defined as planes 1 and 2, respectively. The orientation 
angle (θ) of the cell was between planes 1 and 2 so that 
θ was 90° before the laser beam was injected into TFP 2. 
To numerically analyze the rotation process, the electric 
field (E-field) distribution of the beam from TFP 2 tip was 
obtained by a three-dimensional (3D) finite difference 
time domain simulation (see Section 2 in the Supplemen-
tary Materials for the calculation details). Figure 1C shows 
the E-field distribution in the x-y plane. The laser power 
(P2) injected into TFP 2 was set as 24 mW, which is consist-
ent with the following experiment. The focal plane (with 
the strongest light intensity) of the output laser beam is 5 
μm away from the probe tip. At the focal plane, over 90% 
of the E-field intensity distributes within the region from 
y = -0.5 to 0.5 μm. Thus, when an RBC (average diameter: 
6.2 μm) was located at the focal plane, a specific part (I, 
II, or III) rather than the whole cell can be trapped. For 
example, at zTFP2 > zRBC, the focal plane was near the upper 
part of the cell so that part I can be trapped.

Optical forces exerted on the cell were then calculated 
by taking the integral of Maxwell stress tensor obtained 
from the simulations. Figure 1D shows the optical force 
exerted on part I in the y direction (Fy1) as a function of 
yTFP2 (at zTFP2 = 1 μm and θ = 90°). Fy1 was defined as negative 
and positive for the forces along the -y and +y directions, 
respectively. At yTFP2 < yRBC (region I) and yTFP2 > yRBC (region 
II), Fy1 was negative and positive, respectively. Thus, part 
I will move toward TFP 2 in the y direction. Then the RBC 
will suffer from the optical force torque (T), under which 
the cell will be rotated around the x axis. Figure 1E shows 
the calculated optical torque at different orientation 
angles. With TFP 2 fixed at yTFP2 = 0 μm and zTFP2 = 1 μm, 
the cell suffers from the negative and positive torque at 
30° < θ < 90° (region I) and 90° < θ < 150° (region II), respec-
tively. Thus, the cell will be rotated around x axis clock-
wise and anticlockwise from the view of light propagation 
direction, respectively. Finally, the cell will be orientated 
at θ = 90° due to T = 0. When TFP 2 was shifted along the y 
direction, the cell can be orientated at different angle so 
that it will be continuously rotated around x axis.

The trapped part can be changed by adjusting TFP 2 
along the z direction and further realizing the rotation 
around different axes. Figure 1F shows Fy exerted on part 
I (Fy1), part II (Fy2), and part III (Fy3) as a function of zTFP2 
(yTFP2 = 1 μm and θ = 90°). When TFP 2 was above the cell 
center in the z direction (i.e. 0.5 < zTFP2 < 3 μm, region III), Fy1 

Figure 1: (A) Schematic of RBC rotation around the x axis. (B) Schematic of the RBC profile. (C) Simulated E-field distribution of light from 
TFP 2 tip. (D) Optical force Fy1 as a function of yTFP2 (zTFP2 = 1 μm and θ = 90°). (E) Optical torque T as a function of θ (yTFP2 = 0 μm and zTFP2 = 1 μm). 
Red arrows indicate the cell rotation direction. (F) Optical forces Fy1, Fy2, and Fy3 exerted on part I, II, and III of cell as a function of zTFP2 (yTFP2 = 1 
μm and θ = 90°).
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was larger than Fy2 so that part I of the cell will be trapped 
and then moved with TFP 2. When TFP 2 was below the cell 
center (i.e. -3 < zTFP2 < -0.5 μm, region I), Fy1 was smaller than 
Fy2 so that part II will be trapped by TFP 2 and the cell will 
be rotated clockwise with TFP 2 shifted along the +y direc-
tion. In region II (-0.5 < zTFP2 < 0.5 μm), part I and II of the 
cell will suffer from nearly the equivalent optical forces, 
which leads to a counteraction of the torque around the 
x direction. Meanwhile, since Fy3 is positive, part III of the 
cell will move toward the +y direction so that the cell will 
be rotated around the z axis rather than the x axis with 
TFP 2 shifted along the y direction. Note that in the pre-
sented approach, the cell rotation was mainly affected by 
the magnitude of the optical trapping force exerted on the 
cell. Since the optical trapping force was only related to 
the cell refractive index, laser wavelength, and the local 
optical gradient, other physical properties (e.g. chirality) 
of the cells have very little effect on the rotation. To trap a 
specific part, the cell is required to have a low absorption 
to the laser beam. Otherwise, the cell will be pushed away 
rather than trapped by the probe and cannot be control-
lably rotated. Moreover, the high absorption will induce 
considerable damages to cells, which decreases cell bio-
activity. Further, single or multiple RBCs can be stretched 
by the optical force generated by the laser beams from two 
TFPs, which will also be demonstrated in the following 
sections.

Before rotation, one side of the RBC was bound to the 
TFP 1 by the optical force and Van der Waals force (see 
Methods for RBC sample preparation and the binding 
process). Schematic and detailed descriptions of the 
experimental setup are in section 3 in the Supplementary 
Materials. The experiments were started by launching the 
980-nm-wavelength laser beam into TFP 2 at P2 = 24 mW. At 
t = 0 s, one RBC was bound to the tip of TFP 1 at θ = 0° (Figure 
2a1). With TFP 2 shifted along the -y direction, the cell was 
rotated around the x axis and θ gradually increased (Figure 
2a2–5). At t = 10 s (Figure 2a6), by shifting TFP 2 along the 
+y direction, θ decreased and finally remained at θ = 0° 
(Figure 2a7–10). The detailed rotation process is demon-
strated by Movie S1 in the Supplementary Materials. yTFP2 
and θ in this rotation process were obtained (Figure 2B). 
From t = 0 to 3.8 s (region I), TFP 2 was shifted along the -y 
direction with a distance of 3.3 μm, and θ increased from 
0° to 90°. Then θ remained 90° from 3.8 to 5 s (region II), 
indicating that an orientation of the cell at a certain angle 
can also be realized by manipulating TFP 2. At t = 5 s, with 
TFP 2 shifted along the -y direction again, θ increased 
from 90° to 172° (region III). Then θ remained 172° from 
t = 7 to 9.5  s with TFP 2 kept stationary (region VI). The 
results confirm that cell can be stopped at a certain angle. 
To show the stability of cell orientation, the deviation of 
cell orientation angle around 172° (Δθ) was estimated, 
as shown in Figure S4 in the Supplementary Materials. 

Figure 2: RBC rotation around the x axis. (A) Optical microscopic images for rotating an RBC around the x axis. Scale bar: 5 μm. 
(B) Calculated yTFP2 and θ in the rotation process. (C) Calculated VTFP2 and ωRBC in the rotation process.
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After that, TFP 2 was shifted along the -y direction from 
t = 9.5 to 15 s so that θ decreased from 172° to 0° (region V). 
Thus, a controllable rotation and orientation of the RBC 
around the x axis can be realized by manipulating TFP 2. 
The shifting velocity of TFP 2 (VTFP2) and angular velocity 
of RBC (ωRBC) were also calculated (Figure 2C). The value 
of ωRBC monotonously varied with VTFP2, with a maximum 
of 4.7 rad/s. However, it should be noted that ωRBC was not 
liner with VTFP2 so that obtaining a constant ωRBC required 
a variant VTFP2, which can be realized by precisely manipu-
lating the six-axis microstages (resolution 50 nm). Further, 
the accuracy of RBC rotation velocity (εcell) was calculated 
from the experiment, which can be defined as

	 max 0  ,/| |cell ωε ω∆= � (1)

where ω0 and |Δω|max indicate the cell average rotation 
velocity and the maximum value of velocity deviation, 
respectively. The results show that εcell = ±1.5–3%, which 
also depended on the magnitude of ωRBC. The accuracy of 
εcell can be further optimized with the assistance of a pro-
grammable stepper motor. Note that at θ = 0°, if TFP 2 was 
shifted along the +y rather than the -y direction, the RBC 
will be rotated around the z axis (see Figure S5 in Supple-
mentary Materials).

As indicated by the results of the optical forces 
shown in Figure 1F, at θ = 90°, if TFP 2 was shifted along 
the z direction to coincide its optical axis with the cell 
center in the z direction (i.e. zTFP2 = zRBC = 0 μm), part III of 
the cell will be trapped by TFP 2. Therefore, when TFP 2 
was shifted along the y direction, the cell will be rotated 
around the z axis, as schematically shown in Figure 3A. 

The experiment was also conducted by injecting the laser 
beam into TFP 2 at P2 = 24 mW. At t = 0 s, TFP 2 was adjusted 
along the z direction to trap part III of the cell (Figure 3b1). 
With TFP 2 shifted along the -y direction, the cell was 
gradually rotated anticlockwise with an angle (θ2) of 90° 
(Figure 3b2–5). With TFP 2 shifted along the -y direction 
again, the cell escaped from the optical trap and was ori-
entated along the optical axis of TFP 1 (Figure 3b6–9). yTFP2 
and θ2 in this process were also obtained (Figure 3C). In 
region I (from t = 0 to 0.3 s), θ2 increased from 0° to 45°, 
with TFP 2 shifted along the -y direction with a distance 
of 3 μm. By remaining TFP 2 stationary for 0.2  s (region 
II), the cell was orientated at θ2 = 45°. The deviation of cell 
orientation angle around 45° (Δθ) was also estimated, as 
shown in Figure S4 in the Supplementary Materials. With 
TFP 2 shifted along the -y direction again with a distance 
of 4 μm (region III), θ2 increased from 45° to 90°. With 
TFP 2 further shifted along the -y direction, the cell was 
gradually rotated clockwise so that θ2 decreased from 90° 
to 0° (region VI), indicating that the cell escaped from the 
optical trap. Note that diverse rotations of the RBC, includ-
ing the rotation around the x and z axes simultaneously, 
can also be realized by precisely manipulating TFP 2 (see 
Figure S6 in the Supplementary Materials). Moreover, in 
a droplet of RBC solution on a glass slide, some RBCs will 
descend to the bottom and be attached to the slide surface 
via Van der Waals forces. In this case, the RBCs can be 
rotated with only one TFP (see Figure S7 in the Supple-
mentary Materials).

As mentioned in previous sections, by using the two 
TFPs, a stretch of single or multiple RBCs can also be 

Figure 3: RBC rotation around the z axis. (A) Schematic of RBC rotation around the z axis. (B) Optical microscopic images for rotating an RBC 
around the z axis. Scale bar: 5 μm. (C) Calculated yTFP2 and θ2 in the rotation process.
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realized. For illustration, a simultaneous stretch of multi-
ple RBCs is demonstrated here. As schematically shown in 
Figure 4A, after injecting the laser beams into both TFPs 1 
and 2, three RBCs are trapped and then stretched along the 
optical axis of TFPs. With the same experimental setup as 
that for RBC rotation, two and three RBCs were stretched 
simultaneously, as shown in Figure 4B and C, respectively. 
Before turning on the lasers, two RBCs, with diameters of 
5.6 and 6.4 μm, were located between the two TFPs (Figure 
4b1). The gap between the two RBCs was 2 μm. Then, two 
980-nm-wavelength laser beams were injected into the 
two TFPs and the power into TFPs 1 (P1) and 2 (P2) was 
P1 = P2 = 20 mW. After turning on the laser for 6 s, the RBCs 
moved toward each other until they became contacted 
due to the optical force (Figure  4b2). Meanwhile, they 

were gradually stretched until they reached equilibrium at 
t = 10 s (Figure 4b3). The degree of deformation of the RBCs 
can be described by the shear strain (γ), which was defined 
as γ = Δl/l, where Δl and l are lengths of the cell before and 
after stretching, respectively. At t = 10  s (Figure 4b3), the 
shear strains of the two cells were 0.14 and 0.12, and the 
cells were kept stretched until the laser was turned off at 
t = 35 s (Figure 4b4). After that, the RBCs gradually resumed 
their original shapes (Figure 4b5, 6). The detailed defor-
mation process is demonstrated by Movie S2 in the Sup-
plementary Materials. Similarly, a simultaneous stretch 
of three RBCs was also conducted, as shown in Figure 4C. 
The diameters of RBCs 1, 2, and 3 were 6.7, 5.7, and 6.9 μm, 
respectively (Figure 4c1). After turning on the laser, the 
RBCs began to be trapped and then stretched (Figure 4c2). 

Figure 4: Stretching multiple RBCs with light from two TFPs. (A) Schematic of stretching multiple RBCs by using two TFPs. (B) Optical micro-
scopic images for stretching two RBCs. (C) Optical microscopic images for stretching three RBCs. (D) Stress distribution on the surfaces of 
the two RBCs. (E) Stress distribution on the surfaces of the three RBCs.
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The distance between the cells decreased with the increase 
in γ, and the cells gradually became contacted with each 
other. At t = 5 s, the three cells reached equilibrium with 
γ = 0.15, 0.1, and 0.12 (Figure 4c3). By turning off the laser 
at t = 9 s, RBCs started to resume their original shapes 
(Figure 4c4–6). Normalized stress distribution on the sur-
faces of the RBCs was also investigated, as indicated by 
the red arrows in Figure 4E and F. The stress was mainly 
distributed along the x axis and the direction of the stress 
was toward the outside of cells. Therefore, the RBCs were 
stretched and further became contacted with each other. 
In addition, due to the different cell sizes and distances to 
the TFPs, the average stress exerted on the RBCs was also 
different so that the stretched RBCs had different values of 
γ, which was consistent with the experimental observation 
that the degrees of deformation of the RBCs were also dif-
ferent. Note that a single cell can also be stretched with 
this technique (see Figure S8 in the Supplementary Materi-
als). Moreover, for the RBCs with one side attached to the 
slide surface via Van der Waals forces at the bottom of a 
droplet, the cells can also be stretched with only one TFP 
(see Figure S9 in the Supplementary Materials).

The biological safety of the presented method should 
also be of concern since it is developed for biological 
applications. Although the laser wavelength with a low 
absorption was applied to perform the cell rotation and 
deformation, a proper level of the laser power is also 
required to avoid potential radiation damage to the RBCs. 
The viability of the cells can be characterized by adding 5% 
(volume) Trypan Blue to the cell solution [25]. Living cells 
can prevent the dye from penetrating the cytoplasm while 
the dead cells cannot so that the dead cells will appear 
blue. To choose a proper level of laser power, the rotation 
and deformation of RBCs were performed with different 
laser powers, and the Trypan Blue was added into the solu-
tion after rotation or deformation in each test. Ten minutes 
after adding the dye into the solution, the results showed 
that for RBC rotation, no RBC could be trapped and rotated 
at P2 < 10 mW; at 10  ≤  P2  ≤  60 mW, the specific parts of the 
RBCs were trapped and then rotated, and no staining on 
the cells was observed, which indicates that the cells sur-
vived in the rotation process; at P2 > 60 mW, the RBCs were 
gradually stained to blue, indicating that the cells suffered 
from the phototoxicity and cannot maintain their normal 
functions. For RBC deformation, no RBCs were trapped 
and stretched at P1 = P2 < 8 mW; at 8  ≤  P1 = P2  ≤  40 mW, the 
RBCs were trapped and then stretched, and no staining 
on the cells was observed, which indicates that the cells 
survived in the stretching process; at P1 = P2 > 40 mW, the 
RBCs were gradually stained to blue, indicating that the 
cells were over the elastic deformation and even ruptured. 

Therefore, to ensure that the RBCs were deformed without 
any irreversible damages, P1 and P2 should range from 8 to 
40 mW. Note that the proper power range also varies with 
the distances between the two TFPs due to further diver-
gence of the laser beams from the TFPs.

Note that in principle, human cells larger than RBCs can 
also be rotated with the presented technique. However, it 
becomes more challenging to rotate the larger cells because 
they suffer from more fluid resistance during the rotation 
process, leading to a higher laser power of TFP 2 (P2) required 
to reach the same rotation velocity as RBCs. In addition, as 
presented in the experimental results above, the cell was 
under rotation at a relatively low velocity (ωRBC < 6.5 rad/s) so 
that the cell contents suffered little impact and the normal 
functions of the cells could remain during the rotation. It 
should also be pointed out that in some applications, such 
as tomographic imaging, deformation of the cells should 
be avoided during cell rotation. In our experiments of cell 
rotation, there were no observable deformations on the 
cells; i.e. the cells were only under a controllable rotation 
around different axes. However, when the cell reached its 
maximum orientation angle (e.g. θ = 172° in Figure 2a5), it 
could be stretched with TFP 2 further shifted along the -y 
direction, which was similar to the case shown in Figure 
S9. Note that for the cell deformation with only one TFP, the 
required laser power (P2) to stretch cells was higher than 45 
mW; otherwise, the cell will escape from the optical trap of 
TFP 2, as shown in Figure 3b6–9. Therefore, the deformation 
can be avoided by rotating the cell within a range of orienta-
tion angles smaller than the maximum and with a low laser 
power (P2 < 45 mW) during the rotation.

Recent studies have demonstrated the remarkable 
ability to realize the controllable rotation of optically 
trapped RBCs using holographic optical tweezers (HOTs) 
[8, 26] and conventional optical tweezers (COTs) based on 
non-rotationally symmetric trapping beams [27] or circu-
larly polarized light [9]. However, for the COT and HOT 
approaches, once the optical traps were set, the cells can 
only be rotated around a predesigned axis. Compared 
to the COT and HOT approaches, the presented method 
of trapping and rotating RBCs using one or two TFPs is 
able to achieve rotations around several different axes 
by simply manipulating the TFPs. Besides, by using the 
TFPs, the cell rotation is free from the operation depth 
limit, which still exists in the COT or HOT systems due to 
the short working distance of a high numerical-aperture 
objective. Further, TFPs, with the features of ease in fabri-
cation and very small sizes, provide a much more compact 
configuration than do the bulky optical systems consisting 
of a series of objectives. Recent studies have also demon-
strated that the RBCs can be stretched using two cleaved 
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optical fiber, which is called an optical stretcher [25, 28]. 
Compared to the optical stretcher, the parabolic shape of 
the TFP tips provides a stronger focusing effect for out-
putted laser beams. To obtain the same shear strain, the 
laser power required for stretching the cells was decreased 
from hundreds of milliwatts (required for the COT or HOT 
approaches) to tens of milliwatts. In addition, by using 
the TFPs, multiple RBCs can be stretched simultaneously, 
which has not been demonstrated by using an optical 
stretcher.

3  Conclusions
Optical rotation and deformation of human RBCs were 
demonstrated by using two TFPs. After one side of the cell 
was bound to the tip of TFP 1, the cell was rotated around 
different axes by manipulating the TFPs. Single or multi-
ple RBCs can be stretched simultaneously with light from 
two TFPs. The presented method provides a perspective 
to dynamically manipulate the cell for investigating the 
physiological roles of RBCs, which is anticipated to be 
useful in the diagnosis and treatment of blood vascular 
diseases.

4  Methods

4.1  Fabrication of the fiber probe

In the experiment, two specially designed tapered optical 
fibers were used, which were fabricated using the com-
mercial single-mode optical fibers (connector type: FC/
PC, core diameter: 9 μm, cladding diameter: 125 μm; 
Corning Inc.) with a flame-heating technique. First, the 
buffer and polymer jacket of fibers were stripped off with 
a fiber stripper, and then the fibers were sheathed with a 
glass capillary (inner diameter: ~0.9 mm, wall thickness: 
~0.1 mm, length: ~120 mm) to protect them from break-
age and warping. Second, after being heated for approxi-
mately 1 min to reach their melting point, the heated fibers 
were drawn with an initial speed of about 0.5 mm/s. Mean-
while, the fiber diameters were decreased from 125 μm to 
7.8 μm over a 2-mm length, which is a gradual taper shape. 
It was followed by an abruptly tapered region in which 
the diameter decreased from 7.8 to 0.5 μm over a distance 
of 6 μm. Finally, the fibers were broken with the drawing 
speed increased to be about 2 mm/s. Then, the TFPs were 
fabricated with specific abrupt tapered tips at the end. The 

structure details of the probes are shown in Figure S1 in 
the Supplementary Materials.

4.2  Preparation of the RBC sample

The sample was obtained by drawing ~20 μl blood at the 
fingertip from a healthy adult male and then collected in 
a sterile anticoagulant containing glucose and sodium 
citrate. After being centrifuged at 2500 rpm for 10 min, the 
plasma and white blood cells were aspirated out. Then the 
purified RBCs were diluted in a phosphate buffer solution 
with a cell concentration of about 3 × 104 #/ml.

4.3  �Binding one side of the RBC to the 
TFP 1 tip

After the RBC solution was dropped onto the glass slide, 
TFP 1 was dipped into the solution to approach a specific 
RBC by manipulating the microstage that held the fiber. 
With a 980-nm laser beam injected into TFP 1 with a power 
of 30 mW, the cell was trapped onto the probe tip by the 
optical gradient force. After turning off the laser, one side of 
the cell was bound to the probe tip via Van der Waals force.

5  Supplementary materials
Further details are enclosed as supplementary materials, 
including the numerical simulations, diversified rota-
tion of cells, evaluation of the stability of cell orientation, 
single cell deformation with only one or two TFPs, and 
two video clips (Movies S1 and S2) to present the detailed 
processes of the RBC rotation around x axis and the defor-
mation of two cells. This material is available to author-
ized users.
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