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Abstract: Cell separation and delivery have recently
gained significant attention in biological and biochemical
studies. In this work, an optical method for separation and
controllable delivery of cells by using an abruptly tapered
fiber probe is reported. By launching a laser beam at the
wavelength of 980 nm into the fiber, a mixture of cells with
sizes of ~5 and ~3 µm and poly(methyl methacrylate) particles with size of 5 µm are separated into three chains along
the direction of propagation of light. The cell and particle
chains are delivered in three dimensions over 600 µm distance. Experimental results are interpreted by numerical
simulations. Optical forces and forward migration velocities of different particles and cells are calculated and discussed.
Keywords: optical manipulation; optical separation; cell
delivery; tapered optical fiber

1 Introduction
The separation and delivery of cells are critical in a variety of biological and biomedical applications [1–4]. For
example, many clinical diagnoses of diseases involving
rare cells and monitoring of certain genetic conditions require cell separation and accurate delivery of target cells
toward a sensor surface [5]. In this regard, diverse separation and delivery methods have been reported, including
fluorescence-activated cell sorting (FACS) [6], magneticactivated cell sorting (MACS) [7], dielectrophoresis [8],
acoustophoresis [9], and magnetophoresis [10, 11]. FACS
and MACS are two commonly used and high-throughput
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separation strategies. However, FACS and MACS strategies require additional biochemical labels to identify different cells. To simplify the techniques and to improve
the separation efficiency, separation methods which avoid
the use of labels have recently attracted a great of interest [12]. Dielectrophoresis, acoustophoresis, and magnetophoresis are label free and highly efficient separation
methods which have been demonstrated for the manipulation and separation of biological cells and colloid particles [12, 13]. However, complicated microfludic devices and
external systems are required in these techniques, which
make the separation and delivery process difficult to handle.
Optical manipulation techniques such as optical
tweezers and optical chromatography have also been applied to separate organelles [14], cells [15, 16], and colloidal particles [17]. Although optical tweezers have been
widely used in biophysical and biochemical research, relatively bulky structures create a lack of flexibility in operation. As for the optical chromatography technique, a
fluid flow against light propagation direction is usually required, which increases the complexity of the separation
process. Recently, evanescent field-based optical waveguides [18, 19] and nanofibers [20] have shown great potentials for cell or particle separation and delivery. Compared with conventional optical tweezers, the waveguides
or nanofibers are much more compact and can be easily
integrated on a lab chip for cell and particle separation.
However, once defects exist at the waveguide or nanofiber
surface, the cells and particles will be assembled near
the defects and the subsequent separation and delivery
will be stopped [21]. Moreover, in these separation and
delivery methods, cells and particles can only be delivered along the waveguide or nanofiber surfaces. It is relatively difficult to combine separation and delivery of cells
and particles in a single system with three-dimensional directions. Fortunately, flexible and bulky-free optical fiber
probes have been demonstrated for three-dimensional optical trapping and manipulation [22, 23]. Here, we extend
the manipulation capability of optical fiber probes to optical separation and delivery of multiple particles and cells.
Both the separation and delivery operations are performed
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Figure 1: Experimental setup. (A) Schematic diagram of experimental setup. The red arrows indicate the propagation direction of beam with
980 nm wavelength. (B) Optical microscope image of ATF. Diameter of the fiber probe is decreased from 15.6 to 1.7 µm within 15.0-µm axial
distance.

Figure 2: Particle and cell separation. (A,B) Schematics of optical separation of particles and cells. (A) Laser off. The ~3 and ~5-µm chlorella
cells (green), and 5-µm PMMA particles (grey) are mixed together. (B) Laser on. The particles and cells near the tip of the fiber probe were
trapped to the axis by F g and driven away by F s in the propagation direction of the beam. The mixture of ~3 and ~5-µm chlorella cells and
5-µm PMMA particles are separated into three chains. The chains are formed due to the cooperation of F g and F s . (C,D) Optical microscope
images of separation process of ~5-µm, ~3-µm cells and 5-µm PMMA particles. (C) Laser off. The cells and particles are mixed together. (D)
Laser on. The ~5-µm cells (cell I), ~3-µm cells (cell II) and 5-µm PMMA particles are separated with separation distances L C = 23.3 µm and
L P = 52.1 µm. (E,F) Images of separation process of ~4-µm cells and 5-µm PMMA particles. (E) Laser off. The cells and particles are mixed
together. (F) Laser on. The ~4-µm cells and 5-µm PMMA particles are separated with 19.7 µm separation distances. (G) Maximal forward
migration velocities (V max ) (measured: dots and linear fitted: lines) for different particles and cells as a function of input optical power (P)
from 20 to 80 mW. Scale bars are 20 µm.

through an optical fiber which is free of external labels and
microfluidic devices, making it more simple and flexible
for cell separation and delivery in narrow spaces such as
blood vessels, biocapillaries, or lab-on-a-chip devices.

2 Results and discussions
Figure 1A shows the experimental setup. An abruptly tapered fiber probe (ATF) was connected to a laser source
at 980 nm wavelength, with the tapered end immersed in
a suspension droplet of chlorella cells and PMMA particles. The reason for using the 980 nm laser is that light
at this wavelength will be weakly absorbed by most living matter [24]. The fiber, sheathed by a glass capillary,
was manipulated by a six-axis manipulator (SAM). A mi-

croscope was used for experimental process observation,
while a computer-connected CCD camera was used for image and video capture. Figure 1B shows the optical microscope image of the ATF which was fabricated by using
a flame-heating method (see fabrication of fiber probe in
Methods). The diameter of the fiber probe was decreased
from 15.6 to 1.7 µm within 15.0-µm axial distance. In our experiments, the fiber probe could manipulate the cells and
particles in the size range from 2 to 20 µm.
The separation process was first demonstrated using
a mixture of ~3 and ~5-µm chlorella cells and 5-µm PMMA
particles. Figures 2a and b show the schematics of optical
separation of particles and cells. Without the laser beam
launched into the fiber, both the cells and PMMA were
mixed together (Figure 2A). Once a 980-nm laser beam was
launched into the fiber probe, a group of different particles order themselves into different chains as the result of
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Figure 3: Optical delivery of particle and cell chains. (A) Optical microscope images of the delivery process in +x direction. (A1) t1 = 0 s. A
PMMA particle R1 was stationary relative to the slide, as a reference point. Two chains were formed with a 131.7 µm distance in +x direction
between R1 and the first cell of the chains. (A2) t1 = 2 s. By moving the fiber probe in +x direction, the distance was decreased to 82.2 µm.
(A3) t1 = 5 s. The distance was decreased to 21.6 µm. (B) Images of the delivery process in +y direction. (B1) t2 = 0 s. A PMMA particle R2
was stationary relative to the slide, as a reference point. Three chains were formed with a 78.1 µm distance in +x direction and a 45.5 µm
distance in +y direction between R1 and the first cell of the chains. (B2) t2 = 3 s. By moving the fiber probe in +xy plane, the distance was
decreased to 30.0 µm in +x direction and 36.4 µm in +y direction. (B3) t2 = 8 s. The distance was decreased to −22.2 µm in +x direction
and 19.3 µm in +y direction. (C) Distance (∆X) and velocity (V X ) of the chains moving in +xdirection as functions of t1 . (D) Distance (∆Y) and
velocity (V Y ) of the chains moving in +ydirection as functions of t2 .

different optical force and forward migration velocity so
that the particles were separated, as shown in Figure 2B.
The light outputted from the fiber probe yields an optical gradient force F g that draws particles and cells toward
the high-intensity region of the beam. Meanwhile, an optical scattering force F s drives particles and cells away from
the stronger light intensity region. Thus the particles and
cells near the tip of the fiber probe were dragged to the
axis by F g and driven away by F s in the propagation direction of the beam. Since the forward migration velocity (V P ) of PMMA is larger than the velocity (V C ) of cells
(as shown in Figure 2G and Figure 4H), the PMMA were
trapped farther away from the tip of the fiber probe, and
the cells will be left behind in the PMMA. Thus the sepa-

ration of cells and PMMA was achieved. Moreover, if the
sizes of cells are different, the larger cells and the smaller
cells will also be separated because the forward migration
velocity of smaller cells is greater than that of the larger
cells (as shown in Figure 2G and Figure 4H). Thus, PMMA
and cells with different sizes can be simultaneously separated. Figures 2C and 2D show the optical microscope
images of separation process of ~5- and ~3-µm cells and
5-µm PMMA. Before turning on the laser, the cells and
PMMA were mixed together as shown in Figure 2C. Figure 2D shows that after launching a laser beam with 39 mW
optical power cells and PMMA were separated into three
chains with separation distances L P = 52.1 µm and L C =
23.3 µm, where L P is the distance between the last cell of
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Figure 4: Simulation and calculation results. (A-F) Simulated optical energy density distribution for (A) a 3-µm PS particle, (B) a 3-µm PMMA
particle, (C) a 3-µm chlorella cell, (D) a 5-µm PS particle, (E) a 5-µm PMMA particle, and (F) a 5-µm chlorella cell. (G) Calculated and measured optical forces F (calculated: C and measured: M). (H) Calculated and measured forward migration velocities V M (calculated: C and
measured: M).

cell II chain and first particle of PMMA chain, while L C is
the distance from the last cell of cell I chain to first cell of
cell II chain. The separation distance L P was greater than
the L C because the velocity difference (∆V PC = 3.9 µm/s)
of PMMA and cell II was larger than the velocity difference
(∆V CC = 1.1 µm/s) of cell I and cell II. Another separation
experiment was also demonstrated using a mixture of ~4µm chlorella cells and 5-µm PMMA particles, as shown in
Figures 2E and 2F. Figure 2F shows that ~4-µm cells and 5µm PMMA were separated into two chains with separation
distances L P = 19.7 µm.
To separate more types of particles and cells, forward
migration velocities (V M ) of different particles and cells
were measured. The experiments were performed with
PMMA particles, polystyrene (PS) particles, chlorella cells,
and yeast cells with diameters of 3 and 5 µm. For each measurement, the distance between the particle or cell and
the fiber probe is 26.5 µm before turning on the laser. After turning on the laser, particles or cells were moved forward immediately. To compare with the theoretical velocity, the measured velocity was shown in Figure 4H. It can
been seen that V M is decreasing with the increase of the diameter for a specific material while increasing with the increase of the refractive index for a specific diameter. Since

the particles and cells in different sizes or materials have
different forward migration velocities, more types of particles and cells can be separated. Figure 2G shows the maximal forward migration velocity V max of the particles and
cells with different input optical powers range from 20 to
80 mW. Fitting curves show that the V max increases linearly with the increasing input optical power. It is indicated that at a higher optical power, a larger separation
distance of different particles can be obtained as the velocity difference between particles becomes larger.
After separation, the cells and PMMA particles were
bound to each other and formed cell or PMMA chains without contact to the fiber probe. The optical binding is resulted from refocused light refracting thought the particles
that orders particles due to the resultant forces of F s (in +x
direction) and F g (in −x direction) [25–27]. With the redistribution of incident light field by the presence of the particles, multiple particles have been trapped and bound into
chains. Moreover, the formed particle and cell chains can
be axially confined and flexibly delivered with a long range
in three dimensions by controlling the movement of the
fiber probe. Figure 3A shows the delivery of particle and
cell chains in +x direction. The yellow arrow indicates that
a PMMA R1 is stationary relative to the slide, as a reference
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point for the movement of the cell and particle chains. Figure 3A1 shows that, at t1 = 0, a cell chain with 12 cells and a
particle chain with 5 particles were formed with a 131.7 µm
distance in x direction between the reference point R1 and
the first cell of the chains. By moving forward the fiber
probe, the chains were propelled and confined in the optical axis. Figure 3A shows that, the chains were delivered
110.1 µm in x direction within 5 s. The chains were kept stable during the delivery process without any cell and particle dropping from the chains. Details of the delivery process are shown in Movie S1 in the Supplemental Material.
Figure 3C shows ∆X and V X as functions of t1 , where ∆X
and V X are distance and velocity of the particle and cell
chains delivering in xdirection in a certain period of time,
respectively.
Figure 3B shows the moving of the particle and cell
chains in +y direction while the chains were delivered in
+x direction. Figure 3B1 shows that, at t2 = 0, particles
and cells were separated into three chains along the direction of propagation of light with an optical power of 39 mW
launched into the fiber probe. The yellow arrow indicates
that a PMMA R2 is stationary relative to the slide. Another
yellow arrow indicates a 78.1 µm distance in x direction between the chains and R2 while the white arrow indicates
the chains is 45.5 µm away from R2 in y direction. By moving the fiber probe in +y direction with an average velocity
of 3.3 µm/s and in +x direction with an average velocity of
12.5 µm/s, the chains can be moved in +y direction while
delivering in +x direction. The chains were moved 26.2 µm
in y direction and delivered 100.3 µm in +x direction within
8 s. Details of delivery of three chains in x and y directions
are shown in Movie S2 in the Supplemental Material. Figure 3D shows ∆Y and V Y as functions of t2 , where ∆Y and
V Y are distance and velocity of the particle and cell chains
delivery in y direction in a certain period of time, respectively.
The flexible delivery of cell and particle chains in two
dimensions were demonstrated by moving chains in x and
y directions. The delivery velocity V X and V Y depend on
the moving velocity of the fiber. Faster delivery of cells can
be realized by increasing the moving speed of the fiber. To
maintain the stable cell or particle chains during the delivery process, at optical power of 39 mW, the maximum
moving velocity (V m ) of the fiber probe in x and y directions are 50.0 µm/s and 5.9 µm/s, respectively. Higher V m
can be achieved by increasing the optical power since the
optical force increases with the increasing optical power. It
should be noted that although the cells were moved about
100 µm in the images, cells can be actually delivered to a
long distance over 600 µm (see Movie S2 in the Supplemental Material). The three dimensions delivery capabil-
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ity of this method was proved by further experiments of
levitating the cell and particle chains in z direction.
To explain and analyze the separation mechanism and
binding phenomena, numerical finite element method
simulations were carried out. In the simulation, the refractive indices of water, fiber probe, PS, chlorella cells, and
PMMA are set to be 1.33, 1.45, 1.58, 1.45 [28], and 1.49, respectively, and the optical power of light launching into
the fiber probe is 39 mW. The simulated optical energy density distribution of outputted laser from the fiber probe
was obtained and shown in Figure 4A-F. Due to the abrupt
tapered shape, light is strongly focused. The focus (with
the strongest optical energy density) is 10.5 µm away from
the tip in +x direction. Different sizes of particles (PS and
PMMA) and chlorella cells are used as examples in the simulations. Figure 4A-F shows the optical energy density distribution with different particles and cells at the position
of 26.5 µm away from the fiber tip. With the light irradiated on the particle or cell with a low absorption to the
980-nm wavelength light, the particle or cell focuses the
light at the rear side of the particle or cell [29]. The latter
particle or cell will be trapped by the focused light of the
former particle or cell. The optical binding of particles and
cells is achieved by this effect. It is seen that the light is
focused stronger with decreasing diameters or increasing
refractive indices of the particles and cells. And the focus is
farther away from the particles and cells with larger diameters or lower refractive indices. As examples, the focuses of
3-µm PS, 5-µm PS, and 5-µm PMMA are 3.1, 5.2, and 10.3 µm
away from the right boundary of the particles, respectively.
To numerically analyze the separation mechanism,
the resultant optical force F, contributed by gradient force
F g and scattering force F s , exerted on a particle or a cell
was calculated using F = (n/c) ∫ ∫ ∆SdA [30], where n is
the refractive index of the surround medium (water), c is
the speed of light in vacuum and ∆S is the difference between the energy density flux travelling into and coming
out of the unit area of the particle or cell. Figure 4G shows
the calculated F exerted on the different particles and cells
with the D A from 16.5 to 61.5 µm, where D A is axial distance of the particle or cell to the fiber probe tip. It is seen
that in specific distance D A , the resultant optical force F
of 3- and 5-µm PS are greater than that of the 3- and 5-µm
PMMA and cells due to the highest refractive index of PS.
For particles or cells with specific refractive index, the F
is increasing with the increasing diameters in specific distance D A . It can be seen that, the resultant optical force F
are all in +x direction, indicating the scattering force F s is
larger than gradient force F g . Thus the particles and cells
will be propelled away from the fiber probe with different
forward migration velocities (V M ). The forward migration
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velocities (V M ) of particles and cells are determined by the
equilibrium of the resultant optical force (F) and the Stokesian drag force (F d ). According to the Stokes’ law F d =
6πrηv, the forward migration velocities (V M ) can be calculated by V M = F/6πrη, where r is the particle or cell radius and η = 9.1 × 10−4 Pa·s is the dynamic viscosity of water at room temperature. Figure 4H shows the theoretically
calculated and experimentally measured forward migration velocities V M of PS, PMMA and cells in diameters of
3 and 5 µm. It is seen that, with unchanged distance D A ,
the migration velocitiesV M of smaller diameter or higher
refractive index particles are greater than those of larger
diameter or smaller refractive index particles. The experimentally measured velocities of particles and cells are in
good agreement with the calculated results. Note that for
a cell mixture with higher density, the limitation of cell
number and distance in separation and delivery are 70–
80 cells and 350–400 µm, respectively, under the conditions of ~5 µm cells and 39 mW optical power as we used
in the experiments. The upper limit on the cell number
or distance can be raised by increasing the optical power
launched in the ATF. In addition, the experiments and simulations presented above were performed in water. The optical force will be decreased when the cells are suspended
in phosphate-buffered saline (PBS) or other proper surround solution (e.g. blood plasma) due to the lower refractive index contrast between the cells and the surrounding
medium (see Supplementary Material). However, the decrease of the optical force is actually very small. For example, the force is merely decreased by ~2% and ~5% in
PBS and blood plasma, respectively, compared with that
in water. Therefore, to maintain the same optical force for
the separation as that applied in water, the optical power
needed to be merely increased by 1–2 mW when applied in
PBS and blood plasma.
Both the experimental and simulated results show
that particles or cells with different sizes or types have
different forward migration velocities with the same optical power. So mixed particles and cells with different
sizes or materials can be separated using this method.
Although the 5 µm PMMA and 3- to 5-µm chlorella cells
were used in this work as the samples for separation, particles and cells in other sizes or types can also be separated with this method. Additional experiments were also
performed for separating cells in other species (e.g. human cancer cells) and the results confirmed that the presented method is also valid for separating cells with bigger
size (10–30 µm) and internal complexity (see Supplementary Material). Moreover, by controllably moving the fiber
probe in the particles or cells mixture or increasing larger
optical power, larger separating region and higher separat-

ing throughput can be achieved. An alternative solution is
to fabricate smaller diameter fiber probe and use multiple
fiber probe in parallel array as an extension of this technique to two or three dimensions.

3 Conclusions
In summary, we theoretically and experimentally demonstrate a flexible optical method for cell separation from
mixture and delivery using an abruptly tapered fiber
probe. By launching a laser beam with a power of 39 mW
at a wavelength of 980 nm into the fiber, PMMA particles
with 5-µm diameter and chlorella cells with different diameters were separated into three chains due to the different forward migration velocities. Separations of other
particles and cells were demonstrated by measuring the
forward migration velocities with different input optical
powers from 20 to 80 mW. The particle or cell chains, resulting from the optical binding effect, can be controllably
delivered to a desired position in three dimensions. Simulations and calculations were carried out to explain the
separation mechanism, showing good agreement with the
experimental results. The presented method is expected to
find applications in separating and delivering biosamples,
such as cells, drugs, and bacteria, in compact lab-on-achip systems for biomedical and biochemical analysis.

4 Methods
4.1 Fabrication of fiber probe.
The fiber probe was fabricated by a flame-heating technique from a commercial single-mode optical fiber (connector type: FC/PC, core diameter: 9 µm, cladding diameter: 125 µm, Corning Inc.). The buffer and polymer jacket
of the fiber were stripped off with a fiber stripper to open a
window of 3 cm in length and 125 µm in diameter. Before
heating, the fiber was sheathed by a glass capillary (inner diameter: ~0.9 mm, wall thickness: ~0.1 mm, length:
~120 mm) to ensure the fiber probe being flexibly manipulated by the SAM and protect the fiber probe from breaking. After that, the bare fiber outside the capillary was kept
heating for about 30 s. Then, the fiber was drawn with a
speed of ~3 mm/s with a heating zone of about 3 mm until
the fiber was broken with an abruptly tapered end. The size
and shape of the fiber probe can be modified by controlling
the drawing speed. To match the size of cells which range

Separation and delivery of cells from particle and cell mixture. . .

from several microns to over ten microns, a fiber probe
with about 15 µm diameter is used in this work.

4.2 Preparation of particle suspension
The PMMA suspension was prepared by diluting the particles with buffer solution with additional ultrasonic treatment for 5 min to get a monodisperse particle suspension
(~1.1 × 104 particles per µL). The chlorella cells suspension
was prepared by putting the chlorella cells droplets, which
were taken from a nutrient solution using a pipette, into
buffer solution (~1.0 × 104 cells per µL). When the concentrations of cell and PMMA suspension were comparable,
the equal amounts of cell and PMMA suspensions were
mixing and shaking well. After that, the mixture of cells
and PMMA suspensions was dripped onto the surface of
the grass slide using a pipette for the separation experiment.

[5]

[6]

[7]

[8]
[9]

[10]
[11]

[12]
[13]
[14]

5 Supplemental Material
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