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In a fiber-based optical tweezer system, it is a common prac-
tice to insert the fiber probe into the sample solution to
perform the tweezer function. Such a configuration of the
fiber probe may lead to unwanted contamination and/or
damage to the sample system and is thus potentially inva-
sive. Here, we propose a completely non-invasive method for
cell manipulation by combining a microcapillary microflu-
idic device and an optical fiber tweezer. We demonstrate
that Chlorella cells inside the microcapillary channel can
be successfully trapped and manipulated by an optical fiber
probe located outside of the microcapillary, thus making
the process completely non-invasive. The fiber does not even
invade the sample solution. To our knowledge, this is the first
report of such a method. The speed of stable manipulation
can reach the 7 µm/s scale. We found that the curved walls
of the microcapillaries worked like a lens, which helped to
boost the light focusing and trapping efficiency. Numerical
simulation of optical forces under medium settings reveals
that the optical forces can be enhanced by up to 1.44 times,
and the optical forces can change direction under certain
conditions. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.486264

Single-cell analysis [1] has received increasing attention in
recent years. Biological samples of interest often consist of
heterogeneous cell populations. Studying heterogeneous cells
is vital for drug discovery [2] and understanding basic develop-
mental biology [3]. For example, the heterogeneity that exists
in tumor cells makes them resistant to anticancer drugs, thus
limiting the ability to predict the response of individual cancer
patients to treatment [4].

Traditional “bulk” studies of millions of cells in a single
experiment can only provide general and average results for
cell behavior [5]. However, as individual cells experience and
respond differently in their microbial niches, or due to the ran-
dom expression of genes, special cellular properties appear

even within the same cell population [6]. There are many cell
analysis methods based on different principles such as microflu-
idic systems [7], magnetism [8], dielectrophoresis (DEP) [9],
and acoustic separation [10]. All of these techniques can be used
to analyze large numbers of cells quickly and efficiently. During
the manipulation process, they often affect a certain number of
cells simultaneously, but it is difficult to manipulate a single cell
in a population of cells.

At present, single cells are usually captured in biological
experiments using holding pipettes. Negative pressure is used
to aspirate single cells into holding pipettes for cell injection [4]
and cellular elasticity measurement [11]. However, the mechan-
ical force exerted on the cell membrane by this method may still
lead to cell damage.

Optical tweezers [OT] [12], a flexible and widely used par-
ticle manipulation tool, can manipulate a single particle in a
swarm of micron-sized particles. The combination of OT with a
microfluidic chip [13] has brought great benefits to medical and
biological research. However, since microfluidic chips are usu-
ally made of PDMS, it is generally necessary to use 3D optical
tweezers with complex structures to complete the manipulation
of particles inside the chip. 3D optical tweezers usually need to
use higher laser power, and the radiation damage to cells cannot
be ignored [14]. Alternatively, the optical fiber tweezers (OFT)
are integrated into the microfluidic chip, which also leads to a
loss of flexibility of the OFT. The particle manipulation method
using OFT has the advantages of good controllability and low
power. Compared with dual-fiber optic tweezers [15,16], single-
fiber optical tweezers (SFOT) [17,18] have a more compact
structure.

In this Letter, we present a completely non-invasive method
for cell manipulation using SFOT in a microcapillary microflu-
idic device. To our knowledge, this is the first report of such a
method. Two different single-fiber probes were used to manip-
ulate cells at different positions in the microcapillary. The
microcapillary itself has a lensing function; it works as a lens
that contributes to light focusing. We calculated the enhancing
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Fig. 1. (a) Schematic of the experimental setup. (b) Microcapil-
laries and Chlorella at the lower inner surfaces of microcapillaries.
(c) Fiber probe with a flat fiber tip. (d) Fiber probe with a
parabolic-like fiber tip.

effects of microcapillaries with different diameters (in radians)
on the light force and selected the microcapillary with the most
appropriate diameter for the manipulation experiment. Through
this method, we can manipulate particles without touching the
sample solution while maintaining the advantages of SFOT.

A schematic diagram of the experimental setup is shown in
Fig. 1(a). The light source used in the experiment is a fiber laser
with a wavelength of 980 nm. Most living substances have poor
absorption at this wavelength [19]. The power of the laser is
25 mW.

We use flame-heated taper drawing to fabricate microcapillar-
ies with internal diameters of 10–30 µm [Fig. 1(b)], and attach
them to a glass slide with tape. The test sample is Chlorella cells
with a diameter of 3–5 µm. We dilute the sample solution with
distilled water to avoid the microcapillaries becoming clogged
and the Chlorella adhering to the capillary surface. The micro-
injection pump is used to inject the Chlorella solution into the
microcapillaries and control the flow rate. The fiber probes are
made by flame heating technology using commercial single-
mode fiber (G.652.D, core diameter: 9 µm). First, the fiber is
wrapped in a stainless steel capillary to prevent fiber breakage
and warping (outer diameter: 0.5 mm, wall thickness: 0.1 mm,
length: 30 mm). Then the buffer layer and polymer sheath of the
fiber are stripped with a fiber stripper, with a stripping length
of 5 cm. The fiber is heated for about 30 s to reach its melting
point and then stretched at an initial speed of about 2 mm/s. The
fiber diameter reduces from 125 µm to 20 µm over a length of
20 mm. The stretching speed is different for fabricating fiber
probes with a flat fiber tip [Fig. 1(c)] and fiber probes with a
parabolic-like fiber tip [Fig. 1(d)]. The fiber tip breaks into a
plane with a diameter of 7.67 µm when the stretching speed
increases to 25 mm/s. The stretching speed needs to increase to
15 mm/s to fabricate the parabolic-like fiber probe. Finally, the
stretching is finished by gently wiping the fiber tip with a cotton
towel moistened with alcohol.

In this experiment, the size of the trapped particle is larger
than the wavelength of the laser beam, which satisfies the con-
ditions for Mie scattering. The optical forces can be divided into
two components: the gradient force (Fg), which pulls particles
toward areas of the highest intensity, and the scattering force
(Fs), which pushes particles in the direction of the laser. The
optical forces acting on the Chlorella can be expressed as [20]

FO =

∮
S

(⟨TM⟩ · n)dS, (1)

where S is the closed surface surrounding the element and n is
the surface normal vector.

To explain and analyze the optical forces and the effect of
the microcapillary lens on the laser beam, we use the wave
optics module (electromagnetic waves, frequency domain) and
perfectly matched layer boundary conditions in the commercial
finite-element simulation software COMSOL MuItiphysics 5.6
for 2D simulation. Under an optical fiber tweezer with the same
laser power, the longitudinal velocity of smaller cells is greater
than the longitudinal velocity of larger cells. However, the larger
particles interact more with the focused beam than the smaller
cells, so, when captured, the larger cells receive stronger trapping
forces [21,22]. The diameter of Chlorella is set to 3.6 µm. The
internal diameters of the microcapillaries range from 10 to 30
µm. The wall thickness of microcapillaries is set to 0.125 times
the internal radius of the microcapillaries. The position of the
fiber tip is set to x= 0, and the fiber axis is set to y= 0. The
refractive indices of air, water, and Chlorella cells are 1, 1.33,
and 1.45, respectively, and the refractive indices of the fiber
probe and microcapillaries are 1.46 [23]. The power measured
at the flat fiber tip is 14.34 mW, and that at the parabolic-like fiber
tip was 15.57 mW. Because the optical power of the input port
in the simulation cannot actually be measured, we set the input
power to 1 mW. To study the focusing effect of the microcapillary
wall on optical tweezers, we use microcapillaries of different
internal diameters and a glass plane of the same thickness and
keep the rest unchanged in the simulation.

In Figs. 2(a) and 2(b), the internal diameter of the micro-
capillary is 18 µm. The distance between the fiber tip and
microcapillary outer wall is set to d1= 3 µm. Chlorella is set at
x= 20 µm. It is obvious that the microcapillary lens makes the
diameter of the laser beam narrower when the fiber probe with a
flat tip is used. Therefore, the optical forces along both the x axis
and the y axis are enhanced. When we use the fiber probe with a
parabolic-like tip [Figs. 2(c) and 2(d)]; the results are similar to
those shown in Figs. 2(a) and 2(b). The internal diameter of the
microcapillary is 18 µm. The distance between the fiber tip and
microcapillary outer wall is set to d2= 1.4 µm. Chlorella is set
at x= 4.4 µm. When calculating the transverse optical force, to
make the calculation range wider and closer to where the actual
Chlorella is controlled, we set the position of the Chlorella at
x= 18 µm and x= 5.2 µm.

Axial forces were calculated for the optical force of Chlorella
from the bottom of the microtubule to the top of the microtubule.
The longitudinal force was obtained by calculating the offset of
Chlorella (±5 µm) from the fiber tip. The cylindrical lens made
of microcapillaries turns the circular Gaussian beam at the fiber
tip into an ellipsoidal beam. As the number of radians gets bigger
(the internal diameter gets smaller), the microcapillaries make
the focus closer to the fiber tip on the x axis and closer to the
fiber axis on the y axis. The best enhancing effect of both kinds
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Fig. 2. Electric field intensity distribution and simulated optical
forces. (a), (b) Simulated electric field intensity distribution of the
laser passing through the wall of the microcapillaries (a) and a glass
plate of the same thickness (b) when using a fiber probe with a flat
tip. (c)–(e) Simulated electric field intensity distribution of the laser
passing through the wall of microcapillaries (c), a glass plate of the
same thickness (d), and water (e) with a fiber probe when using a
parabolic-like tip. (f), (g) Optical forces along the x axis and y axis
of Chlorella with a flat tip. (h), (i) Optical forces along the x axis
and y axis of Chlorella with a flat tip and with a parabolic-like tip,
respectively.

of fiber tips occurs between 14 µm and 24 µm. In Figs. 2(f) and
2(g), compared to the flat fiber tip combined with a flat glass
with no radians, the optical forces are magnified by 1.25 times
on the x axis and 1.44 times on the y axis when the flat fiber tip
is combined with the 18-µm-internal-diameter microcapillaries.
In Figs. 2(h) and 2(i), compared to the parabolic-like fiber tip
combined with a flat glass with no radians, optical forces are
magnified by 1.29 times on the x axis and 1.1 times on the y
axis when the parabolic-like fiber tip is combined with the 18-
µm-internal-diameter microcapillaries. We also calculated the
electric field intensity distribution of the parabolic optical tweez-
ers in water [Fig. 2(e)]. It is worth mentioning that the optical
force direction of the parabolic-like tip in water is opposite to
that of the parabolic-like tip–microcapillary structure, as proved
in our experiments [Fig. 2(h)].

To experimentally verify non-contact particle manipulation
with the SFOT, we use SFOT with different optical force direc-
tions (pull or push) to control the movement of Chlorella in the
microcapillaries. The diameter of the microcapillaries ranges
from 14 to 24 µm, which is the best result of the simulation.
We first demonstrate the pushing operation with flat fiber tips,

Fig. 3. Manipulating cells on the upper inner surface of micro-
capillaries using SFOT with a flat fiber tip.

as shown in Figs. 3(a)–3(c). The sample solution is still. Here,
Chlorella cell no. 1 in the figure is not affected by optical forces
and is used for reference. Particle no. 2 is the manipulated
Chlorella cell. The Fs pushes the Chlorella cell against grav-
ity to the upper inner surface of the microcapillaries. When
moving the fiber probe, the Chlorella deviates from the area
with maximum optical intensity. The Fg helps to drag it right
in front of the fiber probe. The maximum moving speed of cell
manipulation laterally is 7.7 µm/s.

In Figs. 3(d)–3(f), Chlorella cells are propelled by microflu-
idics. They move to the right at a speed of 4.9 µm/s within the
microcapillaries [Fig. 3(d)]. We use a fiber probe with a flat tip to
fix Chlorella cells. Particle no. 3 is the reference Chlorella cell
propelled by microfluidics, and particle no. 4 is the Chlorella
cell to be fixed. Chlorella is stably trapped at the upper inner
surface of the microcapillaries [Figs. 3(e) and 3(f)].

Furthermore, as shown in Figs. 4(a)–4(c), the sample solu-
tion is static. We use SFOT with a parabola-like fiber tip for the
pulling operation. This keeps the Chlorella on the lower inner
surface of microcapillaries. Chlorella cell no. 5 is not affected by
the optical forces and is used for reference. Particle no. 6 is the
Chlorella cell that is manipulated. The Chlorella can be manipu-
lated laterally at the lower inner surface of microcapillaries. The
manipulation speed is 7.1 µm/s. In Figs. 4(d)–4(f), we test the
direction of the optical force when the fiber probe and Chlorella
are both in water without microcapillaries. Particle no. 7 is the
reference that is not affected by the optical forces. Particle no. 8
is the Chlorella cell that is manipulated. The results show that
Chlorella is pushed away from the fiber probe.

In our experiment, microcapillaries with an internal diame-
ter of about 18 µm are used as the microfluidic carrier; they
have a shape similar to those of capillaries in the living body.
The microcapillary wall functions as a lens that focuses light.
Due to astigmatism, the focal length is closer to the fiber tip
longitudinally and laterally. Because the refractive index of air
is lower than that of water, the deflection angle of the laser
exiting the fiber is greater, and the arc of microcapillary lens
brings the focus closer to the fiber tip. It is worth mentioning
that the Fg and Fs of the optical tweezers did not reach a bal-
ance, and the Chlorella was pressed onto the microtubule wall
by the pulling or pushing to achieve a force balance. We also
calculated the forces in the z-direction of Chlorella using a sim-
plified 3D model, and the results were similar to those in the
y-direction.
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Fig. 4. (a)–(c) Manipulating cells on the lower inner surface of
microcapillaries using SFOT with a parabola-like fiber tip. (d)–(f)
Manipulating cells in solution using SFOT with a parabola-like fiber
tip. See also Visualization 1, Visualization 2, Visualization 3, and
Visualization 4.

In summary, we have presented a completely non-invasive
method for cell manipulation using SFOT in a microcapillary-
lens-integrated microfluidic device. We use microcapillaries
with an internal diameter of about 18 µm as a microfluidic
carrier. To our knowledge, this is the first report of the use of
SFOT to manipulate Chlorella in microcapillaries. The method
not only isolates the sample and the fiber probe but also focuses
the laser. The optical fiber is set in the vertical direction, which
improves the efficiency of the optical capture. It’s easy to cap-
ture the cells that sink to the bottom. This method maintains
the advantages of SFOT, such as good controllability, low
power, and a compact structure, and reduces contamination
and damage. It provides new possibilities for particle trans-
port, the capture of rare cells, and the study of cell-to-cell
interactions.
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