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A biosensor based on single-fiber optical tweezers is proposed, which can detect the motion trajectory of cells based

on the stable capture and transmission of silica microspheres as well as biological yeast cells by using a tapered optical

fiber as a sensing element. The interference cavity is formed by using the fiber tip and the target particle, the detected

interference signal is demodulated using Hilbert transform, and the displacement curve of the particle is plotted to re-

alize the particle motion trajectory tracking. This method provides potential technical support for process monitoring

of targeted drug delivery in biomedicine.
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In recent years, the development of science and technol-
ogy has progressed from macroscopic to microscopic
scales, and therefore the manipulation of tiny-sized ob-
jects has become increasingly important in the fields of
micro and nano sciences, materials chemistry, and bio-
medicine!'. Traditional manipulation techniques are
based on contact mechanical gripping, such as miniature
robotic arms, tweezers, and probes[2'4], which inevitably
cause deformation and other effects on the manipulated
objects, thus causing damage to the manipulated objects
and even irreversible active damage to living materials.
With the rapid development of fiber optic technology, the
introduction of fiber optic devices has greatly improved
the freedom and flexibility of optical tweezer systems,
and fiber optic optical tweezers have become another
powerful tool for exploring the microscopic world. Fiber
optic optical tweezers are more suitable for particle ma-
nipulation because they confine the spatial activity of the
target particle by the gradient force of the optical local
field as opposed to the direct contact mechanical tweez-
ers, which are non-contact and gentle manipulation.
Typically, light emitted from the tip of an optical fiber
diverges, and a stable optical trap can only be achieved
by balancing the gradient and scattering forces of two
opposing fibers. Therefore, multiple fibers are required
to form a conventional single optical trap. Based on the
development of microfabrication techniques at the end of
optical fibers, the three-dimensional optical force gener-
ated by forming the fiber tip into a special conical shape

to trap biological particles marks the emergence of sin-
gle-fiber optical tweezers™™. Based on the common sin-
gle-fiber tweezer, it is easier to study and control, and
power transmission and distribution is easier than con-
trol'®”. As a result, many structures have been rapidly
developed, such as narrow parabolic tapered-tip fiber
optic optical tweezers'™, reflection-based tweezers axial
taper tip fiber optic optical tweezers”, high refractive
index fiber optic optical tweezers!'"”, and multi-core fiber
optic optical tweezers!'"'. However, most of these
methods have problems such as high fiber optic cost,
difficult production and tedious operation. Moreover, due
to the development in the field of micro-operation'!),
more and more demands are made on the functionality of
fiber optic optical tweezers. In the process of stable par-
ticle capture and transport, it is often critical to monitor
the state of particle motion as well as the transport dis-
tance. How to integrate multiple functions on the same
fiber to realize multiparameter sensing fiber has become
an urgent problem.

To solve the above problems, a sensor based on single fi-
ber optical tweezers is proposed in this paper, and a tapered
fiber probe for capturing silica and yeast biological cells is
prepared by fusion heating and stretching, and stable cap-
ture and manipulation of silica microspheres and yeast bio-
logical cells is successfully achieved. Moreover, the high
sensitivity property of the swift field exposed by the tapered
fiber tip is used to make the fiber tip a sensitive sensing
element. When the cell is displaced, the interference signal
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is generated due to the change of the outer cavity length,
and the interference signal is demodulatedusing Hilbert's
algorithm, which in turn enables the monitoring of the
motion state of the particle during transportation.

The laser beam focused by the lens exerts a force on
the particles near its focus. From the dipole model of
dielectric, this force can be divided into two categories,
one is called scattering force, the effect of scattering
force on the particle from the light in the scattering
process and the photon momentum exchange, the particle
makes the photon momentum change, and in turn the
particle itself by the momentum change of the reaction
force, the direction of the scattering force along the di-
rection of light propagation, the effect of the particle
along the direction of light propagation, and the effect is
to make the particle move along the direction of light
beam propagation. The other category is called gradient
force (gradient force), the gradient force on the particle
comes from the electric dipole moment in the dielectric
sphere in the inhomogeneous electromagnetic field by
the force, it is proportional to the gradient of light inten-
sity, pointing to the maximum intensity of the light field.
Its effect causes the particle to move toward the point of
maximum optical power density. The optical tweezers
are formed because the gradient force generated by the
laser is greater than the scattering force, thus capturing
the particles near the center of the focused spot.

When a high-intensity laser beam is directed at a di-
electric particle, the momentum transfer of the incident
photon scattering will exert an optical force on the parti-
cle near the focus. The resulting optical force tradition-
ally consists of two components, the scattering force and
the gradient force. The Rayleigh scattering condition will
be satisfied when the wavelength of the laser beam is
much larger than the size of the captured particles. Under
these conditions, the optical force can be obtained by
treating the particle as a point dipole. For a particle of
radius a, the scattering force is given as follows
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where [, is the intensity of the incident light, o is the
scattering cross section of the particle, n,, is the refrac-
tive index of the surrounding medium, c is the speed of
light in vacuum, m is the ratio of the refractive index of
the particle to the refractive index of the medium (n,/n,),
and 4 is the wavelength of the captured laser. The scat-
tering force is in the same direction as the incident light
and is proportional to the intensity of the light. The opti-
cal gradient force is generated by the interaction between
the induced dipole and the non-uniform field as

Fgrad = 2 V10’ (3)
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When the size of the captured particle is comparable to
the wavelength of the captured laser beam, in which case
the electric dipole method is ineffective, numerical
simulation and computational methods based on elec-
tromagnetic theory, such as the finite element method
and the time-domain finite difference method, can be
used for the calculation of the optical force. The com-
bined force (Fp) applied to the particle can be calculated
by computing the integral of the time-independent Max-
well stress tensor (<Ty;>) along the total outer surface of
the particle, where <7)> can be written as

(TM):DE*+HB*—1/2(D-E*+HB*)I, (5)

where D and H are the potential shift and magnetic field,
respectively, E* and B* are the complex conjugates of
the electric field E and magnetic field B, respectively,
and I is the isotropic tensor. The combined force on the
particle is

Fo = (1) ). ©

where n is the surface normal vector.

Simulations are performed by using the fluctuating
optics module (electromagnetic waves, frequency do-
main) of a commercial finite element simulation software
and boundary conditions of a perfectly matched layer for
the electric field distribution at the fiber tip and the mag-
nitude of the forces on the particles in the optical tweez-
ers experiment. Boundary-mode analysis is used for the
analysis of the transport modes. Parametric scanning is
used to calculate the forces on the particles at each posi-
tion in the electric field. The refractive indices of the
fiber, particle, and water were set to 1.45, 1.45, and 1.33,
respectively, and the particle diameter was set to 5 um.
The wavelength was set to 980 nm, and the input power
was set to 1 W/m, as shown in Fig.1. We analyzed the
electric field distribution at the tip of the fiber when the
particle was at 37 um, 39 um, 41 um, and 43 pm. From
Fig.1, it can be seen that the focal length is further ex-
tended as the distance between the sphere and the fiber
tip increases. At this point, the force on the particle at
different positions is different, and further analysis of the
force on the particle is needed in order to derive a stable
capture point for the particle.

To numerically simulate the non-contact capture capa-
bility of fiber optic optical tweezers, in this paper, we
used the parametric scanning module in COMSOL soft-
ware to calculate the forces on particles in the range of
34—46 um, and we calculated the optical forces on a
single microsphere (5 um in diameter). The radial and
axial force distributions of the microspheres were ob-
tained by integrating the time-independent Maxwell
stress tensor (Ty;) over the enclosed surface of the parti-
cles. It can be seen from Fig.2(a) that the force on the
particle is positive before 36.6 um, pushing the particle
to the stable capture point. In the range of 36.6—37.8 um,
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the force on the particle is negative, which pulls the par-
ticle toward the stable capture point and is expressed as
the capture gradient force. After 37.8 um, the force on
the particle is positive and is expressed as a scattering
force. When x=37 pum, the force analysis of the particles
along the longitudinal direction is performed. The light
field distribution is symmetric in the longitudinal direc-
tion, so the particle force exhibits cento symmetry. When
the particle is deflected in the —y direction, the particle is
subjected to an upward pulling force, which pulls the
particle back to the axial direction. When the particle is
deflected in the +y direction, the particle is subjected to a
downward pulling force, which pulls the particle back to
the axial direction. The force diagram is shown in
Fig.2(b).
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Fig.1 Electric field distributions at the fiber tip when
the microsphere is at different positions: (a) x=37 ym;
(b) x=39 um; (c) x=41 ym; (d) x=43 pm
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Fig.2 Magnitudes of the axial force and radial force
applied to the microspheres: (a) Axial force; (b) Radial
force

The fiber optic probes were fabricated by flame heat-
ing technique using commercial single-mode fiber (core
diameter: 9 pm, cladding diameter: 125 pm). The fibers
were first stripped of their buffer layer and polymer
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jacket by using a fiber stripper with a stripping length of
5 cm. To prevent their breakage and warpage, the fibers
were wrapped with stainless steel capillaries (outer di-
ameter: 1.1 mm, wall thickness: 0.1 mm, length:
100 mm). The fiber was heated for about 30 s to reach
the melting point, and then stretched at an initial speed of
about 2 mm/s. The fiber diameter was reduced from
125 um to 20.6 um over a length of 2.48 mm. The
stretching speed was then accelerated and stretched at a
speed of approximately 20 mm/s. The fiber broke into a
circular arc shape with a diameter of 2.5 um. Finally, the
stretching was completed by gently wiping the fiber tip
using a cotton towel moistened with alcohol, and the
stretched fiber is shown in Fig.3.

Fig.3 Fiber optic probe microscopy image

Based on the above analysis, the experimental setup
was designed and built in this paper (Fig.4). The experi-
mental images were acquired by an optical microscope
through an integrated charge-coupled device (CCD), and
the images were observed and recorded in real time on a
computer. A laser beam with a wavelength of 980 nm
was emitted into a modified tapered fiber with a power
adjustment range of 0—25 mW. Considering the impor-
tance of the power magnitude for particle stability cap-
ture, the output power at the fiber end in the experiment
was about 10 mW, and the modified tapered fiber was
wrapped with a capillary tube and fixed with a
three-dimensional six-axis robotic arm. During the ex-
periment, the slides and coverslips were placed and fixed
on a three-dimensional precision bench. A square cavity
of about 2 cm in length and 1—2 mm in height is formed
between the cover glass and the slide to attenuate the
Brownian motion of particles in the solution and the
evaporation force of the solution in air with the help of
blue gel. A portion of the solution is removed with a sy-
ringe and gently pushed into the lumen until the solution
fills the lumen. Then, the tip of the conical fiber covering
the capillary is fixed on the five-dimensional platform
and adjusted to the same height as the solution. After that,
the fibers were extended from one side into the solution
for particle capture. In this experiment, 3—6 pm yeast
cells as well as silica microspheres were used as capture
objects.
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Fig.4 Single fiber optical tweezer experimental setup

We used a drawn tapered fiber probe to conduct the
capture experiment of silica spheres with a diameter of
5 um. When =0 s, the fiber probe was moved to the vi-
cinity of the 5 um silica spheres (the yellow circle in
Fig.5(a) represents the 5 um spheres, and the red circle
represents the 7 um spheres, which were compared with
the 5 um spheres), and at /=1.0 s, the 980 nm laser was
turned on. At this time, the 5 pm spheres were captured
at the fiber tip, and when 7=2.0 s, the 5 um spheres were
still captured at the fiber tip, while the 7 pm spheres, due
to the scattering force larger than the gradient force, were
gradually pushed away. As in Fig.5(d), when =8.0 s, the
7 um spheres were pushed out of the imaging field of
view. To verify that the silica spheres were captured at
the fiber tip by the optical force, we turned off the laser
at =10 s and found that the 5 um silica spheres fell from
the fiber tip, verifying that the spheres were captured at
the fiber tip because of the effect of the optical force.

Fig.5 Schematic diagram of silicon dioxide sphere
capture experiment

Furthermore, we also conducted yeast cell capture ex-
periments, the cell samples were used for household
pasta yeast cells, yeast cell suspension was made by 5%
glucose solution, yeast cells were ellipsoidal, about
2—6 pm in diameter and 5—30 pm in length, as Fig.6
shows the yeast cell capture process, at =0 s, yeast cells
with diameter about 5 um and length about 7 pm were
captured at /=0 s, yeast cells with a diameter of about
5 um and a length of about 7 um were captured at the tip
of the fiber, and then the fiber was moved up and down,
and the yeast cells moved with it, as in Fig.6(b) and (c),
at =23 s, we moved the fiber back and forth, and the
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yeast cells also moved back and forth with the tip of the
fiber to achieve the manipulation of yeast cells.

Fig.6 Schematic diagram of yeast cell capture ex-
periment

In the process of particle transport, the velocity of par-
ticle motion and the size of particle displacement are the
object parameters that characterize the particle motion
state. To analyze the particle motion state, a particle dis-
placement detection method is proposed for the detection
of particle displacement. The microsphere surface and
the fiber end surface can be regarded as a non-intrinsic
F-P interference model, because the reflectivity of the
fiber end surface is about 4%. Therefore, we can ignore
the phenomenon of multiple reflections in the fiber end
surface, at this time, the light feedback from the fiber end
surface and the microsphere surface feedback can be
approximated as a two-beam interference, the power
equation can be expressed by Eq.(7). At this time, the
particle movement will lead to changes in the length of
the external cavity, the light from the fiber end surface
irradiated to the particles after the Fresnel reflection,
coupled into the fiber summary by the fiber end surface
again, and in the light end surface directly. The reflection
of that part of the light wave occurs interference, when
the optical range difference changes, the resulting inter-
ference fringe will also change, the resolution of the in-
terference fringe is half a fringe, that is, when the particle
moves a distance of half a wavelength, corresponding to
an interference fringe.

P(t) = B[R, + R, =2\ R R, cos(p(1))], (7
where P, represents the incident light power, R, and R,
represent the reflectance of the fiber end face and the
microsphere, respectively, and ¢(f) represents the phase
of the interfering light, denoted as

ol = 1D ®)
A
When the cell is moved by the scattering force, the in-
terference signal detected by the photodetector encapsu-
lated in the laser is shown in Fig.7(a), and in order to
filter out the phase noise introduced during the experi-
ment due to the influence of the external environment,
we used a Butterworth low-pass filter with a cutoff fre-
quency of 300 Hz to filter the original signal, and the
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filtered interference signal is shown in Fig.7(b), and in
order to reconstruct the displacement size, we used the
Hilbert transform in Ref.[13] to reconstruct the signal.
Firstly, we performed Hilbert transform on the original
signal, from the nature of Hilbert transform, as shown in
the following equation

H[cos((pf(t)ﬂ =lJ‘+°°Mdr, )

Td—w  t—T
If the Hilbert transform is written as the system re-
sponse function H(jw)=|H(jw)|e"”, the following for-
mulas can be obtained

|H(jo) =1, (10)
/2, @>0
v(w)= 0, ow=0, (11)

+n/2, w<0

where w(w) is the phase frequency response characteristic.
From the above equation, it is obtained that when the
phase function cos(¢(?)) of the interference signal passes
through the Hilbert transform, it can be seen as passing
through an all-pass filter with amplitude 1. While the part
of the signal with angular frequency w>0 is phase shifted
by —n/2, and the part of the signal with angular frequency
<0 is phase shifted by +m/2. It can be obtained that the
phase difference between the transformed signal and the
original signal is m/2, and then the transformed interfer-
ence signal is divided with the original signal to obtain the
phase containing the microsphere motion information ¢'(%),
as shown in Fig.7(c), but the amplitude of ¢'(¢) obtained at
this time is limited between [—r, ], and in order to obtain
the true phase amplitude ¢(f), it is necessary to expand
¢'(¢), and finally, according to Eq.(8), the displacement
curve of the motion of the sphere can be obtained, as
shown in Fig.7(d), from which it can be seen that the
maximum displacement of the cell is about 10.5 um dur-
ing the movement of the cell, it leads to a decelerated mo-
tion characteristic because the thrust force on the cell de-
creases with the increase of the distance.

Finally, to verify the reliability and stability of the
method proposed in this paper, we continuously moni-
tored 6 groups of particle tracks with different moving
distances. The results are shown in Fig.8, indicating that
the method has good applicability.
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Fig.7 Schematic diagram of microsphere displace-
ment reconstruction: (a) Original interference signal;
(b) Filtered signal; (c) Demodulated phase signal; (d)
Microsphere displacement curve
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In this paper, a tapered optical fiber sensor for detect-
ing particle motion trajectory is proposed, the optical
field distribution at the tip of the fiber after stretching is
analyzed, and the magnitude of the force situation when
the microspheres are at different positions of the tip of
the tapered fiber is calculated using simulation software.
Stable capture and transport of silica microspheres and
yeast biological cells were achieved. On this basis, the
interference signal due to particle motion was collected
using the tapered optical fiber as a sensing element, and
then the particle motion trajectory was mapped by de-
modulating the interference signal using Hilbert variation
algorithm. The experimental results show that the
method can effectively identify the velocity of particle
motion as well as the farthest displacement of particle
motion, and this work provides a potential technical de-
tection means to realize the visualization of targeted drug
delivery operations in biomedicine.
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