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Abstract

We report on the first demonstration of a living biological probe that is utilized to measure microscale
vibration information. The microsphere-based living biological probes were precisely manipulated
through optical fiber tweezers technology, enabling to transmission and focus of the emitted light on
the surface of the vibrating microstructure and then combining it with laser self-mixing interference to
obtain the microscale vibration information. Experiments show that the living probes can successfully
detect the microscale vibration information of microstructure, and the relationship between the
interference fringe number of the self-mixing signal and the peak-to-peak amplitude of the vibration of
the microstructure was analyzed. The presented living probes may expand the application of optical
fiber probes for detecting microscale vibration information in the biological field.

Keywords
Laser self-mixing interference; Biological microsphere superlens; Optical fiber tweezers; Microscale
displacement measurement

1. Introduction

Self-mixing interference (SMI) is attractive for optical measurements in many fields, such as structural
analysis [1], micro-damping vibration [2], [3], [4], motor runout [5], [6], [7], and medical diagnosis [8],
[9], [10], [11], due to its inherent simplicity, compactness, and self-alignment [12]. Microscale vibration
information can be easily obtained by using the SMI effect. In recent years, microscale vibration
measurements of certain organisms in the solution environment have been an interesting study in the
field of microbiology [11], [13], [14]. Exploring a new sensing measurement method applicable to the
biological environment is important.

Fiber probes are processed so that the small tip can be used as a convenient probe into narrow biological
sample chambers for the detection of microstructures. However, the current processing of fiber probes
is flame-burned and stretched, which does not guarantee the regular shape of the processed fiber ends.
Some of the proposed probe structures are composed of high refractive index inorganic materials, such
as precious metals and semiconductors [15], which will mechanically damage samples, particularly
biological cells and tissues, during manipulation and measurement [15], [16]. For example, near-field
optical scanning probes coated with precious metal nanofilms or attached with semiconductor
nanowires or nanocavities will easily pierce cell membranes under measurement and manipulation, and
local heating is caused by light absorption from high-refractive-index materials will cause undesired
photothermal damage to biological samples [17], [18]. Therefore, a measurement tool suitable for the
detection of microstructural displacements in biological environments in combination with optical
interferometry is lacking. This condition calls for a new sensing method incorporating the SMI principle
to provide the possibility of microscale detection in biological environments. Focusing on the surface
of the object to be measured is difficult due to the measurement of light diffuses in an aqueous
environment, which requires small particles that can act as lenses to collect light. However, the current
microspheres are commonly formed by artificially inorganic materials, such as silicon dioxide (SiO2),


https://www.sciencedirect.com/science/article/pii/S0030401821009780#!
https://www.sciencedirect.com/science/article/pii/S0030401821009780#!
https://www.sciencedirect.com/science/article/pii/S0030401821009780#!
https://www.sciencedirect.com/science/article/pii/S0030401821009780#!
https://www.sciencedirect.com/science/article/pii/S0030401821009780#!

titanium dioxide (TiO2), and barium titanate (BaTiOs). They endure relatively low biocompatibility
when interacting with biosamples in detection or sensing applications. Local heating induced by the
optical absorption of the high-index materials will cause undesired photothermal damage to
biospecimens [18]. Therefore, a biocompatible, harmless, and non-invasive focusing lens is needed.
Biological materials, such as yeast cells [19], red blood cells [20], and spider silks [21] are found to
have the ability to focus light into a limited area. They are used as biomicrolens in optical imaging. The
biological materials avoid damage from artificial inorganic materials and are naturally abundant
biomaterials and are fully compatible with biological systems, stimulating us to use living cells as
optical devices in measurement. A mature method is required for controlling biological cells to become
part of the sensor stably. Optical fiber tweezers(OFTs) have become an important tool for research in
the field of bio-optics. This technology is maturely applied to the grasping and manipulation of small
organisms. It plays an important role in medical diagnosis [22], biosensing [23], [24], cell exploration
[19], molecular tracking [25], and other fields. Biological cells can be firmly captured at the tip of the
fiber by using fiber optic tweezers.

In this study, we use natural biological cells as biological microsphere superlens(BMS), and a living
probe is utilized as a method for measuring microscale displacement in a living biological cell
environment. A commercial multi-mode fiber is stretched and processed, and the yeast cells are stably
captured constructively at the fiber ends by using optical tweezer techniques. The yeast cells converge
the detection light into a dense region to utilize the detection light on the microstructure while enhancing
the reflected light from the surface of the microstructure and returning the reflected light to the laser
cavity to produce SMI phenomena. We use multiple Hilbert program to retrieve the displacement of the
microstructure. The proposed live probe can realize the measurement of a vibrational range larger than
the half-wavelength of the LD used in the system and smaller than the length of the probe light
aggregation spot. We validate the performance of the proposed live probe by measuring the
displacement of the fabricated microstructure. We provide an outlook on the future application of the
active probe to living organisms.
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Fig. 1. Experimental setup schematic diagram of the sensor based on BMS for vibration measurement
of microstructure in a liquid environment. The red and blue arrows indicate the propagation of the input
laser beam (980 nm), backscattering signal (980 nm), respectively. The pink arrow indicates the
vibration direction of the microstructure.
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Fig. 2. Images of experimental materials. (a) An optical microscope image of a tapered fiber with a
tapered tip diameter of 2 um (b) The optical microscope image of the BMS with an average diameter
of 2 um. (c) The optical image demonstrating a BMS is trapped at the tip of an optical fiber probe. (d)
The optical image demonstrates a segment of a flat tip optical fiber with diameter of 18 um.

2. Experimental setup

Fig. 1 shows a schematic of the experimental structure. The experiment is performed under an optical
microscope equipped with a charge-coupled device (CCD) camera and an objective lens (40x, NA
0.65). The sample chamber and the fiber used for capture are fixed to a manipulator and a fiber
positioner, respectively. The fiber stretched into microstructure is used as a vibrating object and fixed
under closed-loop control on a PZT (P753.1CD, PI) with a resolution of 0.05 nm. The PZT is fixed to
a PZT positioner.

A volume of yeast cell suspension is first extracted and placed in an aqueous solution. The cells are
approximately 2 um in diameter and have a refractive index of n, = 1.40 [19]. Immature yeast cells are
chosen as BMS to facilitate the transmission of light emitted to the surface of the measured object
because they have micron size, spherical shape, smooth surface, relatively high refractive index contrast,
and they are harmless to human health. A syringe is used to inject the cell suspension into the sample
chamber. The sample chamber is uniformly filled with the BMS solution. A fiber optic positioner is
used to insert a tapered fiber into the BMS solution that can be used to capture the cells, guide the light,
and collect the light signal. A 980 nm laser with an optical power of 30 mW is emitted into the optical
fiber. The 980 nm laser is chosen because the light absorption and scattering of biological samples are
greatly reduced in the near-infrared region (approximately 980 ) and light at this wavelength is weakly
absorbed by biological material. This wavelength of light has a greater penetration depth and less light
damage than ultraviolet and visible light excitation [26]. This condition ensures that the BMS is not
damaged and that the light is better focused to measure the microstructure of the surface. The BMS can
be stably captured at the tip of the tapered fiber by using optical gradient force and by moving the
tapered fiber precisely close to the BMS. Benefitting from the spherical shape of the yeast cells, the
captured laser beam can be focused into a convergent region. The microstructure fiber is inserted into
the sample chamber, and the microorganism is simulated by using the PZT positioner. The fiber probe
with BMS is aligned vertically with the surface of the microstructure, and the emitted light is ensured
to be directed at the target surface by adjusting the manipulator, fiber positioner, and PZT positioner.

The front end of the sensor is positioned 2 um from the surface of the object to be measured. The
operation and measurement of the sample chamber can be viewed via the CCD and displayed on PC1
(Personal Computer). The PZT is activated to simulate the vibration of the source. The reflected light
is detected by the built-in laser PD. Subsequently, a voltage signal is generated by a data acquisition
module (USB-4431, NI) and processed to PC2. In this experiment, all devices are placed on an optically
isolated platform (PTR52509, Thorlabs) to avoid the effects of environmental vibrations. Fig. 2(a)



shows the profile of a fiber optic probe widely used to capture biological cells. Compared with
conventional optical tweezers, holographic optical tweezers and surface plasmon-based optical
tweezers, OFTs possess exceptional advantages in the manipulation flexibility due to the simple
structure with only optical fibers. The fiber optic probe is relatively easier to capture and manipulate
cells. The fiber can be inserted into thick samples and turbid media, greatly increases the sample
applicability. OFTs make optical manipulation a low-cost technique due to the easy fabrication
procedures. They are a versatile candidate for optical trapping and manipulation of cells. In this work,
OFTs as a tool combined with yeast cells are easy to form probe sensors for displacement measurements
of microscale.

Parabolic fiber probes are prepared through a flame heating technique by using commercial multi-mode
fiber probes (connector method: FC/PC, cladding diameter: 125 pm). The fibers are stripped of their
buffer and polymer sheath by using a fiber stripper to obtain a bare fiber with a length of 2 cm and a
diameter of 50 um. A quartz microtube is wrapped around the fiber to hold the fiber probe in place prior
to heating. The bare fiber is heated by the outer flame of an alcohol lamp for approximately 40 s. The
bare fiber is stretched at a rate of 3 mms, causing it to become progressively thinner. (The diameter of
the tapered area is 10 um). The stretching speed is increased to 10 mms* until the fiber is broken off
with a parabolic tip. A size distribution of a natural BMS of size 2—-3 um is shown in Fig. 2(b). After
switching on the laser, the fiber probe reaches the sample chamber. The yeast cells are stably caught by
the physics of light acting on the particles, and the particles do not fall off as the fiber moves. The
resultant BMS-based stable fiber-optic sensing device is shown in Fig. 2(c). Fig. 2(d) demonstrates a
section of flat-tipped fiber manufactured by pulling a commercial fiber with a head face diameter of
approximately 18 pum to simulate a microorganism.

Fig. 3(a)—(f) shows the manipulation of the 2D movement of a biological cell with a fiber probe to
demonstrate manipulation flexibility.

Fig. 3. (a)—(f) The process of manipulating biological cells to move 2D with fiber probe.

3. Theoretical analysis

The elementary theories of the SMI effect can be interpreted by two Fabry—Perot cavities [27], [28],
[29], [30]. As expressed in Fig. 4, in which and are the amplitude reflectivity of laser diode (LD) facets,
is the amplitude reflectivity of the external object, denotes the length of the internal cavity, is the length
of the external cavity. The SMI signal is monitored by a photodiode (PD), which is encapsulated in the
LD. SMI occurs when part of the output light is reflected or scattered into the laser cavity by the
vibrating target. Eliding the multiple reflections of the external cavity, the main relationship between
the SMI optical output power and the phase can be presented as follows [27], [30], [31]

PF = PO[1 + mcos(@F (t))], (1)



where is the laser output power without optical feedback is the power with optical feedback and
represents the modulation coefficient of SMI [27]. The round-trip phase change can be written as
follows [27]

@0(t) = @F (t) + C sin[@F (t) + arctan a], (2)
where C is the feedback level parameter that depends on the amount of light reentered into the laser
cavity [27]. represents the external round-trip phase without optical feedback and is the phase with
optical feedback is the line-width enhancement factor. and can be written as follows

@0(t) = 4mL(t)/ Ao, (3)
@F (t) = 4nL(t)/Ar. (4)

Under weak feedback mechanism [32], it is known that, , is the wavelength without optical feedback.
The length change of the external cavity can be written as follows
L(t) = @F (t) A0/4m. (5)

The tapered shape makes the capture beam highly concentrated at the tip of the optical fiber and forms
a stable light capture potential. The yeast cells can be captured and trapped at the tip of the fiber by the
optical gradient force and by moving the tapered fiber precisely close to the yeast cells. The captured
laser beam can be focused on a small area. A theoretical model is established by using COMSOL
software to study the capture stability of OFTs. The simulated environment is in aqueous solution. The
wavelength of the incident light is 980 nm, and the power is 30 mW. Fig. 5(a) shows the energy density
distribution of the output laser beam of the bare tapered fiber. The output laser beam is focused at the
tip of the fiber. When a 2 um yeast cell (refractive index 1.40) is captured at the tip of the fiber, a tightly
focused beam is generated (Fig. 5(b)), the aggregated spot length of the transmitted light through the
BMS is approximately 6 um. This condition is due to the interference between the field scattered by the
yeast cell and the large angular component of the incident Gaussian beam through the cell. The
waveform of the SMI signal is related to the smoothness and focusing performance of the detector
surface. The stretched fiber tip cannot guarantee the smoothness of the fiber tip and cannot play the role
of focusing. The detection light shines through the non-smooth surface in the form of divergence to the
measured object and returns the object motion information to the laser cavity through the nonsmooth
surface in the form of divergence, thereby causing some interference effects on the obtained signal in
the experiment. On the contrary, the yeast cell, as a natural lens, has a smooth surface as well as focusing
characteristics, and the captured laser beam can be focused to a smaller area. When the detector surface
is smooth and the detection light is focused on the central dense area, the smooth detection surface
reduces the interference to the mixing signal, and the focused detection light can be focused to the
surface of the object under test. In accordance with the light reflection principle, the feedback light
carrying the object vibration information is returned to the laser cavity in a concentrated form. The
interference of the measurement process is reduced.
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PD ................
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Fig. 4. Theoretical model of SMI.
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Fig. 5. Numerical simulations and calculations is in aqueous solution environment. (a) Energy
distribution of the output of a bare tapered fiber in the x—y plane. (b) The tip of the tapered fiber captures
a spherical yeast cell that focuses the 980 nm laser beam into an area.

4. Experimental results

As shown in Fig. 6(a), the waveform is the SMI signal collected in microscale vibration of a
microstructure with a vibration frequency of 5 Hz and a peak-to-peak amplitude of 3. In this experiment,
we used bare fiber without yeast cells to measure a microstructure at the same vibration parameters and
measurement distances as a comparative test. The measured SMI signal is shown in Fig. 6(b). Compared
with the signals from the two experimental groups, the signal streak measured by the BMS fiber optic
probe is clearer, and the displacement information of the measured object is more intuitive under the
smooth surface characteristics of yeast cells and the focusing effect on light. To determine the stability
of the device, we varied the vibration amplitude of the object. We conducted experiments at the same
vibration frequency (5 Hz) and selected amplitudes between 1.0 um to 4.0 um with a step size of 1.0
pum, as illustrated in Fig. 6(c). We obtained the peak-to-peak amplitude of the microstructure as a
function of the number of self-mixed signal stripes. The experimental results show that the number of
signal fringes measured at different amplitudes corresponds to the peak amplitude of the object under
test, following the basis of self-mixing theory.

In accordance with the limitation of the proposed technique, the resolution of SMI measurement used
in this study is consistent with the conventional interferometry, which is A/2 and the amplitude of the
measured object should be greater than A/2. The maximum vibration range of the measured object
should be within the range of the transmitted light-gathering spot length. Otherwise, the measured object
cannot be detected. As observed in the numerical simulation and calculation of the aqueous solution
environment, the transmitted light aggregation spot length is approximately 6 um. In our experimental
environment, we control the amplitude of the measured object to gradually increase from A/2 to explore
the actual maximum measurement range. When the maximum vibration is set to 5.8 pm, the SMI
phenomenon disappears.

The displacement of the measured signal was reconstructed by multiple Hilbert transform, and the
experimental error is deduced. Five groups of experiments were performed, and the PZT was controlled
as sinusoidal vibration with a frequency of 5 Hz and amplitudes of 1, 2, 3, 4, and 5 Hz to verify the
measurement accuracy of this technique. Five experiments were conducted in each group, as shown in
Table 1.

The SMI effect can only be observed when the probe light reaches the surface of the object under test
and then returns to the laser cavity with motion information. In our experiment, if the fiber probe and
the microstructure are not aligned to the same plane, then no self-mixing signal is generated. When the



fiber probe is not to the surface of the microstructure or is affected by Brownian motion in the specimen

cavity, the self-mixing signal is disturbed and becomes unstable.
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Fig. 6. (a) The self-mixing signal waveform is obtained using the fiber probe with BMS at a frequency
of 5 Hz and amplitude of 3 um respectively. (b) The self-mixing signal waveform is obtained using the
fiber probe without BMS under the same conditions. (¢) The relation between the peak-to-peak
amplitude of the microstructure and the fringe number of the self-mixing signal which amplitude from
1.0 ym to 4.0 pm.

Table 1
Error analysis of actual and measured displacement.
Amplitade (pm) Error {nm)
1 136
2 134
3 138
4 142
5 148

5. Discussion

Yeast cell culture: Yeast (Saccharomyces cerevisiae) was cultured in a lysogenic medium at room
temperature for 48 h with a pH of 4.5 at 28 °C. It is selected during the early growth stage before
bacterial spore formation because yeast cells have a regular shape at this stage. The yeast cells are then
washed and diluted with phosphate-buffered saline to obtain the appropriate concentration. A trypan
blue reagent (concentration: 0.5%, Solarbio) is added into the cell solution with a volume ratio of 1:9
to test the viability of the biomicrolens after laser irradiations. The result shows that the bio-microlens
are not stained blue because the cells remained alive after our experiments. To better evaluate this work,
we discussed it here on the basis of the limitations of lens cells and proposed some possible solutions.
When compared with dielectric microspheres with a full uniform index of refraction, the cell’s internal
heterogeneous structure leads to a certain degree of interference due to the uneven refractive index to
prevent the perfect light focusing. However, most of the material within the cell to near-infrared light
are optically transparent. Thus, the absorption and scattering light optical relatively weak interactions
occur inside a single cell. For bacterial cells, the cells within the refractive index are relatively uniform
because they lack the nucleus and organelles. The shape of the cells can have the light of the relatively
high optical power to adjust due to the inherent elastic membrane. This effect can be avoided by using
medium-light power, such as the use of 30 mW power in our measuring experiments. From another
perspective, the change in cell shape can facilitate the assembling of tunablelens, which is based on the
unique properties of lens cells and cannot be achieved by the inorganic microsphere lenses. Certain
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specific types of activities within the cell affect the capturing and focusing performance. For example,
the movement of organelles and the cell activity of endocytosis change the refractive index distribution
in the cell, causing optical distortion during the capture and measuring process. However, this effect is
unremarkable because most organelles and endocytosis are relatively small compared with the
wavelength of light. Some other cellular activities, such as cellular respiration, protein transport or DNA
replication, are ultrafast processes that cannot be observed under an optical microscope; therefore, these
activities have no effect on the capture and focus scheme.

The shape of some cells is round in exploring the real microorganisms in the future. Compared with
our simulated surface with flat end microstructures, the measurement difficulty increases because the
surface of the measured object is at a nonflat end, and the probe light needs to find a suitable measuring
point to measure its displacement information. Unlike mechanical vibration, the vibration of biological
cells is subject to unknown environmental fluctuations, and some potential challenges are still found in
future applications.

6. Conclusion

In summary, microscale vibration detected by a living biological probe was previously undescribed. In
this work, we suggested that the use of living yeast cells as microlens can greatly enhance the sensitivity
and detection limit of optical fiber sensors in detecting microscale vibration. The developed system
provides accurate and noninvasive cell manipulation, leading to a biocompatible approach in studying
a wide range of microbiological measurements.
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