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Dunaliella salina algae are trapped and studied using dual-
fiber optical tweezers based on nano-imprinted Fresnel
lenses. Different forms of cyclic motion of living algae inside
the optical trap are observed and analyzed. A characteristic
periodic motion in the 0–35 Hz frequency region reflects the
algal flagella activity and is used to estimate the algal vital-
ity, by photomovement. The trap stiffness and optical forces
are measured for the case of a dead algal cell. It is shown
that the dual-fiber optical tweezers can be used to study the
vitality (or viability) property of single cells, a property that
is essential and can be scaled up to other applications, such
as sperm analysis for fertility tests. © 2021 Optica Publishing
Group
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Optical tweezers have become a standard tool in many inter-
disciplinary research domains owing to the possibility of
trapping, manipulating, sorting, and separating micrometer- and
nanometer-sized objects [1,2]. Most of the ongoing research is
based on the original approach of using a high numerical aper-
ture microscope objective to focus the laser beam for trapping
[3]. In 1993, the first optical fiber-based optical tweezers were
demonstrated by aligning two fiber pigtailed lasers using just a
cover slip and a capillary [4]. This first realization highlights
the outstanding simplicity and the small footprint of optical
fiber tweezers. Today, microstructured optical fibers allow the
development of a great variety of optical tweezers with different
properties and many applications from nanophysics to biology
[5–11]. We have also used two different types of microstruc-
tured fiber tweezers, one with sharp-tipped fibers and another
with Fresnel lens-tip fibers, for dual-fiber trapping of synthetic
particles and have shown a variety of pros and cons for either
arrangement [5,6,12]. The dual-fiber optical tweezers based on
a Fresnel lens have the advantage of high trapping efficiency at
very low laser powers. This is a great advantage for trapping
and manipulation of biological cells. At the same time, the ease
and simplicity of the development and fabrication process of
these fibers are of great advantage in comparison with other
miniaturized dual-beam optical tweezers [13,14]. As an exam-
ple, Yu et al. [13] have developed on-chip dual-beam optical

tweezers, producing out-of-plane trapping. This work requires
several stages of microfabrication, including lithography and
metal deposition. Such processes are complicated and expen-
sive and thus limit the possible applications. Ti et al. [14] also
developed another on-chip design using inclined fibers to pro-
vide out-of-plane trapping. This design involves using diverging
beams and the results clearly show that the trapping efficiency
and lower laser power required for trapping is not comparable
to our Fresnel lens dual-fiber optical tweezers. Another advan-
tage of Fresnel lens dual-fiber optical tweezers is the fact that
they can be combined with microfluidic channels and produce
in-plane trapping.

In the field of biology, optical tweezers are used to manipu-
late different natural entities, to trap subcellular compartments
in plants [15] and animals [16], to study mechanical properties
of blood cells [17–19], to trap and manipulate different species
of algae, including a variety of biflagellated algae cells, or study
their rotational behavior and observe their deflagellation (the
process of losing their flagella) owing to photostimulus [20–22].
In this work, we use our dual-fiber Fresnel lens optical tweezers
to trap and manipulate a specific biflagellated algae, known as
Dunaliella salina. The study of photomovement of these algae is
particularly interesting as it is the basis of fundamental biolog-
ical processes, such as photosynthesis, energy transformation,
and membrane-mediated phenomena in these cells [23,24]. We
study the behavior of the cell in the optical trap in response
to immobilization and different laser powers until deflagella-
tion and demonstrate the correlation between flagella and cell
vitality.

Our optical fiber tweezers are depicted in Fig. 1(a). An 808 nm
trapping laser (LU0808M250, Lumics) is separated into two
equal arms using a polarizing beam splitter and a half-wave
plate to control the relative light power in each arm. The light
beam is coupled to the optical fibers using fiber launchers. Before
and after each experiment, the output powers of the two identi-
cal Fresnel fibers are measured in air. The given power values
correspond to the emitted power of one fiber in air. The fibers
are mounted on two sets of xyz piezoelectric translation stages
for high precision position alignment (PI P-620 and SmarAct
SLC-17 series). The trapping chamber consists of an O-ring
placed in between two glass slides and cut in two parts in order
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Fig. 1. (a) Experimental optical trapping setup (1: 808 nm laser;
2: λ/2 wave plate; 3: polarizing beam splitter; 4: fiber launchers; 5:
xyz piezo-stages; 6: 50× long working distance objective; 7: CMOS
camera). (b) Arrangement (not to scale) of trapped alga (green)
in between the two Fresnel fibers and definition of polar angle θ
and azimuth angle ϕ. (c) and (d) Scanning electron micrograph and
sketch of Fresnel lens fiber with NA = 0.5 and a working distance
of 100µm.

to insert the fibers. All experiments are carried out at room tem-
perature. A homemade microscope, consisting of a long working
distance microscope objective (Mitutoyo G Plan Apo 50x) and a
CMOS camera (Hamamatsu ORCA FLASH 4.0 LT), is used for
the observation of trapping incidents. Typical trapping videos
contain 4000 frames recorded at frame rates of 220 frames per
second (fps). The time-dependent alga position and orientation
are obtained by means of a custom Python script. For each video
frame, the image of the alga is fitted to a 2D ellipse. Its center
is takes as the alga position. The orientation of the ellipse long
axis a defines the azimuth angle ϕ. The absolute value of the
polar angle |θ | is calculated using sin(|θ |) = a/aell, with 2 · aell

being the algal size [Fig. 1(b)].
The Fresnel lenses are printed on standard, commercial

single-mode fibers (Nufern 780-HP) by femtosecond two-
photon lithography (Nanoscribe Photonic Professional GT) with
commercial resist (Nanoscribe IP-Dip) [12,25]. The total writ-
ing time is 55 min. To achieve a reasonable working distance
at high numerical aperture, the optical fiber mode is expanded
by propagation through a solid cylinder of 500µm length. The
chosen Fresnel lens fibers, with NA = 0.5, produce a tightly
focused Gaussian spot with a waist of 0.8µm at a focal distance
of f = 97.5µm in water.

Living cells of Dunaliella salina, a photosynthetic biflagel-
lated alga with high motility, approximately 9 × 6µm2 in size,
are chosen for optical trapping experiments. Prior to trapping
experiments, all cells are transferred into a combination of their
lake water and deionized water until an adequate cell density
is reached. The algae are efficiently trapped at optical powers
of typically 4–5 mW. These algae are of ellipsoidal shape and
have a soft membrane; some of the cell’s internal structure is

Fig. 2. Optical trapping of living alga at Popt = 4.8 mW (see Visu-
alization 1). (a) Time sequence (scale bar, 5 µm; arrows indicate
flagellal position). (b) Position tracking plot of the trapped alga.
(c) Time-dependent polar angle |θ |. (d) Time-dependent azimuth
angle ϕ.

visible in the videos. However, no deformation of the alga shape
is observed during trapping. In the present case of living algae,
the main force to be overcome by the optical trap potential is
not Brownian motion, but the active algal agitation. Thus, the
minimal trapping light intensity depends on the algal vitality.
As can be seen in Visualization 1 and Visualization 2, the alga
attempts to escape the optical tweezers by fast movement of its
flagella. This action results in rotation of the trapped alga inside
a trapping region of typically 6 × 4µm2, approximately the same
order as the alga size.

In the first video, the laser power (trapping power) is fixed
at Popt = 4.8 mW (Fig. 2). The alga is mainly rotating around
the optical axis with a conical trajectory. The corresponding
oscillation around the azimuth angle is at 0.45 Hz frequency,
with a cone angle of θmax ≈ 50◦. It can be observed that the
turning tail of the alga is the one with the flagella and that the
opposite tail is stationary.

A different behavior is observed in the same trapping incident
but at slightly lower optical power of Popt = 3.8 mW (Fig. 3).
Here, the alga is mainly turning in the observation plain in
the anticlockwise direction with a frequency of about 0.39 Hz.
This rotation is accompanied by a less frequent reversal rotation
perpendicular to the observation plane. In other words, the alga
is mostly rotating around its center and not around the distal
end to the flagella, as in the previous video. Moreover, the algal
position range in the trap becomes greater and more anisotropic,
to the extent of 7.5 × 2.3µm2.

After two more trapping videos (not presented here), the alga’s
behavior changes, and a significant reduction in its vitality is
observed. Its movement in the optical trap changes drastically
(Fig. 4) and it remains trapped at a low laser power of only
Popt = 1.1 mW. One can conclude that the alga died. Comparing
the position tracking plots for the dead alga [Fig. 4(a)] with the
one for the living alga (Figs. 2 and 3), the position range of the
dead alga is much smaller. Moreover the angular oscillations
have totally disappeared and the alga remains aligned with its
long axis parallel to the axis of the laser beam. Finally, when
switching off the trapping laser, the dead algae slowly drifts out
of the trap. This observation is in clear contrast with the active
cell motion with speeds of the order of 3–4µm·s−1 (Fig. 5, inset).
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Fig. 3. Optical trapping of the same living alga as in Fig. 2
at Popt = 3.8 mW (see Visualization 2). (a) Time sequence (scale
bar, 5µm; arrows indicate the flagella position). (b) Position track-
ing plot. (c) Time-dependent polar angle |θ |. (d) Time-dependent
azimuth angle ϕ.
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Fig. 4. Trapping of the dead alga (same alga as Figs. 2 and 3)
at Popt = 1.1 mW. (a) Position tracking record. (b) Time-dependent
polar angle |θ |. (c) Time-dependent azimuth angle ϕ. (d) Boltzmann
statistics. (e) Power spectrum analysis of the trapping incident for
axial and transverse directions relative to the fiber axis.

In the case of a dead alga, which can be considered as a passive
object, it is possible to determine the trap stiffness κ by applying
Boltzmann statistics (BS) and power spectrum analysis (PSA)
[Figs. 4(d) and 4(e)], as described in Ref. [5]. The position dis-
tribution in the transverse direction follows a Gaussian shape,
thus allowing us to determine κ with good precision. In the
axial direction, the two sub-peaks are, however, approximated
by only one Gaussian in order to get an approximation of the
trap efficiency. In the case of PSA, the experimental data are well
fitted by the Lorentz function of the harmonic oscillator model.
However, at low frequencies, the dispersion of the experimental
points is high. Moreover, the fact that the algal surface is not
smooth is not included in the calculation of the Stokes friction
coefficient. The trapping stiffness in the axial direction is calcu-
lated to be 123 fN·µm−1 and 100 fN·µm−1 using BS and PSA,
respectively. The transverse trapping stiffness is similarly cal-
culated and has a value of 318 fN·µm−1 using BS analysis, and
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Fig. 5. Power spectra (total motion in the xy plane) for five videos,
recorded successively on the same alga: (1), (2), and (5) correspond
to the videos presented in Figs. 2, 3, and 4, respectively. For com-
parison, the result of an untrapped cell is added (*) and its position
tracking record (over 6 s) is displayed in the inset. The solid lines
are numerical fits to estimate the indicated oscillation frequencies.

310 fN·µm−1 using PSA. Despite the exposed limits, the respec-
tive values obtained by PSA and BS are of the same order. The
main result is that the trapping efficiency in the transverse direc-
tion is about three times higher than that in the axial direction.
This feature, which is currently observed for dual-beam optical
tweezers, results from the trap anisotropy. In the axial direction,
the repulsive scattering forces of the two beams cancel each
other in the trap center, whereas in the transverse direction the
gradient forces of both beams attract the object to the beam
center [5,12].

All the results presented so far are extracted from different
videos of one single optical trapping experiment with the same
alga. The only varying parameters are the applied optical trap-
ping power and the total time the alga was already trapped. For
each video presented in Figs. 2 to 4, the alga is either alive and
agile and shows a high vitality, or it is dead. The question is
whether this transition is abrupt or slow and how to identify it.
In Figs. 2(a) and 3(a), fast loops in the position tracking records
are observed. These oscillations at a well defined and specific
frequency result in a characteristic peak in the power spectra
(Fig. 5). In this series of five videos, successively recorded in a
30 min time period, the peak frequency decreases steadily from
36 Hz to 10 Hz before vanishing in the last video (Fig. 4). The
origin of this fast motion is the attempt of the alga to escape the
optical trap, using its flagella. The frequency can thus be related
to the alga’s flagellal oscillations. With increasing trapping time,
the alga loses energy and becomes enervated before dying by
exhaustion. These fast loops in the position records can thus
be used as an indicator for the alga’s vitality level. A similar
behavior is observed with an untrapped living cell (Fig. 5 inset
and gray curve). The oscillation frequency is less well defined,
but still clearly visible. At 41 Hz, the oscillation frequency is
slightly above the frequencies of the trapped alga.

The optical forces operating in our dual-beam optical tweezers
are directly measured by blocking one of the two trapping beams
(Fig. 6). For example, when blocking the beam of the left Fresnel
lens fiber, the alga is pushed to the left side by the optical
forces of the beam coming from the fiber on the right-hand side.
Owing to its asymmetric shape, the alga slowly rotates during
this movement, thus explaining its nonlinear trajectory. Under
this experimental condition, the algal speed is proportional to the
optical force as Fopt = γ0 · v, with γ0 = 6πηa the Stokes friction
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Fig. 6. Optical force measuring experiment. (a) and (b) Time
sequence of alga pushed to (a) the left and (b) the right by blocking
of the opposite laser beam. At t = 0 s, both beams are on and the alga
is stably trapped at x = 0. The arrows are a guide to underline the
algal motion. (c) Calculated optical forces at Popt = 13.6 mW. The
arrows’ colors and lengths are proportional to the force magnitude.

coefficient, a the alga radius, and η the dynamic viscosity of
water [5]. The measured optical force shows a maximum at the
trapping spot, with absolute values of 479 fN and 462 fN when
the alga is pushed by the right and left beams, respectively. In
the vicinity of the trapping spot, the force is linearly decreasing
with distance with slopes of −11 fN · µm−1 and 14 fN · µm−1,
respectively.

In conclusion, efficient optical trapping of living and motile
Dunaliella salina algae is realized for light powers of 4–5 mW.
The living alga tries to escape the trap but is confined to a vol-
ume of the order of its size. Its flagellal action results in a regular
and cyclic motion inside the trap. The periodic oscillations of the
alga’s position can be used as a measure of its vitality. After some
time, the alga gets exhausted and the dead cell can be trapped at
lower laser powers of about 1 mW and mean trap stiffnesses of
≈ 100 and ≈ 300 fN·µm−1 in the axial and transverse directions,
respectively. Moreover, the optical force of each trapping beam
is estimated at 0.5 pN. Our results show that our approach is
efficient for trapping of living entities, such as algae. The pos-
sibility to constrain them inside a small volume will allow for
an in-depth study of the alga properties, e.g., their vitality as a
function of environmental parameters. In this context, the use of
Fresnel lens fibers with large working distances allows trapping
at a large distance from the fibers and thus removes any influ-
ence from the fibers on the movement of the alga. Considering
the similar values of the motility of algae and sperm, one can
also envision that this methodology can be expanded to study
the viability of sperm cells, an important parameter in fertility
tests.
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