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Abstract

larly interesting tool for the life sciences and engineering.

The use of optical tweezers to measure forces acting upon microscopic particles has revolutionised fields from mate-
rial science to cell biology. However, despite optical control capabilities, this technology is highly constrained by the
material properties of the probe, and its use may be limited due to concerns about the effect on biological processes.
Here we present a novel, optically controlled trapping method based on light-induced hydrodynamic flows. Specifi-
cally, we leverage optical control capabilities to convert a translationally invariant topological defect of a flow field
into an attractor for colloids in an effectively one-dimensional harmonic, yet freely rotatable system. Circumventing
the need to stabilise particle dynamics along an unstable axis, this novel trap closely resembles the isotropic dynamics
of optical tweezers. Using magnetic beads, we explicitly show the existence of a linear force-extension relationship
that can be used to detect femtoNewton-range forces with sensitivity close to the thermal limit. Our force measure-
ments remove the need for laser-particle contact, while also lifting material constraints, which renders them a particu-
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1 Introduction

We recently showed [1] how an optically generated flow
field, which adaptively pushes a particle towards a tar-
get position, is sufficient to counteract the particle’s dif-
fusion on timescales longer than the feedback time. As
the flow velocity at the position of the particle was inde-
pendent from its radial displacement, we concluded that
this hydrodynamic trap was not suitable for force meas-
urements. Here we present a novel optically induced
hydrodynamic trap that effectively relies on the passive
self-centring of a particle in a quasi-1D flow field. This
field is characterised by a linear force—displacement
relationship that enables the measurement of external
forces. To this end, we transitioned from a flow dipole
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to a quadrupole-like flow field making use of two oppos-
ing collinear thermoviscous flow fields [2, 3] by splitting
the scanning line of an infrared laser into two counterdi-
rected paths on the same axis (Fig. 1a). Technically, these
are operated in a time-shared manner on a sub-millisec-
ond timescale. Specifically, the direction of laser scanning
dictates the direction of the induced flows and a stagna-
tion point is formed between the two counterdirected
laser scan paths (horizontal arrows in Fig. 1b) in a region
without direct laser exposure. This excludes the possibil-
ity for optical trapping. For a particle situated on the axis
between the two laser paths, the resulting flow field is
effectively one-dimensional, with a positionally invariant
stagnation point that represents a virtual attractor for the
particle at all times. In contrast to an alternative design of
hydrodynamic flow traps introduced by Tanyeri et al. [4,
5] that operates under the constraints of a given micro-
fluidic chamber geometry, our system is characterised by
a translationally invariant stagnation point that defines
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the centre of the trap, even in the case of particle dis-
placements. The reduction to one dimension renders this
new trap inherently stable and isotropic, and mitigates
the need to stabilise particle dynamics along an exten-
sional axis via the adaptive repositioning of this stagna-
tion point.

Moreover, our optical approach neither requires the
incorporation of intersecting microchannels nor that of
sophisticated optically driven microrotors as in Butaité
et al. [6] but directly generates a complex hydrodynamic
flow field inside a generic microscopy chamber consist-
ing of two parallel glass surfaces. Furthermore, in a static
flow field, any positional fluctuation along the perpen-
dicular, extensional axis (vertical arrows in Fig. 1b) would
result in the expulsion of the particle. To avoid this, we
made use of the optical control capabilities of this micro-
fluidic system. Specifically, we used active feedback con-
trol [1] that here enabled the dynamic rotation of the
counterflows and rapid realignment of the compressional
axis with the particle’s extension, such as to effectively
restore the 1D geometry (Fig. 1d).

2 Results and discussion

2.1 Trapping confirmation

Having first determined the effective viscosity increase
due to proximity to the chamber wall (Additional file 4:
Fig. S1), we performed repeated trapping experiments
by switching the trap on and off sporadically (Fig. 2a).
As soon as the laser was turned on, the particle was
dragged towards the stagnation point, and when the
laser was turned off, it diffused out again in a Brownian
manner. Analysis revealed that the profile of the trapping
potential (see positional histogram in Fig. 2b) is sym-
metric, confirming that the magnitude of the restoring
force achieved by dynamic optical rotation of the laser
scan paths (cf. Fig. 1d) is independent of the direction
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of particle displacement from the stagnation point. Our
feedback-based optical control effectively creates a quasi-
1D trapping situation. Here, the particle appeared always
to be displaced along the compressional axis only, cir-
cumventing the need to stabilise the particle motion in
the perpendicular, intrinsically unstable direction. As
an important consequence, the stagnation point always
remained in the same position. Trapping into this trans-
lation-invariant stagnation point was further confirmed
by analysis of the mean squared displacement (MSD) of
a 3-um bead (Additional file 4: Fig. S2), indicating nearly
identical trapping along both in-plane directions.

2.2 First estimate of an apparent trap stiffness

To obtain a first estimate for the strength of the parti-
cle confinement, we analysed the power spectral den-
sity (PSD) using a procedure for processing discrete
positional data outlined elsewhere [7, 8]. The transition
between short and long time diffusion was marked in
the PSD plot (Fig. 2c) by a corner frequency f;, which
at this point allowed the phenomenological estima-
tion of the stiffness k along each orthogonal axis via
f. = k/(127%nR). Using this approach, we obtained
apparent trap stiffnesses of 35+ 3 fN/um along the x-axis
and 41+4 fN/um along the y-axis. These values pro-
vide sensitivity that compares favourably to previously
reported optical-tweezer estimates [7, 9, 10]. Thus, opti-
cally induced thermoviscous flows appear able to gener-
ate highly sensitive traps without the need of any direct
laser exposure.

2.3 Linear force-displacement relationship

To utilise this optofluidic trap for force measurements,
it is essential that the displacement from a trapping
point can be used as a readout of the force, to which a
particle is subjected. We therefore investigated the

(See figure on next page.)

700-800 mA and 2 repeats for 850-900 mA

Fig. 1 Force trap generated by two counterdirected thermoviscous flow fields that align with the direction of a particle’s displacement from the
central stagnation point. a Experimental setup: rapid laser scanning (red beam) induces counterdirected flows (blue arrows) on a common axis
(termed ‘compressional’ or ‘trapping’axis) with a probe particle, giving rise to a stagnation point. Along each scan path, the direction of the flows
runs opposite to that of the laser scanning. The blue arrows point along the compressional axis, also shown with horizontal white arrows in panel
b. b Visualisation of the generated flow-field lines and its central stagnation point (purple) using tracer beads (Additional file 1: Video SV1), with
horizontal and vertical arrows indicating the trapping and extensional axes, respectively. c Linear fit to the velocity-displacement plot of tracer
particles near the stagnation point in a stationary flow field. The shaded lightblue region encloses data from particles in contact with the laser
scan paths. d Snapshots demonstrating the restoring character of the thermoviscous flows (white arrows). Depending on the direction of particle
displacement §r from the stagnation point, the flow field is automatically rotated (double-headed arrows) in a way that effectively counteracts
this displacement (Additional file 2: Video SV2). Dotted lines indicate dynamically co-rotating trapping axis. @ Rhodamine intensity profile (red
arrows correspond to scan paths) and relative temperature increase upon application of the counterflows. The difference in the image intensity
can be directly used to quantify the relative temperature increase as a function of laser driving current (LDC). The laser power we used throughout
the experiments in this work corresponds to LDC of 900 mA and led to maximum heating along the scan paths of around 3 K, given that the
intensity of the dye changes by 1.3%/K. The inset shows the level of heating in the region around the stagnation point at each LDC, where the
micromanipulated object is trapped (maximum heating of 0.5 K). Error bars represent standard deviations, obtained from a total of 3 repeats for
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force—extension relationship displayed by our optically
induced hydrodynamic trap. The trapping potential gen-
erated by optical tweezers is approximately harmonic for
small particle displacements, which is typically verified by
Stokes’ drag calibration [11-13]. We therefore adopted a

similar approach to determine the velocity—distance rela-
tionship applicable to our system. We displaced a 3-um
trapped polystyrene particle away from the stagnation
point (Fig. 3a) and then followed its relaxation behav-
iour for a total of five independent acquisitions (Fig. 3b).
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Fig. 2 Optofluidic particle trapping and its unperturbed steady-state
dynamics. a Reproducible counterflow trapping (magenta) and free
Brownian diffusion (green), illustrating the restoring effect of the
thermoviscous trap and its role in limiting the spatial region sampled
by the probe. b A histogram (heatmap) of the phase space explored
by the trapped 3-um particle in deionised water that indirectly
shapes the outlines of the trap profile. ¢ Similarly to optical tweezers,
power spectral density analysis can be used to obtain a Lorentzian
fit to the Fourier-transformed flow-trapping data and thus yield an
accurate trap stiffness estimate along each transverse coordinate.
The trap symmetry is evident from the agreement between the two

in-plane stiffnesses, which overlap within the calculated uncertainties.
The errors were calculated following a logarithmic binning procedure,

where the magnitude of the standard deviation is inversely related to
the number of data points comprising each bin
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We observed an exponential approach to the stagnation
point (Fig. 3c), suggesting a linear velocity—displacement
relationship, where a particle displaced further from the
trap is dragged towards the stagnation point at a linearly
faster rate. The trapping timescale in optical-tweezer
experiments is given by v = 67nR/k [13], and hence we
used the linear fit in Fig. 3d to obtain a second estimate of
the trap stiffness. The latter agreed closely with our pre-
vious PSD roll-off estimate, this time yielding a value as
low as 33£3 fN/um. Given the linear velocity—displace-
ment relationship, these results suggest that our optically
induced hydrodynamic trapping approach could be used
to measure forces in the femtoNewton range by reading
the displacement at which Stokes’ forces and external
forces balance each other.

2.4 External force calibration

To investigate the behaviour of the trap in response to
externally applied forces, we used a custom-made elec-
tromagnetic needle to exert well-quantified forces on a
5.82-um magnetic particle in deionised water. The MSD
analysis at each applied current (Fig. 4a) verified the
active magnetic driving of the particle in the absence of
any flows through the squared long lag-time depend-
ence of the MSD, indicative of directed superdiffusion.
The effect of the enhanced magnetic pulling forces on
the bead was also evident at short lag times, where we
observed enhanced particle diffusion (see also Additional
file 4: Fig. S3). By extracting the long-time (steady-state)
velocity V' of the bead in each case, we were able to cali-
brate the magnetic forces (Fig. 4b) through a force bal-
ance with a known Stokes’ drag force via the relation
Fs = —67nRV [14].

2.5 Confirmation of the counterflow trap stiffness
through a force balance

Next, we asked if the apparent spring constant that was
indicated by the particle dynamics in the absence of
external forces could be confirmed and effectively used
to determine the magnitude of the external forces pull-
ing the particle and leading to its displacement. In Fig. 4c
(left-hand image), we show a snapshot of the position of
a trapped 5.8-um paramagnetic bead. The bead was again
observed to explore a very narrow region near the stag-
nation point formed between the two scan paths. Upon
application of a magnetic field, the bead moved away
from the stagnation point (right-hand image in Fig. 4c)
to a steady-state position in the direction of the mag-
netic field source. Notably, increasing the magnetic field
resulted in larger displacements (Fig. 4d), with an average



Stoev et al. eLight (2021) 1:7

Page 5 of 9

1.5
std errors

—linear fit
—mean data

— 1t d

€

3

~

S

C

= 05}

ol [speed ~ 0.901 + 0.003 um s~
0 5 10 15

t/s

inferred from the fractional error in the slope

r/ pm

T k~33x3fNum™
£
3
~ L
N 0
-5 L~ L L L L
-10 -5 0 5 10
or/ pm

Fig. 3 Quantification of out-of-equilibrium trapping dynamics, linear velocity-displacement relationship and exponential relaxation dynamics
following initial perturbation. a Snapshots showing a 3-um particle in water displaced from the stagnation point by an amount dr, causing the
flows to reorient and counteract this displacement (Additional file 3: Video SV3). b Exponential approach of the displaced particle in a 50:50
water:glycerol mixture. ¢ Plotting the mean of the five acquisitions in b reveals the linear velocity-displacement relationship near the stagnation
point. The shaded region represents the calculated standard deviation. d Negative linear velocity-displacement relationship near the symmetry axis
and close to the stagnation point, extracted from repeatedly performing the analysis in ¢. The slope provides another estimate of the confinement
strength, agreeing closely with the trap stiffness in Fig. 2c. The errors have been calculated via linear regression and the error in the trap stiffness was
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characteristic timescale for reaching steady-state of T ~
13 s (cf. Additional file 4: Fig. S5 for an extended analysis).
Bringing the scan lines closer to the bead considerably
increases both the confinement and the temporal resolu-
tion of the method with sub-second relaxation times (cf.
Additional file 4: Fig. S6). By relating the applied current
to the calculated magnetic force, we confirmed a linear
force-extension relationship (Fig. 4e), which directly
demonstrates the ability to sense femtoNewton-range
external forces acting on trapped particles. A retrieved

spring constant of 35 £ 4 fN/um showed close agreement
with the previous estimations from steady-state and out-
of-equilibrium dynamics. Systematic analysis further
revealed that trap stiffness scales linearly with bead size
(cf. Additional file 4: Fig. S7). The counterflow forces
determined by the application of well-controlled mag-
netic forces could therefore be used to quantify any other
externally applied unknown force acting on the particle.
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Fig. 4 Linear force-extension relationship enables measuring external forces. a Magnetic bead dynamics undergoing a transition from diffusive
(Additional file 4: Fig. S4) to directed motion with increasing, current-controlled external field. b Magnetic force calibration via frictional dissipation.
Data averaged over 5 repeats, each lasting ca. 45 s. The errors in the measured forces are contained within the marker size and are negligible
compared to the variation in the current used to operate the electromagnetic needle. c Steady-state position of the trapped bead in the absence
(left) and presence (right) of an external magnetic force. d Bead displacement from the stagnation point upon the application of varying magnetic
fields. The exponential approach could be readily fitted onto a master curve (Additional file 4: Fig. S5). e Linear force—displacement relationship with

a spring constant of k=35 %4 fN/um. Shaded regions and error bars in all plots represent standard deviations
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2.6 Force measurements close to the thermal limit

The explicit application of an external force confirmed
our previous hypothesis and demonstrated the util-
ity of our system as a highly sensitive colloidal sen-
sor of femtoNewton forces. Furthermore, a histogram
(Fig. 5a) reflecting the fluctuations of the magnetic
particle around its steady-state position, at which the
counterflows balance precisely the magnetic force,
revealed that the measurements reported here are close
to thermally limited. The detection of small forces is
accompanied with a wide potential (Fig. 5b) that ena-
bles highly sensitive trapping of particles of arbitrary
material over an extended spatial range. In addition, the
optically generated hydrodynamic trap presented here
is highly tunable, enabling further optimisation through
adjusting the laser power, the scan path length or the
counterflow update rate. Further, optical control capa-
bilities will enable the generation of flow fields with
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Fig.5 Force measurements close to the thermal limit. a Histogram of
positional fluctuations of a magnetic bead around its field-dependent
steady-state position. The reported value corresponds to the standard
deviation of the Gaussian fit. b Harmonic potential fitted through

the data in Fig. 4e and extrapolated across the stagnation point. The
actual measured experimental data are shown in red, while mirrored
data are marked in grey. The measured fluctuation in a amounts to

ca. 3 times the thermal energy at room temperature

Page 7 of 9

even richer topologies and singularities that would be
used as attractors or repellors [15].

3 Conclusions and outlook

Overall, we describe a highly sensitive, tunable and
contact-free trap, generated by two counterdirected
optically induced thermoviscous flow fields. The trap is
probe-material independent and compatible even with
metallic beads. We expect this novel approach to be
highly relevant to address the rising concerns regarding
non-physiological effects of highly focused radiation
on living systems as well as the geometrical and oper-
ational limitations of classic microfluidic traps. The
arbitrarily defined scan paths and resulting stagnation
point render this approach highly localised and flexible.
The level of heating due to the induced thermoviscous
flows was previously found to be tolerable by in-vivo
systems [16], where in the case of the dual flows the
region around the stagnation point is heated to an even
lower extent (Fig. 1e), which may enable in-vivo appli-
cations. In the context of materials science, the method
may prove highly suitable for the characterisation of
mechanical forces occurring in complex fluids, where
the magnitude of the applied flows can be carefully
tuned so as not to disrupt the structure of the test sam-
ple. Further, our optofluidic trap is an appealing alter-
native or complement to optical tweezers for probing
the active microrheology of weak viscoelastic networks,
where the use of a shallow potential minimises instru-
mental artefacts due to introducing high apparent
elasticity. Finally, the ability of the counterflow trap to
sense femtoNewton forces on a micrometre scale may
prove particularly advantageous in mechanobiological
cell signalling assays, provided that challenges related
to decoupling the effect of the flows are first overcome.

4 Materials and methods

4.1 Experimental setup

The experiments reported herein were conducted
using the focussed light-induced cytoplasmic stream-
ing (FLUCS) microscope described by Mittasch et al
[16] complemented by novel closed-feedback control
scheme implemented in LabVIEW. In brief, acousto-
optic scanning (two-axis AOD, AA.DTSXY-A6, Pegasus
Optik) of an infrared laser beam (1455 nm wavelength,
Raman laser, CRFL-20-1455-OM1, 20 W, Keopsys, used
in CW mode) through a custom-coated 60 x objective
lens (UPLSAPO, NA=1.2, W-IR coating, Olympus) was
used to generate dynamic heat patterns. The laser scan-
ning along each one of the two paths described in Fig. 1
was performed at 2 kHz scan rate and the scan path posi-
tions were updated approximately every 20 ms. The delay
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time between measuring the particle’s position and reori-
entation of the scan trajectories was estimated to be ca.
10 ms.

4.2 Dye-based temperature measurements

To measure the temperature increase along and in-
between the scan paths, we made use of the temperature
sensitive decrease in quantum efficiency that has been
well-described for red spectrum dyes, such as Rhoda-
mine B [17, 18]. Regarding sample preparation, Rhoda-
mine B solution (Sigma, 02558) was diluted to 10%v in
water and images were acquired before and during laser
application. Using the Calculator Plus function in Image]
(v. 1.52t), images during laser application were divided
by the image before to attain a map of relative intensity
changes (Fig. le). Using a controlled temperature stage,
we measured the relative intensity decrease to be 1.3%/K.
Using this, maps of intensity changes could further be
converted into temperature maps, which allows deter-
mining the temperature increase on and in-between the
scan paths. To exclude thermophoretic effects, which
could result in lower dye intensity due to concentration
gradients and not due to quantum vyield, a fast-spinning
wheel (5 Hz) with partial openings was placed into the
laser scan path to discriminate instantaneous intensity
changes due to temperature from the slower thermopho-
retic effects during which gradients are established.

4.3 Preliminary optofluidic trapping experiments
in the absence of other external forces

We used 3.06-um spherical polystyrene particles (Flu-
oresbrite Plain YG 3.0 Microspheres [9003-53-6], Poly-
sciences Inc.) diluted 10°xin deionised water and
injected within a 15-u m tall chamber made with a plain
microscope slide (76 x26x1 mm, Paul Marienfeld
GmbH & Co. KG, Germany) and a thin round cover slip
(22 mm diameter, 170 myu thickness, borosilicate glass).
The chamber was sealed with nail polish (speed dry top
coat, Essence) to prevent evaporation over the course of
the experiments. Imaging was performed with a Zyla 5.5
sCMOS camera and particles tracked using the open-
source TrackMate plugin [19] on Fiji. Subsequent analy-
sis involving the calculation of correlation functions was
performed on custom-written Matlab routines [7]. In-
house LabVIEW software combined with custom-written
Python routines was used in the trapping experiments to
define the scan paths and scan frequency of the infrared
laser.

4.4 Application of an external magnetic force

The application of an external magnetic force was per-
formed via an in-house custom-made magnetic needle
of 4.5 mm diameter, 100 mm length and 120° tip angle.
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The material forming the core of the electromagnet
was Hy-Mu 80 (80% nickel-iron—molybdenum alloy,
rod dimensions of 0.380 x 0.135 in, National Electronic
Alloys Inc., Oakland, NJ), enclosed within a brass frame,
following the design of Kollmannsberger and Fabry [20].
However, one notable difference to their work is that we
used the needle in conjunction with a closed-chamber
design and larger spacing, thus generating a significantly
lower effective magnetic field. The dimensions of the
brass frame forming the solenoid (12 mm in diameter
and 37 mm in length) allowed us to fit about 200 turns
of insulated copper wire, which was subsequently con-
nected to a laboratory DC power supply (EA Elektro
Automatik, EA-PS 3016-10B). In lieu of using a micro-
manipulator, the magnetic needle was fixed in place
throughout the entire duration of the experiments via a
clamp stand with kinematic features, with the stand posi-
tioned on the stage so as to translate with it as a unit.

4.5 Sample preparation for magnetic experiments
Carboxylated polystyrene-metal spheres (Magnetic
Nanoparticles, PMC-5.5, Kisker Biotech GmbH & Co.)
of size 5.82 um were dispersed in deionised water and
then injected into an identical 15-um tall chamber to the
one described earlier. All experiments were performed
at room temperature and at very low particle concentra-
tions to eliminate unwanted hydrodynamic interference
due to flow fields set up by particles positioned in prox-
imity to the one being imaged or trapped.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543593-021-00007-7.

Additional file 1. Determination of the flow fields generated by static
counterflows: visualisation of the counterflows using 100-nm polystyrene
particles in a viscous honey sample. The counterflows are shown as white
arrows, the stagnation point is marked in magenta and some of the nano-
particles are labelled in blue to serve as guide to the eye.

Additional file 2. Trapping achieved via dynamic rotation of the
feedback-controlled counterflows: demonstration of the proper operation
of the feedback-control loop that rapidly rotates the counterflows (white
arrows) and allows stable trapping of the microparticle (blue) at the
stagnation point (magenta).

Additional file 3. Positional perturbation of a trapped particle and its
subsequent relaxation towards a stagnation point: video analysis of the
exponential approach of the particle towards the metastable trap position
enables determination of the force-extension relationship characterising
the counterflow trap. Additionally, a force balance between the Stokes'
drag and the counterflow spring-like forces allows determination of the
trap stiffness.

Additional file 4. Supplementary information.
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