Nanophotonics 2021; 10(11): 2915–2928

Research article
Ramin Jamali, Farzaneh Nazari, Azadeh Ghaffari, Sabareesh K. P. Velu and Ali-Reza Moradi*

Speckle tweezers for manipulation of high and
low refractive index micro-particles and
nano-particle loaded vesicles
https://doi.org/10.1515/nanoph-2021-0270
Received May 28, 2021; accepted July 22, 2021;
published online August 11, 2021

Abstract: Several fundamental research and applications
in biomedicine and microfluidics often require controlled
manipulation of suspended micro- and nanoscale particles. Speckle tweezers (ST) by incorporating randomly
distributed light fields have been used to control microparticles with refractive indices higher than their medium
and to perform manipulation tasks such as guiding and
sorting. Indeed, compared to periodic potentials, ST represents a wider possibility to be operated for such tasks.
Here, we extend the usefulness of ST into micro-particles
of low index with respect to the surrounding. Repelling of
such particles by high intensity regions into lower intensity regions makes them to be locally confined, and the
confinement can be tuned by changing the average grain
intensity and size of the speckle patterns. Experiments
on polystyrenes and liposomes validate the procedure.
Moreover, we show that ST can also manipulate the nanoparticle (NP)-loaded liposomes. Interestingly, the different
interactions of NP-loaded and empty liposomes with ST
enable collective manipulation of their mixture using the
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same speckle pattern, which may be explained by inclusion of the photophoretic forces on NPs. Our results on the
different behaviors between empty and non-empty vesicles may open a new window on controlling collective
transportation of drug micro-containers along with its wide
applications in soft matter.
Keywords: collective manipulation; low index particles;
optical tweezers; speckle tweezers.

1 Introduction
Using light to control the motion of micro- and nanostructured objects is a challenge and involves several scientific and technological fields such as optical tweezing
[1], Van der Waals and Casimir interactions [2, 3], integrated optics [4], biophysics [5], etc. However, in more
complex light-activated devices, the unavoidable disorder
induces some effects including multiple-scattering, diffusion, and localization of light [6–8]. The disorder can be
externally controlled, which leads to applications such
as tunable lasers, transmission of light through random
media, and novel disorder driven devices, such as ultrasensitive spectrometers [7, 9, 10]. Yet, there is a specific
field – optomechanics – in which the beneficial features
of randomness have not been sufficiently investigated.
Optomechanical forces come from the interaction of the
electromagnetic wave with the boundaries of dielectric
objects. On the other hand, random systems include a large
number of boundaries for which calculation of the forces is
not trivial, but it is crucial to understand the mechanisms
of optically activated devices [11].
Several fundamental researches and applications in
biomedicine and microfluidics often require controlled
manipulation of micro- and nanoscale particles suspended
in a fluidic medium [12]. The conventional strategy is to
trap particles utilizing optical trapping forces [1], photoacoustic effects [13], and magnetic and electric forces [14].
Progressions into a specific approach have resulted in
This work is licensed under the Creative Commons Attribution 4.0 International
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numerous breakthroughs in pharmaceutics and microfluidics [15–17]. A primary advantage of specific methodology
is the opportunity for it to be applied in the manipulation of
drug containers in targeted drug delivery [18]. Among various approaches, optical tweezers have been particularly
prosperous due to their inherent versatility. Optical trapping of micron-sized particles was introduced by Ashkin
[19]. Since then, it has been successfully implemented in
two size ranges: the subnanometer scale for cooling of
atoms, ions and molecules [20, 21], and the micrometer
scale for non-invasive manipulation of microscopic objects
such as cells and bacteria [22]. Further developments by
externally controlling the position and stiffness of individual trap sites offer manipulation tasks in parallel and lead
to many important breakthroughs in bioscience, materials
science, microfluidics, and soft condensed matter physics
[23]. Conventional optical traps require careful engineering
and aligning of setups and sample preparation. Therefore,
such stringent conditions are not matchable with the simplicity, low-cost and high-throughput requirements that
are necessary for biomedical applications.
The light gradient force exerted on a dielectric particle must overcome the scattering force for steady trapping,
especially along the axial direction. The gradient force acting on the particle is proportional to ± ∇E2 , where E is
the electric field of the beam, and the difference in the
refractive indices between the surrounding medium nm
and the particle np indicates the sign. The realization of
stable trapping of high-refractive-index particles is easy
since the intensity profile of tightly focused laser beams
with a spatially homogeneous state of polarization is in
the form of a Gaussian distribution. However, for lowrefractive-index particles, i.e., when the refractive index of
the particle is lower than that of the surrounding medium
(np < nm ), the gradient force will point from the focus center to the region of low-intensity and will repel the particle
away from the highest intensity point. Therefore, lowindex (with respect to the surrounding) particles require
a different strategy to be manipulated by optical tweezers;
to trap them, a beam with a focusing feature of hollow
intensity distribution, the so-called hollow beam, is used.
Various types of hollow beams, such as high order Bessel
beams, Laguerre–Gaussian beams, azimuthally polarized
beams, and the output beam of small hollow fibers, etc.
have been tested and applied for this purpose in recent
years [24–26]. The hollow shaped beams can alternatively
be achieved using circularly scanning optical tweezers [27].
This technique, indeed, offers further advantages over the
aforementioned structured beams, such as the ease and
speed with which the geometry of the trapping potential

can be varied [28]. Trapping by hollow beams, furthermore,
results in a reduction of possible photo-damage, which is
crucial for biological specimens [29].
On the other hand, it is known that low-refractiveindex (with respect to the surrounding) particles have
an important role in physics, medicine, and technology.
For example, trapping a single gas bubble in water in
an acoustic resonant cavity has allowed several studies
to understand the physics of sonoluminescence [30] and
to establish further applications in biology and medicine.
More importantly, the bubbles are used to enhance the
contrast of images in ultrasound imaging [31]. Besides
bubbles, low-refractive-index (with respect to the surrounding) particles are found in water-in-oil emulsions for
petroleum, and food processing applications [32]. Another
important class of low-index particles is liposomes. A liposome is a spherical vesicle with a molecularly thin and
self-assembled membrane, and may act as an appropriate
container for nutrients and pharmaceutical medicines in
drug delivery [33] and can be applied to enhance the transfection of genes into living cells [34, 35]. Liposomes are
made of phospholipids and are developed by disrupting
biological membranes, their most important kind being
the multilamellar vesicles [36].
Usually, it is difficult to optically trap both kinds of particles (low and high-refractive-indices with respect to their
surrounding) as it requires complex scanning methods
and/or rigorous design of holographic tweezers [37–40].
Therefore, conventional methods are not suitable for more
complex micro-manipulation tasks such as transportation
of a large number of such mixtures of particles. Also, limitations such as the short working distance of high numerical
aperture microscope objectives undermine the efficiency
of the methods. On the one hand, for many of the applications, especially when dealing with collective motion of
microscopic objects, the regular arrays of trap sites are no
more required. On the other hand, for several applications,
again especially the ones that deal with collective motions,
brief and local confining of the objects is sufficient, and a
tight optical trapping is no more a requirement. In this
paper, we propose the use of speckle tweezers (ST) as an
elegant alternative in such cases. ST possesses both the
simplicity and applicability in optical manipulation of reallife situations. Speckle light patterns are high-contrast,
fine-scale granular patterns that are the result of the
interference of a large number of dephased but coherent
monochromatic light waves propagating along different
directions [41]. Speckle patterns can be generated through
different processes, such as scattering of laser light from
a rough surface or mode-mixing in a multimode fiber [42].
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It has been demonstrated that ST is a versatile tool to efficiently perform collective optical manipulation tasks, such
as trapping, guiding, and sorting of high-refractive-index
particles [43, 44]. Although, the intrinsic randomness of
speckle patterns is considered to be a disturbing noise in
experiments, nevertheless, the patterns find several useful
applications. One of the first experiments on the use of
ST in this range demonstrated the emergence of anomalous diffusion in colloids and showed the control of the
motion of Brownian particles [45]. Recently, the optical
speckle field has been used for producing a thermal speckle
field through interaction with plasmonic substrates and
converting the high-intensity speckle grains into the corresponding thermal speckle grains [46]. In another recent
study, it has been shown that the density of the structural
defects in a 2D binary colloidal crystal can be engineered
using a speckle field [47]. A memory equation based on
a theoretical model was provided to describe the motion
of colloidal particles within the ST field [48, 49]. The
speckle field contains a random, but somehow tunable,
distribution of isolated high-intensity regions surrounded
by irregular and interconnected low-intensity regions, and
the dark spots are, indeed, much more common than bright
ones [50–52]. This nature of the speckle fields makes the
use of ST as an elegant possibility for collective manipulation of mixtures of low and high index (with respect to
the surrounding) micro-particles. Regions with higher and
lower intensities in the speckle field can be used to confine
the high-refractive-index and low-refractive-index particles with respect to their surrounding, respectively. Moreover, by examination of speckle fields effect on not-empty
but nano-particle (NP) loaded liposomes, we experimentally corroborate that the ST may be used to perform control
on the collective movement of drug micro-containers.

2 Materials and methods
2.1 Sample preparation
Liposomal of clindamycin phosphate (CP) is prepared by thinfilm hydration method. CP is purchased from Suzhou Pharmaceutical. Monobasic potassium phosphate (98–100.5%), phosphoric
acid (85–88%), sodium hydroxide (>98%), Tween 80 (for synthesis), Triton X-100 (99%), and high performance liquid chromatography (HPLC)-grade acetonitrile are purchased from Merck. Sephadex
G-50 is purchased from MilliporeSigma. Egg phosphatidylcholine
(E80) is purchased from Lipoid. Cholesterol (99%) is purchased
from Sigma–Aldrich. The lipid mixture is dissolved in chloroform/methanol (2:1) and dried under a reduced pressure in a rotary
evaporator at 60◦ C to form a thin lipid film. The film is then hydrated

with CP solution (63 mg/ml) in phosphate buffer solution pH = 7.4 at
60◦ C for 1 h.
The synthesis of liposomes can be achieved by various methods and their created sizes depend on the involved parameters and
materials [53]. In general, the liposome sizes can vary from very small
(0.025 μm) to large (2.5 μm) vesicles. Moreover, liposomes may have
one or more bilayer membranes. The vesicle size is an acute parameter to determine the circulation half-life of the liposomes. In the
thin-film hydration methodology that we use in our experiments, we
consider the parameters toward creating the liposomes in the range
of 1 μm sizes. Further, we separate the liposomes of 1 μm by multiple passing of lipid suspension through the syringe filter (Sterlitech)
to ensure sufficient uniformity. We determine the size distribution
of liposomes by laser diffraction method (Mastersizer 2000, Malvern
Instruments) which shows a sufficient homogeneity for multiple trapping experiments. This apparatus provided a mean diameter of 1 μm
associated with a standard deviation of ±38 nm. These liposomes
are in multilamellar vesicles class, i.e., their structures consist of
concentric phospholipid spheres separated by layers of water. The
refractive index of the formed liposomes is 1.300, which is measured
by Abbe Refractometer (Atago, NAR-1T). Zeta potentials of the liposomes are determined at room temperature in deionized water with a
Malvern Zetasizer Nano ZS (Malvern Instruments). The zeta potentials
of liposomes are measured to be in the range of −10.9 to −11.4 mV.
Encapsulation efficiencies of liposomes are calculated to be 20.8% in
day 0. The short-time stability of liposomes in terms of encapsulation
efficacy is studied for one week. The encapsulation efficacies on day
1 and day 7 are measured as 11.4 and 12.1%, respectively. The preparation of liposome samples results in a high concentration solution
of liposomes. The viscosity of the stock solution is 340 × 10−3 N s/m2 ,
measured by a commercial rotational viscometer (ViscoQC 100, Anton
Paar). For trapping experiments, similar to trapping experiments of
the polystyrene particles, a very dilute solution in distilled water is
prepared which has a similar viscosity value (𝜂 l = 0.0012 N s/m2 ) to
the viscosity of polystyrene solution (𝜂 w = 0.001 N s/m2 ).
Gold NPs of 100 ± 5 nm diameter and optical density of 1, and
polystyrene particles of 1 μm diameter are purchased from SigmaAldrich. Citrate buffer, which is a proprietary surfactant, is used as
a stabilizer for NPs. Gold NPs are loaded passively to the liposomes,
i.e., encapsulated during the liposome formation. To this end, during
the liposome preparation and in the hydration stage, 100 𝜇l of gold
NPs are added to distilled water. Before the experiments, polystyrene
particles, liposomes, and the NP-loaded liposomes are shaken for
a few minutes by an ultrasonic bath (Xuba3, Grant), and separate
dilute solutions of them, which are suitable for trapping experiments,
are prepared. The concentration could be further adjusted by the
use of a push–pull syringe pump, connected into the surrounding
medium and the high concentrate liposome reservoirs. For example,
for increasing the concentration, we infuse the liposomes directly into
the chamber and withdraw the surrounding medium at a constant
rate.
We fabricate special chambers with a couple of glass coverslips
(22 × 22 mm, thickness of 170 ± 5 μm) and parafilm spacers, in which
parts of one of the building coverslips are coated by a semi-transparent
layer, for reducing the transmittance of the laser light up to 15%. The
coating is performed using sliver (Ag) sputter targets in a sputter coater
system (DST3-A, Nanostructured Coatings Co.) on the pre-covered
areas of the coverslip. By tuning the coating duration and the applied
voltage, the transmittance of the coated area can be tuned.
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2.2 Experimental procedure
Figure 1a shows the schematic of the home-built STs experimental
setup to perform the experiments. A laser beam (DPSS, 85-GSS-309,
Melles Griot, 532 nm) is expanded by the beam expander (BE) and by
the use of a microscope objective (MO1, 10×, NA = 0.25), is focused
onto the input entrance of a multi-mode fiber (MF, QMMF, OZ Optics).
A step-variable neutral density filter (NDF) is used to reduce the beam
intensity in steps. A beam splitter (BS) is also used to direct a white
light illumination along with laser light into the sample for conventional microscopic imaging. The multi-mode fiber has a core diameter
of 365 ± 14 μm, numerical aperture of NA = 0.22, and core and
cladding refractive indices of 1.4589 and 1.4422, respectively. Therefore, our MF can mix up to approximately 474 modes of the propagating laser beam, and the output light from the fiber is the interference
of several modes with random phases and results in generating the
speckle pattern at the sample plane. The microscope objective MO2
(40×, NA = 0.65), mirror (M), and the lens (L2) form the image of
the sample on the camera (DCC1545M, Thorlabs, 5.2 μm pixel pitch).
The sample chamber consists of a microfluidic channel with an inlet
and outlet to inject, withdraw, or flow aqueous samples by the use of
a syringe pump (NE-300, Just Infusion™). The details of the sample
chambers are presented in Supplementary Figure S1 and a discussion
on choosing the proper speckle field generation method is provided
in Supplementary Figure S2.
Figure 1b shows the theoretical (red color solid line) and experimental (blue color bars) probability density function of a typical
speckle pattern at the sample plane. In its inset, a microscopy image
of the speckle pattern as observed on the camera is shown. The average
grain size of the speckle field in this pattern is 1.69 μm and the average speckle intensity is ⟨I⟩ = 5.46 μW/μm2 . The experimental data are
obtained by averaging the intensity distribution of 1000 speckle patterns. The probability density function of the speckle pattern intensity

follows the negative exponential (gamma with parameter 1) distribu1
I
exp(− ⟨I⟩
) [42, 54]. Figure 1b shows a good agreement
tion, i.e., ⟨I⟩
between theory and the distributions of the speckle pattern intensities used in the experiments, which confirms that the speckle patterns
used in the experiments are well-formed.
Figure 1c shows the auto-correlation function of the speckle
pattern intensity. The average speckle grain size is determined by
evaluating the normalized spatial autocorrelation function on our
2D imaged speckle images by digital video microscopy. The resulted
normalized 2D intensity autocorrelation function (blue and red solid
lines in Figure 1c for x and y, respectively) is then fitted by the Gaussian
function along x-axis (blue dotted line in Figure 1c) and y-axis (red
dotted line in Figure 1c) to obtain the standard deviation. The obtained
standard deviations along x-axis and y-axis are averaged to calculate
the average speckle grain size. In Supplementary Figure S2, we show
how the grain size depends on the wavelength and the geometry of
the speckle generating system. The maximum power of the laser used
in our experiments at the output of the laser is 250 mW, which after
passing through BS and MO1 is reduced to 100 mW at the entrance of
the optical fiber. The output power of the optical fiber can be obtained
from A = 10
log PPin , where A is the maximum attenuation and L is
L
out

the length of the multimode fiber, and Pin and Pout are its input and
output power, respectively. In our experiments, we used an optical
fiber of L = 50 cm length which has an attenuation coefficient of
A = 5.5 dB/km. Therefore, the total power exiting from the fiber is
99.94 mW, almost the same at the entrance without any attenuation.
This power is propagated by 1 cm to the sample and the diameter of
the illumination area can be calculated having the NA of the fiber. NA
= 0.22 gives the diameter of the area as 4.5 mm. Therefore, the average
intensity over the illuminated area will be 6.2 μW/μm2 . The power of
the laser entering to the fiber was 88 mW, for which, considering the
aforementioned procedure, the calculated average speckle intensity
is 5.46 μW/μm2 .

Figure 1: (a) Schematic of the experimental
setup; BE: beam expander, MO: microscope
objective, MF: multi-mode fiber, NDF: neutral density filter, BS: beam splitter, FC: fiber
coupler, L: lens, M: mirror. (b) Intensity distribution of the speckle pattern at the sample
plane and negative exponential function fitting. Blue bars demonstrate the experimental
data and red solid line shows the theoretical
probability density function, which follows
the negative exponential distribution. Inset:
A microscopy image of the speckle pattern.
(c) Normalized speckle pattern intensity spatial auto-correlation function Is as a function
of position. The blue and red lines are speckle
intensity along x and y axis, respectively, and
the dashed blue and red lines are their corresponding Gaussian functions. The average
speckle grain size is determined from the
standard deviation of the Gaussian function.
In our case, the average speckle grain size is
1.69 ± 0.20 μm. In our configuration 1 pixel
equals to 0.052 μm.
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3 Results and discussion
To demonstrate trapping and the manipulation of lowrefractive-index (with respect to the surrounding) particles using a speckle field, we start by considering the
motion behavior of two samples containing polystyrene
microspheres (diameter of 1 μm, refractive index of np
= 1.59) and liposome vesicles (diameter of 1 μm, refractive index of nl = 1.30) under the exposure of randomly
distributed laser field. We brought the output end of a
multimode fiber into the specimen chamber to impose
the speckle field on the dispersed particles. The average intensity of the speckle grains is controlled by tuning the intensity of the laser light, and the grain size
can be varied by careful adjustment of the fiber end to
sample distance. The microfluidic chamber is connected
to an infusion pump to infuse the micro-particles and
allow them to flow (infusion rate = 1.25 ml/h). First, in
separate experiments, we imposed the speckle field on
multiple low- and high-refractive-index particles in a quiescent medium (nm = 1.33). Figure 2a and b shows the path
trajectories of the typical low- and high-refractive-index
(with respect to their surrounding) particles, respectively,
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for the different speckle field strengths. As the trajectories show, polystyrene beads reposition themselves in the
bright regions of the speckle pattern and under strong optical forces (⟨I⟩ = 5.46 μW/μm2 ), they remain trapped in one
of the speckle bright grains for several minutes. However,
according to their Brownian motion, the particles can also
move inside the speckle grain. By reducing the average
laser intensity to ⟨I⟩ = 3.24 μW/μm2 , they are still trapped
but can move between the neighboring grains. By further
reducing the average intensity (⟨I⟩ = 1.08 μW/μm2 ), the
optical forces become relatively low and the particles may
show almost free diffusion but still feel the speckle field.
Similar behavior is observed in liposome vesicles. However, predictably, according to their low-refractive-index
with respect to their surrounding medium, as the trajectories of Figure 2b show, the liposomes are restricted to the
dark regions of the speckle field. Eventually when the average intensity reduces to ⟨I⟩ = 1.08 μW/μm2 , the liposomes
can move between several dark regions. The optical force
vector acting on a moving particle moves in the speckle
field and varies with a characteristic time scale, which is
inversely proportional to the average speckle intensity in
the first approximation [43]. The motion of a Brownian
particle in a static speckle field is the result of random

Figure 2: The experimental trajectories (turquoise solid lines) of high- and low-refractive-index (with respect to their surrounding) particles
in regressive confinement through decreasing the average speckle intensity (⟨I⟩ = 5.46 μW/ μm2 , ⟨I⟩ = 3.24 μW/ μm2 , ⟨I⟩ = 1.08 μW/ μm2 )
for the duration of 1000 s. The surrounding medium is distilled water of refractive index nm = 1.33, viscosity of 𝜂 w = 0.001 N s∕m2 at
temperature T = 300 K. The background represents the speckle field generated by propagating of a solid state laser light through a
multimode fiber. (a) Trajectories of a polystyrene particle of diameter Dp = 1 μm and refractive index of np = 1.59. (b) Trajectories of a
liposome vesicle of diameter Dl = 1 μm and refractive index of nl = 1.30.

2920 | R. Jamali et al.: Speckle tweezers for manipulation

thermal forces and deterministic optical forces. However,
the optical forces are the main forces in these experiments.
They attract high-index (with respect to the surrounding)
particles towards the intensity maxima of the optical field
but repel the low-index (with respect to the surrounding)
ones to the outer sides of the speckle grains resulting in
trapping them in the dark regions. The optical forces act
on both high- and low-index (with respect to their surrounding) particles stumbling in the speckle field in a
characteristic time, the so-called waiting time, which is
defined as the time that the particle moves along its correlation length with its average drift speed [43]. The average
particle drift speed is directly proportional to the average
force and inversely to its friction coefficient. It has shown
that even a random optical field, regardless of its inherent
randomness, may be used to control the motion of the highindex particle [43]. For a low-index (with respect to the
surrounding) particle, this is performed through repelling
it by the speckle grains.
For the particle in a static speckle pattern, when the
optical forces are relatively low, the particle is almost
freely diffusing away from a speckle grain before experiencing the influence of the optical forces. Increasing
the forces, a subdiffusive behavior is shown and the high
(low) index with respect to the surrounding particle is constrained in the bright (dark) grains. However, the particle
has small probability to escape a speckle grain and can still
move between the neighboring grains. At strong forces, the
particle remains trapped in one of the bright or dark speckle
grains, depending on the particle refractive index. In Supplementary Movie S2, the videos and the overlaid trajectories of the low and high refractive index (with respect to the
surrounding) particles in the speckle field are embedded.
The mean square displacement (MSD) of the particle motion is a quantitative expression to describe
the aforementioned behavior of the particle inside the
speckle field, and is defined as MSD(Δt) = ⟨Δr2 (Δt)⟩ =
⟨[r j (t0 + Δt) − r j (t0 )]2 ⟩ j,t0 , where r j (t) denotes the position
of micro-particles j at time t, and the average is derived over
all micro-particles j and all onset time t0 . It means that, we
consider both the ensemble and time average. Figure 3a–c
shows the MSD of a polystyrene particle, a liposome, and
a liposome containing NPs, respectively, that are moving
in a static speckle field of different average speckle intensities. Every MSD curve is obtained by averaging over 1000
different trajectories for the time duration of 1000 s, and
the frame rate of the acquisition camera is set to 25 fps. The
trajectories are for different particles that can be found in
the field of view. It happens that in the field of view, a set
of particles appear and get tracked, and then we change

the field of view to find another set of particles. This procedure continues to obtain over 1000 trajectories and from
the averaging, the associated MSD curve for the specified
mean intensity and particle type is achieved.
In the absence of optical forces or for low optical forces
and for longer times, the MSD behaves almost linearly with
Δt (MSD ∼ 4DSE Δt, where DSE is the Stokes–Einstein diffusion coefficient). As the forces increase and t decreases,
there is a transition into a subdiffusive regime characterized by MSD ∝ Δt𝛽 with 𝛽 < 1. For a very large Δt, the
motion returns into the diffusive regime, i.e., 𝛽 = 1, with
a smaller effective diffusion coefficient Deff . Under higher
external speckle forces, after the waiting time, the particle takes a rest time until bounded in another speckle
grain. For even higher forces, the particles cannot transit from one speckle grain to another. This behavior and
diffusion-to-subdiffusion transition are very similar for
all the examined particles; the low-index (with respect
to the surrounding) ones are restricted to darker regions
according to their trajectories. To demonstrate the acting optical forces on a low-refractive-index (with respect
to the surrounding) particle in a speckle light field, we
obtain the 2D microscopic force fields through force reconstruction via the maximum-likelihood-estimator analysis
(FORMA) algorithm in its 2D form, which is introduced in
[55]. In FORMA, the forces are retrieved by the analysis
of the particles’ Brownian trajectories. The optical force
fields generated by speckle patterns are larger extended
force fields and the equilibrium positions are not known
a priori due to their random appearance and include nonconservative components. FORMA estimates accurately
the conservative and non-conservative components of the
force field simultaneously with important advantages over
the common methods that obtain the forces by analyzing
their influence on the particles’ Brownian motion. This
method is more accurate, does not need calibration fitting parameters, executes much faster, and requires much
fewer data. In Figure 4a and b, the results of the force field
reconstruction in the speckle field are shown for the highand low-refractive-index (with respect to their surrounding) particles, respectively. The green color background
is the overlaid images of the speckle field pattern, whose
intensity is proportional to the potential depth of the optical potential felt by the micro-particles. The red arrows
plot the 2D force field exerted on the micro-particles and
measured with FORMA. The trajectories (thin turquoise
lines) are acquired experimentally for the motion of a
polystyrene particle of diameter Dp = 1 μm and refractive index of np = 1.59 (Figure 4a) and liposome vesicle
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Figure 3: Mean square displacement of Brownian particles on a logarithmic scale as a function of time in increasing speckle field intensity,
for (a) a polystyrene, (b) a liposome, and (c) an NP-loaded liposome. Black lines represent Einstein’s free diffusion law. The initial position of
the particles is chosen randomly and the reported data in each of the figures are the average of more than 1000 different trajectories in a
time duration of 1000 s. The average speckle intensity is increased from 1.08 to 5.46 μW/μm2 . In all cases, a transition from trapping at high
speckle intensities to subdiffusion at low speckle intensities can be recognized.

of diameter Dl = 1 μm, refractive index of nl = 1.30, viscosity of 𝜂 l = 0.0012 N s∕m2 (Figure 4b) in distilled water of
refractive index nm = 1.33, viscosity of 𝜂 w = 0.001 N s∕m2 ,
and at temperature T = 300 K. As illustrated in Figure 2,
a polystyrene (a liposome) explores the high (low) intensity regions while being trapped for a while in each bright
(dark) grain before crossing over a neighboring one. We
have verified these results on simulated data considering
the same physical parameters of the experiments (Figure
4c and d). The results of our simulations are in very good
agreement with the results of the experiments. The motion
of a Brownian particle in a static speckle field without
fluid flow is the result of random thermal forces and the
gradient optical forces, which attract high-refractive-index
particles towards the intensity maxima of the optical field
and, on the contrary, repel the low-refractive-index (with
respect to the surrounding) ones to the intensity minima.
The motion of a Brownian particle in the presence of an
external potential, such as a speckle pattern, can be modeled by solving the Langevin equation [43, 56], in which
the inertial effects in the motion of the particle are usually neglected. The concentration of the micro-particles in
our experiments, similar to usual optical trapping experiments, is low. Therefore, the effect of hydrodynamical and
mechanical interactions between the dispersed particles is
negligible.
The details of the force fields of the high- and lowrefractive-index (with respect to the surrounding) simulated particles (Figure 4c and d) moving in speckle fields
show very good agreement with the experimental data.
As it is shown, the magnitude of the acting force vectors on the high-index (with respect to the surrounding)
particles is comparable with the one of low-index (with

respect to the surrounding) particles in any typical point
within the speckle field, both in experimental (Figure 4a
and b) and simulated (Figure 4c and d) force fields. The
force fields of the simulated data are obtained through the
ray optics approach [57, 58]. For both the low and high
refractive index (with respect to the surrounding) particles in the speckle field, the dominant acting forces are
the deterministic optical gradient forces and the random
thermal forces. When a particle moves in the speckle field,
the optical forces change both in magnitude and direction
with a characteristic time scale that in first approximation
is inversely proportional to the average speckle intensity
[57]. These changes can be tracked having the intensity
profile throughout the speckle field and employing the
geometrical optics approach to form the force fields [58].
The laser beam is decomposed into a set of optical rays.
As the rays reach the particle, they get partially reflected
and partially transmitted, whose directions are different
from those of the incoming rays. This change of direction
causes a change of momentum and a force acting on the
particle. Even if the geometrical optics approach can be
employed when the characteristic dimensions of the object
under study are significantly larger than the wavelength of
the light, it is shown that compared to the calculations
performed by use of more rigorous electromagnetic wave
theory, the ray optics results agree to within a factor of
2 even for particle radii as small as twice the incident
wavelength [57]. The optical forces attract particles with
high refractive index towards the intensity maxima of the
optical field and repel the ones with low refractive index
towards the minima. In Supplementary Figure S4, for quantitative assessment, a set of points in the speckle field is
randomly selected and their corresponding values for the
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Figure 4: Microscopic optical forces in a
speckle field in the transversal plane for
(a) a polystyrene (high-refractive-index, np =
1.59) and (b) a liposome vesicle (lowrefractive-index, nl = 1.30), reconstructed
through the analysis of particle displacement
information via the maximum-likelihoodestimator analysis method. (c) and (d)
The corresponding simulated force fields in
speckle fields of the same average intensity
as in (a) and (b).

optical potential in both low and high index (with respect
to the surrounding) cases are presented in Table S1.
It is remarkable that besides lateral sizes, a speckle
grain in the speckle field also has an axial size. The typical axial size is calculated in the Supplementary file and
schematically indicated in Supplementary Figure S2. The
particles are dispersed between the upper and lower walls
of the chamber, and the optical scattering forces push the
particles in the direction of light propagation towards the
lower wall of the chamber. Therefore, the high refractive
index (with respect to the surrounding) particles can be
trapped within the grain axial longitude, so the speckle
tweezers effectively confine the particles in a quasi twodimensional space [43]. In case of low index (with respect
to the surrounding) particle, however, the confinement is
only in two dimensional space, since these particles are
confined by dark regions.
In [43], Volpe et al. demonstrated that by employing
a time-varying speckle pattern and via continuous control
of the subdiffusion (a slope smaller than 1 in the MSD(Δt)
function) to superdiffusion (a slope bigger than 1) transitions, it is possible to perform optical manipulation tasks
such as guiding, sieving, and sorting multiple particles.

Indeed, compared to periodic potentials which are characterized by a few potential depths, ST represents a wider
possibility (due to a distribution of intensities) to be operated for such tasks, provided that a controlling handle
exists. However, controlling the variation of a produced
speckle pattern comes along with challenges due to the
inherent randomness of the speckle light fields. Nevertheless, the optical forces exerted on a particle depend on
the particle’s physical parameters, hence, a static speckle
pattern can be employed to realize a selection sieve in the
presence of flow. A significant observation in this work
is that for a flow of low-index particles (with respect to
the surrounding), e.g., liposomes, the immediate effect of
the presence of a speckle field is the reduction of their
drift velocities. More importantly, for the liposomes inside
which we loaded gold NPs, we observe that the reduction
of the velocities is substantially increased. For these experiments, we use special chambers in which parts of one of
the building walls are coated by a semi-transparent thin
layer, therefore, it rejects partly the incident light. The coating thickness in Region 1 of case I and Region 2 of case II
is 7 nm and the thickness in Region 2 of case I and Regions
1 and 3 of case II is 45 nm. The details of the chambers
are explained in Supplementary Figure S1. The rest of the
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uncoated area transmits almost all the light. In the chamber shown in Figure 5a, the right half of the coverslip is
coated while in the one shown in Figure 5b, only the central part remains uncoated. Then a mixture suspension
of empty liposomes and NP-loaded liposomes are injected
into the chamber under a constant rate via a syringe pump
and the flow is live monitored. Gold color and red dots represent the NP-loaded and empty liposomes, respectively.
In Figure 5, for both of the two aforementioned chambers,
it is demonstrated that microfluidic speckle filtering of NPloaded liposomes from the empty ones is possible in a flow
duration of a few seconds and within less than 50 μm range.
The separation can be done because the NP-loaded liposomes drop behind with respect to the empty ones. Figure
5a shows that the presence of the regions with different
average intensities can tune the speed reduction difference, and, therefore, can boost the separation of the two
sets of particles at the boundary of the regions. We demonstrate this type of control on the speed reduction difference
further in Figure 5b by adding another boundary which
enables further control on the collective behavior of the
flowing particles. This possibility to apply local changes on

the average intensity over the speckle field makes is possible to design useful arrangements for directed collective
motion of multiple particles.
In order to express the results in a more quantitative fashion, we track several particles during their
flow and measure their velocities. Figure 6 summaries
the results. As shown in Figure 6a, in case I by coating a semi-transparent layer on a half of the chamber
surface to reduce the transmittance of the laser light
by 85%, two regions with average speckle intensity of
⟨I R1 ⟩ = 6.2 μW/ μm2 (Region 1) and ⟨I R2 ⟩ = 0.93 μW/ μm2
(Region 2) are achieved. In case II, three regions of different
average speckle intensity, ⟨I R1 ⟩ = 0.93 μW/ μm2 (Region 1),
⟨I R2 ⟩ = 6.2 μW/ μm2 (Region 2), and ⟨I R3 ⟩ = 0.93 μW/ μm2
(Region 3) are existed. Figure 6b–f shows the average velocity of 100 particles of each type for the first 8 s of the
experiments for the case I and case II, respectively. Blue
dots and red squares indicate the velocities of empty liposomes and NP-loaded liposomes, respectively. For each
experiment, a set of micro-particles at the same time is
chosen. In Figure 5, we show the positions of empty and
NP-loaded liposomes of several experiments with red and
yellow dots, respectively, at t = 0, 2 s, 4 s, 6 s, and 8 s. The

Figure 5: Microfluidic speckle filtering of NP-loaded liposome (gold color dots) from the empty ones (red dots), based on their velocity
hindering in varying speckle intensity. The average speckle intensity is changed (from ⟨I⟩ = 6.2 μW/ μm2 to ⟨I⟩ = 0.93 μW/ μm2 , or vice
versa) in (a) one and (b) two boundaries. Sample time lapses belong to every 2 s and the process takes a time duration of about 8 s.
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Figure 6: (a) Case I: the chamber surfaces are half-coated by a semi-transparent layer to reduce the transmittance of the laser light by 85%
in Region 2, and case II: two-third of the chamber surface is coated (Regions 2 and 3). (b) and (c) The average velocity of empty (blue dots)
and NP-loaded (red squares) liposomes and their associated fitted lines in Regions 1 (panel b) and 2 (panel c) of case I. (d–f) The average
velocity of empty and NP-loaded liposomes and their associated fitted lines in Regions 1 (panel d), 2 (panel e), and 3 (panel f) of case II. The
slope of the fitted lines is in μm/s2 units. The black diamonds represent the velocity of a liposome when the speckle generating laser is off,
as a reference experiment.

particles are tracked in each frame, and their velocities
are calculated between two frames for successive frames,
knowing the acquisition frame rate. The average velocities
of each particle within 0.5 s are calculated. Then, these
velocities are averaged over the values of the set of the
particles. The results are the data points reported in Figure
6b–f, and the errorbars are associated with the averaging over different particles. Supplementary Videos S3 and
S4 are related to the two arrangements in Figure 5a and
b. We also conduct a reference experiment, in which the
laser is off and the speckle field is removed, therefore,
the liposomes have the constant flowing speed along with
the fluctuations caused by Brownian motion (black diamonds). It is obvious that both types of particles encounter
velocity reduction. The decreasing of particle velocities
originates from the point that micro-particles are trapped
over longer times by a static speckle pattern. The hindering
of velocities happens in multiple interacting of the particle and the speckle field. Between each two steps their
Brownian motion and optical forces cause random motion

so that they do not have sufficient free distance to reach
to a constant speed. However, the reduction is substantially different for the NP-loaded and empty liposomes.
The reduction is also different in different regions. These
outcomes are shown by the difference in the slopes of the
fitted lines to the data. In Figure 6b, the lines fitted to
velocities of the empty liposomes (blue line) and the NPloaded liposomes (red line) in the initial seconds (moving
in Region 1) have the slopes of mL,R1 = −0.85 μm/s2 and
mNP,R1 = −1.22 μm/s2 , respectively. When the particles
cross the boundary of the two regions of case I (Figure
6c), the decrease of the velocities of both types in Region
2 follows a different trend (mL,R2 = −0.30 μm/s2 and
mNP,R2 = −0.38 μm/s2 ). For case II, the trends of the same
order in velocity reduction of empty and NP-loaded liposomes are measured in Regions 1 and 3, which have
similar average speckle intensity (mL,R1 = −0.34 μm/s2 ,
mL,R3 = −0.2 μm/s2 and mNP,R1 = −0.54 μm/s2 , mNP,R3 =
−0.30 μm/s2 ). However, the velocity in Region 2 which
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has higher average speckle intensity decreases dramatically (mL,R2 = −0.99 μm/s2 and mNP,R2 = −1.18 μm/s2 ).
The use of different regions with different mean intensities
is an example of incorporating additional intensity gradient to perform adjustable space–time-varying fields, which
enhances the capability of the speckle tweezers applications. For example, in Figure 5a, it can be seen that when
the empty liposomes reach the boundary of the two regions
(at t = 6 s), their motion experiences a boost so that the
NP-loaded liposomes drop behind further, making their
separation more feasible.
The NP-loaded liposomes drop behind the empty ones
when they pass through a speckle field. However, the presence of regions with different average intensities substantially enhances the separation procedure. For example, in
Figure 5a, let us compare the movement of the particles
for the duration of t = 2 s to t = 4 s and the duration of
t = 6 s to t = 8 s, in which the particles experience the
boundary between the regions of different average intensities. The empty liposomes from t = 2 s to t = 4 s move
from d ≈ 12 μm to d ≈ 22 μm, and the NP-loaded liposomes move from d ≈ 10 μm to d ≈ 17 μm. However, from
t = 6 s to t = 8 s, the empty liposomes move from d ≈ 32 μm
to d ≈ 50 μm, and the NP-loaded liposomes move from
d ≈ 24 μm to d ≈ 33 μm. Since the other experimental conditions are preserved, the substantial difference between
the behaviors is attributed to the presence of the regions
of different average intensities. It is obvious that more
than 30% of the velocity reduction difference between the
empty and NP-loaded liposomes in a few seconds, which
is deduced from our results, is sufficient to separate out
the two important classes of the particles. The separation
can be followed by guiding the first outgoing particles
into a specific reservoir as no NP-loaded ones. In this
example, the advantage of the presence of the boundary is
the enhanced separation between the empty and the NPloaded liposomes. In general, the additional control on the
local speckle areas, especially if several regions of different
average intensities are considered, will increase significantly the capability of ST applications. Proper geometry
of the fluidic channels and controlled speckle field engineering can also be combined towards the application of
the method in endoscopic studies. It is remarkable that
the hydrodynamic interactions between dispersed particles induced with the speckle field, cause the changes in
their particle–particle distances and can hinder their diffusion [59–61]. However, this effect is common for either NP
encapsulated or empty liposomes and can be disregarded
in the presented experiment schemes.

The difference between the velocity reduction of
NP-loaded and empty liposomes may be explained by
the inclusion of the photophoretic forces on NPs. Photophoretic force is the result of thermal processes caused
by the absorption of laser light by the particles. Therefore, in the optical force calculation for metallic NPs, either
entrapped inside or freely moving bubbles, the effect of the
local electromagnetic fields and the photophoretic forces
have to be considered [62]. The theoretical investigation
of the applied forces for irregularly shaped particles or
irregularly distributed laser fields can be performed by
the T-matrix method [63]. However, quantitative consideration of the photophoretic force on an absorbing particle
involves many factors, such as pressure, light properties,
e.g., beam profile, intensity, wavelength, and polarizations, and particle properties, e.g., size, geometrical shape,
and thermal conductivity [63, 64]. The effects can be either
a pushing or pulling force. It has been already shown that
airborne metallic NPs may be trapped in the dark regions
of speckle fields [62]. Here, similarly, the photophoretic
trapping partially holds the NPs, therefore, and it hinders the associated liposomes velocities. Supplementary
Video S5 shows the behavior of an NP-loaded liposome
in a quiescent fluid under illumination of speckle fields
of different average intensities, which validates the predicted confinement in dark regions of the speckle fields. In
Supplementary Figure S3, a schematic figure to show the
acting forces in different cases (high index, low index and
NP-loaded low index particles) is presented.
Gold NP, itself, can enter liposome and be used as a
drug. Moreover, NP-loaded liposome can resemble drugloaded containers in drug delivery, in general. Therefore,
this platform along with easy handling of speckle fields
can provide an elegant approach for controlling the drugloaded containers, for example, for collective manipulation of transfection reagents, cell markers, and carriers of
molecules [65].
Various size ranges of high refractive index particles
have been subjected to manipulation by speckle fields [43,
66]. For example, in [43], sub-micron polystyrene particles of different diameters and refractive indices are sieved
by passing through the speckle field. For the low refractive index particles, due to the topological structure of
speckle field, which contains a tunable distribution of
isolated high-intensity regions surrounded by interconnected low-intensity regions [52], we believe that, on the
one hand, even larger ranges of particles can be manipulated by the dark regions. On the other hand, for smaller
sizes, especially the metallic particles, these light fields
can perform a large-scale filtration by opto-thermoelectric
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speckle tweezers [46]. The physics behind it is that for
the smaller metallic particles, the thermoelectric force is
dominant. This method of filtration of nanoparticles aggregations in complex fluids can be an alternative to high
speed centrifuging.
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4 Conclusions
In conclusion, we extend the usefulness of speckle tweezers to low refractive index micro-particles and report different particle speckle field interaction between empty and
nano-particle loaded vesicles. The speckle fields have great
potential to collectively guide, select, trap, or push microparticles of low- and high-refractive-index with respect
to their surroundings. The high-intensity regions of the
speckle fields can act as a size selection sieve for dielectric
particles of high-refractive-index. On the other hand, and
more importantly, the low-intensity regions of the speckle
fields can perform the aforementioned tasks through the
size selection sieve for dielectric particles of low-refractiveindex (with respect to the surrounding), or through a
photophoretic sieve for absorptive ones, whether embedded inside the containers or not. The rather low average
intensity throughout the field that illuminates the samples can be considered as another profitable feature of
the methodology. Furthermore, in addition to the inherent
irregular structure of the speckle field, by proper patterning of the sample chamber, it is also possible to adjust
the average intensity of the field covering an area over the
sample or apply an additional intensity gradient, i.e., perform space-time-varying fields. Therefore, dynamic control
can be applied to the samples with the important advantages of ST over the typical regular pattern of trapping
sites. The requirement to only a few optical components
and saving physical space, insensitivity to optical aberrations, use of unfocused light, and no need for sophisticated
alignment and adjustment processes are some of the ST
advantages. These benefits and their compatibility outside of the physics laboratory and in vivo situations make
ST a simple, cost-effective, and versatile methodology for
applications in various fields, such as drug delivery, labon-a-chip, and active matter. We believe that the principal
idea behind the applications of the optical ST can also be
extended to acoustical trapping, which has very recently
attracted intensive attention [67–69].
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