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ABSTRACT

The reduced magnitude of the optical trapping forces exerted over sub-200 nm dielectric
nanoparticles complicates their optical manipulation, hindering the development of techniques and
studies based on it. Improvement of trapping capabilities for such tiny objects requires a deep
understanding of the mechanisms beneath them. Traditionally, the optical forces acting on
dielectric nanoparticles have been only correlated with their volume, and the size has been
traditionally identified as a key parameter. However, the most recently published research results
have shown that the electrostatic characteristics of sub-100 nm dielectric particle could also play
a significant role. Indeed, at present, it is not clear what do optical forces depend on. In this work
we designed a set of experiments in order to elucidate the different mechanism and properties (i.e.
size and/or electrostatic properties) that governs the magnitude of optical forces. The comparison
between experimental data and numerical simulations have shown that the double layer induced
at nanoparticle’s surface, not considered in the classical description of nanoparticle’s
polarizability, plays a relevant role determining the magnitude of the optical forces. The here
presented results constitute the first step towards the development of dielectric nanoparticle over
which enhanced optical forces could be exerted, enabling their optical manipulation for multiples

purposes ranging from fundamental to applied studies.



Introduction

Since the 70’s, when Arthur Ashkin and coworkers demonstrated that optical forces (OFs) could
displace and levitate microsized particles, optical trapping (OT) has been evidenced as one of the
most important manipulating tools with real potential applications in numerous areas ranging from
biology to physics.! Basically, OT is based on the use of a tightly focused laser beam to generate
a three-dimensional (3D) optical potential well (optical trap), which dimensions are given by the
laser spot size (typically close to 1um). When a micro or nanoparticle drops into this potential
well, its motion is confined within it, provided that the depth of the potential well is larger than the
thermal energy of the particle. In these conditions, 3D control over the trapped micro or

nanoparticle can be achieved by simple manipulation of the position of the focused laser beam.

During the very last years, OT of nanosized objects have attracted more and more interest from
both fundamental and applied points of view.>> Among the nanoparticles (NPs) whose 3D optical
manipulation has been demonstrated, dielectric luminescent NPs (LNPs) resulted to be of special
importance.® This is due to the fact that LNPs could be sensible to the physical conditions of
surrounding environment (temperature, chemicals, pH, etc) and, in some cases, they can also be
used, for example, to convert light to heat in a controllable and predictable manner.”"'? Based on
these properties, OT of a single LNP has been proposed for 3D contactless bio-sensing and therapy
procedures. Despite being already demonstrated, OT of dielectric LNPs is a challenging task since
OFs exerted over such small non-absorbing particles are in the range of femtonewtons, which leads
to OT potential depths as low as 102! J, which is of the same order of magnitude as thermal energy
at room temperature.* '* Thus, thermal fluctuations act as a relevant destabilizing agent of the
optical trap leading to instable OT.'® Therefore, a route for increasing the trapping efficiency of

LNPs is compulsory for the development of reliable remote scanning techniques. As a first step, it



is necessary to reach a full understanding of which physical parameters do exactly determine the
magnitude of OFs acting on LNPs. This would allow rational modification of the LNPs for

enhancing the OF exerted over them.

Traditionally, the OF has been decomposed into two components.'® !> The scattering force
(Fscqr) 18 associated with the transfer of linear momentum from the scattered photons to the
particle. It pushes the particle in the propagation direction of the trapping beam. The confinement
of the particle within the optical trap is due to a second force which attracts it towards the highest
laser beam intensity region. This is the gradient force (Fy,44) and, in the range of particles much
smaller than the trapping wavelength (Radius << 1), it can be described as the force experienced
by an electric dipole in an inhomogeneous electromagnetic field. When dealing with weakly
absorbing dielectric nanoparticles (as it is the case of the LNPs studied in this work), these

components can be written as:!®
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where E* = EE*being E the electric field of the trapping wave, £gis the vacuum dielectric
constant, (S) is the time averaged Poynting vector, {E} the time averaged spin angular momentum
of the electromagnetic field, n,, is the index of refraction of the surrounding medium, c is the
speed of light, and k = 2nn,, /Ay, with 4y the trapping wavelength in vacuum. Equations 1-2

indicate that both Fy..q and Fs.; components depend on the electronic polarizability (

ayp = a' + i“”) of the trapped particle. In previous reference works dealing with optical trapping



of dielectric nanoparticles authors traditionally used the Claussius-Mossotti expression to describe
particle’s polarizability. Although the use of this formalism to adequately describe the
nanoparticle’s polarizability is limited it has been widely used in the past to describe the physics
underlying optical trapping of dielectric nanoparticles and, for instance, to elucidate the size-
dependence of optical forces. In a first order approximation, assuming a delta-like (sharp, well
defined) nanoparticle-medium interface (see Figure 1a), the electronic polarizability given by

Claussius-Mossotti formalism can be written as:

Eyp — £
_ _ NP L
a=ay=3Vy

Eyp T 28, (3)

with eyp = nyp?, and &, the relative permittivity of the particle (nyp its refractive index), and
that of the surrounding medium, respectively. As can be seen, the total OF (For) scales with the

particle volume:

For ~ |eypl ~ Vip )

Under this first order approximation (i.e. pure nanoparticle-medium interface, see Figure 1a) the
volume of the NP is the only parameter determining the magnitude of OFs. However, recently
published works have evidenced that OFs could also depend on the electrostatic properties of the
interface between the NP and the surrounding medium. Indeed, it was experimentally
demonstrated that the magnitude of OFs can appropriately be enhanced through a controlled
modification of the particle-medium interface.!” These results can be understood in terms of a more
complex model in which the NP-medium interface is not supposed to be a delta-like one. Instead,

it is assumed that the NP is surrounded by a coating layer that constitutes an effective NP-medium



interface (see Figure 1b). This coating could be constituted by either coating molecules or by the

charge distribution that moves together with the nanoparticle. Independently of the nature of the

NP-medium interface, the polarizability of the NP can be written as:'®
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where £ is the relative permittivity of the NP-medium interface, V¢ the coating volume and
=Vnr/(VnptVe). In general, all particles present surface charge, even ligand-free (i.e. bare) ones.
This leads to the appearance of a “charge cloud” that behaves as a coating layer with a particular
relative €.. Thus, the electronic polarizability depends not only on the NP volume, but also on its

electrostatic characteristics (i.e. on the electrostatic properties of the “charge cloud”).

Based on the above discussion, it is expected that both, NP volume and electrostatic
characteristics, play a role on the magnitude of OFs acting on LNPs. The relative importance of
both characteristics in determining the OFs acting on dielectric nanoparticles is not known, being
this an open fundamental question. To answer it, we have designed dielectric upconverting NP
(UCNPs), capable to generate visible emission under infrared optical excitation, of intentionally
variable size (monitored through transmission electron microscopy (TEM) images) and different
charge properties (monitored through the zeta potential). OFs exerted over such UCNPs, which
sizes are much smaller than the wavelength of the trapping radiation, have been measured by using
the hydrodynamic drag method. Systematic analysis of the trapping strength as a function of
particle volume and charge has been carried out to unequivocally determine the role played by

both parameters in the range of sizes under study.

Materials and Methods



Optical trapping setup and optical trap characterization. The optical trapping setup is
schematically represented in the upper part of Figure 2a. The 980 nm trapping radiation generated
by a fiber-coupled laser diode was tightly focused, by using a high numerical aperture microscope
lens (100x, 1.4NA), into a microchannel (Ibidi Inc., p-Slide I 80106) where the diluted suspension
of UCNPs was placed. When optically trapped (see Figure 2a, lower part), the UCNPs emit visible
light through an upconversion process after the absorption of the infrared radiation.!*?? This
generated luminescence, which is collected by the same trapping objective, is used for optical
visualization of the trapped particles by means of a CCD camera (QImaging). It is important to
mention that the size of the studied UCNPs is below the diffraction limit of the lens, thus their
luminescence is indispensable for particle detection. The total luminescence intensity at the optical
trap position allows the determination of the number of trapped UCNPs. The recorded
luminescence as a function of time acquired during a representative experiment is represented in
Figure 2b. Each time an UCNP is optically trapped, a step-like rise in the total luminescence takes
place. By changing the concentration of the colloidal suspension of UCNPs and the trapping
power, the number of particles entering the trap for a period of time can be controlled.* The
luminescence has been monitored in real-time to ensure just a single UCNP was inside the optical

trap during OF-determination experiments.

The trapping strength or quality of the optical trap, characterized by the Q-factor (Q), has been

measured for a total number of fifteen different UCNPs. The maximum optical force (Fj3**) is
proportional to the fraction (given by the Q-factor) of the total momentum (anPl) transferred to

the particle:

Fi = Q! ©)



where P, is the laser power, n,, the refractive index of the surrounding medium, and c the speed
of light. The method used for the characterization of the optical trap was the wide-known
hydrodynamic drag method.!>2* This approach allows to calibrate the trapping force against a
known force which is the hydrodynamic drag force (F,) that opposes the displacement of a moving

object in a fluid:

Fo =—— (7

where C represents the parameter that takes into account the Faxen’s correction.?? Equation 7
gives the drag force for the specific case of a sphere of hydrodynamic radius R moving inside a
fluid of viscosity 1. In this equation, v is the relative velocity between the particle and the fluid.
This force will drag the particle away from its equilibrium position inside the optical trap if a
relative velocity between the particle and the fluid is induced. The particle is trapped (located
inside the trap) if » < w,, with w, being the optical trap radius. Likewise, the particle is released
from the trap when » > w,,. For moderate relative velocities, the particle remains trapped so that it
is optically excited by the trapping radiation and, therefore, its visible luminescence is still excited.
This situation is schematically represented in Figure 2¢. In this example, for relative velocities
lower than 200 pm/s, the particle remains trapped and the intensity of visible luminescence has a
non-zero value. However, when the relative velocity is increased, the particle escapes from the

trap because Fy > Fj*

*. When this occurs, the luminescence intensity vanishes evidencing that
the particle has been release from the trap. Therefore, the maximum relative velocity at which the

particle could move before being released from the trap is given by:

Nm Py
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According to Equation 8, Q could be measured through the determination of v,,,. The
experimental procedure to determine v,,,, 1S as follows. Once the particle is optically trapped
(luminescence is detected at the trap position), a relative velocity between the particle and the fluid
(water) is generated by displacing the microchannel at a certain controlled velocity (by using a
motorized stage, see Figure 2a) while the optical trap position remains constant. The microchannel
is displaced at increasing velocities till a certain velocity is reached (v > v,y ) at which the particle
is released. This process is repeated several times for different particles in order to get a
reproducible value for v,,,4,. Then, by using Equation 8, Q is determined by substituting R by the
hydrodynamic radius of the particles. The characterization of the optical trap by the drag method
instead by using other approaches, such as power spectral density (PSD) measurements, is justified
in detail in the Supporting Information. Briefly, we found this method to be straightforward and
easier to implement as the determination of v,,,4, can be done by recording particle luminescence
without requiring single particle detection and tracking. In addition, we found that the experimental
uncertainty on the determination of the Q-factor achieved by the drag method is significantly lower
than those obtained by using alternative ones. Experiments carried out in our lab and previous
works dealing with OF measurements in dielectric sub-100 nm nanoparticles have concluded that
experimental uncertainties can be significantly reduced when measuring the Q-factor by the drag

method instead of by using PSD-based measurements (see Table S1 in Supporting Information).

Dielectric upconverting nanoparticles. Two different particle geometries were studied: disc-like
and spherical. Representative TEM images of the two types of studied particles can be found in
Figure 3. Eight different sized disc-like UCNPs (Figure 3a) and seven core-shell spherical
UCNPs with increasing diameter (Figure 3b) and different zeta potential were studied. Core-shell

spherical particles are composed of an upconverting core coated by a silica shell. The upconverting



core is made of sodium yttrium fluoride (NaYF4) doped with Er** and Yb*" ions. The shell
thickness of all the samples differs, while the core remains the same. Core-shell particles are
represented by grey and green dots. Disc-like particles are also made of NaYF4 doped with Er**
and Yb*>" ions. After the synthesis process, the ligands at the surface of these particles were
removed to obtain bare NPs. For more information regarding particle synthesis and
characterization see Supporting Information. It could be noted that disc-like particles have a
spheroidal shape for sizes shorter than 30 nm. Hexagonal facets as those shown in Figure 3a are
only seen for particle’s radius larger than 30 nm. Despite this fact, all these particles are going to
be referred as disc-like UCNPs and represented by hexagonal light green dots. Both kinds of
particles are codoped with Er** and Yb** ions since this particular combination of dopants leads to
an intense visible luminescence (adequate for the presented detection system) under 980 nm optical

excitation (the used trapping wavelength).

For the purpose of this study, the zeta potential of each particle size has been measured. These
results are included in Figure 4. For the disk-like particles the zeta potential was that of as-
synthetized nanoparticles, i.e. no post-synthesis procedure was performed to modify their zeta
potential. As can be seen, zeta potential values for the disc-like particles (Figure 4a) range from
27 to 47 mV. The zeta potential of the different core-shell UCNPs used in this work is shown in
Figure 4b. In this case, the zeta potential of four of those samples was that obtained after synthesis
procedure, without performing any modification procedure. However, the zeta potential of the
largest core-shell particles was varied by adding acetic acid to the solution (see the Supporting
Information) in order to obtain core-shell particles with a reduced zeta potential value (in absolute
values). It is worth mentioning that, as described in the Supporting Information, the amount of

acetic acid added to the aqueous solution is below 0.5 wt %, so that the change induced in the
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water viscosity is negligible (thus, it has not need to be taken into account in the Q-factor
measurements here performed by the drag method).?* TEM radius for both geometries are in the
range of 5 to 100 nm. It is important to mention that this size range is well below the optical

trapping wavelength (980nm) and the trap radius (0.4 pm).

Results and discussion

Figure 5a shows the measured Q values as a function of the UCNP volume for all the studied
samples, and those published in 7 (simple dark green dots) for 8 nm in diameter UCNPs which
electrostatic characteristics were intentionally modified. The measured values are similar to those
already reported for this kind of particles.!” >>?°. Independently of the net value obtained for Q,
what is of high relevance in the data included in Figure Sa is that no clear linear relation between
Q and particle volume is found. This is especially evident for the spherical particles (grey and
green dots) and the smallest hexagonal particles (light green hexagons). In addition, data included
from !7 shows different Q values for same sized particles, a behaviour that was not explained
before. Indeed, experimental data included in Figure Sa suggests that for particle volumes well
below 80 x10° nm? (effective radius much smaller than 120 nm) OFs are size independent. Note
that for the particular case of the core-shell particles here studied, Q remains practically constant
despite the volume is increased by one order of magnitude. The fact that OFs do not scale linearly
with the particle volume clearly indicates that the model assuming a delta-like nanoparticle-
medium interface (Figure 1a) seems to be inadequate since it predicts a linear relation between Q

and particle volume.

At this point we would like to note that the size independent values of OFs for sub-100 nm

UCNPs cannot be considered as a singularity of these particular particles. L. Jauffred and L.B.
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Oddershede performed a systematic study on the OF exerted on single colloidal semiconductor
quantum dots (QDs) with different radius ranging from 5 up to 15 nm under experimental
conditions very similar to those used in this work.?” What they concluded is that in this size range
the magnitude of OFs and the trap stiffness was size independent. Thus, all the experimental
studies performed up to now (including this work) points out that, for sub-100 nm non-metallic
nanoparticles (dielectric or semiconductor NPs), size is not the dominant parameter determining
the OFs exerted on them, although it could play a secondary role. We would like to note that the
size-independent behaviour disagrees, not only with the predictions made based on the Claussius-
Mossotti formalism (whose applicability to our nanoparticles might be questioned) but also with
rigorous numerical calculations based on the Maxwell Stress Tensor, where the scattered fields
have been obtained, with no approximations, using the FDTD framework. Figure 6a includes the
numerically calculated normalized OFs as a function of particle to trap distance as obtained for six
representative particles. Figure 6b shows the size-dependence of the Q-factor for the two families
of UCNPs used in this work as obtained from data included in Figure 6a. Details about the
calculation procedures can be found in the Supporting Information. Note that the numerical
calculations, predict a linear relation between the OFs and the volume for the two type of particles
studies in this work. Discrepancy between numerical simulations and experimental data reveals
that other factors different from size, shape, and refractive index contrast (all of them considered
in the present numerical simulations) have a mayor impact in the determination of the OFs acting
over sub-100 nm dielectric nanoparticles. It is also worth mentioning that the experimentally found
non-direct relation between OFs and particle’s volume can be attributed to a finite penetration of
the electromagnetic field inside the nanoparticle. To discard this possibility, numerical simulations

of the distribution of the electromagnetic field along the particle volume were also conducted (see
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Supporting Information). The numerical results show a completely penetration of the
electromagnetic field into the volume of the particle, as expected for non-absorbing dielectric

particles.

Once the particle size has been dismissed as dominant factor determining OFs on UCNPs, the
model assuming a delta-like particle-medium interface (Figure 1a) shall be disregarded as well.
Thus, experimental results have to be described in terms of the model schematically represented
in Figure 1b. This implies that, not only the NP and the medium, but also the charge shell between
them must be considered. In our case (bare NPs), this intermediate shell is constituted by the
“charge cloud” that is induced in the surroundings of the NPs. This “charge cloud” has a double
layer structure that can be described, in a first order approximation, by the so-called Electric
Double Layer (EDL) approximation.?® The rigid inner shell is formed by charges tightly attached
to the particle with opposite sign to that of the particle surface. The outer layer is composed of
charges attracted to the surface charge via the Coulomb interaction. This second layer, also called
“diffuse layer”, is constituted by free ions and charges that move together with the NP as a result
of the balance between coulomb forces and diffusion. The plane defining the extension of the
diffuse layer is named the Slipping plane. Characterization of the EDL of NPs is not an easy task.
It is widely assumed that the only reliable path for the characterization of the EDL is the so-called
zeta potential (¢) defined as the potential difference between the Slipping plane and a point in the
bulk fluid (with net charge zero) away from the NP. Zeta potential of a NP is, indeed, an indicative

of its net charge (|o]), as the latter is given by:*’

Io_l __ 2&5&0kkpT
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where e is the electron’s charge, k is the characteristic Debye length, and sinh is the hyperbolic
sine function. E,. is a reference energy that represents the minimum electrostatic energy that leads
to the stable formation of the EDL. In a first order approximation this can be assumed to be equal
to the thermal energy (i.e. E, = kgT) that is close to 25 meV at room temperature. Thus,
Equation 9 clearly reveals that the electrostatic characteristics of the EDL can be well
parametrized by the value of the zeta potential. Figure Sb shows the experimentally determined
Q values as a function of the zeta potential for each studied UCNPs. The values previously
published (dark green dots) for UCNPs, which zeta potential was increased by a chemical protocol
(see Supporting Information), are also included.!” In contraposition to the results from the size
effect analysis (Figure 5a), a clear trend is now observed which is fulfilled by most of the samples.
In general, the magnitude of OFs increases with the absolute value of the zeta potential, and
remains constant for values of |{| below c.a. 25 mV. At this point we hypothesise that for UCNPs
with sizes below 200 nm, the net polarizability is mainly governed by the electronic polarizability
of the EDL (agp; ), so that we can write: ayp = agp;. The exact value of agp;, is not known and,
to our knowledge, there are no published works which establish it. Our results suggest that the
electronic polarizability of the “charge cloud” surrounding the NP is affected by its net charge.
Although the exact relation between the electronic polarizability of the EDL and its charge is
unknown, here we have assumed that agp; is proportional to the net charge of the EDL (i.e. to

|a|). Thus, under this rough approach, we would have:

0 & ayp ~ agp, & |o| x |sinh (%)| (10)

Therefore, Q should scale with |sinh (%) . The red line in Figure 5b shows the best fit of

experimental Q vs { to Equation 10. A reasonable agreement is found since sinh function
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reproduces the experimentally observed behaviour, i.e. it foresees an almost constant OF for small
values of {, whereas it predicts a superlinear growth for { values above 30 mV. The best fit is
obtained for E,, = 5 meV. This is different but comparable to the value predicted by theory (E, =
kgT = 25 e mV). In our opinion, the results included in Figure 5b indicate that, for dielectric NPs
with sizes below 100 nm, OFs acting on them are mainly governed by the electrostatic properties

of the EDL surrounding them.

At this point a fundamental question arises: Is it possible to ascribe to a single particle the zeta
potential value obtained for “bulk” measurements, i.e. performed on a colloidal solution containing
a non-perfectly homogeneous population of NPs? In this sense we have to point out that, as it has
been already published, the zeta potential values estimated from conventional bulk zeta potential
measurements and those obtained from direct single particle measurements are equivalent.’® In
addition, for each particle and experimental condition, optical forces were systematically measured
over different nanoparticles to perform statistical analysis. The uncertainty of OF measurements
were calculated in each case and included as error bas in Figure 5. Note that uncertainties are
smaller than the net effect observed, particularly in the Q vs zeta potential graph. Therefore, based
on previous works and the reduced experimental uncertainties we state that the use of the average
zeta potential can be used to describe the zeta potential of the individual particles in the colloidal

solution.

Conclusions

Optical forces acting on a great variety of sub-wavelength dielectric nanoparticles (4 — 100 nm
in radius) have been measured by using the hydrodynamic drag method. Results have been

analysed considering their size and electrostatic properties. No direct correlation between
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particle’s size (volume) and the magnitude of optical forces has been evidenced. These results are
in good agreement with those previously published for semiconductor nanocrystals, revealing that
in this size regime (particles with a size much smaller than the wavelength of trapping radiation)
size cannot be considered as the only parameter determining the magnitude of the optical forces.
Experimental data has revealed that, indeed, optical forces acting on sub-100 nm dielectric
nanoparticles are strongly correlated with the zeta potential of the trapped particles. It has been
found that, for nanoparticles exhibiting absolute zeta potential value below 25 mV, the exerted
optical force is weak whereas for higher zeta potential values ({ > 25 mV) optical forces have
been found to increase significantly. Conventional dipolar or full numerical solvers for the
Maxwell equations have been proven to be unable to explain the experimental findings as they
predict, for a given material and medium, size as the governing parameter determining the
magnitude of optical forces. The experimental data and their discrepancy with numerical
simulations have been explained by a phenomenological model in which the magnitude of optical
forces is assumed to be mainly given by the electrostatic charge of the nanoparticle which is

quantified by its zeta potential, following a hyperbolic sine function.

The results here obtained constitute the first step towards the optimized design of dielectric sub-
wavelength nanoparticles which electrostatic characteristics make them suitable to be trapped with
enhanced optical forces. This shall boost the development of optical dielectric probes for multiple

applications.
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Figure 1. For (a) ligand-free NP, the optical force theoretical calculation involves the
permittivities of medium (em) and particle (enp), while (b) in the case of NPs covered with ligands,

both particle and coating (ec) permittivities are taken into account for optical forces calculations.
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Figure 2. (a) Upper part: Experimental setup used for force measurements. Lower part: schematic
representation of an optically trapped UCNP. (b) Luminescence intensity as a function of time.
Each rise represents an UCNP entering the trap. (¢) Schematic representation of the experimental

procedure used for force measurements.
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(a)

(b)

Figure 3. Representative transmission electronic microscopy (TEM) image for the (a) disc-like

and (b) core-shell spherical UCNPs.
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Figure 4. Zeta potential values as a function of the TEM radius for (a) disc-like UCNPs and (b)

core-shell spherical UCNPs.
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Figure 5. (a) Measured Q-factor as a function of the particle volume. (b) Q-factor as a function of
the zeta potential. Red line is the best fit to equation 10. In both (a) and (b) hexagonal light green
dots represent values for disc-like UCNPs, circular grey and green dots correspond to core-shell
UCNPs values, and simple dark green dots are values obtained from !’ for 8 nm in diameter

UCNPs.
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Figure 6. (a) Numerical simulations performed over NaYF4 hexagonal nanoparticles and

NaYFs@Sillica core-shell nanoparticles to determine the theoretically predicted evolution of the

optical forces as a function of the volume of the particle. (b) Dependence of Q-factor on particle’s

volume as obtained from calculated data included in (a). Results obtained for hexagonal and core-

shell nanoparticles are included. Symbols are calculated data and dashed lines are the best linear

fits.
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