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Abstract

The effect of electrostatic interaction between carboxylate- and amino-functionalized
polystyrene particles and a charged waveguide surface on the propulsion speed in an optical
tweezers is considered as a function of pH and ionic strength. It was shown that with the variation
of the pH of the aqueous solution, the particles were immersed in, a systematic change of
propulsion speed with a maximum speed could be achieved. The appearance of a maximum speed
was ascribed to changes in the particle-waveguide separation as a result of the combination of two
forces: Coulomb repulsion/attraction and induced dipole forces. The highest maximum speed at
low ionic strength was around 12 pm/sec. Changes in the ionic strength of the solution influenced
the gradient of the dielectric constant near the involved surfaces and also lead to a slightly reduced
hydrodynamic radius of the particles. The combination of these effects subsequently increased the

maximum speed to about 23 pm/sec.



I. Introduction

The transition from large scale systems for particle and biological cell analysis to the so-
called lab-on-a-chip systems not only allows decrease in the amount of necessary analyte, and
subsequently reduced cost, but also increases the speed, the availability and the accuracy of the
analysis. Microfluidic-based systems offer the possibility to integrate several functional modules
for sample transport, sorting and, finally, analysis on a single chip [1]. Different mechanical,
electrical and magnetic based technologies, each having their advantages and drawbacks, have
been suggested for sample transport and sorting [2].

Optically based methods that emerged after the first demonstration of optical trapping of
microspheres by a laser beam by Ashkin [3] opened an alternative for particle manipulation.
Traditional optical tweezers take advantage of focused laser beams to trap and steer single micro-
particles in three dimensions [4]. As a modification of a single particle trap, Curtis et al. [5]
demonstrated trapping and aligning of a large number of particles. High spatial resolution and high
trapping forces enabled trapping and manipulating of object ranging in size from several
nanometers to microns [6,7,8]. Optical tweezers found applications in such areas as biology [9],
medicine [10], micromechanics [11] and statistical mechanics [12].

By using the entire power available in a laser beam for trapping and manipulating objects,
the classical optical tweezers can be damaging and thus are unsuitable for some biological cells.
Waveguide-based techniques for trapping and manipulating of micro-particles offer the possibility
for particle manipulation in two dimensions, but the guided wave optical tweezers rely on the
interaction of the objects with the evanescent field. Using near-field trapping allows the application

of various integrated optical structures, such as dividers and couplers. In waveguide-based optical



tweezers the optical gradient force pulls the particles towards the surface of the waveguide,
whereas the radiation force propels them in the direction of light propagation [13]. The first
demonstration of trapping a micro-particle by an evanescent field on the surface of a prism was
carried out by Kawata and Sugiura [14] followed by an experiment on particles propulsion in the
evanescent field of a channel waveguide by Kawata and Tani [15]. Trapping and propulsion of
gold nanoparticles [16-18], polystyrene particles with dimensions in micrometer range [19-23] as
well as nanowires [24] has been reported on channel waveguides. The first trapping and propulsion
of live cells in the evanescent field of waveguide was demonstrated by Gaugiran et al. [25] with
red blood cells and yeast cells. However, the application of near-field systems on live cells bears
several issues: e.g. small differences in the refractive index between cells and the surrounding
medium (water), which determines the optical forces and the adhesion of the cells to each other
and to the surface of the waveguide [26, 27]. Ahluwalia ef al. [28] studied the propulsion of non-
adherent red blood cells, however observed that they stuck to the surface of the waveguide.
Authors assumed the presence of electrostatic forces responsible for the inhibition of the cell
propulsion.

In this publication we considered a controlled electrostatic interaction between dielectric
micro-spheres and the surface of a silver ion-exchanged channel waveguide containing chargeable
groups: a model system for studying propulsion of particles with Coulomb interaction. We
implemented particles containing amino- or carboxylate- functional groups at their surfaces as well
as waveguide surfaces with amino groups. The pKa value of the -NH> group is around 9, while
that of —COOH lies around 2 [29] of cause depending individually on the precise molecular
structure. Thus, variation of the pH of the aqueous environment of both particles and waveguide

surface should allow the creation of positive and negative charges on the surfaces of particles and



waveguide and, subsequently, appearance of attractive and repulsive forces between the two
surfaces, respectively. It was assumed that the electrical double layer will play a significant role;

therefore, the ionic strength of the environmental solution was controlled as well.

I1. Experimental Section

Waveguide Fabrication. Waveguide samples containing 10 pum wide channels were
fabricated in BK-7 glass (Hellma Optics, Germany) through a silver ion exchange process [30].
Standard photolithographic procedures were employed. After a thorough cleaning process to
remove all residuals, the surface of the glass was spin coated (Solitec 5110 Spinner/Developer,
USA) with 600 nm of S1805 photoresist (Shipley, USA). With the help of a mask aligner (Karl
Siiss MA6 Aligner, Germany) the 10 um wide channels were patterned and developed for 40 sec
in MF319 developer (Shipley, USA). A 100 nm thick aluminium layer was then deposited in a
custom made e-beam evaporation system (Nortel, Canada) followed by a lift off procedure. This
lead to an aluminium mask with open channels on top of the glass sample. Silver ion exchange
was carried out at 360 C”° in a binary mixture of silver nitrate and sodium nitrate (99.0%, Caledon
Laboratories Ltd., Canada). High absorption losses in silver ion exchanged waveguides observed
previously [31] are caused by light scattering and absorption from silver clusters formed during
the ion exchange process. In order to reduce these losses a series of slab waveguides in melts
consisting of binary mixtures of silver and sodium nitrates with different concentrations (molar
percent of silver nitrate varied from 1 to 10%) were prepared. Waveguides were characterized by
m-line spectroscopy [32]. It was found that the refractive index change at the surface of the slab
ion-exchanged waveguide (An) increased from 0.04 for 1% AgNOs3 to 0.07 for 5% of AgNOs.

Further increase in the amount of AgNOs3 did not change An but lead to high losses. Based on this



knowledge, all channel waveguides were fabricated in a 5% AgNO3 melt. Walker et al. [33]
studying silver ion-exchanged waveguides observed the formation of metallic silver along the
sides of channel waveguides during ion exchange. They assumed the reason for this metallic silver
formation is due to the appearance of an electrical field between the aluminum mask and the melt.
In order to avoid this electrical field and the metal formation, prior to the ion exchange process an
anodization process of the samples was performed [34]. To make an electrical contact the anode
plate made from tantalum having an opening in the middle was placed in front of the sample and
positioned in a teflon holder. We used a stainless steel plate as a second electrode. The anodization
process was carried out in 10% (v/v) solution of sulphuric acid (Caledon Laboratories Ltd.,
Canada) at 0 C° with a voltage difference of 15 V across electrodes [34]. In order to adjust the ion
exchange time, various waveguides with different exchange times were fabricated and tested with
a solution of deionized water containing 3 um polystyrene microspheres (refractive index 1.59,
specific gravity 1.05 g/cm?, Polysciences Inc., USA). The aluminium was removed in aluminum
etchant (Transene Company Inc., USA). 10 pm wide waveguides that were exchanged for 17 min
at 360C° yielded the largest propulsion speeds. These carried two modes in width and single mode
in depth of the waveguide.

The waveguides were polished at the end phases on a MECAPOL P320 lapping machine
(Presi, France) with diamond disks (220 pm and 40 pm,) and consecutively with diamond
suspension (9 um, 6 um, and 1 um). Final polishing was done with a colloidal silica suspension
(0.04 um). All polishing materials were purchased from Allied High Tech Products Inc., USA.

Waveguide Surface Functionalization. The surface of the glass samples with the
waveguides was either used after thorough cleaning or functionalized via a silanization reaction

[35] to form a self-assembled monolayer (SAM) with a functional end group. The functionalization



with —-NH> was carried out following a procedure suggested by Lee ef al. and Toworfe et al. [36,
37]. In order to create a sufficient amount of —OH groups at the surface of the waveguide sample
necessary for the silanization reaction, the ion exchanged waveguide samples were immersed in a
mixture of 70% H>SO4 and 30% H>0; (v/v) (Caledon Laboratories Ltd., Canada) for 2h (piranha
solution). The SAM containing an amino group at the end of the silane was formed by immersion
of the sample in a 5% (v/v) mixture of 3-aminopropyltriethxysilane (APTES, Sigma-Aldrich) (5%
APTES, toluene) for 16 h. The formation of the APTES SAM was checked by measuring the
contact angle (Rame-Hart Instrument Co., USA). The measured contact angle of the silanized
samples was 43.0° + 3.2°, in excellent agreement with the values reported by Lee ef al. of 41.6° £
2.8° [36] and Toworfe et al. of 42° [37].

Optical Tweezers Experimental Setup. Linearly polarized light at A = 1064 nm from an
Nd:YAG laser (CrystaLaser IRCL-1.5W-1064, USA) with an output power of 1.5 W was end-fire
coupled into a channel waveguide by a 40x microscope objective (NA = 0.65, Newport, USA)).
All measurements were performed with TE polarized light.

The waveguide-laser system was mounted independently from the inverted observation
microscope (Zeiss, Germany) but in its optical path. The observation microscope was mounted on
a heavy duty lateral translation stage to move the objective lens along the waveguide for imaging
and for assuring constant coupling efficiency (see below). A scheme of the experimental setup is
depicted in Fig.1.

3 pm microspheres (refractive index 1.59, specific gravity 1.05 g/cm?, Polysciences Inc.,
USA) having either amino or carboxyl functional groups on their surface were dispersed in

deionised water (Milli-Q).



A simple cuvette was built on top of the waveguide samples with the help of a double-
sided adhesive silicone spacer (500 um thickness, Sigma-Aldrich, USA) and a cover glass (BK 7)
on top. The particle containing solution was filled into the cuvette and left for 10 minutes for
particles to settle down on the surface of the waveguide.

The pH of the water-particle suspension was adjusted by hydrochloric acid (Caledon
Laboratories Ltd., Canada) and sodium hydroxide (Caledon Laboratories Ltd., Canada). Since the
particles contained functional groups, the adjustment of the pH was carried out directly in the water
particle suspension. The ionic strength of the mixture was controlled by addition of appropriate
amounts of sodium chloride (Caledon Laboratories Ltd., Canada).

The propulsion of the particles was recorded ~20 mm away from the coupling objective by
a modified web camera mounted on top of the eyepiece of the inspection microscope. In order to
ensure a constant coupling efficiency of the laser beam throughout the entire experimental series
(and therefore a constant optical power in the evanescent field), the intensity of the scattered light
from the field distribution at the end of the waveguide (opposite to the coupling side) was
monitored with a camera. The integrated intensity was obtained by using ImageJ and yielded a
variation between individual measurements of less than 3%. The field of view of the objective
used to monitor the propulsion of particles was calibrated by an objective micrometer (MA285,
Meiji Techno, Japan) and was 140 um. The propulsion speed was calculated by using an open
source program Tracker (by Douglas Brown, Cabrillo College, USA) that is based on measuring
the displacement of a particle in time. The errors in speed calculation arose due to the error in
estimating position of the particle and non-constant speed of the particle related to the quality of
the functional layer on the waveguide. A single speed data point is the average of 7-10 individual

measurements per particle. Typically 3-5 particles had been considered.



I11. Results and Discussion

Particles in the Absence of Coulomb Interaction. Initial experiments were carried out
with 3 um particles in the absence of charged functionalizations (polystyrene microspheres
containing only a slight anionic charge from a sulfate ester, used to achieve hydrophilic particles;
particle type: 17134-15, Polysciences Inc., USA). The waveguides were also used without any
surface functionalization. Therefore, this particle-waveguide combination did not exhibit any
Coulomb interaction. Typical propulsion speeds were 5.06 + 0.47 um/s.

The propulsion speed of particles depends on the intensity of the evanescent field that
decays away from the surface of the channel waveguide and on the ability of the gradient force to
attract particles to the surface. During Coulomb interaction free measurements particles exhibited
bouncing motion on the waveguide surface. This demonstrated that particles were not attached to
the surface. In order to control the waveguide — particle separation we introduced Coulomb
interaction that would enable increase/decrease in the separation distance in the case of
repulsive/attractive interaction, respectively, and successively change the propulsion speed due to

a different momentum transfer from the evanescent field.

Amino-Amino Group Interaction. Both waveguide and particles were functionalized
with —NH» groups that was supposed to lead to a repulsive, electrostatic Coulomb interaction, if
the pH drives the functionality into the charged, ionic -NH3" state. A scheme of the particle
waveguide configuration is shown in Fig.2. The propulsion speed of these amino-particles on the
amino-waveguide is presented in Fig.3. For small pH values (pH 4 - 4.5) no propulsion could be
achieved, the particles were stuck and did not even show any Brownian motion. With increasing

pH, or decreasing charge density, the propulsion set in, increased steeply to a maximum speed and



decreased slowly to no propulsion at pH 6.15 and higher pH values. At high pH the particles
showed only Brownian motion. The maximum speed was found at pH = 5.15. Fig.4 shows a time
series of images of a moving particle from right to left. The time interval between two successive
images is 2 seconds.

As previously mentioned, in evanescent tweezers the propulsion speed of the particles
depends on the strength of the evanescent field and decreases with the movement of a particle
away from the surface. Therefore, electrostatic repulsion between the particle and the waveguide
surface should increase the distance between both: the higher the charge density on both objects
the stronger the repulsion force and the larger the distance. That should result in a decreasing speed
with decreasing pH. However, the results contradict this simple explanation. In the experiment we
observed that for pH values around 6 the microspheres are bouncing on the waveguide’s surface,
and at moments when they are touching the surface there is noticeable light scattering from the
evanescent field. However, the optical field is not strong enough to capture and drag the particles
toward the surface of the waveguide. By decreasing the pH, some particles are immobilized (that
is they are attached to the surface and show neither Brownian motion nor motion due to the
evanescent field) in the area above the channel and outside of it. Only those microspheres that are
still bouncing can, at some point in time, be moved by the evanescent field. It is worth to notice
that the intensity of the scattered light from particles immobilized on the surface of the channel
and that from the moving particle is different: it is larger for immobilized particles. As it will be
clear from further discussion this difference in intensity is due to the change in the separation
distance between particle and waveguide: the closer a particle is located to the surface of the
waveguide the larger is the amount of photons scatters from the particle. The fact that some

particles were immobilized while the rest still continued to bounce was attributed to



inhomogeneities in the density of the APTES SAM on the surface of glass sample, leading to
roughness and therefore to particle traps [38,39].

For pH values below 5 all particles are attached to the surface without any evidence of
Brownian motion and cannot be moved by the evanescent field. Since an increase in the repulsive
force with decreasing pH could not account for the sticking of the particles to the surface of the
glass, we attributed the sticking to an appearance of a dipolar force, originating from negative
charge induction on the surface of the glass by the positively charged microparticles or vice versa.
Induction of the opposite charge is possible when a charged particle is in proximity of a dielectric
surface and repels or attracts electrons toward the surface, depending on the charge of the particle.
Similarly, it is possible to induce an opposite charge by charged particle when there is a difference
in the charge density between the particle and the considered surface. This effect can only appear
when the charge densities on the surface of the particle and the surface of the waveguide are not
identical. There are two reasons why we assumed this condition applied. First, we were dealing
with a combination of a flat and a curved surface, making the geometry asymmetric, and secondly,
the functionalization of the particles and the waveguides were carried out differently leading to a
different density of the -NH> groups. Therefore, an increase in the positive charge density on the
surfaces of the particles due to a pH change induced more negative charge on the surface of glass,
thus, increasing attractive forces due to the dipole formation.

The propulsion speed of the microparticles, among other parameters (like e.g. shape of the
particle, refractive index of particle and media), depends on the intensity of the evanescent field
and the friction force between the particle and the water it is dispersed in [13]. The intensity of the
evanescent field is maximal on the surface of the waveguide and exponentially decays away from

the surface. Feiler et al. [40] and Marti ef al. [41] have studied changes in friction between two
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surfaces carrying charges controllable by the pH. During experiments that employed atomic force
microscopy (in the first case a silica sphere was attached to the tip of a cantilever and positioned
near a titanium dioxide wafer [40]; and in the second case the cantilever was equipped with silicon
nitride tip and interrogated an oxidized silicon surface [41]) authors studied adhesion and friction
between two surfaces due to an electrostatic interaction as a function of pH. Marti et al. [41] have
concluded that a variation in an electrostatic interaction with changing pH results in a frictional
force change. Feiler et al. [40] attributed variations in friction to changes in the separation distance
between particles and substrate. The increase in friction with decreasing separation distance is
steep: near the surface of the substrate the frictional force drastically increases from several nN
(for 0.55 nm separation and above) to about 35 nN (for 0.45 nm separation). Thus, a change in the
separation distance of 0.1 nm results in an increase of almost one order of magnitude in the friction
force. Authors speculated on the content of the layer between particle and wafer surface: whether
it is atomic constituents of silicon dioxide and titanium dioxide or a monolayer of bound water
attached to surfaces.

Thus, the net force, resulting from electrostatic repulsion due to the presence of positive
charges on the amino groups and attraction attributed to the induction of the negative charge on
the surface of the samples creating dipoles, drove the microspheres closer to the surface, leading
to higher friction and smaller propulsion speed. Reduction in the separation distance between
particles and waveguide -in comparison to the uncharged or minimal charged state (pH > 6.24) -
lead in a pH range of 5.15 - 5.5 to an increase in the propulsion speed of the microspheres driven
by a particle position at a higher evanescent field. This speed rapidly decreased for pH < 5 because

of increased friction forces.
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During all experiments at pH values below 5 it was impossible to start moving particles
that were attached to the surface at the beginning of an experiment. This confirmed the presence
of high frictional forces at pH values below 5.

Since the position of the maximum speed on the pH scale depends on both electrostatic
repulsion and dipole attraction caused by the difference in charge density between particle and
waveguide surface, it should be possible to shift the maximum speed position towards the neutral
pH values by changing the charge density on one of surfaces (e.g. on the surface of waveguide by
decreasing the silanization time).

Dispersion of positively charged particles in water containing negative CI™- ions results in
electrical double layer formation [42]. Water molecules are polar [43]. The presence of the
permanent dipole moment will attract water to a charged surface. In the case of microspheres
carrying positively charged amino group, chlorine ions as well as oxygen atoms from water
molecules are attracted to the surface of the particles. Propulsion of particles by an evanescent
field will therefore also drag an additional layer adjacent to the surface of the particles.

In order to check the role of the increase in the effective size of the particle due to the
double layer formation we screened the surface charges by changing the ionic strength: adding
sodium chloride into the particle suspension. The pH dependence of the propulsion speed for 0.1
mM and 1 mM of NaCl is presented in Fig.5. Comparing Fig.3 and Fig.5a shows that an addition
of 0.1 mM NaCl does not change the pH dependence of the propulsion speed. The position of the
maximum on the pH scale and the maximum speed value remained identical within the
experimental errors. An increase in the amount of the NaCl to 1 mM (Fig.5b) increased the
maximum speed and shifted the peak position on the pH scale to a lower pH. Fig.6 compares the

speed versus pH data at very low ionic strength (no NaCl, only few ions due to pH adjustment)
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and the data at 1 mM NaCl. Presence of negatively charged Cl ions in the dispersion partially
screened charges on both surfaces, reducing particles-waveguide Coulomb interaction. In order to
obtain the same net force between particles and the waveguide it was necessary to increase the
density of the positive charges on the surfaces by reducing pH. Therefore, the maximum speed
was found at lower pH values.

The theory of double layer considers the formation of several layers of ions carrying
counter-charge: the stationary layer (Stern layer) of immobile counter-ions attached to the charged
surface; the diffuse layer of counter-ions that still feel the potential of the charged surface, but can
move in and from the bulk of the solution; and bulk of the solution, where the influence of the
surface potential is negligible [42]. The so-called slipping plane defines the boundary beyond
which an exponentially decaying surface potential is close to the potential of the bulk solution.
The physical slipping plane separates parts of the solution that move with the charged surface of
the particle and the solution that is located beyond the diffused layer. This part of the solution
flows around the particle and exhibits therefore a tangential velocity component relative to the
surface boundary of the layers. The Debye length defines the thickness of the layer moving with
the charged surface (that is the Stern and the diffuse layer) and is inversely proportional to the
square root of the ionic strength [42]: increase in the ionic strength of the solution results in a
reduction of the Debye length and vice versa.

For solution containing 1 mM of NaCl the Debye length is on the order of 10 nm. Water
dissociation into H3O" and OH" ions defines the upper limit on the Debye length: for pure water
the Debye length cannot exceed 680 nm. In practice, ion impurities present in water result in a
Debye length of a few 100 nm [42]. Thus, a small, in comparison to the size of particles, change

in the hydrodynamic radius cannot solely account for an increase in the propulsion speed.
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The propulsion force from the evanescent field depends on the gradient of the dielectric
permittivity at the particle-medium interface [25,44]. The presence of ions with strong electrostatic
fields creates local changes in the orientation of water molecules forming the so-called hydration
shells around solvated ions [45]. Bulk solution experiments [46,47] and a theoretical study [48]
demonstrate that the dielectric permittivity depends linearly on the salt concentration (for molar
salt concentrations up to 1.5 M) [45]:

e(c) = g + Bc Eq.1
where g(c) is the dielectric permittivity of the solution with a salt concentration ¢ and, gy the
dielectric constant of the pure, ion free, solvent. The phenomenological coefficient B is negative
for most salts and in particular for NaCl, used in present study, varies from -10.77 M to -12.8 M
! [45]. The introduction of a charged surface and its double layer formation modifies the
distribution of the counter- and co-ions, making the dielectric permittivity position dependant [49]:

e(r) = €o(c) + 4ma, ey (r) + 4pa_c_(r) Eq.2
with go(c) the dielectric permittivity of the bulk solution depending on the concentration of the
dissolved salt, and c+, a+ and c., a. the concentrations and polarizabilities of the positive and
negative ions, respectively. For the ions used in the present research o < 0 [45,50], indicating that
the dielectric permeability decreases with increasing ion concentrations. According to Ben-Y aakov
et al. [45] this decrease can be as large as half of the bulk value.

Igli¢ et al. studied the influence of solvated ions on the dielectric permittivity of water near
charged surfaces [51]. The authors represent the water molecules as Langevin dipoles and consider
changes in dipole orientation and depletion near the surface due to the presence of the solvated
ions. It was demonstrated that the effective dielectric permittivity of the solution gradually

decreases toward the surface. Das et al. [52] studied the double layer formation near a charged
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surface in the case of a field dependant permittivity due to the presence of ions in the solution.
They demonstrate that the dielectric permittivity decreases with approaching the surface. The
decrease is a function of the electrical double layer potential gradient: an increase in the electrical
double layer potential gradient leads to a decrease of the dielectric permittivity. In the case of 1
mM NaCl solution, when the Debye length is smaller in comparison to the salt free solution, the
gradient of the electrical double layer potential is higher resulting in lower values of the dielectric
permittivity.

Therefore by adding salt to the studied system the dielectric permittivity in the bulk as well
as near the surface of the particles changes. In combination with a reduced Debye length, this drop
in the dielectric permittivity results in an increase of the dielectric permittivity gradient leading to
a larger propulsion force.

This argument of cause also holds for the charged waveguide surface. If the dielectric
permittivity drops in front of the waveguide, the electrical field distribution of the propagating
waveguide mode is influenced. Because the glass waveguide itself is unchanged, the refractive
index step, An, from the waveguide into the solution is increased in the presence of the higher salt
concentration in comparison to the lower salt concentration. This leads to a higher evanescent field
directly at the waveguide surface and to a steeper exponential decay of the evanescent field. That
means the gradient of the evanescent field is enhanced, and therefore the propulsion force and
successively the propulsion speed enlarged.

An additional effect responsible for the propulsion speed enhancement at higher salt
concentration might be the interfacial charge regulation [53]: the local pH close to a charged
surface is changed due to the Stern layer and regulates/adapts the surface charge density, both on

the particles and on the waveguide. This leads in principle to an additional change in the Debye
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length and therefore, in the case of the particle, in a slight change in the hydrodynamic radius as
well into a changes in the local gradients of the dielectric permittivity on both surfaces.

The speed enhancement is a combination of the above discussed enhancement of the
propulsion force due to effects of the field dependent dielectric permittivity of the solution near a
charged surface and its regulation as well as the local friction. The combination of all these effects

will need a thorough theoretical treatment.

Carboxyl-Amino Group Interaction. As above mentioned, the pKa value of the amino group is
around 9. By reducing the pH of a solution below the pKa value of the amino group, the
concentration of the positively charged -NH3" groups exponentially increases. In case of a
carboxyl group with a pKa around 2, increase in the pH above 2 exponentially increases the
concentration of the negatively charged —COO™ groups. Therefore, operating between the pKa
values of the two functional groups simultaneously creates opposite charges. However, an increase
in the density of charge of one sign is accompanied by a decrease in the density of the charge
carrying the opposite sign [29].

We implemented particles with carboxyl functionalization and a waveguide surface with
amino functionalization to achieve an attractive Coulomb interaction. The attractive force between
the waveguide and the particles depends on the functionalization density of both surfaces and must
have a maximum value at some pH (depending on both surfaces’ functionalization density). Under
optimum pH conditions, when the attraction between particles and waveguide surface is at its
maximum it was expected that particles were either immobilized on the surface of the waveguide

due to the high friction between the two surfaces or to show a minimum in propulsion speed. A
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pH change off of the optimum pH, in both directions (larger and smaller) should lead to an increase
in the propulsion speed.

The pH dependence of the propulsion speed of the carboxylated particles on the amino
functionalized waveguide is shown on Fig.7. As expected, a range of pH values was found where
propulsion was impossible: for pH values between 3.7 and 6.5 particles were attached to the
waveguide and no motion could be observed. Decreasing the pH below 3.7 and increasing the pH
above 6.5 reduced the attractive electrostatic forces and propulsion set in. Outside the optimum
pH condition (3.7 < pH < 6.5) the decrease in Coulomb attraction decreased the friction forces due
to an increased particle-waveguide separation distance. The decrease in the speed both to high and
low pH values was probably caused again by dipole forces due to an induction of opposite charges
on the surface of particle or waveguide, respectively. The same argument as discussed above also
applied here: an asymmetric geometry and a different functionalization density resulted in different
charge densities on the surfaces of particles and waveguide.

The pH dependence of the propulsion speed investigated at higher ionic strength, at ImM
NaCl is presented on Fig.8 (for comparison the data of Fig.7 are included). As in the case of two
surfaces with amino groups, the pH value at which maximum speed is observed was shifted with
respect to the investigations without NaCl due to charge shielding caused by the sodium and
chlorine ions, respectively. It is worth noticing that the value of maximum speed at low pH did not
change dramatically with the addition of NaCl, while that one at high pH increased almost three
fold. This is probably due to the fact that at low pH the charge density on particles is low and the
influence of the layer of counter- and coins adjacent to the microspheres was negligible. The

opposite situation applied for the speed maximum at high pH.
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IV. Conclusion

We successfully demonstrated propulsion of amino- and carboxyl-functionalized dielectric
microparticles by an optical tweezers of silver ion-exchanged channel waveguides functionalized
with amino groups. It was experimentally observed that the speed of both kinds of microspheres
in the evanescent field of the functionalized waveguides depended on the pH of the particle
suspension. The dependence of the propulsion speed of microspheres on pH was explained based
on the variation in friction force with the particle-waveguide separation distance. The presence of
maximum propulsion speed values with changing pH was attributed to the appearance of a dipole
force caused by the induction of the opposite charge in either microparticle or waveguide due to
different charge densities on both surfaces. The influence of the ionic strength of the solution on
the propulsion speed of the microparticles was attributed to a slight change in the hydrodynamic
radius of the particles, mainly to the reduction of the dielectric permittivity of the solution near the
charged surfaces of the microspheres and the waveguide, and to interfacial charge regulation
subsequently leading to an increase in the scattering force. Taking these results into account, it
should be possible by an appropriate adjustment of the charge density on the waveguide to obtain

a minimum or maximum propulsion speed at a suitable pH for living cells, such as red blood cells.
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Figure captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Schematic diagram of the experimental setup: a - waveguide coupling objective, b -
imaging objective, c — waveguide substrate, A — objective position of coupling efficiency

alignment and B — objective position for imaging.

Schematic diagram of microsphere - waveguide configuration both carrying amino groups

at pH values below the pKa of the amino group without NaCl (very low ionic strength).

Propulsion speed of microspheres versus pH in the case of an amino-amino group
interaction. The error bars at the data points showing zero propulsion speed have been

omitted, as no movement and therefore no data analysis was performed.

Time series of images showing the propulsion of an NH»-functionalized particle on a NH>
-functionalized waveguide from right to left at maximum speed (pH = 5.15). The images

were recorded with 2 s interval and without an IR filter.

Propulsion speed of microspheres versus pH in case of amino-amino group interaction in
a) 0.1 mM NaCl solution, and b) 1 mM NaCl solution. The error bars at the data points
showing zero propulsion speed have been omitted, as no movement and therefore no data
analysis was performed. In the cases where no error bar appear despite the zero speed data

points, the error is within the symbol size.

20



Fig.6

Fig.7

Fig.8

Propulsion speed versus pH at very low ionic strength and at ImM of NaCl. The error bars
at the data points showing zero propulsion speed have been omitted, as no movement and
therefore no data analysis was performed. In the case where no error bar appear despite the

zero speed data points, the error is within the symbol size.

pH dependence of the propulsion speed of carboxylated microspheres on amino
functionalized waveguide. The error bars at the data points showing zero propulsion speed

have been omitted, as no movement and therefore no data analysis was performed.

pH dependence of the propulsion speed of carboxyl functionalized microspheres near an
amino functionalized waveguide with and without 1m M NaCl. The error bars at the data
points showing zero propulsion speed have been omitted, as no movement and therefore
no data analysis was performed. In the cases where no error bar appear despite the zero

speed data points, the error is within the symbol size.
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FIG.6
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FIG.8
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