ABSTRACT

SHARMA, RACHITA. Principles and Engineering of Self-Propelling Particles. (Under the
direction of Dr. Orlin D. Velev).

We report here the development and characterization of novel techniques for powering and
actuating the self-propulsion of small particles, and potentially future microdevices, in
liquids. This is a challenging research area because the interplay of forces acting on a small
particle swimming in a liquid is very different from that acting on a macroscopic swimmer.
The inertial forces, dominant at the macroscale, are overpowered by other effects such as
Brownian collisions and viscous drag at microscales. Over the last decade, several techniques
have been explored to propel different kinds of objects (a few millimeters or smaller in size)
in liquids and to control or tune their motion. Self-propelling particles could find applications
in performing a broad range of functions such as drug/vaccine delivery and medical
diagnostics in the biomedical field, shuttling cargo and pumping/mixing fluid in lab-on-chip
devices, and others. Recently, proof-of concept of their ability to perform some of these
practical tasks has been demonstrated by various groups. We developed two new categories
of self-propelling particles driven by a periodic cycle of Marangoni effect flows and catalytic
activity of live cells, and proposed a novel technique based on AC field modulation for
remotely controlling the direction of motion of the diode-based self-propelling particles. We
also demonstrated a novel simple application of such autonomously propelling particles
floating on water surface for rapid oil spill cleanup.

Our Marangoni effect driven self-propelling particles, comprising of an ethanol
infused hydrogel, exhibit a unique pulsating motion in water over long duration. Their
pulsation results from the emergence of a self-sustained periodic cycle of surface tension
gradient driven flows. We developed scaling relations for the pulse interval and the distance
propelled by these particles. On the basis of the quantification of this mass-transfer driven
motion, we constructed floaters of different designs programmed to move in complex
trajectories over the water surface. Such programmable “dancing” swimmers serve as early
prototypes of functional autonomously propelling devices capable of performing practical
tasks, as demonstrated by us in a follow-up project where we use them for efficient oil

collection.



To achieve functionality, we incorporated an oil absorbent “payload” into the
Marangoni effect driven particles, which already contain an “engine” component for self-
propulsion. Such “engine-payload” particles self-propel over the oil-covered water surface
while simultaneously collecting and dispersing the oil film. Oil gets collected into the
absorbent end and the release of the surface active material from the hydrogel end causes oil
film dispersion. We found that such mobile absorbents are more efficient (due to convective
transport of oil) compared to immobile absorbents that depend on diffusion or natural drifting
for gathering oil, which makes the former a viable alternative for tackling oil spills. The
overall approach of enhancing the rate of mass-transfer by self-propelling an otherwise
stationary particle may be also used to dramatically increase the efficiency of other processes
such as catalysis.

A drawback prevalent with chemical Marangoni effect driven self-propulsion is that
the motion is limited by the amount of “fuel” on-board the particle. With the objective of
overcoming this drawback, we developed biocatalytic self-propelling particles that use yeast
cells as catalyst to power their propulsion by fermenting glucose or decomposing hydrogen
peroxide (H20,) present in the surrounding solution. Catalytically driven propulsion in H,O,
has already been accomplished using synthetic catalysts or isolated enzymes. Our work is the
first demonstration of employing live cells directly as catalysts for this process, and will
stimulate further exploration of novel catalyst-fuel combinations.

Finally, we devised a novel technique for controlling the direction of motion of diode-
based self-propelling prototypes of electronic microdevices on water. The diodes are
remotely powered by an external uniform AC electric field, a technique reported earlier by
Velev group. We found that by modifying the wave symmetry of the AC signal, the self-
propelling diodes could be rotated due to their orientation-dependent polarizability and made
to shuttle back and forth on water. Analogous to the dipole-dipole interactions, diodes prefer
to orient such that the DC field across them is anti-parallel with respect to the external field.
We believe that this new principle of AC field modulation driven control of the direction of
motion of the self-propelling microcircuit elements is a first step towards the development of
“intelligent” particles that can perform complex functions in the fields of MEMs and micro-

robotics.
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Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

LIST OF FIGURES

Definition of a self-propelling particle in terms of the source of the
driving force. A particle under uniform field (a) does not exhibit
directional motion. A particle whose motion originates from external
field asymmetry (b) is not self-propelling, unlike a particle whose
motion originates from local field asymmetry leading to a local flux (c). .

Schematic showing (a) a kinesin motor protein moving along a
microtubule while carrying an intracellular cargo, and (b) a myosin
motor protein moving along an actin filament.° (c) A micrograph
illustrating movement of Listeria monocytogenes in an infected host cell.
The comet tail behind the bacteria is clearly visible.” ...........cccoccovvevenn.n.

Examples of autonomously propelling particles based on Marangoni
effect. (@) Microvelia, a semi-aquatic insect, moving by releasing
surfactant (surfactant spreading visible by clearing of dye from water
surface).’® (b) Time-lapse snapshots of photopatterned poly-N-
isopropylacrylamide gel, rectangular shaped, translating on water
surface by releasing ethanol.*®* (c) Ethanol-infused hydrogel based
particles pulsating in complex trajectories on water.*®> (d) Schematic
illustrating the light-based activation of PDMS-VANT composite
objects, along with snapshots showing its linear propulsion.® ..................

Examples of autonomously propelling particles based on bubble
propulsion. (a) Schematic of millimeter sized hemicylindrical PDMS
plates, with a small Pt catalyst-coated surface, that propel on the surface
of H,0O, solution. The edges of the plates are patterned to create
hydrophilic and hydrophobic regions, which induces capillary attraction
between the plates causing them to self-assemble into dimers (as seen in
the photograph after 20 min of floatation on the surface of H,0,).* (b)
Schematic showing the composition of multilayered rolled-up
microtubes, comprising of Ag catalyst in their interior. These
“microrockets” propel in H,O, solution due to generation, growth and
release of oxygen bubbles, as illustrated by the time-lapse video frames
and schematic.***® (c) Pt-coated Janus silica microbead self-propels in
H,0, solution due to catalytic decomposition of H,O, into water and
OXYGEN BUDDIES. 2.,

Examples of autonomously propelling particles based on self-
electrophoresis principle. (a) Au-Pt nanorods® and (b) carbon fiber
functionalized with bioelectrocatalysts at its ends® propel in H,0,
solution, driven by the flux of hydronium ions near its surface, due to

viii



Figure 1.6

Figure 1.7

redox reactions at its ends. Trajectories of three 2 um long nanorods,>®
identified in panel (i) of (a), have been illustrated in panel (ii) of (a)
during 5 min of their propulsion in H2O, SOIUtION. .......cccevveiiiiiiieiciee

Examples of autonomously propelling particles powered by external
electric or magnetic fields. (a) Schematic illustrating the principle of
induced charge electrophoresis driven propulsion of metallodielectric
Janus particles on application of uniform AC fields.”” (b) Diodes,
floating over the water surface due to capillarity, propel due to
electroosmotic ionic flux near their surface, driven by the external
uniform AC field rectified across the diode.”® (c) Streptavidin-coated
magnetic particles are bound into flexible filaments under external
magnetic fields by biotinylated double-stranded DNA due to
streptavidin-biotin interactions.”® The beating pattern of motion of such
a filament (24 um long), attached to a red blood cell, driven by magnetic
fields has been illustrated in the time-lapse images taken at 5 ms
intervals.”® (d) Time-lapse images (taken at 20 ms intervals) showing
transportation of a 1 um drug-loaded magnetic pol(d,I-lactic-co—glycolic
acid) (PLGA) particle using a flexible Ni-Ag magnetic nanowire
110 100) PO

Examples of collective behavior exhibited by autonomously propelling
particles. (a) Time-lapse images showing the effect of UV illumination
on the schooling behavior of micron-sized AgCl particles. Interparticle
spacing between AgCI particles, initially exposed to UV light, increases
when UV source is turned off. Re-illuminating the particles with UV
light causes them to school again. Each AgCI particle secretes ions as it
moves under UV illumination, which triggers schooling of other AgCl
particles into regions with higher particle concentration.®® (b) Plot and
time-lapse snapshots illustrating the chemotaxis of 2 um long Pt-Au
nanomotors towards a gel soaked in 30% H,0,, due to “active diffusion”
caused by a combination of self-electrophoretic translation and
Brownian rotation.*® (c) Schematics and microscopic images showing
assemblies of Janus motor and nonmotor particles into doublet, triplet
and quadruplet assemblies, induced by hydrophobic surface
interactions.”” (d) A self-propelling complex of colloidal particles
accumulated at a HCl-releasing cation-exchange raisin particle at two
different times represented by micrographs (i) and (ii), where both the
raisin and colloidal particles are phoretically inactive.”® The
diffusioosmotic solvent flows induced by the raisin particle confine the
colloidal particles into the convection cells, resulting in propulsion of the
self-assembled COMPIEX. ......ccooiiiiiiic

11

14

16



Figure 1.8

Figure 1.9

Figure 2.1

Figure 2.2

Proof-of-principle examples of applying autonomously propelling
particles for selective isolation of cells and biomolecules from
unprocessed media. (a) Cartoon (i) and time-lapse snapshots (ii)
showing selective pick-up and transportation of cancer cell, out of a
mixture of cells, wusing bubble propelled microtube rockets
functionalized with antibodies (scale bar = 60 pm).”*® (b) Cartoon
depicting the selective isolation of target nucleic acid from a raw
biological sample using biologically modified microrockets (i), and
surface chemistry involved in functionalization of the surface of the
microtubes (ii). The selectivity of such functionalized microtubes is
evident by comparing snapshot (iii) with snapshots (iv) and (v) — the
capture of fluorescently tagged target DNA molecules is evident in (iii);
whereas, mismatched and complementary DNA sequences are not

captured by the microrocket as evident in (iv) and (v).2* ....o.ovvvovieen.

Examples of potential applications of self-propelling particles. (a)
Diodes self-propel on water surface when freely suspended, but also can
be applied for pumping/mixing fluids in microfluidic channels when
immobilized on the channel walls. Mixing of fluid in a microfluidic
channel by two oppositely oriented diodes has been illustrated in the
schematic in (i) and the time-lapse images in (ii)."** (b) Asymmetrically
rolled-up catalytic nanotubes self-propel in H,O, solution in a
corkscrew-like trajectory as illustrated in the time-lapse images in (i),
and can be applied as a “nanotool” for drilling into biological cells as
depicted in (ii), scale bar = 10 pm.*® (c) Alkanethiol-coated
superhydrophobized catalytic nano/microscale motors
(“microsubmarines”) can pick-up oil drops while propelling in an oil-
water emulsion with added H,0, fuel, as shown in the time-lapse images
(i), (i) and (iii) at navigation times of 11, 53 and 70 5. ...........ccocovvvnn.n.

Photograph of a basic gel boat. One end of the “particle” is closed with a
PDMS plug to block the mass-transfer. Scale bar =1 mm.........................

(a) Photograph of a typical trajectory of a basic gel-based particle in
water (assembled from superimposed images). The curvature in the
trajectory is a result of the intrinsic imperfections in the tubing and the
hydrogel used to construct these floaters. (b) Plots of distance travelled
in individual pulses and velocity profile of the particle versus time,
corresponding to (a). These plots quantify the periodicity in the motion
of the gel boat and similar data were used in interpreting the role of the
mass-transfer effects. Scale bar =1 cm. .....cccooov v,
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Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Schematic of the propulsion mechanism of the gel-based floaters. The
particle is suspended at the air-water interface by the surface tension.
The released ethanol travels upwards due to buoyancy and generates
surface tension gradient. The asymmetry of surface tension across the
floaters is the driving force behind the propulsion of the gel boats. (b) is
the tOP-VIEW OF (8)...ecveeiveeieiieiieie et

Control experiment where food dye is mixed with ethanol to trace its
release from the hydrogel and the origin of the interfacial oscillations.
The gel boat (open at both ends) is residing at the bottom of the Petri
dish. (a) Schematic of the side-view of the experiment. (b) Experimental
images of a cycle of ethanol release from the particle. Released ethanol
travels upwards due to buoyancy. Flows generated by Marangoni effect
impede ethanol supply to the surface, which in turn arrests the interfacial
motion. This process is self-sustained and cyclical, as depicted by the
arrows indicating ethanol release from the right end of the floater (for
simplicity the release from the other end has not been depicted by
arrows, but it demonstrates similar transient motion). Scale bars = 1 mm.

Schematic illustrating the parameters used in the expressions for the
approximate relations between ethanol release and pulse interval and
distance. The floater was modeled as a cylinder, having uniform initial
ethanol concentration Co, with one end open to mass-transfer. The bulk
concentration of ethanol C, was assumed to be negligible (zero) at the
open end, based on the propulsion mechanism. 4Q = ethanol released
from the hydrogel for a pulse, Fpioy = buoyancy force, v = upward
velocity of ethanol, h = distance travelled by ethanol to reach the water
surface, | = length of the particle, d = inner diameter of the particle, y =
surface tension of ethanol-water mixture, Fpo, = net horizontal
component of the force on the gel boat due to the asymmetry of surface
tension across itS 1eNGEN. ........ooviiiiie s

Plots of 4Q versus time for gel boats with (a) 10% and (b) 50% initial
ethanol concentration (by volume) inthe gel. ...,

Experimental data of the pulse interval (4f) and total distance (d’)
propelled in each pulse, fitted to egns (2.8) and (2.12), respectively, for
floaters with (a) 10% and (b) 50% vol. initial ethanol concentration in
the gel. The obtained values of the fitting parameters have also been
] 1101/ SRR UR USRS

(a) Snapshot and (b) schematic of a particle consisting of a 50% and a
10% ethanol hydrogel separated with a PDMS plug, scale bar = 2 mm.
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Figure 2.9

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

(c) Pulse distance versus time plot for this gel-boat (negative pulses
represent motion in opposite direction). The positive pulses are driven
by the 50% ethanol hydrogel. ..o

Snapshot, trajectory, plots of pulse distance and rotation angle against
time for floaters with (a) both ends open, (b) one end open and angled,
(c) one end open and the other partially closed, and (d) two particles
attached together in an “L-shape”. Scale bars in particle snapshots =
2 mm, Scale bars in the trajectories overlay images =1 mm. ..........cc........

(a) Schematic illustrating the composition and working principle of an
oil-collecting self-propelling particle floating at the air-water interface.
(b) Snapshot of the oil-covered water surface after 3.5 min of releasing
the self-propelling oil collector illustrating the trajectory of particle
movement (scale bar = 2 cm) and photograph of an “engine-payload”
particle (scale bar = 1.5 MM). ..o

(a) Fractional decrease in the area of oil spread on water with time for
self-propelling particles compared to that observed for stationary
particles. Lines fitted to the data points are to guide the eye. Snapshots
of the oil coverage on water for the two particle types have been shown
as insets for comparison — the decrease in oil film area for a moving
particle in 3 min is much greater than that for a stationary particle in 25
min. (b) Snapshots of the Petri dish surface illustrating oil dispersion by
particles releasing SDS versus particles releasing ethanol. ........................

Theoretical plots of the weight-distance correlation for a particle moving
With CONSTANT VEIOCILY. ....ocveiieieic e

Typical plots of the velocity profile and distance travelled in oil for a
particle releasing SDS and ethanol. ............cccoov e,

Weight gain over time for self-propelling oil-collecting particles
compared to that observed for stationary particles. Line fitted to the data
of mobile absorbing particles is obtained from the derived weight-
distance correlation, whereas the line fitted to the data of stationary
particles is for guiding the eye. Time-lapse snapshots of a mobile oil-
collecting particle have been shown as insets after 5, 15 and 25 min of
propulsion (note the increasing color intensity as the absorbent head
becomes saturated With OIl). .......ccooviiiiiii e,

(a) Fractional decrease in oil coverage vs. time for absorbent sheets
(inset at top right corner, scale bar = 2 mm) propelled with sodium
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Figure 3.7

Figure 3.8

Figure 3.9

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

dodecyl sulfate (C12), sodium tetradecyl sulfate (C14) and sodium
hexadecyl sulfate (C16). Total amount of oil absorbed and maximum
propulsion velocity for each case have also been listed. (b) Snapshots of
the Petri dish surface at the end of the motion for C12, C14 and C16
driven absorbent sheets showing the trajectories of sheet movement. (c)
Snapshots demonstrating pick-up of an absorbent sheet, incorporated
with iron oxide nanoparticles, using @ magnet...........c.ccooevereneienenenene.

Snapshots of the Petri dish surface illustrating the differences between
the dispersion of the oil film by absorbent sheets driven by (a) SDS, (b)
STS AN (C) SHS. ... e

Plots showing the decrease in the area of oil spread on water due to
spreading of three members of the homologous series of sodium n-alkyl
sulfates, SDS, STS and SHS, dissolved in 50% v/v ethanol-water
solution and the spreading of just the 50% v/v ethanol-water solution.
Positive slope represents surfactant film spreading (compression of oil
film) and negative slope represents its collapse (re-spreading of oil film).

Plot comparing the distance propelled in oil by absorbent sheets driven
by spreading of three members of the homologous series of sodium n-
alkyl sulfates (SDS, STS, SHS) dissolved in 50% v/v ethanol-water
0] 111 o] o PSSR OPPS

Schematic showing different designs of biocatalytic particles. Yeast
immobilized using hydrogel or polyelectrolyte matrix is contained at one
edge of intact or half-cut plastic tubing in (a)-(f). In (d) and (e), one end
of the tubing is plugged with a gel plug or latex film. In (g), yeast
suspension in water is encapsulated within the tubing with PDMS and
hydrogel plugs at itS €NdS..........cccoveiieii i

(@) Schematic showing the propulsion mechanism of a yeast boat in
glucose solution. Fermentation of glucose releases ethanol which propels
the particle by Marangoni effect. (b) Plot of cumulative distance versus
time of a yeast boat, design similar to that in (a), propelling in glucose
0] (11T ] SRRSO RTTUPUPRPRR

Schematic illustrating the propulsion mechanism of a yeast boat in
hydrogen peroxide solution based on the bursting of oxygen bubbles at
one end of the particle containing immobilized yeast cells. ......................

Fluorescent intensity is an indicator of cell viability. Yeast cells are still
viable after remaining in H,O, solution for 2 hrs (a). There is a
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Figure 4.5

Figure 4.6

Figure 5.1

Figure 5.2

Figure 5.3

significant decrease in viability after 1 week in H,0, solution (b), but the
cells are still viable after 1 week in glucose solution (c). (d) Plot
illustrating the rate of H,O, decomposition with time triggered by
factors other than yeast CellS. ..........ccooveiiiieiiec e

(a) Plot of cumulative distance versus time of yeast boats, design similar
to that in Fig. 4.1f, propelling in 1.5% and 3% w/w H,O; solutions. (b)
Plot of velocity against time of yeast boats, design similar to that in Fig.
4.1c, propelling in water and H,O; solutions (1.5% and 3% wi/w). Inset
shows the trajectory of such a yeast boat in 1.5% w/w H,0, solution
(SCAIE DA = 1 CIM).eiieiiee e e

(@) Plot of velocity against time of a particle comprising of yeast
immobilized in alginate gel, design similar to that in Fig. 4.1c,
propelling in 1.5% w/w H,0O, solution. The experimental data is fitted
with the product of bubble size and frequency of bubble bursting using
eqn (4.1). (b) Snapshots showing the propulsion of a yeast boat in 1.5%
w/w H,0, solution due to a growing tail of released oxygen bubbles that
are stable due to the addition of SDS (1 mM) into H,0, solution (scale
DA = 5 MM

(@) Schematic illustrating the mechanism of self-propulsion of a diode,
floating on water, due to electroosmosis near its surface powered by the
DC potential drop across the diode. (b) DC potential drop across the
diode results from the rectification of an external uniform AC electric
field applied through the wire-electrodes across the Petri dish. Reversal
in the orientation of the diode reverses its direction of motion as the
direction of ionic flux near its surface reverses. .........cccoceevvevvevieveesecnnnn,

Dipoles u; and u, in two different planes prefer to orient anti-parallel
with respect to each other as the dipole-dipole interaction energy is
minimized in this case, whereas the interaction energy is maximized
when they align parallel to each other. Similarly, a diode floating over
the water surface prefers to orient such that the DC field across it is anti-
parallel with respect to the DC field across the wire-electrodes.................

(@) A perfectly symmetric square wave has a duty cycle of 50% and
there is no DC component present. When its duty cycle is changed to,
for example, 20% - wave symmetry changes such that the signal is
positive for 20% of the time in a cycle. Consequently, there is a net DC
component present in this signal given by the time-average of the
positive and negative components of the AC cycle = [(y/5)x(h/2) —
(4y/5)x(h/2)]ly = —0.3h, as shown in the schematic. (b) Introduction of a
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Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

DC component into the AC signal leads to two additional effects on a
self-propelling diode — i. flows generated in the liquid due to
electroosmosis near the Petri dish surface cause forward/backward
drifting of the diode depending on the direction of the external DC field,
Ii. diode rotates to position itself in forward bias with respect to the
external DC field (when it is oriented in reverse bias initially), which can
also be interpreted as the tendency of the DC field/dipole across the
diode to align itself anti-parallel with respect to the DC field/dipole
across the WIre-electrodes. ......covvvveiiereiie e

Experimental setup used for applying short-duration DC component to
the wire-electrodes along with the AC signal. Capacitor blocks the DC
component in the signal as it Charges. ........ccccovvveienenie e

Schematic illustrating the nature of diode motion when a short-duration
DC field is applied by blocking the DC component introduced into the
AC signal through charging of a capacitor. (a) As the capacitor charges,
self-propelling diode is affected by the external DC field. Since
capacitor charging takes only a couple of seconds, these effects cause
only a momentary perturbation in the diode motion. (b) Once the
external DC component is eliminated by the capacitor, diode motion is
influenced by the resulting counterion redistribution across the wire-
electrodes. Diode tries to orient in forward bias with respect to the
counterionic field, which is opposite in direction to the short-lasting
external DC fIeld. ........ccooviieiee e

(a) Time-lapse snapshots of a millimeter-sized diode shuttling back and
forth on water on-demand by introducing a short-duration DC
component into the applied AC signal (scale bar = 5 mm). (b) Typical
plot of velocity against time of a diode shuttling back and forth, along
with a cartoon of the applied input signal (which is different from the
signal reaching the wire-electrodes after passing through a capacitor,
shown in Fig. 5.5 & 5.7). Rapid increase in diode velocity on changing
the signal symmetry results from the short-lasting electroosmotic flows
in the Petri dish while the capacitor charges, following which the diode
rotates due to the resulting counterion redistribution. ............c.ccceevevennnnne.

Schematic comparing the (cartoon of) signal reaching the wire-
electrodes when the duty cycle of the input signal is changed from 50%
— 20% —80% for the cases when (a) the signal passes through a
capacitor before reaching the wire-electrodes and (b) the signal directly
reaches the wire-electrodes. When the duty cycle is changed from 20%
—80%, the initial magnitude of the DC voltage across the wire-
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Figure 5.8

Figure 5.9

electrodes in case (a) is twice the magnitude of the (constant) DC
VOItage 1N CASE (D). cvveveeiieeieeie e

Schematic illustrating the orientation of the dipole across the diode (u,)
with respect to the dipole across the wire-electrodes due to counterion
redistribution (u;). z is the separation between the two dipoles and E; is
the field from the dipole Us. ...ooveeviieiie e

(@) Photograph of a trajectory of a self-propelling diode moving
sideways (assembled from superimposed images), along with a plot of
its x-displacement and angle of rotation versus time, when the duty cycle
of the applied AC signal was changed from 80% — 30% as shown in the
cartoon of the input signal. (b) Photographs of some of the trajectories
observed during sideways diode motion (assembled from superimposed
TIMAGES) . e eteereent etttk bbbttt ettt bbbttt n bbb
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CHAPTER 1

General Introduction to Self-Propelling Particles



1.1 Definition

There is no universal definition of which particles should be called self-propelling (as
compared to simply moving by external force), so we begin by building our own strict
definition. A uniformly polarizable particle present in a uniform field (such as chemical,
electrical, thermal, etc.) does not necessarily experience a net force (Figure 1.1a). When this
field is non-uniform, it exerts a net force acting on the particle that may cause it to move
(Figure 1.1b). However, we do not refer to such a particle as self-propelling. A self-
propelling particle is one that can generate local field asymmetry around itself while the
external field is uniform. This local asymmetry, coupled with a fluid flux, causes the particle
to propel (Figure 1.1c). Self-propelling particles are dissipative systems as they are open to
their environment and operate out of thermodynamic equilibrium. Momentum flux acting on
these particles is coupled to the mass/thermal/electric flux generated by them due to their
asymmetric design. Restoring the symmetry in their material or shape eliminates the

generated coupled fluxes and brings the system to equilibrium (no propulsion).

—a

Uniform field (chemical,
electrical, thermal, or
No directional motion other)

Particle

{b) . (©

s - Motion

TN

_ — >
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gradient i Local gradient ~ ——=» Fluid flux
Not a self-propelling particle Self-propelling particle

Figure 1.1 Definition of a self-propelling particle in terms of the source of the driving force.
A particle under uniform field (a) does not exhibit directional motion. A particle whose
motion originates from external field asymmetry (b) is not self-propelling, unlike a particle
whose motion originates from local field asymmetry leading to a local flux (c).



1.2 Physical Challenges in Propelling Small Particles

As with several other research areas, the major inspiration behind self-propelling particles
comes from the nature itself. Some common examples are the swimming of an Escherichia
coli bacterium due to ‘cork-screw’ motion of its flagella driven by motor proteins," and
propulsion of a Listeria bacterium by the polymerization and cross-linking of actin protein
into a comet-like tail behind the bacterium.*® Biological motors, such as kinesin and myosin
motor proteins, exhibit remarkable motion capabilities and are excellent examples of
conversion of chemical energy, stored as adenosine triphosphate (ATP), into mechanical
energy for propulsion (Fig. 1.2).%" However, competing with nature is challenging as

evolution has perfected the workings of these self-propelling “machines”.
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Figure 1.2 Schematic showing (a) a kinesin motor protein moving along a microtubule while
carrying an intracellular cargo, and (b) a myosin motor protein moving along an actin
filament.® (c) A micrograph illustrating movement of Listeria monocytogenes in an infected
host cell. The comet tail behind the bacteria is clearly visible.

As the dimension of a particle decreases by a factor of x, its volume shrinks by a
factor of xX° and the decrease in its surface area scales as X°. Therefore, the surface area to

volume ratio increases with decrease in size. This has several interesting consequences on the



interplay of forces acting on the particle.® (a) Surface forces, such as diffusiophoresis,
electrophoresis, thermophoresis, etc., dominate over the inertial forces as they scale with the
surface area and volume of the particle, respectively. (b) Drag forces become important
compared to inertial forces since drag forces scale with the factor x, making swimming in
water seem like swimming in molasses. In other words, ratio of inertial to viscous forces,
defined as Reynolds number, Re, is small:

Re = 2l (1.2

)7,

where p is the fluid density, p is the fluid viscosity, v is the mean particle velocity and | is the
characteristic linear dimension. Moreover, the fluid flows at low Reynolds number are
microscopically reversible. This implies that under laminar regime reciprocating motion, for
example, the opening-closing of a scallop shell, would not result in a net fluid flow or animal
motion. Also, what a particle does at any moment is determined by the forces acting on it at
that moment, and not by the forces acting on it in the past. (c) Brownian collisions become
significant relative to inertial forces, as the frequency of collisions scales with the surface
area. In short, Brownian collisions, viscous drag and surface phenomena become dominant
over inertial forces as the particle size decreases. This renders the task of designing a self-
propelling particle, a few millimeters or smaller in size, challenging. Scaling down
macroscale motors and propellers to the microscale is complicated and they may not be as
efficient as their correspondingly larger analogues because of the limitations of the above
mentioned viscous, thermal, and interfacial microscale effects. Propulsion at macroscale is
predominantly driven by the inertial forces, unlike propulsion at microscale that falls under
the low Reynolds number regime. Therefore, novel techniques are required to supply power
(or fuel) to propel small objects in liquids, which in itself is not straightforward due to their

constrained dimensions and limited volumes.®*°

1.3 Brief Review of Self-Propelling Particles
A brief review of previously reported self-propelling particles that “swim” on liquid surfaces

or within the bulk liquid, grouped on the basis on their propulsion mechanism, has been



made in this section. The major advantages and limitations of each propulsion mechanism are

discussed and the means to overcome them are evaluated.

1.3.1 Marangoni Effect Driven Propulsion

One of the earliest known techniques of propelling objects in liquids is based on Marangoni
effect or surface tension gradient driven flows.***” The most commonly known Marangoni
effect driven phenomena, such as the propulsion of certain insects on water surface, originate
from chemical concentration gradients.’® Camphor and soap “boats” are well known simple
devices that self-propel on water.*** The adsorption and spreading of the camphor and soap
(surfactant) molecules decreases the surface tension of water. Therefore, chemical
concentration gradient resulting from asymmetric release of camphor or soap molecules leads
to surface tension asymmetry across the boat, causing it to propel due to force imbalance.

The propulsion force, F, on a particle due to surface tension asymmetry scales as
Ay
Foc Ayoc —/—AC 1.2
4 AC (1.2

where A4y is the difference in surface tension and AC is the difference in the concentration of
the surface-active material across the particle. Assuming that the surface tension of the
liquid-liquid mixture can be approximated as the sum of the surface tensions of all the

components weighted according to their mole fractions in the mixture,*® we obtain
Ar _ constant (1.3)
AC

which further simplifies eqn (1.2), as discussed in Chapter 2. Based on this same source of
motion, gels infused with organic solvents (such as ethanol, tetrahydrofuran, etc.), have been
propelled on water by Marangoni effect arising from the release and spreading of the solvent
near one end of the gels.®* Similarly, SU-8 microboats have been propelled by releasing

isopropanol.

Recently, Xiao et al. have combined Marangoni effect with pH-responsive
transition of superhydrophobicity-superhydrophilicity to mimic the movement of beetles on
water.*” However, a limitation in the design of particles that carry their “fuel” on-board is

that their motion is limited, in terms of duration, by the amount of fuel contained by the



particle. A solution to this drawback is the alternative approach of generating Marangoni
effect - by inducing temperature gradients, as surface tension of a fluid decreases with
increase in temperature. An excellent example of transduction of light into mechanical
energy is based on thermally induced Marangoni effect, where a composite of PDMS and
vertically aligned carbon nanotubes (VANT) has been propelled on water by optical
heating.®® VANTS are localized on only one edge of the object and they act as light-activated
thermal switches, which heat up the surrounding fluid locally leading to a temperature
gradient across the object. These PDMS-VANT composite particles have also been shown to
be effective in harnessing sunlight for thermal Marangoni effect driven propulsion. Such a
particle can, in theory, keep propelling as long as it is exposed to the light source.

One common aspect in the motion of the floaters listed here is that the motion occurs
at the air-liquid interface, as Marangoni effect is an interfacial phenomenon. Recently,
Marangoni effect driven propulsion of a capsule motor at the liquid-liquid interface was
reported.*® Examples of various Marangoni effect driven self-propelling particles are shown
in Fig. 1.3.



‘—‘--.:"_‘Ih

o ]
— L
.

\\ .U-‘/'. _/.
0.283s = =

t >

induced furtace
L-gmamnu tensian gradient

-“-@m"‘.:::::. |

transport to
surface

Figure 1.3 Examples of autonomously propelling particles based on Marangoni effect. (a)
Microvelia, a semi-aquatic insect, moving by releasing surfactant (surfactant spreading
visible by clearing of dye from water surface).'® (b) Time-lapse snapshots of photopatterned
poly-N-isopropylacrylamide gel, rectangular shaped, translating on water surface by
releasing ethanol.** (c) Ethanol-infused hydrogel based particles pulsating in complex
trajectories on water.* (d) Schematic illustrating the light-based activation of PDMS-VANT
composite objects, along with snapshots showing its linear propulsion.

1.3.2 Bubble Propulsion

The earliest self-propelling particles driven by catalytic reactions, reported by Ismagilov et
al., were based on propulsion originating from the ejection of gas bubbles.*® These millimeter
sized polydimethylsiloxane (PDMS) plates have been propelling on the surface of hydrogen
peroxide (H,O;) solution due to the catalytic decomposition of H,O, by platinum into water
and oxygen (Fig. 1.4a). In addition to propulsion, these autonomously propelling plates have
been shown to self-assemble into aggregates due to capillary interactions. Other examples of
particles propelled by impulse of bubbles generated by catalytic reactions in H,O, solution
are silica microbeads propelled by synthetic catalase,** silica-platinum Janus microspheres
(Fig. 1.4c)** and palladium doped cobalt ferrite microparticles.” In all these cases,
asymmetric bubble release has been achieved by asymmetric placement of the catalyst on the

particle. Using a slightly different approach, rolled-up microtubes as well as microtubes



prepared by templated-electrochemical deposition method have been propelled in H,O, due
to the catalytic activity of the platinum or catalase enzyme present in the interior of the
microjets (Fig. 1.4b).***® Although the catalyst has been symmetrically incorporated in the
microtubes, bubble release from only one end of the microtubes was achieved by pressure
differential across it owing to its conical shape.

Recently polymer stomatocytes, with entrapped Pt nanoparticles, have been propelled
in H,0, by releasing oxygen bubbles during controlled opening of the stomatocyte cavity.*
Efforts have also been made towards exploring benign fuels, in place of H,0,, for powering
these systems to broaden the scope of their practical applicability. For example, a biohybrid
system comprising of carbon nanotubes functionalized with glucose oxidase and catalase
enzymes has been shown to propel in a natural medium, glucose, by bubble recoil
mechanism due to the concerted action of the two enzymes.®® In all these examples of
particles driven by bubble release, the source of bubble production is a catalytic reaction. The
catalyst is incorporated into the particle design and the “fuel” that is decomposed by the
catalyst is present in the external environment. This allows continuous particle propulsion, in
principle, as long as the very big external pool of fuel is exhausted. The motion is well-
defined at the air-liquid interface, however, when motion takes place in bulk liquid buoyancy
effects arising from bubble generation impart additional complexity.* It has been observed
in one of the previous studies that the motion driven by bubble recoil mechanism is not
significantly affected by the ionic strength of the medium, making propulsion possible even
in salt-rich environments. Velocity of Au-Pt microtubes was found to decrease by only 1-3%
in the presence of 1M NaCl in H,0, media relative to salt-free media.*’

Contrasting results have been reported in another study where the motion of Pt
catalytic bubble-propelled microjets has been found to be significantly inhibited in the
presence of inorganic ions found in real world environments such as tap water, sea water or
rain water.”* Similarly, motion of such bubble-propelled microengines has been tested in
other complex but practical media environments such as artificial blood samples (with added
fuel H,0,).%? It has been found that the two main components of animal blood, red blood

cells and serum, individually suppress bubble ejection and particle motion even at high



dilutions. Also, typical organic and/or biological molecules (such as dimethyl sulfoxide,
extracellular thiols, etc.) have been shown to negatively impact the propulsion of microjets
comprising of Pt catalyst.”® Such findings shed light on some of the challenges/limitations
facing propulsion of catalytically driven particles in real-world environments and point out
the directions for future work needed to improve the design of these particles, as further

discussed in Section 1.4.
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Figure 1.4 Examples of autonomously propelling particles based on bubble propulsion. (a)
Schematic of millimeter sized hemicylindrical PDMS plates, with a small Pt catalyst-coated
surface, that propel on the surface of H,O, solution. The edges of the plates are patterned to
create hydrophilic and hydrophobic regions, which induces capillary attraction between the
plates causing them to self-assemble into dimers (as seen in the photograph after 20 min of
floatation on the surface of H,0,).*° (b) Schematic showing the composition of multilayered
rolled-up microtubes, comprising of Ag catalyst in their interior. These “microrockets”
propel in H,O, solution due to generation, growth and release of oxygen bubbles, as
illustrated by the time-lapse video frames and schematic.***® (c) Pt-coated Janus silica
microbead self-propels in H,O, solution due to catalytic decomposition of H,0, into water
and oxygen bubbles.*?



1.3.3 Self-Electrophoresis
The propulsion mechanism of self-electrophoresis was proposed by the team led by Mallouk
and Sen, to explain the motion of bimetallic nanorods in H,O, solution. Tethered Au-Ni

455 and Au-Pt nanorods have been

nanorods have been shown to rotate in H,O; solution,
observed to propel in the direction opposite to that expected from the bubble recoil
mechanism.*® Due to the small size of the nanorods, the recoil generated from bubble release
was insufficient to induce motion unlike that observed at macroscales, and other surface
forces were dominant in comparison. The most significant force acting on the nanorods
comes from the redox reactions at the Au and Pt ends, leading to an electron flux from Au
towards Pt through the nanorods and a simultaneous proton flux in the same direction
through the electrical double layer near the surface of the nanorods (Fig. 1.5a).>" This (in
effect electrophoretic) proton flux near the nanorod surface drags water molecules along,
causing nanorods to propel reactively in the opposite direction. The velocity of the self-
electrophoretically driven particles, us, can be estimated using the Helmholtz-Smoluchowski

equation as

U, = u,E :% (1.4)

where E and J are the electric field and current density, respectively, due to the
electrochemical reaction, . is the electrophoretic mobility of the particle and k is the
conductivity of the bulk solution.® The drastic difference between the propulsion mechanism
in H,O, solution of millimeter-sized catalytic particles reported by Ismagilov et al.** and that
of the bimetallic nanorods highlights the unique physics governing motion at small scales.°
The mechanism of hydronium flux driven propulsion of nanorods also has broad similarities
to the proton gradient driven transport processes in cells.***° Based on the same principle,
carbon fibers with bioelectrocatalyst-coated end segments were autonomously propelled on
the surface of glucose solution due to proton flux (accompanying current flow across the
fiber) originating from the simultaneous redox reactions at its two ends (Fig. 1.5b).%

As can be deduced from eqn (1.4), the major drawback associated with this

propulsion mechanism is that the particle velocity scales inversely with the conductivity of
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the medium, which poses limitations to the propulsion of such particles in higher ionic
strength real-world media such as biological samples. In spite of these challenges, over the
past few years self-electrophoretically driven catalytic nanorods have garnered attention from
various research groups and extensive work has been done to further improve their design

14,61,62

with the aim of applying them to perform complex practical functions, as discussed in

Section 1.4.
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Figure 1.5 Examples of autonomously propelling particles based on self-electrophoresis
principle. (a) Au-Pt nanorods®’ and (b) carbon fiber functionalized with bioelectrocatalysts at
its ends® propel in H,0; solution, driven by the flux of hydronium ions near its surface, due
to redox reactions at its ends. Trajectories of three 2 pm long nanorods,*® identified in panel
(i) of (a), have been illustrated in panel (ii) of (a) during 5 min of their propulsion in H,O;
solution.

1.3.4 Other Propulsion Mechanisms

The asymmetric catalytic particles described in Sections 1.3.2 & 1.3.3 propel predominantly
due to recoil from bubble release and self-electrophoresis, respectively. Other mechanisms
by which such catalytic particles can be self-propelled include osmophoresis or
diffusiophoresis resulting from the generation of a concentration gradient of soluble or
nongaseous reaction products around them.**® The speed and direction of motion depend on

11



nature of particle-solute interaction. Theoretical®*®’ and experimental®®®® investigation of
this phenomenon has been done by several groups in recent years.

External electric field driven effects have been extensively utilized to develop self-
propelling particles. Velev group has reported that uniform external AC electric fields can be
applied to selectively propel metallodielectric Janus particles due to induced-charge
electrophoresis (Fig. 1.6a).”° The origin of motion in this case exists in the asymmetry in the
particle design. The electric double layer on the metallic side is more strongly polarized
relative to the dielectric side. Consequently, the induced-charge electroosmotic flows near
the metallic surface are stronger compared to the dielectric surface, resulting in propulsion of
the metallodielectric Janus particticles due to induced-charge electrophoresis in the direction
perpendicular to the applied electric field. An alternate method of propelling particles using
uniform external AC electric fields is by breaking the symmetry of the medium rather than
the particle, as demonstrated by Lavrentovich et al., based on the asymmetric distortions of
liquid-crystal orientation around the particle.”* Unlike electrophoresis in an isotropic
medium, where the particle needs to be charged or asymmetric, liquid-crystal based
electrophoresis can be applied to symmetric and uncharged particles. Lavrentovich et al.
showed that particle motion along curvilinear tracks could be attained, in addition to motion
parallel, anti-parallel and perpendicular to the electric field.

Velev group also came up with a novel technique to self-propel microcircuit elements
such as semiconductor diodes, due to localized electroosmosis resulting from the rectification
of the uniform external AC field by the diode,’® without inducing bulk fluid flows generally
prevalent during DC field application (Fig. 1.6b). Similar to egn 1.4, diode propulsion
velocity, ug, can be estimated using Helmholtz-Smoluchowski equation as

s = B (B o) (15)

where ¢ and & are the dielectric permittivity of the media and vacuum, respectively, {'is the
potential in the plane of hydrodynamic shear,  is the medium viscosity, £ is the coefficient
of hydrodynamic resistance, Eey is the applied external field (based on peak-to-peak voltage)

and Egqp is the intrinsic field across the diode. Based on the principle reported by Velev group

12



using millimeter-sized diodes, Calvo-Marzal et al. have propelled semiconductor diode
nanowires synthesized by membrane template growth route,”® which demonstrates that this
technique is effective even at miniaturized scales. Similar to the self-electrophoretically
driven motors, electroosmotically driven diodes need low ionic strength media for
propulsion. Loget and Kuhn have recently reported electric field driven “propulsion” of
conducting objects based on the principle of bipolar self-regeneration, where metal
deposition takes place on one end of the particle and dissolution at the other, causing
apparent motion of the object.”* The same team has also applied the principle of bipolar
electrochemistry to induce site-selective bubble generation due to water-splitting on metallic
particles, leading to their self-propulsion.” Interestingly, the principle of bipolar
electrochemistry driven water-splitting has also been used by Gao et al. to propel Al-Ga/Ti
micromotors, without applying electric fields.”® Other external fields used for powering the
self-propulsion of particles in liquids include magnetic fields’”® (Fig. 1.6c & d) and

d®2® (or acoustic waves), both of which are believed to be promising candidates for

ultrasoun
biomedical related applications as discussed in Section 1.4.

Significant efforts have also been directed towards interfacing biological motor
proteins and intact cells with synthetic components to create a hybrid self-propelling
system.®"#8" One of the main concerns associated with such systems is the differing
compatibilities of the biological and synthetic components with the propulsion media, which
makes finding/creating a mutually compatible media very difficult. Biological motors have
evolved to function under physiological conditions, which demands high ionic strength
media. Such media are unfavorable for the overall operation of the hybrid devices as
decrease in the electrical double layer thickness at high ionic strength leads to aggregation of

the devices.™
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Figure 1.6 Examples of autonomously propelling particles powered by external electric or
magnetic fields. (a) Schematic illustrating the principle of induced charge electrophoresis
driven propulsion of metallodielectric Janus particles on application of uniform AC fields.”
(b) Diodes, floating over the water surface due to capillarity, propel due to electroosmotic
ionic flux near their surface, driven by the external uniform AC field rectified across the
diode.” (c) Streptavidin-coated magnetic particles are bound into flexible filaments under
external magnetic fields by biotinylated double-stranded DNA due to streptavidin-biotin
interactions.”® The beating pattern of motion of such a filament (24 pm long), attached to a
red blood cell, driven by magnetic fields has been illustrated in the time-lapse images taken
at 5 ms intervals.”® (d) Time-lapse images (taken at 20 ms intervals) showing transportation
of a 1 um drug-loaded magnetic pol(d,I-lactic-co—glycolic acid) (PLGA) particle using a
flexible Ni-Ag magnetic nanowire motor.®*

1.4 Potential Applications of Self-Propelling Particles

Possible applications envisioned for self-propelling particles are as interdisciplinary as the
techniques employed to design and develop such particles.®® Emergent or collective behavior
and self-assembly of autonomously moving particles is a cutting edge and rapidly growing
research area, as understanding the interactions among self-propelling particles as well as

their interactions with external stimuli may provide some insight into the dynamics of similar
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phenomena observed in nature (such as swarming of bacteria, schooling of fish) and in turn
may lead to the development of “intelligent” functional systems.*° To this end, the team from
Penn State has studied schooling behavior of light-driven AgCl motors due to
diffusiophoresis,®® and biomimetic response of synthetic motors to external stimuli such as
chemotaxis and phototaxis has been analyzed by them as well as other groups®>** (Fig. 1.7a
& b).

Self-assembly of catalytic self-propelling particles into dimers and the resulting
complex coordinated movement of the aggregates has been studied by multiple groups*®%’
(Fig. 1.7c). Recently, Reinmiiller et al. demonstrated cooperative self-propulsion, at low
Reynolds number, of an emergent self-assembly of individually inactive particles.”® Also,
Palacci et al. recently reported “living crystals”, comprising of self-propelling colloidal
particles, that can constantly form, disassemble and re-form elsewhere.*® As dynamic models
for the origin of life, self-propelled oil droplets have also garnered much attention recently
and research efforts are directed towards propulsion of oil droplets on water surface by
Marangoni effect,'*%

Practical applications, such as efficient cargo transportation, using self-propelling
particles demand high propulsion speed and control over the direction of motion.®% A
review article, by Wang and Manesh,'® nicely summarizes the techniques that are based on

44.110-113 thermal, 4% chemical,®® electrochemical,*'®

external stimuli (such as magnetic,
light'*"*'%) developed to tune and control the direction and speed of nano/micromotors
(catalytically driven in most of the cases). Another review article, from the same team,'®
discusses the various efforts that have been directed towards enhancement of the
speed/power of the catalytic nanomotors by rational engineering of the design®>*-°"112119-123
of the nanomotors and careful selection of the fuel*4°8112122124126 g5 nropulsion. Proof-of-
concept of pick-up, transportation and delivery of cargo using self-electrophoresis driven
nanorods and bubble propulsion driven microtubes has already been demonstrated.****26128
As a next step towards advanced cargo delivery for biomedical applications, Kagan et al.
reported directed delivery of polymeric and liposomal drug carriers using the self-

129

electrophoretic nanomotors.” With continuing efforts from Wang’s team and other groups,
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selective capture (and subsequent transportation) of a range of cells and biomolecules (such

as circulating tumor cells, bacteria, nucleic acids, proteins) from unprocessed complex media

has been realized using biologically functionalized catalytic nanomotors (Fig. 1.8).1%%%

Fraction of rods

Distance from gel (mm)

Figure 1.7 Examples of collective behavior exhibited by autonomously propelling particles.
(a) Time-lapse images showing the effect of UV illumination on the schooling behavior of
micron-sized AgCI particles. Interparticle spacing between AgCI particles, initially exposed
to UV light, increases when UV source is turned off. Re-illuminating the particles with UV
light causes them to school again. Each AgCI particle secretes ions as it moves under UV
illumination, which triggers schooling of other AgCI particles into regions with higher
particle concentration.® (b) Plot and time-lapse snapshots illustrating the chemotaxis of 2 pm
long Pt-Au nanomotors towards a gel soaked in 30% H,0,, due to “active diffusion” caused
by a combination of self-electrophoretic translation and Brownian rotation.*® (c) Schematics
and microscopic images showing assemblies of Janus motor and nonmotor particles into
doublet, triplet and quadruplet assemblies, induced by hydrophobic surface interactions.®” (d)
A self-propelling complex of colloidal particles accumulated at a HCl-releasing cation-
exchange raisin particle at two different times represented by micrographs (i) and (ii), where
both the raisin and colloidal particles are phoretically inactive.”® The diffusioosmotic solvent
flows induced by the raisin particle confine the colloidal particles into the convection cells,
resulting in propulsion of the self-assembled complex.
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Proof-of-principle studies of applying self-propelling particles for biosensing have
been reported as well.***3® These impressive results, attained over a short time span,
strongly suggest that with further research efforts self-propelling particles may be applied for
performing complex functions such as targeted drug or vaccine delivery, medical diagnostics
and minimally invasive surgeries; thereby, revolutionizing the diagnosis and treatment of
several diseases.”**** However, these catalytic nanomotors need H,O, medium for
propulsion, which poses a serious challenge to potential in vivo applications of such particles.
Nanowires actuated by external magnetic fields appear to be a viable alternative as they do
not require a “fuel” for propulsion, and cargo transportation abilities of such particles are
being actively explored.”®! Other promising candidates for biomedical type applications are
believed to be the recently developed ultrasound driven motors (since ultrasound is safe and
is already extensively used in the field of medicine)®*®***® and bubble-propelled Al-Ga/Ti
micromotors based on the water-splitting reaction.”®

Some other areas where applicability of self-propelling particles has been explored
include pumping and mixing of fluids in lab-on-chip devices by immaobilizing such particles

58,142-145

on the walls of the microfluidic channels (Fig. 1.9a), motion-based chemical sensing

by tracking changes in the speed of the particles in the presence of target analyte,**%

“writing” of surface microstructures achieved by localized deposition of material through

146,147

magnetically-guided self-propulsion of particles, nanotool-based drilling of biological

cells by corkscrew-like movement of asymmetrically rolled-up catalytic nanotubes (Fig.

1.9b),*® environmental remediation by selective capture of oil drops in water by

149 and in the area of microrobotics for

141,150

superhydrophobized catalytic motors (Fig. 1.9c),

performing minimally invasive procedures in medicine and surgeries

17



t=0s

t=1s

Thiolated
capture probe

Mercaptohexanol

Figure 1.8 Proof-of-principle examples of applying autonomously propelling particles for
selective isolation of cells and biomolecules from unprocessed media. (a) Cartoon (i) and
time-lapse snapshots (ii) showing selective pick-up and transportation of cancer cell, out of a
mixture of cells, using bubble propelled microtube rockets functionalized with antibodies
(scale bar = 60 pm).™ (b) Cartoon depicting the selective isolation of target nucleic acid
from a raw biological sample using biologically modified microrockets (i), and surface
chemistry involved in functionalization of the surface of the microtubes (ii). The selectivity
of such functionalized microtubes is evident by comparing snapshot (iii) with snapshots (iv)
and (v) — the capture of fluorescently tagged target DNA molecules is evident in (iii);
whereas, mismatched and complementary DNA sequences are not captured by the
microrocket as evident in (iv) and (v).***

18



t=18.7 sec

Figure 1.9 Examples of potential applications of self-propelling particles. (a) Diodes self-
propel on water surface when freely suspended, but also can be applied for pumping/mixing
fluids in microfluidic channels when immobilized on the channel walls. Mixing of fluid in a
microfluidic channel by two oppositely oriented diodes has been illustrated in the schematic
in (i) and the time-lapse images in (ii)."** (b) Asymmetrically rolled-up catalytic nanotubes
self-propel in H,O, solution in a corkscrew-like trajectory as illustrated in the time-lapse
images in (i), and can be applied as a “nanotool” for drilling into biological cells as depicted
in (ii), scale bar = 10 pm.**® (c) Alkanethiol-coated superhydrophobized catalytic
nano/microscale motors (“microsubmarines”) can pick-up oil drops while propelling in an
oil-water emulsion with added H,O, fuel, as shown in the time-lapse images (i), (ii) and (iii)
at navigation times of 11, 53 and 70 s.*°

1.5 Layout of this Dissertation

My graduate research was focused on exploring novel mechanisms for powering the self-
propulsion of millimeter-sized particles in liquids. We developed three classes of self-
propelling particles capable of harnessing chemical energy, electrical energy and metabolic
action of live cells for propulsion at low Reynolds number. Chapter 2 presents the principles
and results of hydrogel-based self-propelling particles that exhibit a unique pulsating motion
in water over long periods of time. We proposed and verified their propulsion mechanism
(based on the generation of a self-sustained cycle of surface tension gradient driven flows),

and characterized and modeled the pulse interval and the distance propelled by these
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particles. On the basis of the quantification of this mass-transfer driven motion, we
constructed floaters of various designs programmed to move in stunningly regular sequence
of translational and rotational steps, performing various “dances” and following complex
trajectories. In Chapter 3, we have applied these hydrogel-based self-propelling particles for
simultaneously breaking up and collecting the oil films floating on water. We found that the
efficiency of oil collection by mobile absorbents was significantly higher compared to
stationary ones, and believe that the same approach can be applied to intensify other mass-
transfer processes involving fluid-particle systems as well.

The work presented in Chapter 4 describes biogenic or biocatalytic self-propelling
particles that use yeast cells (immobilized in hydrogel or polyelectrolyte matrix) as catalyst
to power their propulsion in glucose and hydrogen peroxide (H,O,) solution. We found that
the motion of the yeast boat in H,O, solution was very vigorous relative to its sluggish
motion in glucose solution. We correlated the particle velocity in H,O, solution to the
phenomenon of bubble bursting and obtained reasonable agreement between the two. In
Chapter 5, we introduce a novel technique of steering the diode-based self-propelling
particles on water. The diodes, remotely powered by an external uniform AC electric field,
were shuttled back and forth on water by modifying the wave symmetry of the applied AC
field. We proposed and analyzed the electrokinetic mechanism behind diode rotation (based
on the preference of the diode to remain forward-biased with respect to the field). We believe
that this new principles of steering and controlling the direction of diode motion could find
important applications in MEMs and microrobotics. Chapter 6 summarizes my graduate

research and provides the outlook for extending this work.
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CHAPTER 2

Gel-Based Self-Propelling Particles Get Programmed to Dance*

* Based on R. Sharma, S.-T. Chang and O. D. Velev, Langmuir, 2012, 28, 10128-10135.
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2.1 Introduction

A self-propelling particle moves on its own by converting energy from the environment (e.g.,
chemical, electrical, thermal) into mechanical motion with respect to the surrounding fluid.
Self-propelling particles can be used in a broad spectrum of applications, such as targeted
drug and vaccine delivery,* lab-on-a-chip devices (as microshuttles,”* pumps or mixers,>”’
and carriers of biomolecular libraries!), sensors for toxicity detection and medical

10,11

diagnostics,®® robotics, and as starting models to mimic and understand the behavior of

single and swarming microorganisms (e.g., chemotaxis, phototaxis, phagocytosis).'?**

The task of designing a self-propelling particle, a few millimeters or smaller in size, is
not straightforward because as size decreases, effects such as Brownian collisions, viscous
drag, and surface phenomena (diffusiophoresis, electrophoresis, thermophoresis, etc.)
become dominant.”® Scaling down motors and propellers to the microscale is complicated
and they may not be as efficient as the corresponding larger analogues because of the
limitations of the above mentioned viscous, thermal, and interfacial microscale effects;
therefore, novel techniques of supplying power (or fuel) to such objects are required to
facilitate their propulsion.

Several techniques for designing self-propelling particles have been explored.’**
These include bubble propulsion by the decomposition of a chemical “fuel” such as hydrogen

12,18-20

peroxide, application of external electric fields to remotely power the

21,22 1323 golf.

electrohydrodynamic motion of a miniature diode, electroactive polymer gels,
electrophoresis by coupled redox reactions,??® Marangoni effect by releasing a surface
active substance on water,?”** diffusiophoresis due to concentration gradient over the particle
surface,**® harvesting self-oscillating reactions such as the Belousov-Zhabotinsky one,*%
and application of magnetic fields.*”*® Some groups have also used intact living cells as
“beast of burden”,*® or integrated biomolecular motors or enzymes with synthetic
components to design a hybrid self-propelling particle.**** Most of these particles show
continuous translational motion. The particles that release a certain component stored

onboard are only propelled for a short time period.
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Here, we report a new class of gel-based self-propelling particles with periodic
propulsion modes that may be designed to move in complex, multidirectional, pre-
programmed trajectories. The particles are propelled by the Marangoni effect, where the
gradient of a surface active compound leads to unbalanced interfacial tension stress and
corresponding fluid motion.**** The gel boats generate local concentration gradient and
surface tension asymmetry (no external field such as electric or magnetic field is needed),
and move autonomously. The most remarkable feature of these particles is that they exhibit a
periodic (pulsating) motion for several hours unlike the continuous propulsion displayed by
the self-propelling particles based on Marangoni effect reported earlier.?”! In the following
sections we describe the experimental procedure for designing the gel-based floaters and
discuss the reasons behind the pulsating nature of their motion. The pulse interval (time
between two consecutive pulses) and the distance propelled in a pulse by these particles are
characterized. These experimental data are correlated to scaling relationships for the ethanol
release and the resulting interface-driven motion. On the basis of the quantification of the
mass-transfer driven motion, we constructed floaters of various designs where the alcohol is
released in different directions and at different rates. As a result, we report particles that
move in stunningly regular sequence of translational and rotational steps, performing various

“dances” and following complex trajectories.

2.2 Experimental Section

2.2.1 Materials

Plastic microbore tubing (Tygon), 0.040" ID x 0.070" OD, forming the particle shell, was
purchased from Saint-Gobain (Akron, OH). Monomer acrylamide, cross-linker N,N -
methylenebisacrylamide, and initiator 2,2-dimethoxy-2-phenylacetophenone, for the
synthesis of the polyacrylamide hydrogel, were purchased from Sigma (Milwaukee, WI).
Sylgard 184 polydimethylsiloxane (PDMS) precursor and curing agent, for the synthesis of
the PDMS plug, were purchased from Dow Corning (Midland, MI). Deionized (DI) water
(18.2 MQ.cm at 25 °C), was obtained from a Millipore Milli-Q Academic water purification
system (Billerica, MA).
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2.2.2 Construction of the Gel Boats

The cores of the gel-based self-propelling particles were cylinders of ethanol-infused
polyacrylamide hydrogel contained in plastic tubing (Fig. 2.1). The ethanol-infused hydrogel
was prepared by dissolving in ethanol-water solution the monomer acrylamide with the
cross-linker  N,N -methylenebisacrylamide and the initiator  2,2-dimethoxy-2-
phenylacetophenone in the ratio 1:0.1:0.01 by weight. The solution contained 11wt% of
monomer. The percentage of ethanol in the solution determined the final concentration of the
ethanol in the hydrogel (for example, mixing equal volumes of ethanol and water resulted in
an ethanol concentration of ~ 50 vol% in the hydrogel). The liquid mixture was injected into
the microbore tubing, and cured under a UV lamp (Model B-100A, Black-Ray) for ~ 10 min.
After curing, the tubing was trimmed to 5 mm length, and to facilitate asymmetric ethanol
release from the particle, a 1 mm long PDMS plug was inserted at one end. This plug was
fabricated by filling the PDMS precursor into plastic tubing before curing at 70 °C. The cured
plug was squeezed from the template tubing using tweezers, cut to 1 mm length, and inserted
in the gel boat. The assembled boats were then floated on the surface of the water in a plastic
Petri dish (~ 14 cm diameter, Corning Life Sciences) by capillary forces, and their motion
was recorded with a DSC-V1 Cyber-Shot digital camera (Sony). More complex particles
could be constructed by inserting multiple gels plugs in the floaters and cutting and

connecting their ends at various angles.

Ethanol infusec
hydrogel

Plastic tubing

Figure 2.1 Photograph of a basic gel boat. One end of the “particle” is closed with a PDMS
plug to block the mass-transfer. Scale bar = 1 mm.
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2.3 Results and Discussion

The gel boats propel in a pulsating manner for more than three hours, unlike the continuous
translational motion of previous “camphor boat” floaters moving by Marangoni effect. The
order of magnitude of the pulse interval of the particles is 10 sec and that of the typical
distance moved in each pulse is 1 cm (the precise value of these parameters varies with time,
as discussed later). A typical trajectory of such a particle is illustrated in Figure 2.2a. The
trajectory is likely related to the intrinsic curvature of the plastic tubing, as can be seen in
Figure 2.1, or the asymmetry of the ethanol release profile at the end of the floater (cross-
section of the end not being perfectly flat), leading to asymmetric push/pull forces. The
corresponding plots of distance travelled in pulses and velocity profile of the gel boat are
shown in Figure 2.2b. The intermittent rapid motion is quantified by the increase in the
velocity and pulse distance, followed by the particle coming to rest, and this process keeps

repeating.

2.3.1 Propulsion Mechanism

The gel-based particles float on the water suspended by the surface tension (when a particle
is pushed below the water surface, it sinks to the bottom of the Petri dish as it is more dense
than water). The two circular ends of the suspended gel boat are positioned below the air-
water interface, as illustrated in Fig. 2.3. The release of ethanol from the hydrogel takes place
beneath the water surface. As ethanol is less dense than water, it is carried to the surface by
buoyancy. This results in ethanol concentration gradient at the surface, as the amount of
ethanol spreading on the surface decreases with increasing distance from the open hydrogel
end of the gel-based floater. The generated concentration gradient leads to surface tension
asymmetry because the presence of ethanol lowers the surface tension of water.** Surface
tension gradients result in interfacial flows towards the region with higher surface tension (or
lower ethanol concentration), a phenomenon known as Marangoni effect.?’! The release of
ethanol from only one end of the gel boats gives rise to surface tension gradient across the

floaters. In summary, the imbalance of the horizontal component of the surface tension
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across the floaters causes unidirectional propulsion of the gel boats away from the region

having higher ethanol concentration, as depicted in Fig. 2.3.
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Figure 2.2 (a) Photograph of a typical trajectory of a basic gel-based particle in water
(assembled from superimposed images). The curvature in the trajectory is a result of the
intrinsic imperfections in the tubing and the hydrogel used to construct these floaters. (b)
Plots of distance travelled in individual pulses and velocity profile of the particle versus time,
corresponding to (a). These plots quantify the periodicity in the motion of the gel boat and
similar data were used in interpreting the role of the mass-transfer effects. Scale bar =1 cm.

The Marangoni effect alone can not explain the periodic motion, arising because of
the disruption of the ethanol supply from the water flows below the surface. The emergence
of the flows in the water phase generated by the propulsion of the gel boat seems to be the
key to the periodic motion. As the largely submerged particle dragged by the surface tension
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gradient begins moving, the flows of the liquid around and behind the moving particle
disrupt the ethanol transport to the air-water interface by “swiping” away the ethanol plume
released from the hydrogel. The disruption of the ethanol flux to the surface restores the
surface tension symmetry across the floaters, and this in turn terminates the particles’
propulsion. As the water and the gel boat come to rest, the ethanol transport towards the
interface is initiated again at the open end of the particle and the process keeps repeating.
Thus, the cycle of particle motion followed by rest is self-sustained and results in periodic

propulsion of the gel-based floaters.

Side View
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Figure 2.3 Schematic of the propulsion mechanism of the gel-based floaters. The particle is
suspended at the air-water interface by the surface tension. The released ethanol travels
upwards due to buoyancy and generates surface tension gradient. The asymmetry of surface
tension across the floaters is the driving force behind the propulsion of the gel boats. (b) is
the top-view of (a).

Our proposed mechanism for particle propulsion has broad similarity to the
phenomenon of auto-oscillation of surface-tension from the release of surfactants below the
water surface reported by Kovalchul et al.*> Moreover, we verified our proposed mechanism

by mixing a food dye in the gel medium to trace the ethanol release from the hydrogel and its
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transport profile in water. The setup of this control experiment is illustrated in Figure 2.4a.
The gel boat, (in this case with both its ends open to mass transfer), was placed on the bottom
of the Petri dish inside the water. We observed continuous release of ethanol from the
hydrogel, which was, however, disrupted periodically on its way upwards to the surface. As
the released ethanol-enriched plume reached the water surface driven by buoyancy, surface
tension gradient driven flows were generated. These flows perturbed the water in the Petri
dish and consequently interrupted the transfer of ethanol to the interface, resulting in
elimination of the surface tension gradient. In the absence of ethanol flow reaching the
surface, the Marangoni effect stopped. This made possible the resumption of the ethanol
transport to the surface, and the entire cycle recurred. Figure 2.4b presents an illustration of
the sequence of phenomena during one such cycle of this experiment. As the immobile
particle resided at the bottom of the Petri dish with ethanol being released from both ends,
the flows at the air-water interface pulsated back and forth.

The periodic disruption of the propulsion of the floating gel self-propelling particles
should be guided by the flow patterns as the ones observed above. This mechanism is
physically different from that of the intermittent motion reported by Suematsu et al. for
camphor boats,?” which depends on the horizontal distance of diffusion of the molecules
before reaching the water surface.?” The pulsating motion of the gel-floaters described here,
relies firstly on the buoyancy for the transport of released ethanol to the air-water interface
and secondly on convective flows for interrupting this transport. The combination of these
two effects imparts a unique periodic motion to these gel-based floaters. We have derived
expressions for the motion of the gel-boats based on this proposed mechanism, as discussed

later.
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Figure 2.4 Control experiment where food dye is mixed with ethanol to trace its release from
the hydrogel and the origin of the interfacial oscillations. The gel boat (open at both ends) is
residing at the bottom of the Petri dish. (a) Schematic of the side-view of the experiment. (b)
Experimental images of a cycle of ethanol release from the particle. Released ethanol travels
upwards due to buoyancy. Flows generated by Marangoni effect impede ethanol supply to
the surface, which in turn arrests the interfacial motion. This process is self-sustained and
cyclical, as depicted by the arrows indicating ethanol release from the right end of the floater
(for simplicity the release from the other end has not been depicted by arrows, but it
demonstrates similar transient motion). Scale bars = 1 mm.

2.3.2 Quantification of the Ethanol Release from the Hydrogel

We calculated the rate of ethanol release from the gel boat by treating it as a cylinder with
one end open to mass transfer and uniform initial ethanol concentration (Fig. 2.5). When the
particle is floated on water, the ethanol concentration in the vicinity of the open end of the
cylinder is assumed to be zero, because buoyancy carries the released ethanol to the surface
and does not let it accumulate near the floater. The bulk flows generated in water during
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particle propulsion also disperse the ethanol released from the hydrogel. The ethanol
concentration profile in this cylinder (with uniform initial concentration and boundary

condition of zero concentration at its one open end), as a function of time, is given by,*

4Co Z D" —D(2n+1)27r2t/4lz cos (2n+1)7zx
5 (2n +1) 2l

(2.1)
where Cy is the initial concentration of ethanol in the gel (7.9 x 10 g/cm?® for 10% ethanol
by volume and 39.5 x 107 g/cm? for 50% ethanol by volume), | is the length of the gel body
(4 mm) excluding the PDMS plug, d is the inner diameter of the particle (1 mm), D is the
ethanol-water counter-diffusion coefficient (1.1 x 10 m%s for 10% ethanol by volume and
0.5 x 10”° m%s for 50% ethanol by volume)*’, and x is the distance from the insulated circular
end of the cylinder.
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Figure 2.5 Schematic illustrating the parameters used in the expressions for the approximate
relations between ethanol release and pulse interval and distance. The floater was modeled as
a cylinder, having uniform initial ethanol concentration Co, with one end open to mass-
transfer. The bulk concentration of ethanol C, was assumed to be negligible (zero) at the
open end, based on the propulsion mechanism. 4Q = ethanol released from the hydrogel for a
pulse, Fooy = buoyancy force, v = upward velocity of ethanol, h = distance travelled by
ethanol to reach the water surface, | = length of the particle, d = inner diameter of the
particle, y = surface tension of ethanol-water mixture, Fyrop = net horizontal component of the
force on the gel boat due to the asymmetry of surface tension across its length.
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We integrated this concentration profile over the length of the cylinder to obtain the

total amount of ethanol Q contained in the hydrogel at any time t, given by,

2 « —1\" 2 2 2
Q _ 2C0|d Z ( 1) _ e_D(2n+1) 7t/41 Sin M (22)
T & (2n+1) 2l

We use the ethanol-water counter-diffusion coefficient because as ethanol is released from
the hydrogel, water diffuses into the gel because of osmosis (hydrogel has higher affinity for
water than for ethanol).*® Counter-diffusion of water also decreases the ethanol concentration
in the gel with time. Using egn (2.2), the net amount of ethanol released from the gel-based

floater in between two consecutive pulses, 40, can be obtained by,
AQ=Q(t,) - Qft,.,) (2.3)

where t, is the time at which the n™ pulse occurs. We analyzed the digital movies of the
experiment on a frame-by-frame basis to obtain the intervals ty, ty, ts, ..., ty, th+1 at which the
particle pulsates, and by using eqgn 2.3 calculated the 4Q for each pulse. We plotted 40
versus time for gel boats with 10% and 50% ethanol by volume in the hydrogel, and obtained
that ~ 0.3 ug (the 40 value at which the plots terminate, indicating negligible particle
motion) is the minimum amount of ethanol needed by these gel boats to propel in water by

overcoming the viscous drag (Fig. 2.6).
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Figure 2.6 Plots of 40 versus time for gel boats with (a) 10% and (b) 50% initial ethanol
concentration (by volume) in the gel.

2.3.3 Evaluation of the Pulse Interval Duration

We derive below a few scaling relationships allowing to quantify the motion of the boats. We
correlated the pulse interval (time between two consecutive pulses) of the gel boat to the
amount of ethanol released between two sequential pulses, 40Q. We expect that the buoyancy
force Fuuoy ON the released ethanol will be proportional to the density difference between the
ethanol plume and the surrounding fluid Ap, which in turn is proportional to the amount of

ethanol released between two successive pulses, that is, 40 (Fig. 2.5).

I:buoy oc A,O o« AQ (24)

The time, 4¢, needed for the released ethanol to reach the water surface (approximated as the

pulse interval) is given by

At = (2.5)

<|z
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where h is the depth below the surface at which the ethanol release takes place, and v is the
speed with which the ethanol is transported towards the air-water interface (Fig. 2.5). We
assume that the ethanol transport towards the surface takes place under steady-state rise, i.e.,
the buoyancy force is balanced by the drag force acting on the ethanol plume. This drag force
then would be proportional to the upward velocity v of the ethanol plume assuming that the
ethanol transport takes place in the laminar regime;* therefore, v is proportional to the

buoyancy, and

Ve I:buoy (26)
Atoc o 2.7)
I:buoy AQ
On the basis of relation (2.7), we approximate the pulse interval 4¢ of the gel-based
floaters as,
k
At=—1 2.8
AQ (2.8)

where k; is a fitting parameter. In short, the pulse interval was assumed inversely
proportional to 40 because as the concentration of the released ethanol decreases, the
buoyancy carrying it towards the surface also decreases; hence, the time taken by the ethanol

to reach the water surface (or pulse interval) increases.

2.3.4 Evaluation of the Distance Propelled in a Pulse
The distance d’ travelled by the gel-based particle in a pulse is proportional to the propulsive
force Fyrop acting on the gel boat, which in turn may be correlated to the surface tension

difference, 4y, across its two ends (Fig. 2.5) as follows,

Ay
d'cF, oc Ay c——AQ 2.9
prop AQ ( )
Assuming that the surface tension of the ethanol-water mixture can be approximated as a sum
of the surface tensions of ethanol and water weighted according to their mole fractions in the

mixture,®® we have

45



y=X7. +1=X)7, (2.10)

dy__dy _ dr :l(ye—yw):constant (211)

dc d(X N) dee N
ey vV

where ye, n and y are the surface tensions of ethanol, water and ethanol-water mixture,

respectively, X is the mole fraction of ethanol, C is the ethanol concentration, N is the total
number of moles and V is the total volume of the solution. From egns (2.9) & (2.11), we
express the distance moved by the particle in a pulse as,

d'=k, AQ (2.12)
where k, is a fitting proportionality coefficient. In short, the release of ethanol at higher
concentration in the gel results in larger surface tension gradient across the floaters; hence,
the distance propelled by them in a pulse is also larger.

The results of the fitting of the expressions approximating the pulse interval and
distance, eqns (2.8) & (2.12), to the experimental data for a floater comprising of 10% and
50% initial ethanol concentration in the hydrogel, using k; and k, as fitting parameters, are
shown in Fig. 2.7. The obtained values of the fitting parameters k; and k; are different for
floaters with 10% and 50% ethanol concentration in the hydrogel. The higher magnitude of
ky for the case of 10% ethanol in the hydrogel is because it will take more time for a given
AQ amount of ethanol (released from the hydrogel) to accumulate on the surface in this case
relative to 50% ethanol in the hydrogel. Similarly, higher magnitude of k; for the case of 50%
ethanol in the hydrogel is obtained because for a given 40 amount of ethanol released from
the hydrogel, the distance propelled by the particle will be larger relative to 10% ethanol in
the hydrogel because of more rapid rate of ethanol transport to the surface. Given the length
of the experiments and the complexity in processing of the data, we find the agreement
between the results and the scaling expressions reasonable. The simple relations derived for
the pulse interval and distance appear to describe well the pulsed Marangoni motion and thus
they can be used for predicting the trends in the parameters of the oscillatory motion. The
pulse interval is increasing with time because the concentration of the released ethanol (and

the ethanol concentration in the gel) decreases with time, due to ethanol-water counter-
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diffusion. A decrease in the ethanol concentration increases the pulse interval, as discussed

above. The distance propelled in pulses decreases with time because the concentration of the

released ethanol decreases with time.
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Figure 2.7 Experimental data of the pulse interval (4¢) and total distance (d”) propelled in
each pulse, fitted to egns (2.8) and (2.12), respectively, for floaters with (a) 10% and (b) 50%
vol. initial ethanol concentration in the gel. The obtained values of the fitting parameters
have also been shown.

2.3.5 Programing the Particle Translational and Rotational Motion

The analysis of the ways in which the mass transport through the gel controls the periodicity

and the length of the periodic particle propulsion allowed us to construct prototypes of

particles with remarkably complex modes of motion, moving in pre-programmed trajectories.

This was achieved by having multiple release sites and/or directing the ethanol release
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sideways. The simplest example tested was a two-compartment particle, where two
hydrogels separated by a PDMS plug in the center of the tubing were infused with different
concentrations of ethanol, 50% and 10% (Figure 2.8a & b). The ethanol is thus released at
different rates from the two opposing open ends of the microtubing. The difference in the
release rate resulted in a particle that performed a remarkably regular pattern of three-step

forward one-step back “dancing” (Figure 2.8c).
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Figure 2.8 (a) Snapshot and (b) schematic of a particle consisting of a 50% and a 10%
ethanol hydrogel separated with a PDMS plug, scale bar = 2 mm. (c) Pulse distance versus
time plot for this gel-boat (negative pulses represent motion in opposite direction). The
positive pulses are driven by the 50% ethanol hydrogel.
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We measured the pulse intervals as well as the corresponding pulse distances, and
independently predicted the nature of motion assuming that the Marangoni propulsion modes
driven by the two ends of the particle are largely uncorrelated (eqns 2.8 & 2.12). The
predicted motion was found to be in good correspondence with the experimental results
shown in Figure 2.8c. The expressions derived predicted the ratio of pulse intervals for the
pulses originating from the 50% and 10% ethanol ends to be 0.25, where the experimentally
obtained ratio was 0.35. Similarly, the ratio of pulse distance for pulses originating from the
50% and 10% ethanol ends was estimated to be 2.49 from the expressions, where the one
observed in experiments was 2.16. Table 2.1 compares the pulse intervals and the distances
corresponding to the pulses from the two ends, obtained from the experiments and the
relations derived. The agreement between the quantitative predictions and experiments
suggests that we can program the motion of these gel-boats by adjusting the parameters such
as the concentration of ethanol in the hydrogel, length of the hydrogel, and others. In more
general view, it opens the ability to create a vastly diverse class of novel particles that can be
designed to perform intricately complex trajectories. We illustrate this capability with a few

examples below.

Table 2.1 Experimental and model-based data for the pulse intervals and the pulse distances,
corresponding to the pulses originating from the two ends of a particle consisting of a 50%
ethanol hydrogel at one end and a 10% ethanol hydrogel at the other.

Expt. Model | Expt. Model | Expt. Ratio | Predicted Ratio
(50%) | (50%) | (10%) | (10%) | (50%:10%) | (50%:10%)

Pulse

5.83 3.76 16.54 14.83 0.35 0.25
Interval

Distance 0.19 0.23 0.09 0.09 2.16 2.49
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Figure 2.9 Snapshot, trajectory, plots of pulse distance and rotation angle against time for
floaters with (a) both ends open, (b) one end open and angled, (c) one end open and the other
partially closed, and (d) two particles attached together in an “L-shape”. Scale bars in particle
snapshots = 2 mm, Scale bars in the trajectories overlay images = 1 mm.

The pattern of particle motion could be readily changed by making minor alterations
in the design of the floaters. A few different particle designs were tested, and the
corresponding trajectories observed along with the plots of pulse distance and rotation angle
versus time are tabulated in Figure 2.9. A symmetric particle open at both ends evenly

pulsates back and forth (Fig. 2.9a), whereas a particle with one end partially closed with a
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PDMS plug pulsates back and forth asymmetrically, with the frequency and pulse distance
differing in the two directions. The partially closed from one end particle in Figure 2.9c
performs a long jump in one direction followed by two small jumps in the opposite direction,
resembling the steps in a tango dance (note the difference between these steps and the ones of
the two-gel particle in Fig. 2.8¢c). Similarly, placing the hydrogel closer to one edge of the
tubing but away from the other also causes asymmetry in the forward and backward pulses.
Additionally, cutting the edges of the particles at an angle imparts a rotational component
into their motion. Depending on the angle at the edge, either the translational component of
motion dominates (Fig. 2.9a & c), or the rotational component dominates as in the particle
that periodically swirls around, shown in Fig. 2.9b. Attaching together two particles into an
“L-shape” also introduces a rotational element into the particle’s motion (Fig. 2.9d). This is
because in addition to generating Marangoni effect, the two attached particles act as rudders®:
with respect to each other. Thus, an L-shaped particle’s trajectory constitutes a large circle
with periodic small swirls over a larger area of the water surface. The relations for the pulse
interval and distance and the making of the “dancing” particles reported above are first steps
towards the design of pulsed floaters that can travel in even more complex programmed

trajectories than the ones illustrated in Figure 2.9.

2.4 Conclusions

We present gel-based self-propelling floaters that exhibit unique pulsating motion in water
over long times. We investigated the mechanism behind their propulsion and found that the
reason for the pulsating mode of their motion is a recurring cycle of surface tension gradient
driven flows followed by a disruption of the ethanol flux to the surface. These particles are
simple, inexpensive and easy to make. We have used ethanol as a “fuel” to power the
propulsion of gel boats in our experiments but other surface active substances (that are less
dense than water) such as methanol, acetone, or isopropanol can also be used. The amount of
the surface active substance in the hydrogel determines the duration of motion. These
particles propel for long period of time, for example, gel boats with 50% ethanol (by volume)

in the hydrogel kept propelling for more than two hours. We characterized the motion of
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these floaters by deriving scaling relationship for their pulse interval and the distance
propelled by them in a pulse. These expressions were in agreement with the experimental
results. Furthermore, introducing variations in the design of the floaters significantly alters
their nature of motion (resulting in periodic rotational motion, asymmetric back and forth
pulsation, or a combination of both).

A limitation of the design of such self-propelling particles based on Marangoni effect
is that the propulsion lasts only as long as the “fuel” (surface active substance) is available.
This limitation can be overcome by loading such particles with a catalyst that can generate
the surface active substance on its own but does not get consumed in the process. For
example, we have used yeast cells as catalyst for powering the propulsion of novel
“biogenic” floaters, as described in Chapter 4.

These self-propelling boats can find potential applications in lab-on-a-chip devices as
shuttles for cargo transportation, as sensors for detecting the presence of toxins in water
bodies or the presence of certain biomolecules in the field of medical diagnostics. These
applications demand functionalization of these floaters to enable them to respond to external
stimuli in the environment. Our work presented here is an initial step in the design of early

prototypes of such devices capable of performing these complex functions.
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CHAPTER 3

Engine-Payload Self-Propelling Absorbing Particles

for Highly Efficient Collection of Oil from Water Surfaces*

* Based on R. Sharma, L. D’Costa and O. D. Velev, in preparation for Nature
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3.1 Introduction

A self-propelling particle uses energy (such as chemical, thermal, electrical, etc.) from its
environment for propulsion by generating local field asymmetry." The self-propelling
particles have been a subject of intense fundamental interest as they pose a number of basic
problems regarding the mechanism of motion and the evolution of ensembles of interacting
and communicating objects. They have also been a subject of fascination and inspiration, as
their dynamics resembles the motion of many biological species. However, for some time
they have played the role of a “solution looking for a problem,” in the light of potential
applications that have been envisioned for such motile objects.>’ We present a novel
approach of collecting thin films of oil on water by using self-propelling absorbent particles.
Previous research on oil collection focuses on synthesis of suspended passive absorbents.®**
We demonstrate a new class of gel-based self-propelling floaters moving by Marangoni
effect, and having an absorbent head. These actively mobile particles are extremely effective
in collecting oil film from a surface by a rapid convective-diffusive mechanism. The results
could pave the way to radical intensification of many chemical engineering processes where
presently immobile or suspended particles absorb and process a certain component by
passive diffusion. The general theoretical results will be applicable not only to self-propelling
interfacial floaters, but also to osmotically-driven bulk catalytic particles.

Accidental oil spills on water are a major societal concern because of environmental
degradation.?>** The oil tends to form thin films that spread over large areas. The majority of
the presently used absorbents rely on natural drifting (driven by air or water currents) to
move around and collect the oil film floating on the water surface. This is an inefficient way
of cleaning up oil spills as it is limited by the diffusion of oil towards the absorbent. Novel
solutions need to be formulated urgently for dealing with such oil spills. Some of the recent
more elaborate oil clean-up strategies involve incorporating magnetic components into the
absorbent particles to enable their steering using external magnets to track the oil spill on
water.?>?* Also, it has been demonstrated recently that superhydrophobized nano/microscale
motors (“microsubmarines”) propelling in hydrogen peroxide solution can attach oil drops

over their surfaces.®
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The new oil-collecting self-propelling particles described here demonstrate a novel
application of the fundamental technique of motion at liquid surfaces. We describe a class of
simple and efficient engine-payload particles whose active propulsion drastically intensifies
the process of oil film disruption and absorption, and point the way towards optimization of
many other interfacial or bulk collection and catalysis processes. The components of the first
prototype of self-propelling oil-collecting floaters are illustrated in Figure 3.1a. The “engine”
is made up of polyacrylamide hydrogel infused with a surface-active substance contained in a
small piece of plastic tubing. We used solutions of ethanol or sodium dodecyl sulfate (SDS)
as “propellant” infused into the hydrogel “engine”. The propulsion of an “engine”-only
particle driven by the release of a surface-active substance from a hydrogel has been
analyzed and characterized by us in a recent paper.”® The “payload” is a commercial oil-
absorbent material (hydrophobic nonwoven composed of polypropylene) that collects and
stores the oil as the particle propels. The polydimethylsiloxane (PDMS) plug in between the
absorbent and the hydrogel prevents the penetration of SDS/ethanol into the absorbent
section. To demonstrate and characterize the performance of these particles, mineral oil
(dyed with Oil Red O) was poured on water in a plastic Petri dish. The oil spreads in a thin
layer covering the water surface. The assembled particles were floated on the surface of this
water by capillary forces where they immediately begin to propel due to a self-sustained
cycle of Marangoni effect driven flows.?® A typical trajectory of such oil-assimilating
particles is illustrated in Figure 3.1b. As the particle propels, two concurrent effects occur —

oil film disruption at the hydrogel end and absorption at the other end.
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Figure 3.1 (a) Schematic illustrating the composition and working principle of an oil-
collecting self-propelling particle floating at the air-water interface. (b) Snapshot of the oil-
covered water surface after 3.5 min of releasing the self-propelling oil collector illustrating
the trajectory of particle movement (scale bar = 2 cm) and photograph of an “engine-
payload” particle (scale bar = 1.5 mm).

3.2 Experimental Section

3.2.1 Particle Assembly

The ethanol-infused polyacrylamide gel was crosslinked within the microbore tubing (0.050"
x 0.090" OD) as previously described by us in ref. 26. Additionally, 0.1 g/ml of SDS (Sigma-
Aldrich, Milwaukee, WI) was added to the hydrogel precursor solution prior to curing. After
curing, the tubing was trimmed to 8 mm length. A 1 mm long PDMS plug (preparation
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described in ref. 26) was pushed further into the tubing with tweezers making space for the
oil-absorbent. The vacant space was then stuffed with ~ 1 mg of oil-absorbent, obtained from
New Pig Inc. (Tipton, PA). The ratio of the lengths of the hydrogel and absorbent was ~ 5:2
within the 8 mm tubing. Mobile particles without absorbent, used in the control experiments,
comprise of the surfactant infused hydrogel within the 8 mm tubing with one end sealed with
a 1 mm long PDMS plug. Stationary absorbent “control” particles consist of only the
absorbent within the 8 mm tubing.

Particles comprising of ethanol infused agarose gel were assembled as follows. The
agarose gel was prepared by mixing agar powder (Acros Organics), 2% by weight, with DI
water heated over a hot plate. The solution was then allowed to cool down to room
temperature and during this process (before gelation) an equal volume of ethanol was added
to it to obtain 50% v/v ethanol-water mixture in the hydrogel. A 1 mm long PDMS plug was
inserted at one end of an 8 mm long piece of microbore tubing, and pushed further into the
tubing with a tweezer to divide the interior of the tubing into two chambers of 5 mm and 2
mm lengths. Oil-absorbent (1-2 mg) from New Pig was filled into the 2 mm chamber using
tweezers, and the other end was filled with the agarose gel by simply inserting the open end
of the tubing vertically into the hydrogel.

In the simplified particle design, one corner of a 4 mm x 8 mm rectangular absorbent
sheet was wetted with 2 pl of 50% v/v ethanol-water solution containing 21.5 mM surfactant.
The sheets were then left to dry before floating them on water. We tested three different
surfactants - sodium dodecyl sulfate, sodium tetradecyl sulfate and sodium hexadecyl sulfate
(Sigma-Aldrich, Milwaukee, WI). The magnetically responsive self-propelling sheet was
prepared by incorporating Fe,O3 nanoparticles (Sigma Aldrich, Milwaukee, WI) on a 5 x
8 mm rectangular absorbent sheet. 4 ul of 50% v/v ethanol-water solution containing 21.5
mM STS was pipetted on one edge of the sheet, and 4 pl of a suspension of Fe,O3
nanoparticles (comprising of 0.16 g of nanoparticles per ml of 50% v/v ethanol-water
solution) was pipetted on the other edge. The sheet was then left to dry before floating it on

water.
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All experiments were performed in a 14.6 cm diameter Petri dish containing 60 ml
deionized water (obtained from a Millipore Milli-Q Academic water purification system,
Billerica, MA) with 60 pl of light mineral oil (Sigma-Aldrich, Milwaukee, W1), dyed with
2.6 mg/ml of Oil Red O (Sigma-Aldrich, Milwaukee, W1), floating on the surface.

3.3 Results and Discussion

3.3.1 Characterization of Oil Film Dispersion

The recorded experimental movies were analyzed to quantify the change in the area of oil
coverage by monitoring the number of pixels representing the dye colored area over time.
Control experiments were performed with moving particles without absorbent and stationary
particles with absorbent (details in Section 3.2). The obtained plots of oil coverage as a
function of time are shown in Figure 3.2a. The magnitude of oil film dispersion, measured by
the decrease in the count of red colored pixels, is much larger for the mobile particles (with
or without absorbent) compared to the stationary ones. The release of the surface-active
material from the hydrogel end of the mobile particles leads to dispersion of the oil film due
to Marangoni effect driven spreading of the surfactant. The surface pressure of the surfactant
adsorption monolayer causes compression of the oil layer over the water surface. The extent
of oil dispersion depends on the surface tension, solubility/volatility and overall spreading
dynamics of the surface-active agent released. For example, when only ethanol was used as
“propellant” (by incorporating an ethanol infused agarose gel as “engine”, details in Section
3.2), the degree of oil film dispersion was significantly reduced since ethanol is miscible in
water as well as volatile, causing compressed oil film to rapidly re-spread (Fig. 3.2b). SDS,
on the other hand, has lower solubility in water and is non-volatile. Therefore, spreading of
SDS contracts the oil film more than the spreading of ethanol. The oil dispersion propensities

of other sodium n-alkyl sulfate homologues are discussed below.
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Figure 3.2 (a) Fractional decrease in the area of oil spread on water with time for self-
propelling particles compared to that observed for stationary particles. Lines fitted to the data
points are to guide the eye. Snapshots of the oil coverage on water for the two particle types
have been shown as insets for comparison — the decrease in oil film area for a moving
particle in 3 min is much greater than that for a stationary particle in 25 min. (b) Snapshots of
the Petri dish surface illustrating oil dispersion by particles releasing SDS versus particles
releasing ethanol.
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3.3.2 Characterization of Oil Absorption

In addition to dispersion, these self-propelling particles are also simultaneously collecting the
oil into the absorbent “payload” head. The rate of absorption is dependent on the diffusive
and convective transport of oil to the absorbent.

% =-v.Vc+DVic (3.1)

where C is the oil concentration in the absorbent, v is the particle velocity, D is the diffusivity
of oil in the absorbent, t is the time and Vcis the gradient of oil across the absorbent.
Assuming that the convective term is dominant for a mobile particle and that the local oil
concentration outside the particle remains constant, the following exponential correlation

between the oil weight absorbed, W, and the distance moved in oil, d, is obtained

% =-vVe = % = —v% =kv(C,-C) > C=C,(1-e™*%) = W=W, (1-e™*’) (3.2

where C, is the oil concentration outside the particle, W, is the maximum oil weight that can
be collected by the working section of the particle and k (assumed constant) represents the
inverse of the effective distance over which the oil concentration gradient exists. The derived
weight-distance correlation suggests that for a hypothetical particle moving with constant
velocity, the rate of oil collection would increase with increasing particle velocity (Fig. 3.3).
In our experiments, the nature of particle motion is periodic and the type of surfactant used as
well as its rate of release determines the particle velocity. Therefore, the distance propelled
by the particles in a given time indirectly represents the rate/type of surfactant released from
the particles. Typical plot of particle velocity in oil, illustrating the periodicity in its motion,
and the plot of cumulative distance travelled in oil (obtained by analyzing the frames of the

experimental movies) have been shown in Fig. 3.4.
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Figure 3.3 Theoretical plots of the weight-distance correlation for a particle moving with
constant velocity.
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Figure 3.4 Typical plots of the velocity profile and distance travelled in oil for a particle
releasing SDS and ethanol.

The experimental data of weight gain over time (obtained by periodically weighing
the particle in an analytical balance during the experiment) are plotted in Figure 3.5.
Stationary absorbents rely on diffusion and natural drifting for gathering the oil spread over
large area on the water surface. The data in Fig. 3.5 clearly show that the mobile oil-
absorbing particles are more effective collectors compared to stationary absorbents of similar

size due to additional contribution of convective oil flux in the former case. The weight gain
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data of the mobile oil-collecting particles were fitted with the weight-distance correlation
above. W, was obtained experimentally to be ~ 4.2 mg and k, used as the fitting parameter,
was estimated to be 0.017 cm™. The values of both W, and k would depend on the type and
amount of absorbent in the particle head, and are expected to be higher for more efficient
absorbents. Mobile absorbent-containing particles moving on clean water surface did not
show an increase in weight over time. Mobile particles without absorbent showed a minimal

increase in weight due to collection of some oil by capillarity.
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Figure 3.5 Weight gain over time for self-propelling oil-collecting particles compared to that
observed for stationary particles. Line fitted to the data of mobile absorbing particles is
obtained from the derived weight-distance correlation, whereas the line fitted to the data of
stationary particles is for guiding the eye. Time-lapse snapshots of a mobile oil-collecting
particle have been shown as insets after 5, 15 and 25 min of propulsion (note the increasing
color intensity as the absorbent head becomes saturated with oil).

3.3.3 Simplifying Particle Design: Mobile Absorbent Sheets
This technique can be developed further by designing new, simple and inexpensive particles
of practical value. One extremely simple way of achieving this is by infusing a small amount

of surfactant into one side of an absorbent sheet, a few millimeters in size, cut out from a roll
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of oil-collecting material (Fig. 3.6a). The absorbent sheets formed in this way self-propel
vigorously on the water surface. Their trajectory depends on the sheet’s shape and the
direction of infusion. A few examples of the rotational-translational trajectories of such
propellers are shown in Fig. 3.6b. Their mode of operation and efficiency depend on the type
of surfactant. Fig. 3.6a & b illustrate the degree of oil dispersion and absorption by
microsheets releasing SDS, sodium tetradecyl sulfate (STS) and sodium hexadecyl sulfate
(SHS) as means of propulsion on water (details in Section 3.2). The sheet velocity decreases
with increasing (surfactant’s) alkyl chain length. The slower motion of absorbent sheets
propelled by higher molecular weight homologues is probably a result of the slowing rate of
surfactant diffusion from absorbent onto water surface with increasing hydrophobicity or
chain length. The efficiency of oil dispersion by the sheets (Fig. 3.7) is dependent on two
factors — the rate of release of surfactant molecules from absorbent into water (decreases with
increasing chain length) and the surface pressure of the surfactant monolayer (increases with
increasing chain length).

The structure of the surfactant film also varies among the homologues as with
increasing chain length the surfactant molecules form ordered, tightly packed, liquid-like
monolayer at the air-liquid interface due to hydrophobic interactions between the alkyl
chains.?” The difference in the pattern of surfactant spreading was even more distinct when
these homologous surfactants were directly pipetted over the oil covered water surface. We
pipetted 2 pl of the surfactant solution, used for wetting the absorbent sheets, directly over
the oil covered water surface. Figure 3.8 compares the decrease in oil coverage by surfactant
spreading for these control experiments. As can be seen in Fig. 3.8, the extent of spreading in
terms of the area increases with increasing alkyl chain length due to greater surface pressure
of longer chain length homologues. It is interesting to note that in the case of ethanol or SDS,
the spread film collapses back quickly and almost completely. This tendency diminishes with
increasing alkyl chain length, as in the cases of C14 and C16 surfactants the film only
partially collapses back. Also, the time it takes for the spread surfactant film to collapse
increases with increasing chain length of the surfactant. This trend suggests that with

increasing alkyl chain length, the surfactant film at the air-liquid interface becomes more
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incompressible or liquid-like due to hydrophobic interactions between the alkyl chains. Due
to the decreasing rates of surfactant release from absorbent with increasing alkyl chain
length, the nature of oil film dispersion by the surfactant infused absorbent sheets (Fig. 3.6a
& b) is quite different from that observed when the surfactant is directly pipetted over the air-
water interface (Fig. 3.8).

Distances propelled by the surfactant-driven absorbent sheets have been quantified in
Figure 3.9. Since the sheets propel due to the process of spreading, distance travelled is
representative of the process of surfactant release and spreading. This explains the
correspondence between the trend of plots in Fig. 3.6a and Fig. 3.9. Also, there is
correspondence between the total distance propelled (Fig. 3.9) and the amount of oil
absorbed (Fig. 3.6a) in the case of SDS and STS driven sheets, in agreement with the weight-
distance correlation; whereas, in the case of SHS driven sheet, oil collection is predominantly

diffusion-driven.
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Figure 3.6 (a) Fractional decrease in oil coverage vs. time for absorbent sheets (inset at top
right corner, scale bar = 2 mm) propelled with sodium dodecyl sulfate (C12), sodium
tetradecyl sulfate (C14) and sodium hexadecyl sulfate (C16). Total amount of oil absorbed
and maximum propulsion velocity for each case have also been listed. (b) Snapshots of the
Petri dish surface at the end of the motion for C12, C14 and C16 driven absorbent sheets
showing the trajectories of sheet movement. (c) Snapshots demonstrating pick-up of an
absorbent sheet, incorporated with iron oxide nanoparticles, using a magnet.

The dimensions of these oil-gathering particles can be easily scaled up or down and
their shape can be optimized. The addition of a magnetic component into the self-propelling
absorbent sheets (details in Section 3.2) could enable easy pick-up of the sheets out of water
using a magnet after the oil is collected (as exemplified in Fig. 3.6¢), which can also be used
for magnetically compressing the stored oil out of the particle mass. Moreover, such particles
can be designed using multiple combinations of oil absorbent matrix and surface-active
material. Novel oil sorbents, that are being tested and developed actively by numerous

8-19,21-24

research groups, can be mobilized to create self-propelling particles.
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Figure 3.7 Snapshots of the Petri dish surface illustrating the differences between the
dispersion of the oil film by absorbent sheets driven by (a) SDS, (b) STS and (c) SHS.
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Figure 3.8 Plots showing the decrease in the area of oil spread on water due to spreading of
three members of the homologous series of sodium n-alkyl sulfates, SDS, STS and SHS,
dissolved in 50% v/v ethanol-water solution and the spreading of just the 50% v/v ethanol-
water solution. Positive slope represents surfactant film spreading (compression of oil film)
and negative slope represents its collapse (re-spreading of oil film).
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Figure 3.9 Plot comparing the distance propelled in oil by absorbent sheets driven by
spreading of three members of the homologous series of sodium n-alkyl sulfates (SDS, STS,
SHS) dissolved in 50% v/v ethanol-water solution.

3.4 Conclusions

In conclusion, we have demonstrated that the incorporation of oil absorbents into
autonomously moving particles radically enhances the rate of oil absorption and dispersion
relative to the currently used immobile absorbents. While the benefits and disadvantages of
applying chemical dispersants for dealing with oil spills are still being debated,? the simple
approach described here demonstrates the potential of self-propelling particles to drastically
increase the speed and efficiency of a number of engineering processes requiring rapid
transport of a solute or phase to a solid absorbent and/or catalyst. For example, asymmetric
catalytic particles propel osmotically by generating a concentration gradient of reaction
products around them.?**® We believe such self-propelling catalytic particles can accelerate
the rate of a reaction to a greater extent relative to passive catalysts, owing to enhanced

(convective) flux of reactants towards them.
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CHAPTER 4

Biocatalytic Self-Propelling Particles
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4.1 Introduction

A drawback in the design of Marangoni effect driven self-propelling particles, described in
Chapters 2 and Chapter 3, is that their motion is dependent on the amount of fuel (surface-
active material) present in the gel. This limitation can be overcome by loading these particles
with a catalyst that can power their motion but does not get consumed in the process. With
this objective in mind, we designed “hybrid” biogenic or biocatalytic particles composed of
both live and synthetic elements, where live cells are employed as catalyst for generating
chemical concentration gradient across the particles to facilitate their propulsion (the
particles act as bio-reactors).

We have utilized yeast cells as catalyst to provide energy for propulsion to these
particles through two different processes of glucose fermentation and hydrogen peroxide
(H20,) decomposition. Glucose and H,0,, which act as fuel in these processes, are present
outside the particle. Therefore, these yeast boats can propel as long as glucose or hydrogen
peroxide is available in their surroundings, in principle, by harvesting energy from the
catalytic activity of yeast cells. Although synthetic catalysts*” and isolated enzymes®® have
been used previously for propelling objects in liquids, in our knowledge such biocatalytic

particles that use intact live cells for catalysis have not been reported previously.

4.2 Experimental Section

We tested various configurations of yeast boats (Figure 4.1). The boats contained yeast
packed near one end of an intact or half-cut 5-7 mm long, 0.050" ID x 0.090" OD, Tygon
microbore tubing (Saint-Gobain). Yeast (Fleischmann’s active dry yeast) was immobilized
within the hydrogel (polyacrylamide, agarose and alginate) or layers of polyelectrolyte before

being packed into the tubing.***2

Polyacrylamide hydrogel precursor solution was prepared
by mixing monomer acrylamide, cross-linker N,N -Methylenebisacrylamide and initiator 2,2-
Dimethoxy-2-Phenylacetophenone (Sigma) in deionized (DI) water in the ratio 1:0.1:0.01 by
weight. The solution contained 11% w/w of monomer. Agarose gel precursor solution
contained 1% w/w agarose (Acros Organics) in deionized (DI) water heated over a hot plate.

Yeast was mixed with the uncured gel solution and filled into the tubing prior to gelation by
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10 min UV treatment (Model B-100A, Black-Ray) in the case of polyacrylamide gel or
cooling in the case of agarose gel. Yeast was immobilized in alginate gel by firstly hydrating
itin 0.1 M pH 7 phosphate buffer to prepare 10% w/w yeast suspension. This suspension was
mixed with equal volume of a solution of 4% w/w sodium alginate (Fluka Biochemika) in DI
water. This solution was pipetted drop-wise into a solution of 1.5% w/w calcium chloride
(Acros Organics) in DI water to (instantly) form beads of alginate gel with immobilized
yeast, that were packed into the tubing. We also immobilized yeast with solutions of 5%,
10% and 20 % w/w polyelectrolyte (Poly-styrene sulfonic acid sodium salt or PSS
(Polysciences) and Poly-dimethyldiallylammonium chloride or polyDADMAC (Sigma)) in
DI water. This was done by either mixing yeast directly with polyelectrolyte solutions or by
layer-by-layer injection of yeast and polyelectrolyte solutions into the tubing. In Fig. 4.1d &
g, one end of the tubing was closed with a gel plug (agarose, polyacrylamide or alginate gel
of same composition as that used for immobilizing yeast), and in Fig 4.1g the other end of
the tubing was closed with a polydimethylsiloxane (PDMS) plug which prevents any mass-
transfer from taking place. PDMS plug was fabricated by filling the Sylgard 184 PDMS
precursor (Dow Corning) into the plastic tubing before curing at 70 °C. The cured plug was
squeezed from the template tubing using tweezers, cut to 1 mm length, and inserted in the
yeast boat. In Fig. 4.1e a film of polystyrene latex microspheres 0.72 and 8.7 pum diameter
(Interfacial Dynamics Corp.) was deposited on the yeast-end of the tubing by dip-coating.
Experiments were carried out in solutions of 0-3% w/w H,0, (Topical solution USP) in DI
water or in a solution of 0.8 M glucose (Sigma) in DI water. DI water (18.2 MQ.cm at
25 °C), was obtained from a Millipore Milli-Q Academic water purification system
(Billerica, MA). We varied different parameters such as the amount of yeast, concentration of
glucose, cross-linking ratio of hydrogels in our experiments to optimize the motion of
biocatalytic particles. These results have been discussed in the following sections along with

the details on such parameters.
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Figure 4.1 Schematic showing different designs of biocatalytic particles. Yeast immobilized
using hydrogel or polyelectrolyte matrix is contained at one edge of intact or half-cut plastic
tubing in (a)-(f). In (d) and (e), one end of the tubing is plugged with a gel plug or latex film.
In (g), yeast suspension in water is encapsulated within the tubing with PDMS and hydrogel
plugs at its ends.

4.3 Results and Discussion
4.3.1 Glucose Fermentation
Yeast catalyzes the breakdown of glucose in order to obtain energy (metabolism), producing

ethanol and carbon-dioxide as by-products.
C,H,0, —** 2 C,H,OH+2CO, T

The process of fermentation by yeast has been employed immensely for the production of
bread and alcoholic beverages. We hypothesized that particles comprising of yeast cells
could propel in glucose solution by harvesting energy from the process of fermentation
(Figure 4.2a). Release of ethanol from one end of the particle would lead to surface tension
asymmetry across it as ethanol lowers the surface tension of water, causing a net propulsion
force to act on the particle due to Marangoni effect.**™**

In the case of configurations illustrated in Fig. 4.1a & ¢ we did not observe

satisfactory particle motion possibly due to additional diffusion limitation to mass-transfer
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offered by the hydrogel plug;*>™*" whereas for the configuration in Fig. 4.1b, we observed

rupturing of the polyelectrolyte matrix that we believe is caused due to the pressure build-up
from CO; generation. In the case of Fig. 4.1g, when we mixed glucose with the yeast solution
within the tubing, we observed bubble formation (along with propulsion of the particle by
diffusion of generated ethanol out of the hydrogel) that eventually forced the hydrogel plug
out of the tubing. Whereas, when we added glucose to the solution surrounding the particle,
we observed development of bubbles near the hydrogel end of the tubing that finally pushed
the hydrogel out and we did not observe substantial particle motion. Similarly, for the
configurations illustrated in Fig. 4.1d & e, we found that the gel plug and the latex film were
not rigid enough to hold the yeast inside the tubing against the pressure build-up by CO,
generation. We overcame these issues by using the configuration in Fig. 4.1f. We did not
observe rupturing of the polyelectrolyte matrix in this design because the pressure build-up
by CO, generation was relatively low as the tubing was half-cut and open to the surrounding
air. Figure 4.2b is the cumulative distance versus time plot of a yeast boat (comprising of 0.4
mg baker’s yeast immobilized with 0.4 mg of a solution of 10% w/w PolyDADMAC in DI
water in a half-cut tubing, as shown in Fig. 4.2a) moving in a solution of 0.8 M glucose in DI
water. The average speed of the yeast boat during the latter 5 hrs of the total of 10 hrs spent
in glucose solution is 10 um/s. This velocity magnitude is of the same order as that observed
when the particle was floated in just water (no glucose). The insignificant propulsion force
on the particle could be due to multiple factors such as the slow rate of the glucose
fermentation process,*® small amount of yeast present in the particle (0.4 mg), and high
viscosity of 0.8 M glucose solution.™® We overcome some of these limiting factors inhibiting
the particle motion by using H,O, as a medium for propulsion in place of glucose, as
discussed in the following section.
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Figure 4.2 (a) Schematic showing the propulsion mechanism of a yeast boat in glucose
solution. Fermentation of glucose releases ethanol which propels the particle by Marangoni
effect. (b) Plot of cumulative distance versus time of a yeast boat, design similar to that in
(@), propelling in glucose solution.

4.3.2 Hydrogen Peroxide Decomposition
Yeast catalyzes the decomposition of hydrogen peroxide (H,0,) into water and oxygen as
H,0, is toxic to yeast.

2H,0, —*£52H,0+0, T
This process is very vigorous - one molecule of catalase enzyme can decompose ~10°
molecules of H,0, per second.’>** We hypothesized that yeast in the particle would convert
H,0, present in its surroundings into water and oxygen. In addition to the recoil from bubble
release, bursting of the generated O, bubbles near one end of the particle would also result in
its propulsion due to spreading of the thin film around the bubbles as the film ruptures and
collapses,® as illustrated in Figure 4.3.

Since H,0; is toxic to yeast, we tested the viability of yeast cells in H,O, solution by
staining them with fluorescein diacetate (FDA) dye. No reduction in fluorescent intensity of
cells was observed after two hours in H,O, solution (Figure 4.4a), indicating that the cell
were still viable; whereas significant reduction in fluorescence occurred after letting the cells
stay in H,O, solution for a week (Figure 4.4b), compared to glucose solution (Figure 4.4c).

Redox titration studies were performed to test for the rate of decomposition of H,O, solution
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by the yeast boat using potassium permanganate as an oxidizing agent. We found that the

decrease in H,O, concentration over a period of four hours was only ~6% (Figure 4.4c).
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Figure 4.3 Schematic illustrating the propulsion mechanism of a yeast boat in hydrogen
peroxide solution based on the bursting of oxygen bubbles at one end of the particle
containing immobilized yeast cells.

(d) 156
k-
154 F
P 152
3 150 | pY
d 148 | *
)
% 146 | "
1.44 1 1
0 100 200 300

Time (min)

Figure 4.4 Fluorescent intensity is an indicator of cell viability. Yeast cells are still viable
after remaining in H,O, solution for 2 hrs (a). There is a significant decrease in viability after
1 week in H,O; solution (b), but the cells are still viable after 1 week in glucose solution (c).
(d) Plot illustrating the rate of H,O, decomposition with time due to propulsion of the yeast
boat.

The plots of cumulative distance versus time for yeast boats (comprising of 0.4 mg
baker’s yeast immobilized with 0.3 mg of a solution of 10% w/w PSS in DI water in a half-
cut tubing, as shown in Fig. 4.1f) in 3% and 1.5% w/w H,O, solutions, are presented in
Figure 4.5a. The average speed of yeast boat in 3% H,O, solution is 0.45 mm/s, whereas in

1.5% H,0, solution it is 0.19 mm/s. The speed of the yeast boat is an order of magnitude
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higher in H,O, solution compared to glucose solution for the same amount of yeast present in
the yeast boat. This is because the rate of H,O, decomposition by yeast is faster compared to
the rate of glucose fermentation and the viscosity of H,O; solution is lower than the viscosity
of glucose solution. We can see from the plots in Figure 4.5a that the motion is short-lasting
in H,O, solution. In 3% H,0,, motion lasted for about 3 min and in 1.5% H,0, for 6 min.
This is because the polyelectrolyte packing cannot withstand the high rate of bubble
generation and eventually ruptures. Particle stability was higher with the configuration
illustrated in Figure 4.1c comprising of yeast immobilized within alginate gel (composition
described in the Experimental Section), where we observed propulsion for more than 2 hours
as shown in Fig. 4.5b. Due to the additional diffusion limitation to mass-transport offered by
the hydrogel, the average speed of the particle with this design was smaller than the case
when yeast was immobilized with polyelectrolytes.
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Figure 4.5 (a) Plot of cumulative distance versus time of yeast boats, design similar to that in
Fig. 4.1f, propelling in 1.5% and 3% w/w H,O; solutions. (b) Plot of velocity against time of
yeast boats, design similar to that in Fig. 4.1c, propelling in water and H,O, solutions (1.5%
and 3% wi/w). Inset shows the trajectory of such a yeast boat in 1.5% w/w H,O, solution
(scale bar =1 cm).

Based on the propulsion mechanism of the yeast boat in H,O, solution, we correlated
its velocity v to the process of bubble-bursting as,

Vv=axrxf (4.1)
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where r is the radius of the generated oxygen bubbles, f is the frequency of bubble bursting
and « is the proportionality constant. We obtained v, r and f as a function of time by
analyzing the frames of the experimental movies of particle propulsion. The product of r and
f was fitted to the particle velocity data (Figure 4.6a) and a, used as a fitting parameter, was
estimated to be 0.74. This is a reasonable value as it implies that the particle moves an
average distance of 0.74 cm when a bubble of 1 cm radius bursts. When surfactant (sodium
dodecyl sulfate or SDS) was added to H,O, solution, the generated oxygen bubbles were
smaller in size and stable (did not burst). This severely inhibited particle propulsion — particle
was slowly drifted forwards by the growing tail of released bubbles behind it as shown in
Figure 4.6b, which reminds of the propulsion of a Listeria bacterium by the polymerization

and cross-linking of actin protein into a comet-like tail behind the bacterium.?®?*

-

04

02 f

Velocity (cm/min)
&

¢ Expt

01 F
[ ——Model

0 NS - SN SR« SR SO SRS

Figure 4.6 (a) Plot of velocity against time of a particle comprising of yeast immobilized in
alginate gel, design similar to that in Fig. 4.1c, propelling in 1.5% w/w H,0O, solution. The
experimental data is fitted with the product of bubble size and frequency of bubble bursting
using eqgn (4.1). (b) Snapshots showing the propulsion of a yeast boat in 1.5% w/w H,0,
solution due to a growing tail of released oxygen bubbles that are stable due to the addition
of SDS (1 mM) into H,0, solution (scale bar =5 mm).
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4.4 Conclusions

In this chapter, we have presented biocatalytic self-propelling particles that employ yeast
cells for catalyzing the processes of glucose fermentation or hydrogen peroxide
decomposition, which provides them with the energy for propulsion. We tested several
particle designs to optimize the stability and propulsion of the yeast boats. We found that the
particle motion in glucose solution was much slower compared to that in H,O, solution due
to the rapid rate of H,O, decomposition and lower viscosity of H,O, solution. Such catalytic
self-propelling particles can be made to propel for long durations by replenishing the “fuel”
in their surrounding medium, unlike the on-board fuel driven particles. Our work is the first
demonstration of employing live cells directly as catalysts for generation of motion. Using
intact live cells directly is a far simpler alternative to isolating enzymes from live cells and
integrating them with synthetic components for catalysis driven propulsion. We believe our
research will stimulate further exploration of novel catalyst-fuel combinations for
development of such particles.

Both Marangoni effect driven and biocatalytic self-propelling particles exhibit
powered random motion, as their motion trajectories are unpredictable. The next chapter of
this dissertation is focused on the diode based self-propelling particles, whose direction of
motion can be precisely controlled by remote steering, in contrast to the particles described in

the previous chapters.
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CHAPTER 5

Remote Steering of Self-Propelling Microcircuits by Modulated Electric Field*

* Based on R. Sharma and O. D. Velev, in preparation for Adv. Funct. Mater.
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5.1 Introduction

The science of complex functional particles is expanding rapidly towards new types of motile
and self-propelling particles.® These particles carry a certain amount of propellant material,
or convert the chemical or field energy from their environment into controlled directional
motion. Novel techniques for propelling particles, a few millimeters or smaller in size, are
being actively explored.”?" It can be hypothesized that in the not-so-distant future this
research evolution will result in new types of “smart” particles that could move on their own,
sense their environment and respond in highly specific ways.?®*’

We have demonstrated previously a new class of self-propelling particles based on
miniature semiconductor diodes powered by a global uniform alternating (AC) electric
field.® The millimeter-sized diodes, floating on water, rectify the voltage induced between
their electrodes. The resulting particle-localized electroosmotic (EO) flux propels them in the
direction of either the cathode or the anode depending on their surface charge (Figure 5.1a).
Interestingly, diode velocity was found to be independent of diode size and field frequency,
which implies that they can be powered by contactless radio and microwave emitters. We
also demonstrated that such self-propelling diodes exhibit complex functionalities. For
example, light emission along with propulsion was displayed by light-emitting diodes
(LEDs), whereas a rotor ring with diodes attached on its periphery exhibited rotational
motion by harnessing the external uniform AC electric field. Similarly, diodes immobilized
on the walls of microfluidic channels were shown to pump and mix liquids.*® Recently
semiconductor diode nanowires, synthesized by membrane template growth route, have also
been propelled by the principle of AC electric field rectification.*® These motile particles
suggest rudimentary solutions to problems facing self-propelling microdevices, including
harvesting power from external sources for propulsion and potential for a range of additional
functions.

The next step in this direction is developing means of steering the moving
microdevices. As illustrated in Figure 5.1b, rotating the orientation of the diode by 180°
reverses the direction of its motion (as the direction of counterionic flux near diode surface

reverses).*® In this work, we present a novel technique that allows us to remotely rotate the
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orientation of the self-propelling diode, thereby steering it back and forth on-demand. The
diodes rotate and reverse their direction of motion when a DC component (wave asymmetry)
is introduced into the AC signal. This new principle of compounded AC+DC signal driven
manipulation of the direction of motion of self-propelling diodes offers a first demonstration

of the precise control of the motion and position of the swimming microdevices.
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Figure 5.1 (a) Schematic illustrating the mechanism of self-propulsion of a diode, floating on
water, due to electroosmosis near its surface powered by the DC potential drop across the
diode. (b) DC potential drop across the diode results from the rectification of an external
uniform AC electric field applied through the wire-electrodes across the Petri dish. Reversal
in the orientation of the diode reverses its direction of motion as the direction of ionic flux
near its surface reverses.

5.2 Experimental Section

The experiments were carried out in a plastic Petri dish of dimensions 9 cm x 9 cm x 1.5 cm
in depth, with two thin wire electrodes at its bottom on opposite ends separated by a gap of
7 cm. Deionized (DI) water (18.2 MQ cm at 25 °C), was obtained from a Millipore Milli-Q
Academic water purification system (Billerica, MA). Silicon switching microdiodes (1.3 mm
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x 0.9 mm x 0.65 mm, part number 1N4448HWTDICT-ND, Digi-Key Co.) were floated on
the surface of DI water contained in the Petri dish, suspended by surface-tension. Square
wave AC signal (800 V peak-to-peak, 1 kHz) was supplied to the wire-electrodes from a
function generator (Agilent, 33120 A) and amplifier (Trek, PZD 700), and was monitored
using an oscilloscope and a digital multimeter. Wave symmetry (duty cycle) was changed
digitally from the function generator. Diode motion was observed under Olympus SZ-61
optical microscope and recorded with Sony DSC-V1 Cyber-Shot digital camera. The control
experiment at the IEP of Petri dish was performed by lowering the pH of DI water to 5 by
addition of HCI and the control experiment at the IEP of diode surface was performed by

increasing the pH of DI water to 6.4 by addition of NaOH.

5.3 Results and Discussion

5.3.1 Effect of a Constant DC Field on Diode Motion

In our experimental setup, the millimeter-sized diode is freely floating over the water surface
contained in a Petri dish and the electric field is applied through the two wire-electrodes
across the bottom of the Petri dish surface (Fig. 5.1).When a uniform external AC field is
applied to the electrodes, the self-propelling diode experiences only an alignment torque.®*
However, when a DC component is introduced into the external AC signal, rotational torque
acts on the diode when the DC field across the diode is parallel with respect to the DC field
across the wire-electrodes. We can relate this effect and think of it in terms of dipole-dipole
interactions. The normalized energy of interaction, W, between the dipoles u; and u; in two
parallel planes (Fig. 5.2) can be estimated by

W

ulu2
Argyer’

where w is the interaction energy, &o is the vacuum permittivity, ¢ is the relative permittivity

=W =co0s¢ (5.1)

of the medium, r is the separation distance between the two dipoles and ¢ is the rotation
angle.*”? The two dipoles prefer to orient anti-parallel in relation to each other as the dipole-

dipole interaction energy is minimized in this case, whereas the interaction energy is
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maximum (unfavorable) when they align parallel to each other (Fig. 5.2). Similarly, the diode
prefers to align such that the DC field across it is oriented anti-parallel to the external DC
field. This phenomenon is observed because the DC potential drop across the diode always
points in the direction of its anode (as illustrated in Fig. 5.1a) and hence, is dependent on the
orientation of the diode. On the contrary, an isotropic material such as a piece of plastic
would not show a preference for one orientation over other as the direction of DC potential
drop across it will be independent of its orientation (drawing analogy to dipole-dipole
interactions, the lower energy configuration in Fig. 5.2 will be unattainable for a plastic
piece). We can also interpret this effect as the tendency of a diode to align itself in forward
bias with respect to the field, as its polarizability is higher in this orientation.

A DC component can be introduced into an AC signal by changing the wave
symmetry, also called duty cycle (Fig. 5.3a). Although application of DC fields provides an
effective tool, in principle, for controlling the direction of diode motion, EO flows
originating near the Petri dish surface (Fig. 5.3b) significantly affect the diode motion by
drifting it forwards or backwards depending on the direction of external DC field, which is
undesirable. These unwanted EO flows can be overcome by adjusting the pH of the liquid to
the isoelectric point of the Petri dish surface. However, such fine tuning of the experimental

conditions greatly limits the applicability of this technique.
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Figure 5.2 Dipoles u; and u, in two different planes prefer to orient anti-parallel with respect
to each other as the dipole-dipole interaction energy is minimized in this case, whereas the
interaction energy is maximized when they align parallel to each other. Similarly, a diode
floating over the water surface prefers to orient such that the DC field across it is anti-parallel
with respect to the DC field across the wire-electrodes.
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Figure 5.3 (a) A perfectly symmetric square wave has a duty cycle of 50% and there is no
DC component present. When its duty cycle is changed to, for example, 20% - wave
symmetry changes such that the signal is positive for 20% of the time in a cycle.
Consequently, there is a net DC component present in this signal given by the time-average
of the positive and negative components of the AC cycle = [(y/5)x(h/2) — (4y/5)x(h/2)]ly = -
0.3h, as shown in the schematic. (b) Introduction of a DC component into the AC signal
leads to two additional effects on a self-propelling diode — i. flows generated in the liquid due
to electroosmosis near the Petri dish surface cause forward/backward drifting of the diode
depending on the direction of the external DC field, ii. diode rotates to position itself in
forward bias with respect to the external DC field (when it is oriented in reverse bias
initially), which can also be interpreted as the tendency of the DC field/dipole across the
diode to align itself anti-parallel with respect to the DC field/dipole across the wire-
electrodes.

5.3.2 Effect of a Short-Lasting DC Field on Diode Motion

An alternative approach to induce rotational torque on the diode, while eliminating the
undesirable effects of a constant external DC component, is to apply the DC field for only a
short duration. This was implemented by transmitting the input signal through a capacitor
before it reaches the wire electrodes (Fig. 5.4), since a capacitor tends to block the DC
component in the signal as it charges (Fig. 5.5). For the short duration during which the

capacitor charges, the diode responds to the external DC field as expected (Fig. 5.5a). It has a
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tendency to orient/remain in forward bias with respect to the field, as explained in Fig. 5.2.
Since the applied DC signal lasts for only a couple of seconds, its direct effect on the diode is
temporary and does not alter the overall nature of diode motion except for the minor
deviation observed during the short period when the capacitor is charging. However, once the
external DC component is eliminated by the capacitor, there is an indirect effect of the
applied DC pulse on the diode resulting from the counterion redistribution across the wire-
electrodes (Fig. 5.5b). Counterion redistribution occurs during the applied DC pulse. After
the DC component is removed, the field originating from the redistributed counterions, which
is opposite in direction to the short-duration external DC field, influences the diode motion.
The tendency of diode rotation is determined by its preference to be aligned such that the DC
field across it is anti-parallel in relation to the counterionic field. As expected, the diode
rotates when it is in reverse bias with respect to the counterionic field. Using this approach,
introduction of short-duration DC pulses (caused due to charging of capacitor) allowed us to
shuttle the self-propelling diode back and forth on the water surface on-demand as shown in
Fig. 5.6, while overcoming the perturbation in diode motion from EO flows arising near the
Petri dish surface.

Resistance
(1kQ)

| e Function
' Amplifier
\ . generator
, Diode Capacitor

\ / (11F)

Wire-electrodes

Figure 5.4 Experimental setup used for applying short-duration DC component to the wire-
electrodes along with the AC signal. Capacitor blocks the DC component in the signal as it
charges.
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Figure 5.5 Schematic illustrating the nature of diode motion when a short-duration DC field
is applied by blocking the DC component introduced into the AC signal through charging of
a capacitor. (a) As the capacitor charges, self-propelling diode is affected by the external DC
field. Since capacitor charging takes only a couple of seconds, these effects cause only a
momentary perturbation in the diode motion. (b) Once the external DC component is
eliminated by the capacitor, diode motion is influenced by the resulting counterion
redistribution across the wire-electrodes. Diode tries to orient in forward bias with respect to
the counterionic field, which is opposite in direction to the short-lasting external DC field.
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Figure 5.6 (a) Time-lapse snapshots of a millimeter-sized diode shuttling back and forth on
water on-demand by introducing a short-duration DC component into the applied AC signal
(scale bar = 5 mm). (b) Typical plot of velocity against time of a diode shuttling back and
forth, along with a cartoon of the applied input signal (which is different from the signal
reaching the wire-electrodes after passing through a capacitor, shown in Fig. 5.5 & 5.7).
Rapid increase in diode velocity on changing the signal symmetry results from the short-
lasting electroosmotic flows in the Petri dish while the capacitor charges, following which
the diode rotates due to the resulting counterion redistribution.

When the same experiment was repeated with a piece of plastic, no rotation was
observed as it is an isotropic material and therefore does not exhibit a preference for one
orientation over another in the presence of the counterionic field. The plastic piece only drifts
forwards-backwards driven by the short-lasting EO flows arising near the Petri dish surface
during capacitor charging, which also affect the diode as illustrated in Fig. 5.5a. When the
pH of water was lowered to the isoelectric point (IEP) of the Petri dish, rapid acceleration of
the diode was not observed prior to rotation due to suppression of these EO flows. Rotation
was still observed as counterion redistribution across the wire-electrodes still takes place.
Similarly, when the pH was increased to the IEP of diode surface, diode self-propulsion was
selectively inhibited in the absence of net ionic flux near the diode surface,®® while it
continued to respond to the short-duration DC field and the resulting counterion

redistribution.
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Interestingly, for the same sequential change in the duty cycle (wave symmetry) of
the input signal, the initial magnitude of the DC voltage reaching the wire-electrodes for the
case when the input signal was transmitted through a capacitor was twice the magnitude of
the (constant) DC voltage for the case when capacitor was not used (Fig. 5.7). Table 5.1
summarizes the response of a self-propelling diode to a sequence of duty cycle change

applied with and without a capacitor in the circuit, and compares the two cases.

(a) With Capacitor (50% - 20% - 80%)
y/2 y/5 7
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Figure 5.7 Schematic comparing the (cartoon of) signal reaching the wire-electrodes when
the duty cycle of the input signal is changed from 50% — 20% —80% for the cases when (a)
the signal passes through a capacitor before reaching the wire-electrodes and (b) the signal
directly reaches the wire-electrodes. When the duty cycle is changed from 20% —80%, the
initial magnitude of the DC voltage across the wire-electrodes in case (a) is twice the
magnitude of the (constant) DC voltage in case (b).
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Table 5.1 Summary of diode motion on water when the duty cycle of the AC signal is
changed from 50% — 20% — 80% for with capacitor (short-duration DC) and without
capacitor (constant DC) cases.

Without capacitor With capacitor

50% Propulsion Propulsion

20%
(i) Short-duration: tilts and stops

~

(i) Aligns and keep propelling —>

Tries to rotate (tilts) while

l drifting backwards

80%
(i) Short-duration: forward drift

(ii) Rotates and propels in opposite
direction 00— >

Aligns again while drifting
forwards

N e /\}/ N

< B+ e 2>+ >

5.3.3 Theoretical Estimations of Forces on Diode

Additionally, we have made back-of-the-envelope estimates of the rotational force acting on
the diode from the counterion redistribution, and compared it to the alignment force and drag
force experienced by the diode. Drawing analogy to the dipole-dipole interactions (Fig. 5.2),
rotational torque on the diode was approximated by assuming it to be a finite dipole
experiencing the field from the dipole resulting from counterion redistribution across the
wire-electrodes. The orientation of the dipole across the diode with respect to the dipole
across the wire-electrodes due to counterion redistribution has been shown in Fig. 5.8. The
charge in the dipole u; across the wire electrodes resulting from counterionic redistribution

was obtained from the Guoy-Chapman theory as®

vF

) @ .
=A —,/8 RTn_sinh P |1 |=+6.45%x10"C 5.2
g, X( & b ( ORT j} X (5.2)
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where g is the charge in dipole u;, A is the Petri dish surface area (49 cm?), ¢ is the
permittivity of water (7.1x10™° F m™), R is the gas constant (8.31 C V K™* mol™), T is the
temperature (298 K), n, is the ion concentration (1x10”" mol L™), v is the valency of ions (1),
F is Faraday’s constant (96.5x10° C mol™) and ¢p is the zeta potential of the Petri dish

surface (assumed 100 mV). The electric field of dipole u; at a distance z is given by

ul qldl
= = 53
Yo 4ner®  Aner® 3)

where d; is the charge separation in dipole u; (7 cm) and z is the distance between the dipole
u; and the diode (~0.5 cm). The rotational torque z by the field E; on the dipole across the
diode, uy, can be approximated as

r=u,xE, =(q,. d,)xE, =(q,d,)E, sin10° = F.(d, /2) (5.4)
where Q3 is the charge and d; is the charge separation (= diode length, ~1 mm) in dipole u,
and F; is the rotational force on the diode from the torque z. Solving this equation, we obtain
F = 1.41xq,x10'F V’m™ (5.5)
At steady-state, the rotational force on the diode, calculated above, will be balanced by the
opposing drag force (Fg) and alignment force (F).
F=F +F (5.6)
Drag force, F4, on the diode can be estimated by approximating it to be a cylinder of
length d; (1 mm) and diameter D (0.9 mm) moving transversely in the liquid with velocity u
(1.78 mm sy as*

F o= 49 ) 46x10°N (5.7)

d
m(74ﬂj
Dup
where 1 is the viscosity (10° Pa s) and p is the density (10° kg m™®) of water. Similarly,

alignment force, F,, on the diode can be estimated by approximating it to be an ellipsoid of

semimajor axes a>b>c as*

3
F -t A ¢ E?sin(2x10") =8x10°F Vm"* (5.8)
d,/2 3d, | In(2a/b)-1
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where 1, is the alignment torque on the diode (0.38 x10™ F V/?) and E is the external electric
field after the DC component in the signal is removed by the capacitor (2 Vpeak mm™).
Substituting the estimated values of F, and Fq4 in egn (5.6), we obtain the charge in the diode
dipole to be
g, =+1.6x10™"°C (5.9)
We can separately estimate the charge in the diode dipole, based on its capacitance C
specified by the manufacturer (3 pF), as
gy, =C-V =+2.4x10™C (5.10)
where V is the potential drop across the diode after the DC component in the signal is
removed by the capacitor (8 V). We can also estimate the charge near the diode surface, gq2,

based on the Guoy-Chapman theory as*®

0y, = Ax[—w BeRTn, sinh(%ﬁ _+1.3x10°C (5.11)

where A is the diode surface area (~1 mm?) and ¢ is the zeta potential of the diode surface
(assumed 100 mV). Since the actual charge in the diode dipole (egns 5.10 & 5.11) is much
larger (by orders of magnitude) than the charge required for the rotational force to balance
the drag and alignment forces (egn 5.9) - the actual rotational force on the diode must be
large enough to overcome the drag and alignment forces. This supports our hypothesis that
diode rotation is caused due to the rotational torque by counterionic field.
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Figure 5.8 Schematic illustrating the orientation of the dipole across the diode (uz) with
respect to the dipole across the wire-electrodes due to counterion redistribution (uy). z is the
separation between the two dipoles and E; is the field from the dipole us.

5.3.4 Sideways Diode Motion

We also observed that when the applied duty cycle change does not completely rotate the
diode, the diode exhibits sideways motion as shown in Fig. 5.9a. When the rotational torque
acting on the diode does not fully overcome the alignment torque and the viscous drag, diode
rotates only partially. Interestingly, we have observed sideways motion in multiple directions
for a given orientation of a partially rotated diode. Few motion trajectories observed during
sideways diode motion are shown in Fig. 5.9b. We believe such complex motion pattern is an
outcome of two effects — 1. reactive propulsive force (from the counterion flux near diode
surface) and 2. rotational torque (from the counterion redistribution across wire-electrodes)
acting simulataneously on the diode. Further work needs to be done to understand how each
of the various electrohydrodynamic effects taking place in the Petri dish influences the
direction of sideways motion when the diode partially rotates. This would enable additional
level of control on the precise direction of diode motion without using a four-electrode setup.
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Figure 5.9 (a) Photograph of a trajectory of a self-propelling diode moving sideways
(assembled from superimposed images), along with a plot of its x-displacement and angle of
rotation versus time, when the duty cycle of the applied AC signal was changed from 80% —
30% as shown in the cartoon of the input signal. (b) Photographs of some of the trajectories
observed during sideways diode motion (assembled from superimposed images).

5.4 Conclusions

We discovered and successfully implemented a technique that allows simple and effective
on-demand steering of the self-propelling diodes by means of remotely controlling the
parameters of the AC electric field. Application of short-lasting DC fields induces
counterionic redistribution that can be used to remotely rotate the diode, while eliminating
the undesirable fluid flows present during the application of constant DC fields. This new
principle of duty cycle modulation driven precise control of the direction of motion of self-
propelling microdevices is a first step towards the development of “intelligent” particles that
can perform practical functions in the fields of MEMs and micro-robotics.
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CHAPTER 6

Summary and Future Outlook
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6.1 Summary

The main theme of my dissertation is to develop and understand the fundamentals of novel
principles for powering the self-propulsion of millimeter-sized particles in liquids. In the first
project, we developed gel-based self-propelling particles, comprising of an ethanol infused
hydrogel, that exhibit a unique pulsating propulsion mechanism in water over long duration
(instead of continuous motion). The “dancing” gel-based particles are simple, inexpensive,
easy to construct, and can be prepared using multiple combinations of surface active material
and hydrogel matrix. The duration of motion of such particles can be tuned by adjusting the
concentration of surface active material in the hydrogel. We analyzed the reason behind their
pulsation and found that it is caused due to the generation of a self-sustained periodic cycle
of surface tension gradient driven flows, which in turn occurs because the ethanol release
from the hydrogel end takes place slightly beneath the water surface. On the basis of our
proposed propulsion mechanism and the mass transfer of ethanol from the hydrogel, we
developed scaling relations for the pulse interval and the distance propelled by these
particles, and found them to be in agreement with the experimental data. Based on the
quantification of this mass-transfer driven motion, we constructed floaters of various designs
programmed to move in stunningly regular sequences of translational and rotational steps,
performing various “dances” and following complex trajectories.

As a next step, we incorporated a “payload” element into the gel-based particles,
which already contain an “engine” component for self-propulsion. Since the gel-based
particles self-propel at the air-water interface, our choice for a “payload” was an oil
absorbent material. The thus formed “engine-payload” particles propelled vigorously over
the oil-covered water surface while the oil gets collected into the absorbent end, and
simultaneously the release of the surface active material from the hydrogel end causes oil
film dispersion. The efficiency of oil collection by mobile absorbents was found to be
significantly higher, due to the presence of convective oil flux, compared to stationary
absorbents that rely on diffusion or natural drifting for gathering oil. We correlated the
weight of oil absorbed by the particle (predominantly due to convective transport) to the

distance propelled in oil, based on an exponential relationship. Armed with this information,
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we simplified the particle design by directly mobilizing the absorbent sheets by infusing
them with a few drops of surfactant on one side, and analyzed the extent of oil dispersion and
rate of oil collection by sheets propelled using three different surfactants of the homologous
series of sodium n-alkyl sulfates. The dimensions of these oil-gathering particles can be
easily scaled up or down and their shape can be optimized.

In the second project, we eliminated the need of incorporating a propulsion “fuel” on-
board the particle by loading it with a catalyst and adding the “fuel” to the surrounding
liquid. We developed biogenic or biocatalytic self-propelling particles that use yeast cells
(immobilized in hydrogel or polyelectrolyte matrix) as catalyst to power their propulsion by
fermenting glucose or decomposing hydrogen peroxide (H,O,) present in the surrounding
solution. We found that the motion of the yeast boat in H,O; solution was very vigorous
relative to its sluggish motion in glucose solution. We correlated the particle velocity in H,O,
solution to the phenomenon of bubble bursting and obtained reasonable agreement between
the two.

In the third project, we devised a novel technique for controlling the direction of
motion of the diode-based self-propelling particles on water. The diodes are remotely
powered by an external uniform AC electric field, as reported earlier by Velev group. We
found that by introducing a short-duration DC component into the AC signal, the self-
propelling diodes could be rotated and made to shuttle back and forth on water. Diode
rotation occurs due to its orientation-dependent polarizability. We show that the diodes prefer
to orient in a direction such that the DC field across them is anti-parallel with respect to the
external field, analogous to the tendency of a dipole to orient anti-parallel with respect to
another dipole. Application of a short-duration DC component, implemented by modifying
the wave symmetry of the applied AC signal and transmitting it through a capacitor, induces
counterionic redistribution that can be used to rotate the diode on-demand while eliminating

the undesirable fluid flows present during the application of constant DC fields.
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6.2 Future Outlook

The research on principles, engineering and applications of self-propelling particles is a
relatively new but rapidly developing research field. Novel propulsion techniques are being
actively explored and the proof-of-principle of performing practical functions using particles,
which take advantages of a wide diversity of propulsion mechanisms, is being extensively
tested. This is an interdisciplinary research topic, requiring simultaneous efforts from several
areas of science and engineering. The results obtained so far in the preliminary tests have
been promising and suggest that exciting possibilities exist in the future for such novel
particle systems. Certain challenges continue to persist, as elaborated in Sections 1.2 & 1.3 of
this dissertation. In this section, | have pointed out the potential directions for future work in
reference to the self-propelling particles that we have developed, and have highlighted some
of the challenges facing these particle systems.

In the gel-based self-propelling particles project, we observed that there is a strong
correlation between the particle design parameters and the nature of particle motion. A
particle releasing surface active material on the water interface moves in a continuous
manner. In the particles that we constructed, ethanol release from the hydrogel takes place
slightly beneath the water surface, due to the submerged hydrogel end, which causes the
particle to propel in a periodic fashion rather than continuously. This suggests that by simply
modulating the depth of immersion of such particles in water, by controlling their weight or
buoyancy force, it may be possible to switch between the continuous and periodic modes of
propulsion on demand. The ease of designing particles with novel shapes and motion
trajectories, as well as the ability to predict the pulsation parameters of such particles using
the mass-transfer based scaling relations suggests that with additional efforts it may be
possible to precisely tune and control the propulsion of such Marangoni effect driven
particles in predefined trajectories. Additionally, we noticed that these floaters have a
tendency to assemble due to capillary attraction between their casings. In future, it may be
interesting to study the “on the fly” self-assembly of such autonomously propelling gel boats
(into dimers, trimers, and larger assemblies) and the emergent complex motion pattern of the

ensembles.
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Our approach of mobilizing an oil absorbent material for increasing the efficiency of
oil collection is applicable to any type of absorbent and can potentially be implemented for
environmental remediation operations following oil spills. However, their design can be
improved further. Currently, we are employing magnetic steering to control the direction of
motion of the self-propelling absorbents on top of oil-covered water by incorporating
magnetic particles into the absorbent material. Magnetization of the absorbent also allows us
to pick up the absorbent at the end of oil collection using a magnet. Potentially, the absorbed
oil can be recovered from the magnetized absorbents by using a strong magnetic field for
“squeezing out” the oil from them. An alternative, more efficient, steering approach can be to
functionalize these particles such that they can independently sense the gradient of oil in their
environment and respond to it (similar to the chemotactic behavior of bacteria, which has
been observed in the case of some synthetic self-propelling motors as well, as discussed in
Section 1.4). Such chemotactic absorbent particles would eliminate the need of applying
external magnetic fields for steering purposes. Due to the small size of our particles, viscous
drag has a significant impact on their propulsion. We have used light mineral oil in all our
experiments, which may not be an accurate representation of an actual oil spill in terms of
viscosity. Future research should involve testing the propulsion of such particles in high
viscosity oil samples and developing means of overcoming the viscous resistance. The
application of chemical dispersants for remediating oil spills is topic of an ongoing debate.
Hence, in place of Marangoni effect, other techniques of self-propulsion may be applied to
move the absorbent materials. One such technique may be aluminum catalyst-driven bipolar
electrochemical propulsion based on water-splitting reaction (discussed in Section 1.3.4).

The general principle of enhancing the rate of mass-transfer by imparting self-
propulsion ability to originally stationary particles, applied by us to an absorption process,
may be relevant to other widely used chemical processes such as catalysis. We believe that
self-propelling catalytic particles would be more effective in enhancing the rate of a reaction
compared to passive catalysts that rely on diffusive transport of reactants towards the
catalysts. Catalytic particles can be engineered to actively self-propel towards reactants,

111



thereby enhancing the convective mass-transport, using a variety of techniques such as self-
electrophoresis, bubble recoil and osmophoresis.

Catalytic motors are believed to hold potential for a range of potential applications
and extensive efforts are invested into optimizing their propulsion by rational engineering of
their design and careful selection of the catalyst-fuel combination. Catalytically driven
propulsion in H,O, has been reported earlier by several groups using synthetic catalysts or
immobilized enzymes of biological origin. Our biocatalytic yeast boats are the first
demonstration of applying live cells directly as catalysts of a kind for this process. We
correlated the velocity of the yeast boats in H,O, solution to the rate of bubble formation and
bursting. Future research efforts should examine the physics behind the particle motion in
terms of the various forces acting on it when the generated bubbles burst. A clear insight into
the physics behind the particle motion would enable us to model and control its motion
pattern. Benign propulsion media, such as glucose, are particularly attractive for the future
development of self-propelling particles with applications in the biomedical field. However,
the propulsion of the yeast boats in glucose solution was very slow compared to that in H,O,,
which we believe is due to the slow rate of metabolitic glucose fermentation by yeast. Further
work needs to be done to increase the propulsion speed of the yeast boats in glucose solution
by accelerating the rate of the fermentation process. We believe our work opens up
interesting possibilities in this research area as well as encourages others to explore novel
biocatalyst-fuel combinations.

The new principle of precisely controlling the direction of motion of the self-
propelling microdevices that we developed is a first step towards the development of
“intelligent” and “microbot” particles that can perform practical functions in the fields of
MEMs and micro-robotics. We observed that when the applied short-duration DC component
does not completely rotate the diode, the partially rotated diode starts moving sideways. We
believe that the sideways movement is an outcome of reactive propulsive force and rotational
torque acting simultaneously on the diode. Interestingly, we have observed diode’s ability to
perform sideways motion in multiple directions for a given duty cycle change. Future

research should focus on determining the source of directional variability in these
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experiments by understanding how each of the various electrohydrodynamic effects taking
place in the Petri dish influences the direction of sideways motion when the diode partially
rotates. This would enable additional level of control on the precise direction of diode motion
without using a four-electrode setup. In addition to controlling the back and forth movement
of the diode, this would allow us to tilt and propel the diode at a desired angle on demand.
Overall, this thesis makes a step towards the future development of microbots and intelligent

functional microdevices.
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