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Abstract

High-Performance Artificial Micro/Nanomachines

and Their Bioapplications

Jianhe Guo, Ph.D.

The University of Texas at Austin, 2018
Supervisor: Donglei (Emma) Fan

Artificial micro/nanomachines are micrometer or nanometer scale mechanical
devices that convert diverse energy sources into controlled mechanical motions. The
development and applications of these micro/nanomachines are among the most pressing
challenges in the research field of nanoscience and nanotechnology.

In this dissertation, we report innovative designs and operations of artificial
micro/nanomachines for bioapplications in biochemical sensing, biomolecule capture, drug
delivery and release. Based on the electric tweezers, innovative rotary nanomotors are
bottom-up assembled with high efficiency from nanoscale building blocks, which are
massively fabricated and less than 1 pm in all dimensions. After assembling, the rotary
nanomotors achieve an ultrafast speed up to 18,000 rpm, an ultradurable operation lifetime
of 80 hours, and over 1.1 million rotation cycles. To explore diverse alternative energy
inputs for nanomotors, we also applied electric tweezers in the guided manipulation of
chemical nanomotors: the motions of chemical nanomotors are aligned along the direction
of AC electric fields and their speeds are modulated by the DC electric fields. The prowess

of the manipulation of chemical nanomotors by the electric tweezers is demonstrated for
vii



applications in cargo delivery to designated microdocks and assembling of chemical
nanomotors for powering rotary nanoelectromechanical system (NEMS) devices. To
integrate the function of Raman sensing on the micro/nanomachines, plasmonic
nanomotors and bio-photonic-plasmonic micromotors with silver (Ag) nanoparticle
coating are designed and fabricated, which provide ultrasensitive detection of biochemicals
by Surface-enhanced Raman spectroscopy (SERS). The plasmonic nanomotors are
designed with nanoporous superstructures, providing high capacities of drug loading and
large numbers of hotspots. The plasmonic nanomotors also actively manipulate molecules
and tune the release rate in electric fields due to the induced electrokinetic effect. The bio-
photonic-plasmonic micromotors based on biosilica diatom frustules are applied in the
capture and detection of DNA molecules, which are significantly accelerated during the
rotation of the micromotors. The fundamental mechanism is investigated and attributed to
the reduction of Nernst diffusion layer caused by the rotation. The innovations of artificial
micro/nanomachines including concept, design, fabrication, manipulation, and
bioapplications in this dissertation, are expected to inspire various research areas including

NEMS, nanorobotics, microfluidics, biochemical delivery, and diagnostic sensing.
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Finite Element Modeling with COMSOL.: (a) electric field distribution
around a pair of Ag nanoparticles and attraction of molecules towards

the location with the highest electric field. (b) The distribution of
electromagnetic field due to an incidental laser around a pair of Ag
nanoparticles. The laser is in the vertical direction with an in-plane
polarization. Reproduced with permission. Copyright 2018, American
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Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

(a) Raman intensities of Nile Blue (595 cm™') at different concentrations
detected from the plasmonic nanomotors. (b) Linear dependence of

Raman intensity on concentrations of Nile Blue from 25 nM to 500 nM.
Reproduced with permission. Copyright 2018, American Chemical
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(a) Release rate of NB from plasmonic nanomotors at different AC
frequencies. (b) Raman detection of the release of NB molecules with

time in an external electric field of 50V, 50- 400 kHz. Reproduced with
permission. Copyright 2018, American Chemical Society. ........cccccecuenene. 86
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(d) Raman detection of the release of NB molecules with time in an

external electric field of 0 to 75 V, 200 kHz. Reproduced with

permission. Copyright 2018, American Chemical Society. ........cccccecuenene. 87
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concentrations detected from the plasmonic nanomotors. (b) Raman
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500 nM. (c) Raman detection of release of adenine molecules versus
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Reproduced with permission. Copyright 2018, American Chemical
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Figure 4.14: (a) Schematic of a plasmonic nanomotor manipulated by the electric

Figure 5.1:

Figure 5.2:

Figure 5.3:

tweezers. (b) Transport speed of a plasmonic nanomotor versus applied

DC voltage. (¢) Overlapped snapshots of a plasmonic nanomotor
transported along the letter “U”. (d) Rotation angle profile at different

AC electric field voltages (50 KHz), inset: overlapped snapshots. (e)
Rotation speed versus frequencies of AC electric fields (14V). (f)

Rotation speed versus the square of applied voltages (50 KHz).

Reproduced with permission. Copyright 2018, American Chemical

SOCIELY. ttiieiieeiie ettt ettt ettt et e et e et e e be e e b e et e e abe e teeesbe e naeenbaenanaan 89
(a) Schematic of a rotating bio-photonic-plasmonic micromotor in DNA
solutions. (b-d) SEM images of the porous periodic microstructure of
diatom frustule at (b) low magnification and (c¢) high magnification, and

(d) Ag nanoparticles synthesized on the surface. ..........cccceeveviiiciiiciennnns 94
(a) SERS spectra of DNA from 80 nM to 4 uM. (b) Raman mapping of
DNA (4 uM, 724 cm™) on a micromotor after 2-hour incubation. (c)

SERS spectra of 4 uM DNA on a micromotor (blue) and on a Ag-
nanoparticle coated flat glass substrate (green), respectively. (d)

Simulations of electric field distributions around a pair of Ag

nanoparticle dimer placed on a diatom frustule substrate (top) and a flat
glass substrate (bottom), respectively. Insets are the schematics of the
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Chapter 1: Introduction of artificial micro/nanomachines*

Artificial micro/nanomachines are mechanical devices ranging from micrometer to
submicrometer scale that can harness power from various types of energy sources to
generate mechanical motion in a controlled manner.!? The concept of miniaturizing
conventional machines to such a small scale has greatly fascinated the research community.
Although biological systems in nature have created sophisticated molecular machines that
could work within cells, e.g., myosin, kinesin, dynein, and other motor proteins, for many
years, artificial micro/nanomachines had been largely imagined in science fiction movies
from Fantastic Voyage in the 1960s to the recent Ant-Man. The difficulties in creating
artificial micro/nanomachines lie in their small scale. It not only makes the fabrication and
assembling of machine components extremely arduous but also presents new challenges
that are not encountered in the macroscopic world. For instance, micro/nanoscale objects
are often suspended in liquid, such as water suspension, to avoid adhesion when directly
contacting solid substrates. However, due to the small sizes, the micro/nanoobjects are
often subjected to low Reynolds number in liquids, where viscous forces dominate over
inertial forces. It is extremely challenging to robotize and manipulate micro/nanoobjects.*
* Over the past decades, different working mechanisms have been explored to power and
manipulate artificial micro/nanomachines with a variety of energy sources such as
electrical field, magnetic field, optical field, ultrasonic wave, and chemical reaction in the

environment.

* Portions of this chapter have been previously published in K. Kim, J. Guo, X. Xu, D. Fan, Small, 11, 4037
(2015); K. Kim, J. Guo, Z. Liang, D. Fan, Advanced Functional Materials, 28, 1705867 (2017). As the
second author of both invited reviews, J. Guo reviewed recent advances in artificial micro/-nanomachines
and wrote the drafts of several chapters. K. Kim led the writing. As the faculty author, Professor D. Fan
supervised the projects, conceived the outlines and revised the review articles.

1



1.1 MANIPULATION TECHNIQUES

1.1.1 Electric manipulation

Micro/nanomachines can be robotized and manipulated by direct current (DC) and
alternating current (AC) electric fields in the range of KHz to MHz generated via patterned
microelectrodes. Micro/nanoentities suspended in a liquid medium can be transported by
DC electric fields due to electrophoretic (EP) effect, moved with liquid flow due to the
electroosmotic (EO) effect in a DC or low-frequency AC electric field (<10 KHz), and
translocated due to the interaction between the electrically polarized micro/nanoentities
and non-uniform high frequency electric field (10 KHz to 10 MHz), so-called
dielectrophoretic (DEP) effect.>”’

The phenomena of EP and EO effects rely on the formation of electric double layer
(EDL) at the solid/liquid interface due to local charging. An external electric field (E’) can
drive the ions in the EDL and thus drag the surrounding fluid. The resultant fluid flow,
known as EO flow, has a slip velocity (vgy) given by the Helmholtz-Smoluchowski
equation in thin-double-layer limit:?

vgo = — 5 (1.1)

where &, andn are the dielectric constant and viscosity coefficient of the liquid media,
respectively, and ¢ is the zeta potential. Here zeta potential is defined as the electrokinetic
potential difference between the liquid media and the stationary layer in EDL. The surface
EO flow in one direction will give rise to motion of the micro/nanoentities in the opposite
direction, generating EP effect. Therefore, regardless of shape and size of the
micro/nanoentities, the EP velocity (vgp) is given by Smoluchowski’s equation as:’

Vgp = g:’;—qE (1.2)
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Figure 1.1: Electric tweezers. (a-c) Illustration and (d-f) overlaid sequential optical
images of translational motions of nanowires in combined AC and DC electric
fields with different configurations, i.e., (a and d) AC || DC, (b and e¢) AC L
DC, or (¢ and f) DC only. Reproduced with permission.® Copyright 2008, AIP
Publishing LLC.

In the interaction between the dipoles induced in the micro/nanoentities and a non-
uniform electric field, the forces acting on the two poles are not the same due to the gradient

in the electric field. This leads to the emergence of DEP effect. Therefore, the DEP force

on the induced dipole moment is proportional to the electric field gradient:’

Fpep = (p - V)E = 3¢,VRe(K)(E - V)E = %emVRe(K)VEZ (1.3)
where p = 3¢,,VRe(K)E is the effective induced dipole moment of micro/nanoentities,
V is the volume of micro/nanoentities, and Re(K) is the real part of the Clausius-

Mossotti factor K. The Clausius-Mossotti factor is defined as:®

K=_—_"p"%m (1.4)

em+Li(ep—em)
where &, and €, are the frequency dependent dielectric constant of the media and
micro/nanoentities, respectively, and L; is the depolarization factor. If micro/nanoentities
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are more polarizable than the media (Re(K) > 0), they will move along the gradient into
the areas of highest field intensities, generating positive DEP effect. On the contrary,
micro/nanoentities that are less polarizable than the media (Re(K) < 0) are pushed away
from these areas, generating negative DEP effect. DEP phenomena usually occur in AC
electric fields at high frequency, which circumvent the screening effect of water.
Although the aforementioned effects can transport nanoparticles, their applications
towards assembling and powering nanomachines have been largely restricted by the limited
versatility in manipulation.”!° For instance, DEP effects can transport nanoparticles in a
pre-set direction along an electric field gradient, but it is arduous to alter the moving
direction once the electrodes are fixed.!! Therefore, the interaction of the dipoles induced
in the micro/nanoentities with electric fields has been most useful for aligning and
positioning micro/nanoentities or separating and sorting cells rather than transporting or
actuating micro/nanomachines.!'? Recently Fan et al. reported a unique approach, electric
tweezers, to manipulate nanoentities with combined DC and AC electric fields in quadruple
microelectrodes, demonstrating highly efficient and fully controlled manipulations of
longitudinal nanoentities in two dimensions(Figure 1.1).% !* The electric tweezers utilize
EP and EO effects to transport the nanoentities in a DC electric field, and the interaction
of the induced dipoles with electric fields to align the nanoentities in their long direction in
an AC electric field. Note that, in the case of a uniform AC electric field where the average
field gradient is zero, there is no DEP force. However, the electric field still generates an
electric torque, which compels the micro/nanoentities to rotate and align its longitudinal
axis with the field. Therefore, by strategically applying DC and AC electric fields, one can
not only transport micro/nanoentities along prescribed trajectories with defined alignment,

but also rotate nanoparticles with the controlled angle, speed, and chirality. Such high



versatility makes the electric tweezers highly suitable for the manipulation and actuation

of nanoentities for various applications.

1.1.2 Magnetic manipulation

The micro/nanomanipulation technique actuated by magnetic fields is usually
referred to magnetic tweezers, which was first demonstrated by applying magnetic fields
to drag and twist magnetic particles for studying physical properties of cytoplasm in
1950.'* Within magnetic fields, paramagnetic or ferromagnetic micro/nanoentities can be
driven to align, transport, drag, and rotate in three dimensions.!>?! Owing to their
commercially available setup, commonsensible mechanisms, and advantageous
biocompatibility, magnetic fields activated micro/nanorobots hold considerable promise
for biomedical applications. Based on the mechanisms, magnetic actuation of
micro/nanoentities are usually categorized into gradient-driven manipulations (non-
uniform magnetic field), and torque-driven manipulations (both uniform and non-uniform
magnetic field).??

The principle of magnetic tweezers has a large similarity to that of the interaction
between electric induced dipole moment and electric fields, where the magnetic
micro/nanoentities of interest are aligned in the direction of the magnetic field and
transported by the magnetic field gradient due to interactions between the magnetic dipoles
of the micro/nanoentities and the field generated by the magnetic tweezers. Magnetic
micro/nanoentities in a non-uniform external magnetic field (B) receives a force

proportional to field gradient, which is given by:?*?3

Fpag = (m-V)B (1.5)
where m is the magnetic moment of the micro/nanoentities. As a result, magnetic

micro/nanoentities would move towards the region of the strongest gradient [Figure 1.2(a-
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b)]. The magnetic field gradient is inversely proportional to the distance, resulting in the
force applied on the magnetic particles as a function of the displacement. In additional to
the magnetic force, magnetic particles in a magnetic field (no matter it is uniform or not)
also experience an alignment torque (Tpq4) given by:*2

Tinagg =M X B (1.6)

which tends to align the micro/nanoentities with magnetic field [Figure 1.2(c)].
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Figure 1.2: Magnetic tweezers. (a-b) Magnetic manipulation based on magnetic gradients
with (a) horizontally aligned magnetic moments and (b) vertically aligned
magnetic moments, respectively. (c) Magnetic manipulation based on
magnetic torques. Reproduced with permission.?! Copyright 2016, Sarkar and
Rybenkov, Frontiers Media.

The magnetic fields can be generated from either permanent magnets or

electromagnets.?’

However, permanent magnets are less often used compared to
electromagnets, which can turn on, turn off, and vary the magnitude of the applied force.
By strategically applying the magnetic force and torque within three pairs of independently
controllable electromagnets, Gosse ef al. demonstrated the manipulations of microparticles
in arbitrary direction such as moving along trajectories of letters and rotating with

]'26

controlled angles [Figure 1.3(a)].”” Since it is not viable to generate strong magnetic field

gradients over a wide distance, uniform magnetic fields are more often applied to enable
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the orientation and transport of micro/nanoentities.?* 2’ Inspired by swimming strategies of
living microorganisms at low Reynolds numbers, researchers employ rotating uniform
magnetic field to actuate motions of micro/nanoentities in three behaviors: cork-screw-like
motions, flexible-oar-like motions, and surface-assisted motions. Cork-screw like motions
of micro/nanorobots [Figure 1.3(b)] with spiral structures are most widely investigated in
manipulation driven by magnetic fields.?3° The magnet moment of the magnetic helices
strongly couples with the rotating magnetic field, and thus the spiral structures rotate in
synchrony with the rotation of external field. The rotation generates forward or backward
thrust perpendicular to the rotary plane. The translational behaviors such as orientation and
velocity not only depend on the direction, frequency, and strength of external rotating
magnetic fields, but also correlate to the helicity of spiral structures. The mechanism of
flexible-oar-like motions is similar to that of cork-screw-like motions.!>"1% 3! Instead of
rotating the rigid cork-screw-like structure, the flexible-oar-like motions are promoted by
flexible oars or tails. Figure 1.3(c) shows an example of flexible-oar-like motions.'® The
nanoswimmers were comprised of rigid gold (Au) “head” and nickel (Ni) “tail” linked by
partially dissolved silver (Ag) “joints”. Owing to the flexible Ag segment, the cone-shape
rotation of Ni segments driven by magnetic field also maneuvered the rotation of Au
segment. The distinct amplitudes resulting from the different length of each segment led to
asymmetric thrusts, which eventually gave rise to unidirectional propulsion. The moving
direction could be modified by adjusting either the length of Au and Ni segments or the
direction of external fields, and the translational velocity could be tuned by controlling the
frequency of rotating magnetic fields. The last type of motion driven by rotating magnetic
field is the surface-assisted transport of micro/nanorobots [Figure 1.3(d)].?* 3233 The linear
propulsion on the nanowire can be attributed to the asymmetric fluidic boundary conditions

on the nanowire when it is rotating. Due to the larger hydrodynamic drag force near the
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microfluidic wall, distinct velocities can be induced on each end of the nanowire.
Consequently, the center of rotation of the nanowire changes continuously, and results in

a net in-plane motion.
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Figure 1.3: Magnetically actuated micro/nanomachines. (a) Transport of a magnetic
microsphere and rotation of assembled microspheres. Reproduced with
permission.?® Copyright 2002, Elsevier. (b) Scanning electron microscopy
(SEM) images and trajectories of nanoswimmers in cork-screw-like motions.
Reproduced with permission.”® 2009, American Chemical Society. (c)
Schematic diagrams of flexible nanowire nanomotors moving forward (top)
or backward (bottom) in flexible-oar-like motions. Reproduced with
permission.' Copyright 2010, American Chemical Society. (d) Linear
transport of a magnetic nanowire rotating near a vertical wall. Reproduced
with permission.?® Copyright 2010, American Chemical Society.



1.1.3 Optical manipulation

The most well-known optical technique for manipulating micro/nanomachines is
the so-called “optical tweezers”, which are also referred as “single-beam gradient force
traps”. The manipulation is based on forces exerted by a highly focused laser beam. These
forces can trap and transport micro/nanoscale objects. The involved optical forces can be
categorized into two types: scattering optical forces and gradient optical forces. A proper
fundamental understanding of the optical forces depends on the size of the trapped objects
relative to the wavelength of the employed lasers as shown in Figure 1.4.3* In the Mie
scattering regime, where the objects are much larger than the wavelength of laser beam,
scattering optical forces dominate the trapping effect. The refraction and reflection of light
by the trapped objects cause redirection of photon momentum. According to Newton’s
third law, the objects receive a backward momentum of equal magnitude. As a result, the
refraction light induces the attraction of the objects to the region of highest light intensity
and the reflected light compels the objects along the direction of laser beam propagation
[Figure 1.4(a-c)]. For particles smaller than the wavelength of light, where Rayleigh
scattering dominates, the scattering forces can be determined by the Fresnel equations and

geometrical optics. The propulsion force Fg.,; along the axis of the laser beam is given

.35

by

Iy 12875r® fm2-1
Focar = = s (m )nb (1-7)

c 3% m242
where [, is the intensity of laser beam, 7 is the radius of the trapped particle, m is the
ratio of the refraction index of the particles and the medium, A is the wavelength in
vacuum and n,; is the refraction index of the medium. In the Rayleigh scattering mode,
the trapping of objects is mainly due to the gradient of the optical forces. As shown in
Figure 1.4(d), the objects are electrically polarized by the electric component of the optical

field. The interaction of the polarized objects with the electric component of the optical
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field results in the transport of the object along the gradient to the highest intensity of the
optical field. The gradient force (Fyrqq) for a spherical particle due to Rayleigh scattering

is given by:*

nyrd m?-1

Fgrad =T, (m2+2)VE2 (1-8)

where E is the electric field of the laser beam.
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Figure 1.4: Schematic diagrams of manipulation mechanisms of optical tweezers. (a-b)
For particles of sizes in the Mie scattering regime, the refraction of non-
uniform light by the particles generates a net force along the optical field
gradient towards the highest optical intensity. (c) The reflection of light
results in a radiation pressure along the laser beam axis. (d) For particles with
Rayleigh scattering, the electric force on light-induced electric dipoles in the
particles compel the particles to transport along the gradient towards the
highest electric field. Reproduced with permission.>* Copyright 2008, Royal
Society of Chemistry.
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Although optical traps created by focused laser beams are generally considered as
a static trapping technique, the control of physical motion of the optical traps has been
widely used in manipulating various micro/nanoparticles.’®*® Figure 1.5(a) presents the
optical manipulation of a semiconductor nanowire in three dimensions by controlling the
position and height of the focusing point of laser beam.*® When one end of the nanowire
was docked, the nanowire could be rotated around the tethered end by trapping and
translating of its free end. Micro/nanoentities can also be manipulated by their interaction
with the optical momentum carried by an incident light. Optical momentum has both linear
and angular components. As shown in Figure 1.5(b), an optical torque is generated on the
asymmetric micro/nano objects due to the change of the linear momentum of photons in
refracted/reflected optical beams.* In general, linear momentum induced torques require
a structural design with rotational symmetry but not bilateral symmetry. The rotation is
usually along one direction only, either clockwise or counterclockwise, which is
determined by the designed geometry.***! The forces and torques generated by the
interaction with angular photon momentum are more complicated. Angular momentum
consists of a spin component and an orbital component. The former is associated with
optical field gradient and polarization state of light.***** Orbital angular momentum, on the
other hand, is not associated with polarization but, rather, depends on spatial distribution
of the field. The transfer of both forms of angular momenta to a trapped micro/nanoobject
through birefringence or absorption can compel micro/nanoobjects into circular motion.**
4 For instance, microgears designed with photonic nanostructures that exhibit birefringent
characteristics could be rotated by circularly polarized light that carries spin angular
momenta [Figure 1.5(c)].*® In Figure 1.5(d), laser beams carrying orbital angular momenta
show a helical wave front and focus into a ring rather than a point.*”**® These helical light

modes, also known as optical vortices, exhibit ring intensity patterns that can facilely
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actuate micro/nanodevices.** Micro/nanoobjects smaller than the ring are trapped in optical

vortices and compelled to orbit around the ring pattern.
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Figure 1.5: Optical manipulation of micro/nanoentities. (a) Nanowire manipulated by
optical traps. Reproduced with permission.®® Copyright 2006, Nature
Publishing Group. (b) The principle of torque generation by linear light
momenta. Reproduced with permission.*® Copyright 1997, AIP Publishing
LLC. (c) Schematic of a structurally birefringent microgear driven by transfer
of spin angular momentum. Reproduced with permission.*® Copyright 2005,
Nature Publishing Group. (d) Generation of helical light modes carrying
orbital angular momentum, and the trapping and rotation of microparticles by
transfer of orbital angular momentum. Reproduced with permission.*’
Copyright 2003, Nature Publishing Group.

1.1.4 Acoustic manipulation

Acoustic (or ultrasonic) manipulation of micro/nanoentities has recently been
spotlighted due to their powerful propulsion force and great biocompatibility.>%>* Acoustic
tweezers based on standing surface acoustic waves are the most widely used acoustic
micro/nano manipulation techniques. Surface acoustic waves are generated by interdigital

transducers (IDTs) deposited on a piezoelectric substrate with designed arrangement and
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boundary conditions. As shown in Figure 1.6 (a), the IDTs can be arranged in either parallel
or orthogonal manners on the piezoelectric substrate surround the microfluidic channels.>
When a radio frequency signal is applied, two surface acoustic waves will be generated
and propagate in antiparallel directions and in orthogonal directions, respectively. In both
cases, standing surface acoustic waves will be formed due to the interference of two surface
acoustic waves, with ordered arrays of pressure nodes (locations with the pressure
amplitude is minimum) and antinodes (locations with the maximum pressure amplitude).
The longitudinal-mode leakage waves from the standing surface acoustic waves will result
in the fluctuation of pressure in the medium, and thus exert acoustic radiation forces on the

particles in suspension. The primary acoustic force exerted on an object can be written as:>
3VeBw .
Fo=— (") ¢(8.p) sin(2kx)  (19)

_ Spc_zpw _ &
OB.p) =222 (110)

where p, and A are the acoustic pressure and wavelength, V. is the volume of object,
and p., pw, Bc» Pw are the density of object and medium, compressibility of the object
and medium, respectively. The balanced position of particles can be either pressure nodes
or antinodes determined by the sign of ¢: if ¢ > 0, pressure nodes will be the trapping
positions, and vice versa. Further, Huang and co-workers demonstrated flexible two-
dimensional manipulation of microentities in an acoustic tweezers with four chirped IDTs
[Figure 1.6(b)].°!>2 Chirped IDTs have a linear gradient in its finger period structure, which
offers a much wider range of resonant frequencies. By tuning the input radio signal
frequency, the pressure nodes positions will shift accordingly, thus achieving the dexterous
transport of trapped particles. However, the displacement is proportional to the node order
and thus is different for each pressure node. A phase shift strategy can also realize the in-

plane manipulation and even uniform displacement. By tuning the phase shift,
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microparticles or cells could be move to any location smoothly along an arbitrary path

within the microfluidic chamber with great improvement in dexterity and accuracy.
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Figure 1.6: Acoustic tweezers. (a) Schematic of the standing surface acoustic waves
based patterning design of IDTs. Top: one-dimensional patterning using two
parallel IDTs. Bottom: two-dimensional patterning using two orthogonal
IDTs. Reproduced with permission.’® Copyright 2009, Royal Society of
Chemistry. (b) Schematics of device structure and working mechanism of the
four-IDTs acoustic tweezers. Bottom: a standing surface acoustic wave field
generated by driving chirped IDTs at two different frequencies. Reproduced
with permission.’! Copyright 2012, Proc. Natl. Acad. Sci. USA.

14



Figure 1.7: Various movement modes of ultrasound-propelled nanomotors: (a) schematic
and (d) optical images of chain assembly and axial rotation; (b-c) directional
motion, in-plane rotation and pattern formation, respectively. Inset: SEM
image of asymmetric nanorods with one of the tips concaved. Reproduced
with permission.>* Copyright 2012, American Chemical Society.

Despite the standing surface acoustic wave based manipulation, ultrasound can also
directly provide powerful propulsion for the transport of micro/nanomotors.>**® Mallouk
et. al. first described the autonomous motion of metallic microrods that were propelled by
ultrasound in MHz frequency range [Figure 1.7].>* Depending on the geometry and
material of the nanorods and frequencies of the ultrasound, complex behaviors of the
nanowires could be realized, including directional transport, axial and in-plane rotation, as
well as chaining and pattern formation. The mechanism was attributed to self-

acoustophoresis, where an acoustic pressure gradient, i.e., acoustophoresis, is induced on

individual nanoparticles with asymmetrical geometries that result in propulsion. Nanorods
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with asymmetric shape were fabricated via template electrodeposition method. The
concave geometry on one end of nanorod concentrated acoustic energy when scattering the
ultrasound waves; while the other end is flatter, thus with lower weaker energy density.
Therefore, the asymmetric shapes led to unbalanced pressure that propelled the nanorods

with the flat end constantly facing forward.

1.1.5 Chemical manipulation

One of the most intensively explored types of micro/nanomachines is so-called
chemical micro/nanomotors, which convert chemical energy from surrounding chemical
reactions into mechanical motions, mimicking biomolecular motors in nature.’”¢!
Depending on the designs of micro/nanomotors and the reactions involved, two
mechanisms have been proposed for their self-propelling behaviors: self-electrophoretic
mechanism based on the establishment of concentration gradients, and bubble recoil
mechanism based on the production of bubbles [Figure 1.8]. In self-electrophoresis, the
chemical reactions involving both oxidation and reduction, e.g., the decomposition of
hydrogen peroxide, occur on the different material segments of the chemical motors, e.g.,
platinum (Pt) and Au segments of nanowires as shown in Figure 1.8 (a), respectively.”® An
effective voltage is formed across the distinct material regions that interact with the liquid
suspension surrounding of the nanowires, and propels their motions. This mechanism is
similar to that of electrophoresis in Section 1.1.1, while the electric field herein is generated

locally from chemical reactions and does not require external power supplies. Therefore,

the velocity of the nanomotors due to self-electrophoresis is given by:%?

~ —_—

mép Eméd®
n nl

Usep

where &, andn are the dielectric constant and viscosity coefficient of the liquid media,

respectively, ¢ is the zeta potential. The self-generated electric field E is approximated
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as the potential drop A¢ divided by the length of the nanorods [. A¢ is determined by
the chemical potential of the two metal segments of a nanomotors. Therefore, the velocity
of nanomotors can be significantly enhanced by optimizing the materials with a large
chemical potential difference. In the bubble-propulsion based driving mechanism, it was
found that growth and burst of gas microbubbles (e.g. oxygen) produced during the rapid
chemical reactions can evidently propel nanomotors due to the induced local pressure
gradient [Figure 1.8(b)].%® This effect is more observed in nanomotors with complex
geometries, e.g., nanotube structures, and tailored distribution of the reactive or catalytic

elements on the surfaces.’*¢’
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Figure 1.8: Schematic of chemical manipulations based on (a) self-electrophoretic
mechanism, and (b) bubble recoil mechanism, respectively.
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Figure 1.9: Direction control on chemical micro/nanomotors. (a-b) Control based on
magnetic tweezers: (a) schematics of the distribution of magnetic moments
and the deterministic motion of the Janus nanomotor guided by an external
magnetic field; (b) on/off controlled motion of the Janus nanomotor.
Reproduced with permission.®® Copyright 2012, American Chemical Society.
(c-d) Control based on acoustic tweezers: (c) schematics of the acoustic
device and the alignment of nanomotors; (d) demonstration of aligned motion
of two nanomotors that have different initial orientation. Reproduced with
permission.®” Copyright 2017, American Chemical Society.

During the transport of the chemical micro/nanomotors, their movement directions
are usually random and constantly changing with time. Different mechanisms have been
developed for controlling their transport orientation.*> 7! The magnetic tweezers is the
most widely used technique that guides the moving directions, with magnetic segments
integrated into the chemical nanomotors.** 77! For instance, by coating magnetic metallic
thin films with the average magnetic moment orientation coinciding with its main
symmetry axis, the Janus nanomotors could be aligned along the external magnetic field,

as shown in Figure 1.9(a).*> The reorientation of the magnetic field with a magnitude
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smaller than the coercive field redirected the movement of the Janus nanomotors but not
changed the orientation of its magnetic moment. Guided by the magnetic tweezers and
fueled by the chemical reaction, the nanomotors could pick up and transport cargos, and
realize on/off control on their motions [Figure 1.9(b)]. A guidance strategy based on
acoustic tweezers was also reported recently as shown in Figure 1.9(c-d).*” The surface
acoustic wave aligned the long axis of micromotors to the pressure node line on a short
timescale. The asymmetry of bimetallic micromotors led to two kinds of orientations,
which were determined by the initial angle between the long axis of the nanorod and the

pressure node line.

1.2 BIOAPPLICATIONS: BIOCHEMICAL DELIVERY AND DIAGNOSTIC SENSING

With the advantageous manipulation mechanisms and operation versatility, these
micro/nanomachines offer promising solutions for the next-generation technology in a
variety of disciplines including analytical chemistry,’* environment science,” biochemical
delivery,”*7* biomedicine, and diagnosis.”®”” The fascinating biomedical applications of
artificial micro/nanomachines in therapeutic drug delivery and diagnostic biochemical
sensing have been of particular interest.

The precise control in both the propulsion thrusts and alignment direction of
micro/nanomachines, i.e., driving along arbitrary trajectories in two dimensions with
controlled speed and orientation, allows the delivery and release of drugs to designated
locations in vitro. One of the first demonstrations of single-cell biosubstance delivery was
demonstrated by electric tweezers, which manipulated drug-loaded nanowires precisely for
drug delivery to a targeted cell amid many [Figure 1.10(a)].”® Multiple nanowires could be

delivered to the targeted single cell one after another. As a result, the dose of the drug was
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controlled by the number of nanowires delivered. The drug stimulation was localized to
the targeted cell without an observable response from cells close by. Similar functions can
also be realized by a type of helical magnetic microswimmers [Figure 1.10(b)].”°8! They
showed directional corkscrew motions at elevated frequencies of 10 to 60 Hz. They could
even climb up and down along the vertical direction. With drug molecules embedded in
temperature-sensitive liposomes, the helical microswimmers transported and delivered the
drug-loaded liposomes to a target cell, and released the drugs triggered by temperature
stimulation. In addition, the versatility of micro/nanomachines that are powered by acoustic
fields or chemical reactions and guided by magnetic fields has been demonstrated in the
applications of target drug delivery.>> 66 82-83

The applications of chemical micro/nanomachines are not limited to the delivery
and release of micro/nanoparticles or biochemical substances. Their responsiveness to the
surrounding environment has opened up new opportunities for applications in mechanical
motion-based sensing. Highly sensitive changes in speed or traveling distance of chemical
micro/nanomotors (traced by an optical microscope) are used to reveal the presence of
targeted analytes.’*®” The signal transduction from chemical concentration to the change
of motion behaviors provides a new type of analytical approach that does not require
sophisticated instrumentation. The possibility of mass production of chemical
micro/nanomotors supports their great potential for practical applications in analytical
chemistry and diagnostic biochemical sensing. Figure 1.11(a) presents an example of novel
nanomotor-based sensing strategy for specific DNA and RNA detection.®® The presence
and capture of target nucleic acid would lead to the attachment of Ag nanoparticles. The
subsequent dissolution of Ag nanoparticles in the hydrogen peroxide fuel released Ag ions,

which increased the potential difference and led to a dramatical enhancement in the speed
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of nanomotors.®” The speed of nanomotors was proportional to the concentration of target

nucleic acid, which could be as low as attomole level for the detection.

Figure 1.10: (a) Schematic and overlapped optical images of nanowires precisely
transported onto a selected cell following prescribed trajectory using electric
tweezers. Reproduced with permission.” Copyright 2011, Elsevier. (b) A
helical magnetic microswimmer (i) approaching, (ii) capturing, (iii, iv)
transporting, and (v) dropping off targets in DI water. The microswimmer
moved between the regions A and B with step height. The inset SEM image
shows the structure of the helical microswimmer with the cargo holder.
Reproduced with permission.'® Copyright 2012, Wiley-VCH.
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Figure 1.11: (a) Schematic diagram of motion-based nucleic acid detection relying on the
silver-induced speed enhancement. Reproduced with permission.*> Copyright
2010, Macmillan Publishers Limited. (b) Illustration of the acoustically
propelled nanomotors for single-cell real-time miRNA detection. Reproduced
with permission.®® Copyright 2015, American Chemical Society. (c-d)
Schematic of plasmonic-active nanocapsules assembled in order arrays by
electric tweezers for SERS detection. Reproduced with permission.®’
Copyright 2012, Wiley-VCH. (e) Overlaid microscopic images of a
plasmonic nanocapsule transported to a live cell by magnetic manipulation.
(f) Raman spectrum of the cell membrane detected from the plasmonic
nanocapsule. Reproduced with permission.”® Copyright 2013, Wiley-VCH.

Besides the motion-based sensing discussed above, micro/nanomachines can also
work as motorized platforms, which carry and transport different types of nanosensors to
designated locations.”! Such mobile sensing platform can address issues of traditional

stationary nanosensors by offering at least two advantages. The robotized biochemical
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sensors can (1) actively transport to regions of interest and perform location predictable
sensing, and (2) increase the likelihood of analyte molecules in contact with the sensors. J.
Wang et al. successfully employed acoustic driven nanorods as mobile platforms and
developed single-cell miRNA sensors [Figure 1.11(b)].% The surfaces of nanomotors were
modified with graphene oxide for attachment of biomolecules and suppressing their
fluorescence. After entering cells, the fluorescent probes were released and bound to target
miRNA in cell plasma. This process restored the fluorescence. Such “Off-On” switching
in fluorescence enabled real-time detection of target miRNA within a few minutes.
Electrical fields and magnetic fields have also been exploited to develop robotized
biochemical sensors [Figure 1.11(c-)].%° Fan et al. designed motorized plasmonic
nanocapsules that can controllably transport, assemble, and detect biochemicals in a
position deterministic manner with Raman spectroscopy.®*° Dense arrays of Ag
nanoparticles were conformally grown on the outer surfaces of nanomotors, serving as
hotspots for Surface Enhanced Raman Scattering (SERS) detection [Figure 1.11(d)].
Manipulated by either electric fields or magnetic fields, the plasmonic nanocapsules could
be transported and assembled to designated magnetic micropatterns, or be transported to a

single live cell, laying on the membrane and analyzing the cell membrane composition

[Figure 1.11(e-1)].
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Chapter 2: Rotary nanomotors driven by electric fieldst

Rotary nanomotors, which can convert diverse input energy sources to mechanical
rotary motions, are a type of device critical for advanced micro/nanomachines.”? Various
approaches have been explored to rotate nanoentities, including nanospheres, nanowires,
nanotubes, and helical, crossed, and gear-shaped structures, by using chemical/biochemical
propulsion or external physical fields (light, magnetic fields, electrical fields, or ultrasonic
waves). However, the applications of rotary nanomotors are still greatly hindered by
several difficulties:”>* (1) first, it remains extremely difficult to use the as-synthesized
micro/nanoparticles as rotary micro/nanomotors that can stably operate at fixed positions,
which is essential for effectively localized operations, such as localized release of drug,
transmitting forces and torques, as well as coupling nanomotors with other devices; (2)
moreover, traditional fabrication and assembly of miniature motors require complex design
and arduous processes, which lead to high costs and low yield, and is not suitable for
massive production and further application; (3) finally, all the current nanomotor devices
also suffer from a short lifetime (only a few minutes), which significantly limit their
practical applications.

In this chapter, an innovative type of nanomotors is proposed and demonstrated to
be efficiently assembled and stably rotated at designated locations by utilizing nanoscale

building blocks with nanowires as rotors and patterned nanomagnets as bearings.”*’ Based

T Portions of this chapter have been previously published in K. Kim*, X. Xu* J. Guo*, D. Fan, Nature
Communications, 5, 3632 (2014); J. Guo, K. Kim, K. W. Lei, D. Fan, Nanoscale, 7, 11363-11370 (2015).
In the work published on Nature Communications, J. Guo, K. Kim, and X. Xu carried out the experiments
on different aspects of this project and contributed equally. They are listed as co-first authors. In the work
published on Nanoscale, J. Guo is the leading student author, who designed and performed the experiments,
modelled the system, and analyzed the data. He wrote the first draft of the manuscript. K. Kim taught J. Guo
the experimental techniques and assisted with data analysis. As the faculty author of both articles, Professor
D. Fan conceived the research and supervised both projects. She analyzed the results, modeled the systems,
and revised both manuscripts.
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on the electric tweezers, the employed field-assisted assembling strategy greatly reduces
the difficulties in fabricating rotary NEMS devices compared with traditional top-down
fabrication technologies. The building blocks of the rotary nanomotors can be fabricated
in massive production. We achieved a rotation speed up to 18,000 rpm and a lifetime of 80
hours and over 1.1 million rotation cycles. To the best of our knowledge, the demonstrated
lifetime and operating cycles are the best among rotary nanomotors of similar dimensions.
We also investigated the rotation characteristics including the time-dependent speeds,

forces, and torques during the long-term operation of the nanomotors.

2.1 DESIGN AND ASSEMBLY OF ROTARY NANOMOTORS FROM NANOSCALE BUILDING
BLOCKS

The rotary nanomotors are designed to consist of multi-segment Au/Ni/Au
nanowires acting as rotors, patterned nanomagnets acting as bearings and quadruple
microelectrodes acting as stators [Figure 2.1(a)]. The patterned nanomagnets are the core
components for the assembly of the nanoscale building blocks into rotary nanomotors. The
nanomagnets consist of tri-layer thin-film stacks: spacer layer, magnetic layer, and
adhesion layer. Each layer in the nanomagnets serves a purpose as follows: the bottom
chromium (Cr) layer adheres to the substrate, the middle magnetic layer (Ni) provides the
magnetic field, and the top spacer layer, such as Au or titanium (T1), is used for adjusting
the spacing between the magnetic layer and the nanowires in order to tune the magnetic
attraction. The magnetic attraction can be adjusted so precisely that it can anchor the
nanowires to the bearings, but not too tightly to prevent the nanowires from rotating.

The rotary nanomotors are assembled by software-controlled electric tweezers,
which could align and transport longitudinal nanoentities with a resolution of ~300 nm

[Figure 2.1(b)].® The nanowire rotors suspended in deionized (DI) water are transported in
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both the X and Y directions to the vicinity of the magnetic bearings. The transport velocity
and alignment orientation can be separately controlled by the applied DC and AC voltages,
respectively.® When a nanowire rotor is approaching a nanomagnet, the strong magnetic
attraction between the Ni segment in the nanowire and the Ni layer in the magnetic bearing
swiftly assembles the nanowire rotor atop the magnetic bearing and forms a nanomotor.
By applying four AC electric voltages with sequential 90° phase shift on the quadruple
microelectrodes, the rotary nanomotor can be compelled to rotate with controlled angle,

speed, and orientation [Figure 2.1(c)].
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Figure 2.1: (a) Schematic diagram of a rotary nanomotor. (b) Overlapped images of a
nanowire rotor transported and assembled on a nanobearing by the electric
tweezers. Inset: schematic diagram of electric tweezers manipulating a
nanowire rotor. Reproduced with permission.”> Copyright 2014, Macmillan
Publishers Ltd. (c) Sequential optical images of a nanomotor rotating
clockwise (CW) and counterclockwise (CCW) every 60 ms. The positions of
the bearing are highlighted by red dots. Reproduced with permission.”®
Copyright 2015, Royal Society of Chemistry.

26



2.2 LARGE-SCALE FABRICATION OF THE NANOMOTOR COMPONENTS

The building blocks of the rotary nanomotors, including multi-segment nanowires
and magnetic nanobearings, are obtained by large-scale bottom-up synthesis, which could
be scaled up for mass production.

Arrays of multi-segment nanowires are fabricated by electrodeposition into
nanoporous templates in a three-electrode setup as shown in Figure 2.2(a).[35, 40] The
three electrode system consists of a copper (Cu) layer on the back of polycarbonate
nanoporous template as the working electrode, Pt mesh as the counter electrode, and
Ag/AgCl electrode as the reference electrode. The deposition of materials is initiated from
the Cu film at the bottom of nanopores, the size of which determines the diameter of the
nanowires. The amount of electric charges passing through the circuit controls the length
of each segment of the nanowires. After the nanoporous template is dissolved, arrays of
nanowires can be readily synthesized [Figure 2.2(c)].

The patterned magnetic nanobearings are fabricated by using poly-methyl
methacrylate (PMMA)/Cr templates prepared via colloidal lithography [Figure 2.2 (b)].
The fabrication consists of following steps: first, a polystyrene (PS) nanosphere monolayer
is uniformly dispersed on the surface of PMMA films. Then, a thin layer of Cr is deposited
on top of the PMMA film. After the removal of the PS nanospheres and oxygen reactive
ion etching (RIE) with the Cr layer as the etch mask, arrays of nanoholes are formed on the
PMMA film. Next, the multi-layer metal thin films are deposited into the nanoholes, which
form into a large array of nanodisks after selective dissolution of the PMMA template. The
density and size of the magnetic bearings can be well controlled by the concentration and
the size of the PS nanospheres in the suspension. The as-obtained magnetic bearings are

mono-dispersed in both diameters and thicknesses. The quality is comparable to those
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fabricated by the conventional electron-beam lithography, while the productivity is

significantly improved [Figure 2.2(d)].

\J

(a)

Platinum Electrode

Figure 2.2: Fabrication process of (a) multi-segment nanowires as rotors in the rotary
nanomotors and (b) multilayer magnetic nanodisks as bearing in the rotary
nanomotors. (c-d) SEM images of (c) Au/Ni/Au multi-segment nanowires
and (d) magnetic nanobearings.

2.3 ULTRASMALL ROTARY NANOMOTORS

One of the biggest advantages of nanomotors is their small footprint. However, the
smaller size will lead to stronger Brownian motion, which may disturb and limit the
operation of these nanomotors. Using a microscope equipped with a 100x oil-immersion
objective and thin coverslips as substrates, we clearly observed controllable rotation of
nanomotors made of three-segment nanowire rotors of 165 nm in diameter and 800~900
nm in total length [Au (350~400 nm)/Ni (100 nm)/Au (350~400 nm)] and magnetic

bearings of 200 nm in diameter [made of tri-layer thin-film stack of Au (20 nm)/Ni (80
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nm)/Cr (6 nm)] as shown in Figure 2.3(a-c). All characteristic dimensions of the
nanomotors are less than 1 um, which is at least 10 times smaller than that of the state-of-
the-art micromotors fabricated through the top-down approach. The nanomotors are even
smaller than the motors made from nanotubes.”® The optimized electric frequency for the
fastest rotation of nanomotors was found at ~100-120 kHz [Figure 2.3(d)]. The nanomotor
could rotate in both clockwise and counterclockwise directions as shown in Figure 2.3(e).
The rotation speed is not as uniform as those of nanomotors of a few micrometers in length,

which can be attributed to stronger Brownian motions found in smaller objects in

suspension.
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Figure 2.3: (a) SEM images of the as-synthesized Au/Ni/Au nanowires. The Au (bright)
and Ni (dark) segments are 350~400nm and 100 nm, respectively. (b-c)
Close-up SEM image of (b) a single nanowire and (c¢) a magnetic bearing. (d)
Rotation speed of a nanomotor made of nanowires and magnetic bearings
shown in (a-c) versus applied electric frequency. (e) Rotation angle as a
function of time for both CW and CCW rotation of a nanomotor. Reproduced
with permission.”> Copyright 2014, Macmillan Publishers Ltd.
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Figure 2.4: Ultrafast rotation. (a) Rotation speed of nanomotors from 10 to 17V at 30 kHz
in a 100-mm-gapped quadruple microelectrode. Inset: angle versus time of
the nanomotor rotating CW with a speed of ~18,000 rpm. (b) Enhanced
snapshot images taken every 0.8 ms of the same nanomotor rotating at
~18,000 rpm at 17V and 30 kHz. Reproduced with permission.”> Copyright

2014, Macmillan Publishers Ltd.

2.4 ULTRAFAST ROTARY NANOMOTORS

How fast can the nanomotors ultimately rotate? To test the limit, we optimized the
AC E-field intensity and frequency. The rotation speed of nanomotors should increase with
E-field with a quadratic power dependence (v~E?) according to our understanding of the
rotation electric torques, which will be discussed later. Simply narrowing the gap distance
of the quadrupole electrodes could greatly enhance the E-field. For instance, narrowing the
gap distance from 500 to 100 pm, we readily increased E? by 25 times. For 10 um
Au/Ni/Au nanowires in DI water, the maximum rotation speed was obtained

experimentally at an E-field of 30 kHz. Applying these optimized conditions, we rotated
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nanomotors to a speed of at least 18,000 rpm at 17V as shown in Figure 2.4. The rotation
orientation is CW as determined from the slowed motion. As expected, the rotation speeds
(to at least 18,000 rpm) are proportional to E?. It counts for the ultrahigh-speed rotation at
only 17V. As far as we know, such a rotation speed is the highest achieved in natural or
man-made motors of the same scale. It is of the same speed level of jet engine, but is still
not the limit. In comparison, the highest speed of nanomotors with bearings for position

fixed rotation is 498 rpm, obtained from the organic-inorganic hybrid nanomotors.”?

2.5 ULTRADURABLE ROTARY NANOMOTORS

How durable are these nanomotors? We performed lifetime test on three types of
rotary nanomotors rotating continuously without any interruption. The first type is the
nanomotors mentioned in Section 2.3, which were made of three-segment nanowire rotors
of 165 nm in diameter and 800~900 nm in total length [Au (350~400 nm)/Ni (100 nm)/Au
(350~400 nm)] and magnetic bearings of 200 nm in diameter [made of tri-layer thin-film
stack of Au (20 nm)/Ni (80 nm)/Cr (6 nm)]. This ultrasmall nanomotor could keep rotating
for up to 15 h, which results in >240,000 cycles in total [Figure 2.5(a)]. This performance
has surpassed the recent top-down-made Si micromotors,”® showing the realistic potential
of our nanomotors. After 15 h rotation, the Au cap layer on magnetic bearing was
significantly thinned by frictional wearing. The SEM image in Figure 2.5(b) reveals the
final Au thickness of ~15 nm, reduced from its original thickness of 40nm. No clear wear
was found on the nanowire rotor, which can be attributed to the fact that Au (Element
Vickers. hardness: 216 MPa) is much softer than Ni (Element Vickers hardness: 638
MPa).” The rotation of nanomotors was finally terminated by the increased magnetic
attraction force and the consequential larger friction between rotors and bearings because

of the reduced thickness of the Au layer.
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Figure 2.5: Rotation speed versus time, and SEM images of the as-made nanobearings
(top) and the nanobearings after long-term rotation (bottom). inset: schematic
diagram of the nanomotors. (a-b) Rotor: Au (350~400 nm)/Ni (100 nm)/Au
(350~400 nm), 165 nm in diameter; bearing: 200 nm in diameter, thin-film
stack of Au (40 nm)/Ni (80 nm)/Cr (6 nm). Reproduced with permission.”®
Copyright 2014, Macmillan Publishers Ltd. (c-d) Rotor: Au (1.8 um)/Ni (500
nm)/Au (1.8 pum), 165 nm in diameter; bearing: 500 nm in diameter, thin-film
stack of Au (60 nm)/Ni (80 nm)/Cr (6 nm). (e-f) rotor: Au (1.8 pm)/Ni (500
nm)/Au (1.8 um), 165 nm in diameter; bearing: 500 nm in diameter, thin-film
stack of Ti (60 nm)/Cr (6 nm)/Ni (80 nm)/Cr (6 nm). Reproduced with
permission.”® Copyright 2015, Royal Society of Chemistry.

The size of the second type of nanomotors is larger for both rotor and bearing
components. The nanomotors consist of a 165-nm-diameter nanowire rotor [Au (1.8
pm)/Ni (500 nm)/Au (1.8 um)] and a 500-nm-diameter bearing [nanodisk made of a thin
film stack of Au (60 nm)/Ni (80 nm)/Cr (6 nm)]. These larger nanomotors could rotate for
as long as 22.6 hours and ~227,000 cycles in total [Figure 2.5(c)]. Similar to the case of
ultrasmall nanomotors, during the 22.6-hour rotation, the average rotation speed decreased
monotonically with time till the nanorotor was finally arrested on the bearing. Significant
wear of the Au bearing was observed after 22.6-hour rotation as shown in the SEM images
[Figure 2.5(d)]. Three nanomotors of this type were tested, which continuously rotated for
16.4, 21.1, and 22.6 hours, respectively. All of these motors showed the same decreasing
trends in speed due to the wear of the bearings. The tested lifetime in the range of 16.4 to
22.6 hours demonstrated fairly good repeatability of our nanomotor devices.

To solve the wearing issues of the bearings after long-term rotation, we modified
the design of the nanomotors to improve durability by replacing the Au layer with the much
harder Ti (Element Vickers hardness: 970 MPa)* as the top layer of the bearing. This third
type of nanomotors had a similar geometry to the second type, with a 500-nm-diameter
contact area between the rotors and bearings. The rotors were Au/Ni/Au nanowires of 165

nm in diameter and 4.1 pm in length [Au (1.8 um)/Ni (500 nm)/Au (1.8 um)], and the
33



bearings were 500-nm-diameter nanodisks made of thin film stacks of Ti (60 nm)/Cr (6
nm)/Ni (80 nm)/Cr (6 nm). The additional Cr layer between Ti and Ni was used to enhance
the adhesion of the films. We rotated nanomotors on Ti-protected bearing both clockwise
and counterclockwise. The rotation continued for 80 hours over 1.1 million cycles in total
[Figure 2.5(e)]. The speed during the 80-hour rotation just decreased less than 10% from
the original value. Both the duration and the number of cycles were around 4 times those
of the Au-spaced nanomotors with a similar geometry. As far as we know, this is a new
record in both duration and the number of cycles among reported rotary motors made from
synthesized nanoparticles. After 80-hour rotation, the nanomotor was dissembled. It could
be possibly due to a small bubble generated in the sealed chamber because of water
evaporation. The SEM images do not show obvious thickness reduction of the Ti layer on
top of the magnetic bearing [Figure 2.5(f)], indicating that the nanomotor could potentially
rotate with a much longer lifetime than 80 hours. The results demonstrated that the
replacement of the spacer layer with Ti can indeed increase the lifetime of nanomotors

significantly.

2.6 ROTATION DYNAMICS DURING LONG-TERM OPERATION

We investigate the evolution of the nanoscale interactions between the rotors and
bearings during long-term rotation of two types of nanomotors mentioned in Section 2.5,
which have different contact materials on top of the bearings. We note that the rotation
speed oscillated sinusoidally with a primary periodicity of 360° and the speed oscillation
amplitude increased with time during long-term rotation. The evolution of the torques
involved in the rotation was investigated, which governs the observed rotation dynamics,

device wear, and lifetime.
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Figure 2.6: (a) Average rotation speed versus applied voltage® for nanowire rotors (wine
red) and free suspending nanowires (orange). (b) Rotation speed versus
angular position at different times and the corresponding Fourier transform
showing the primary periodicity. (¢) The amplitude of the magnetic and
frictional torques versus time during the 22.6-hour rotation. Reproduced with
permission.”® Copyright 2015, Royal Society of Chemistry.

In brief, five torques could be identified in the system. The magnetic forces that
anchor the nanorotors on the bearings result in angle dependent magnetic (zu) and frictional
torques (77). The nanomotors are rotated by the electric torque (z.) induced by the external
E-field. The electric torque depends on the relative polarization of the nanowire in the water
suspension and is proportional to the square of the E-field intensity (E°) as well as the

square of the AC voltage (V?) (. ~ V?).!% Noteworthy, the external E-field also induces

electric polarization between the metallic rotor and bearing and results in a non-negligible
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induced torque (t,,), which is also proportional to /. Also, we need to consider the viscous

torque (z,) from the water medium given by:!°!
N3-N

where w isrotation speed, 7 is the viscosity of DI water, a is a constant for a nanorotor

T, = aw = wml? [N-m] 2.1)

with a radius of 7, length of /, and the number of segments N. The segments are not

separated by the composition and set as N = 2 in this study for calculation purpose only.

The aforementioned five torques balance in a nanomotor and can be given as!'%?

Ty =T+
T + Ty + 7. It can be rewritten as aw = bV? + cV? 4 1 + 77, where b and ¢ are
constants and the sum of » and ¢ can be readily determined from the slopes of w-F? for the
rotation of a nanowire rotor assembled on a bearing in Figure 2.6(a).

To calculate the magnetic forces and torques, we employed a simplified magnetic
dipole-dipole model with the horizontal magnetic moments of the nanowire and bearing
taken as m; and m., respectively.!®® The analytical solution of the magnetic torque and
force can be readily determined as below:!%

(1, 0, my, my) = ug(mym, sin @) /(4mx3) (2.2)
Fy(r,0,my, my) = 3uy(mym, cos 0)/(4nx*) + f (2.3)
where uo is the magnetic permittivity of vacuum, @ and x are the angle and the separation
distance between m; and m>, respectively, and f'is the force due to the non-angle-dependent
vertical magnetic moments and other factors. Theoretical research indicates that the
frictional force (Fy) in nanoscale contacts should linearly or sub-linearly increase with the
load depending on the nature of the contact.!**!% Therefore, the frictional torque (z7) due
to the angle-dependent magnetic force (F) should have a dominating factor proportional
to (cos @)”. Experimentally, we found the rotation speed of nanomotors showed a strong

360° (z = 1) periodicity as given in the Fourier transform in Figure 2.6(b). Also note that
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nanomotors did not have clear periodicities related to z < 1, (e.g., z = 2/3, sublinear
dependence, 480° periodicity for a non-adhesive single-asperity contact according to
theoretical study'®), although a low-level 180° periodicity (corresponds to z = 2) was found
and could be attributed to axial rolling of the nanorotor due to small transverse magnetic
moments possibly existing in the nanowires.”” This suggests that the frictional force that
contributes to the fluctuation of the rotation speed of the nanomotors should have a 360°
periodicity. Then z = 1. Therefore, the frictional force (¥7) should be linearly proportional
to the loading force.

In such a case, according to theoretical study, the nature of the contact in our
nanomotors is multi-asperity and non-adhesive.!” In the multi-asperity model, a contact
between objects consists of multiple much smaller contacting points. If they are non-
adhesive, the actual contact area is proportional to the loading force.*! Also the frictional
force is proportional to the actual contact areas. Therefore, the frictional force linearly
depends on the loading force in the non-adhesive multi-asperity mode. We note that the
nature of contacts in our nanomotors is consistent with that of the non-adhesive multi-
asperity conditions. The surfaces of neither the rotors nor the bearings are perfectly smooth
and the size of the contacts is at least 500 nm in diameter. The rotors and bearings can
hardly form a single asperity contacting point when having relative motions. Multiple much
smaller contacts are expected between the rotors and bearings. Moreover, the adhesion in
the contacts is also low due to the natural lubrication effect of liquid when the nanomotors
operate in an aqueous solution. As a result, the sum of the magnetic and frictional torques
can be readily written as, 7y + 7y = d sin(6 — 0y) + e cos(6 — 0y) + g, where d, e, and
g are constants, 6 and Oy are the angular positions of magnetic orientation of the nanowire
and the nanobearing, respectively, and © = 8 — 6y Therefore, we can obtain:

aw = dsin(8 —0y) +ecos(8 —0y) + g+ (b+c)V? (2.4)
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By fitting the oscillating speed of the nanomotors during the long-term rotation
according to Equation (2.4), the time-dependent coefficients of d, e, and g can be readily
determined. The videos recording the long-term rotation were analyzed by a professionally
developed software based on classical image recognition techniques, which generates the
raw data of angle versus frame. The average speeds of nanomotors were calculated by
linearly fitting of plots of angle versus time at tested time intervals, while the instant speeds
were obtained by the first derivative of the angle-time curves. The Equation (2.4) could be
rewritten into:

W= %sin(@ —0y) + zcos(e —0y)+C (2.4)
where C = (g + (b + c)V?)/a. The constant a was calculated as 1.49 X 1072° N - m -
sec/rad for arotor of 165-nm-diameter Au (1.8 um)/Ni (500 nm)/Au (1.8 um) nanowire,
and the magnetic orientation angles of the nanobearing 8,, were from the initial aligned
angle of the rotor. With known constants of a a and initial aligned angle 8,,, the value of
magnetic torque amplitude d and frictional torque amplitude e could be readily obtained
by fitting the speed-angle curves (20 sequential rotation cycles) with Equation (2.4). The
values of d and e are amplitudes of the angle-dependent magnetic and frictional torques,
respectively as shown in Figure 2.6(c). We note that there are high frequency noises in
addition to the strong 360° periodicity of the rotation speed, which can be attributed to
factors such as Brownie motions, uncontrolled surfaces roughness and imperfectness of the
nanowires and magnetic nanobearing, as well as instant liquid agitations. These factors
cannot be easily modelled and not considered in the fitting Equation (2.4). They contributed
to the slight differences of the fitting curves from the experimentally determined rotation
speed in Figure 2.6(b). However, the strong 360° periodicity of the rotation speed can be

just attributed to the magnetic and the resultant frictional torques in the nanomotors, and
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make the method feasible. As shown in Figure 2.6(c), both the amplitude of the magnetic
torque (d) and frictional torque (e) monotonically increase during the 22.6-hour rotation.
Our calculation shows that the levels of the magnetic and frictional forces are 1.0 ~2.2x10"
12 and 0.9 ~ 1.5x10"* N, respectively. Herein, the amplitude of magnetic load force is
calculated according to the following equation:
Fy = 3puomymy,/(4mx*) (2.5)

With known magnetic torque and the separation distance at the beginning of the rotation,
the value of 3uom;m,/(4m) can be readily calculated. For instance, it is calculated as
1.24 X 10739 N - m* for the nanomotors with 500-nm-diameter Au as the top layer of the
magnetic bearing. Now, with the experimentally determined time-dependent magnetic
torque (Fy,) and the calculated value of 3uym;m,/(4m), the instant separation distance
(x) as well as the amplitude of the angle-dependent-component of the magnetic load can
be readily determined by Equation (2.3). The amplitude of the frictional force is estimated
from Fy= t¢/l, where [ is the diameter of the contact area. Therefore, the amplitudes of
the frictional force could be calculated with the known frictional torque.

Even with such low interfacial forces, significant wear of the bearing was observed
after 22.6-hour rotation. It was found that the Au spacing layer had an obvious thickness
reduction and deformation. Especially, the wear on the bottom right corner of the magnetic
bearing was more severe than the other regions. It could be attributed to the center of
rotation of the nanorotor located close to that region of the magnetic bearing, i.e., the
bottom right corner [Figure 2.7(a)]. An average thickness of ~ 26 nm in the most worn
region was obtained by the Atomic Force Microscopy (AFM) characterization [Figure
2.7(b)]. We designed nanomotors with the length of the Ni segments of the nanowires the
same as the diameters of magnetic nanobearings so that Ni segments could be in full contact

with Au spacer layer during rotation. However, the rotation of rotors may not always
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perfectly center on the bearings. It could be due to the strong magnetic dipole interaction
between tips of the magnetic segment of the nanowire and edge of the magnetic bearing,
causing the rotation of magnetic segment off the center. From the distribution of the
rotation center of the nanomotor in Figure 2.7(a), we can find two extremes: (1) rotation at
the center, (2) rotation around the edge. If the rotation center is at the center of the bearing,
Ni segment is always on Au during the entire rotation cycle. If it is at the edge, we can say
that the Ni segment is on Au for at least 50% of a rotation cycle. Therefore, we could

roughly estimate that Ni is in full contact with Au for 75% of the rotation time.

1 150.0 nm

(a) 300 (b) | 00
200 T T com  Wine
100 / - en " o 110.0
. Fo/ " A N / ~ | 100.0
| - - .'. . .h 0nm 90.
g or \ .- g .‘" L b ao.z
~ 100 -s';.. e Y an 70.0
> ) '
2000 L e ] % :Z
L 40.0
-300 - .t 30.0
400 - R 20.0
".300-200-100 0 100 200 300 400 X .
X (nm)
() (d) 18-
’g 601
c .
p— —~~
S 50F = w~19.2}
< N 3
5l o
40+ s o
0 "N A
3 "ren.” -19.31
£ 30t bt P )
o
N - L L L L L . L .
| 0 5 10 15 20 25 -11.9 -11.8 -11.7
Time (hour) Lg(F,,)

Figure 2.7: (a) Instant center of rotation of the nanomotor primarily formed at the bottom
right corner of the magnetic nanobearing (at 22.6 hours). (b) AFM image
obtained by taping mode showing the wear of the magnetic bearing after 22.6-
hour rotation. (c) Time-dependent change of the thickness of the Au spacer
layer determined from the evolving magnetic torque during the rotation. (d)
Log-log plot of the amplitude of frictional torque versus that of the magnetic
force showing a power dependence of ~1 (slope of the plot). Reproduced with
permission.’® Copyright 2015, Royal Society of Chemistry.
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Although there is a certain extent of Au-on-Au contact during the rotation, neither
Ni nor Au segments on the rotors have clearly observable wear according to our SEM
characterization. We attribute this to two factors: (1) it is found that the hardness of
electroplated Au (~80 HV) can be 33% higher than that of the high-vacuum evaporated Au
(~60 HV) due to impure elements incorporated during the electrodeposition process.%%-110
Also when making the multi-segment nanowires, we altered electrolytes in the same
container after careful washing with D. I. water. These factors both make the Au segments
in the nanowires less pure and harder than that of evaporated Au; (2) the intermetallic
diffusion at the interface of Au and Ni segments of the nanowire can greatly enhance the
hardness of Au next to the Ni segment. It is reported that 1 wt% Ni could increase the
hardness of Au by 30% and 2 wt % Ni could increase the hardness by 80%.11112 The
hardness of electroplated Ni (200-500 HV) is higher than that of either electrodeposited or
evaporated Au.®®

According to Equations (2.2-2.4), it can be readily understood that the increase of
the values of d and e during nanomotors rotation is due to the wear and thickness reduction
of the Au separation layer. The magnetic and frictional torques increase with the decrease
of the separation distance (x) between the two magnetic moments in the rotor and bearing,
with a dependence of 1/x* and 1/x?, respectively. Note that the separation distance (x) is
calculated from the middle of the Ni segment of the nanowire to the center of the magnetic
Ni layer in the bearing. From Equation (2.4) and the time-dependent amplitude of the
magnetic torque (d), we can readily determine the separation distance (x) and thus the
thickness of the Au layer during the rotation of the nanomotor as shown in Figure 2.7(c).
The final thickness of the Au layer was determined as 29 nm, which well agreed with the
average thickness obtained by the AFM characterization. The consistent calculation and

experimental results well support our modeling. Moreover, we found the amplitude of the
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magnetic load and the frictional torque obtained from experiments linearly depend on each
other as shown in the log-log plot in Figure 2.7(d). This provides another proof of our
understanding and modeling of the system, where the frictional torque linearly increases

with the load.
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Figure 2.8: (a) Time-dependent change of the thickness of the Ti spacing layer
determined from the magnetic torque during rotation of the nanomotor, insert:
the amplitude of the angle-dependent magnetic torque versus time. (b) Log-
log plot of the amplitude of frictional torque versus that of the magnetic force
showing a power dependence of ~1 (slope of the plot). Reproduced with
permission.”® Copyright 2015, Royal Society of Chemistry.

How much heat is generated due to friction during the long-term rotation of this
nanomotor? Would this heat result in the temperature change around the nanomotor? Since
all the work done by the friction force transfers into heat, the friction heat power is given
as:

Pheat =T W (2.6)
Knowing the maximum friction torque 7y of 7.5Xx 1072 N-m and the maximum

rotation speed w of 30 rad/sec for this nanomotor, the maximum friction heat power
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Ppeqe is calculated as 2.25 X 10718 J/sec . Would the heat dissipate quickly or
accumulate to increase the temperature? Herein we assume that the nanomotor is rotated
in the center of a water surrounding in hemisphere shape with diameter (R) of 2 mm, and
the surface of water droplet is at room temperature. The temperature difference at

equilibrium from the nanomotor to the boundary of water surrounding can be estimated as:

R R R Phea
AT = [ VTdr =~ [ Zdr=— [ —atdr 2.7)

Ty K277
where VT is temperature gradient, 7 is the diameter of the nanomotor bearing (250 nm),
K 1is thermal conductivity of water (0.6 W/m/K), and q is heat flux. Therefore, AT is
calculated as —2.39 x 10712 K, indicating that the temperature change is ignorable during
the long-term rotation.

For the long-term rotation of nanomotors with Ti as the top layer of the bearing, the
time-dependent magnetic and frictional torques were also determined from the rotation
speed. Similar to that found in the Au-supported nanomotor, the magnetic torque
monotonically increases with time [inset of Figure 2.8(a)]. The frictional force goes up
with the magnetic torque with a power-law dependence of 0.9944+0.036 [Figure 2.8(b)].
This further confirms the consistency with the non-adhesive multi-asperity friction theory
we discussed previously. As mentioned in Section 2.5, after 80-hour rotation, the
nanomotor was dissembled, instead of being arrested on the bearing. Neither the magnetic
bearing nor nanowire rotor was obviously worn after such a long-term rotation. The SEM
images do not show obvious thickness reduction of the Ti layer on top of the magnetic
bearing, consistenting with the prediction of only 4.68 nm decrease in thickness derived
from the time-dependent magnetic torques with our modeling. From the above analysis,
we can estimate the wear rate of the motor as 0.0585 nm/hour. This value can assist to

estimate the lifetime of the micromotors as 632 hours (26.3 days) given the final thickness
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of 29 nm of the separation layers (Au) before the nanowire rotor is arrested due to the
increased magnetic/frictional forces between the rotor and bearing. Alternatively, by
directly extrapolating the thickness versus time curve for the Ti micromotor in Figure
2.8(a), the lifetime of such micromotors can be estimated as 1088 hours (45.3 days). Both
estimation methods suggest the lifetime is ultralong, i.e. at least hundreds of hours. Note
that the estimations have simple assumptions that the frictional coefficients of Au and Ti
are the same, the wear rate is constant, and the nanowire rotors do not wear. A more
accurate lifetime can be calculated if we know the wear rate of the nanowire rotor with
consideration of the reduced magnetic force and thus frictional force during its wear.
Herein, employing mechanically hard materials between the contact of rotors and bearings,
we significantly reduced the wear of the nanomotors and improved the operation lifetime.

The achievement is critical for practical applications of this new type of nanomotors.
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Chapter 3: Chemical nanomotors manipulated by the electric
tweezers:

Chemical micro/nanomotors represent an important class of autonomous
nanomotors that convert chemical energy into mechanical motions, mimicking
biomolecular motors in nature.**6% 114118 Billions of chemical nanomotors can be facilely
fabricated by using a variety of techniques, such as electrodeposition into nanoporous
templates and electron beam deposition on monolayer nanospheres.>” ' They self-propel
by harvesting chemical energies from fuels in suspension, such as hydrogen peroxide.!!®
120 Recently, substantial research efforts have been focused on strategically designing and

fabricating chemical nanomotors with an array of compositions and geometries, such as

118, 120-121

bimetallic nanorods, catalytic microtubes,'??"1>* and Janus particles.®® 12>127 The

efforts lead towards dramatic improvement of propulsion speeds up to hundreds of um/sec

) 120-122
2

(or 100 body lengths per second and readiness in harnessing energy from a variety

129-130

of fuels, such as hydrazine,'?® urea and even pure water.®!> 2% 131 More importantly,

vast applications of chemical nanomotors have been demonstrated, such as on-chip cargo

132-133

transport,®® 7 drug delivery, microchip repair,'** nanolithography,'*> biomolecular

sensing and in-vivo disease treatment.'*°
However, it remains challenging to align chemical nanomotors with high precision
and modulate their moving speeds facilely and instantly. The ability to achieve this could

open unprecedented opportunities. Innovatively, magnetic fields have been exploited in

guiding chemical nanomotors, however, this strategy requires the integration of magnetic

1 Portions of this chapter have been previously published in J. Guo, J. J. Gallegos, A. R. Tom, D. Fan, ACS
Nano, 12, 2, 1179-1187 (2018). As the first author of the manuscript, J. Guo designed and performed the
experiments, analyzed the data and wrote the first draft of the manuscript. He also mentored undergraduate
students J. J. Gallegos and A. R. Tom, who are co-authors of this manuscript, in the sample fabrication and
data analysis. As the faculty author, Professor D. Fan conceived the research and supervised the project. She
analyzed the results and revised the manuscript.
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elements in the nanomotors and precise alignment of magnetic moments.®> 7 Also, to
generate magnetic forces, bulky electromagnets are often employed, which could be the
bottleneck when developing portable nanomotor based devices. Acoustic tweezers have
been used in guiding chemical nanomotors to aggregate and disperse,'’’ while, the
resolution in manipulation is restricted by the large wavelength of acoustic waves. Besides
controlling the orientation of chemical nanomotors, it is of paramount importance to
facilely tune their speed. Several unique approaches have been exploited to control
locomotion speed of chemical nanomotors. With the strong dependence on chemical

reactivity, the speed of chemical micro/nanomotors can be tuned by localized stimuli,

8 139-141

including fuel concentration,!'® temperature,'*® and light illumination.'?®
Furthermore, by applying electrical potentials to create chemical gradient,'* or generating
ultrasonic waves,'*” 143 the speed of micro/nanomotors can also be modulated. However,
it remains difficult to realize both the guiding and speed tuning of chemical nanomotors
with high accuracy, facileness, and in an all-on-chip manner.

In this chapter, we report a versatile approach for manipulating chemical
nanomotors with high precision and facileness. The work is based on strategically
combined AC and DC E-fields applied via a 3-D orthogonal microelectrode setup.'** Here,
the DC E-field tunes the transport speed via electrophoretic and electroosmosis effects. The
AC E-field guides the alignment independently via electric torques on the induced dipoles
of nanomotors. By applying the combined AC and DC E-fields in 3-D, chemical
nanomotors can instantly align, transport along defined directions, start and stop, and
change speeds on demand. The involved various nanoforces governing the motions are
investigated. Leveraging the high precision in the alignment, the linear dependence of

speed on the inverse of size of nanomotors (1//) down to submicrometers, is experimentally

determined, confirming previous theoretical predictions.®” Finally, the manipulation of
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chemical nanomotors by FE-fields is demonstrated for two applications: the dynamic
loading, transport, and unloading of micro-targets to pre-patterned microdocks; and
assembling and integration of a chemical nanomotor on a rotary NEMS to power its

continuous operation.

) \ H,0,
2H*+2e+H,0,

2H*+2e+0,

Figure 3.1: (a) Schematic diagram of 3D manipulations of Pt-Au chemical nanomotors in
H>0, fuel with AC E-fields. (b) SEM and (¢) EDS images of Pt-Au chemical
nanomotors (250 nm in diameter, 5 pm in length; consisting of 2-um Pt
segment and 3-pum Au segment). (d) Overlapped snapshots of a chemical
nanomotor guided by AC E-fields. Reproduced with permission.'*’ Copyright
2018, American Chemical Society.

3.1 STRATEGY OF MANIPULATION

The demonstrations of transport guidance and speed modulation of chemical
nanomotors by E-fields are carried out by using the classical Pt-based bimetallic nanorod

motors as a model system [Figure 3.1(a)]. Arrays of multi-segmented Pt-Au nanorod
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motors are synthesized with controlled lengths and diameters by electrodeposition into
nanoporous templates in a three-electrode setup, which is the same as the fabrication of
nanowire rotors mentioned in Section 2.2.!® 14 Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) in Figure 3.1(b-c) confirm the uniform
cylindrical morphology, controlled size and composition of the Pt-Au chemical

nanomotors.

Gold quadruple microelectrodes

Figure 3.2: Scheme of 3-D orthogonal microelectrode setup. Reproduced with
permission.'* Copyright 2018, American Chemical Society.

A software interfaced 3-D orthogonal microelectrode setup is designed and
constructed for guiding the chemical nanomotors as shown in Scheme Figure 3.2. Applying
an AC E-field on the in-plane quadruple microelectrodes, the chemical nanomotors can be
instantly aligned along the direction of the AC E-field and move autonomously in the
direction with the Pt segment as the front, as shown in the schematic diagram in Figure
3.1(a) and overlapped images in Figure 3.1(d). We found that an AC peak-to-peak voltage

of 10 V is sufficient to align the chemical nanomotors and to guide their motions. When
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superimposing a DC E-field on the AC E-field, the speed of the nanomotors can increase
or decrease instantaneously, and even reverse the moving direction. We characterize the
manipulation in detail in the following to unveil the fundamental interactions between the

nanomotors and E-fields.

3.2 DIRECTIONAL GUIDANCE OF CHEMICAL NANOMOTORS

First, we investigate the dependence of the speed of the chemical nanomotors on
the concentration of hydrogen peroxide fuel (H20.), both with and without E-fields. The
average speed of the chemical nanomotors is determined statistically from the behaviors of
10 nanomotors for 10 seconds. The instantaneous velocity vector of nanomotors ¥, which
is calculated by the position shift in each frame times frame rate, could be separated into
an axial component along the long axis of nanorod 7, and a radial component

perpendicular to the nanorod . The axial velocity component ¥, is contributed by the

self-electrophoresis of the catalytic nanorod and also the Brownian motion, while the radial

velocity component 1_53, is only contributed by the Brownian motion:
Uy = Uspp + Uprownian—x (3.1
Uy = Ugrownian—y (3.2)

Since the instantaneous velocity of Brownian motion has a normal distribution with the
mean value of zero, the mean value of the axial velocity component v, in a sufficient
period is only contributed by the average self-electrophoretic speed of catalytic nanorod.
In this way, we calculated the average self-electrophoretic speed in 10 seconds for each
chemical nanomotors. We followed the movements of nanomotors for 10 seconds due to
the limited view of the field. In order to analyze the velocity accurately, the movements of
nanomotors were recorded by using a relatively high magnification objective setup (50x

objective), which restricted the view of the field to 128 um x 102.4 um. All the tests for
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velocity analysis were conducted in the first several minutes after the dispersion of
nanomotors in H20> solutions. The velocity of chemical nanomotors decreases by less than
20% in 30 minutes in our setup. A similar phenomenon is found for those dispersed on
glass substrates.

As shown in Figure 3.3(a), regardless whether the E-field is applied or not, the
speed of the nanomotors increases with the concentration of H>O; and reaches a plateau,
which can be attributed to the saturation of catalytic active sites on the nanomotors in high
concentration H>O, fuels.!'® Consistently, we find that the speed of these chemical
nanomotors under AC E-fields is always higher than those without AC E-fields.
Furthermore, the speed of all nanomotors, regardless of their moving directions, increases
when applying a uniform AC E-field. Neither the electroosmosis flows nor the induced
dielectrophoretic forces could result in the observed behavior, so the dominating factor is

the reduction of rotational Brownian motions of nanomotors due to the alignment by AC

E-fields.
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Figure 3.3: (a) Speed of chemical nanomotors versus concentration of H>O2 with/without
AC E-fields (5 MHz, 15 V). (b) Speed versus peak-to-peak voltage of AC E-
fields (500KHz) in 7.5 wt% H2O; solution. Reproduced with permission.!*’
Copyright 2018, American Chemical Society.
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Our experimental results and analysis support this understanding. First, we
determine the speed of nanomotors as a function of AC frequency and voltage. It is found
that the average speed of nanomotors monotonically increases with AC frequency before
reaching a constant at around 500 KHz and 20 V (peak to peak, same for the following AC
voltages). At a fixed AC frequency, i.e. 500 KHz, the average speed also increases with
AC voltage amplitude until reaching a constant at 30 V as shown in Figure 3.3(b). The
voltage dependence can be readily understood from the increase of electric torque (7, ) with
applied E-field (E), which counters the rotational Brownian motions and thus enhances the

degree of alignment of a nanomotor, given by:'%

2
7o =" P-E2-sin20 (3.3)

where / and r are the length and radius of a nanomotor, respectively; € is the angle between
the long axis of nanomotor and the E-field; P is a value determined by the permittivity and
conductivity of the medium and nanomotor as well as the AC frequency. We observe a
leveling off of the moving speed when the voltage is adequately high, i.e. above 30 V, as
shown in Figure 3.3(b). It could be understood that when the electric torque is sufficiently
high, the rotational Brownian motion is suppressed to an extent that the increase of speed
with voltages is too small to be determined compared to the statistic distributions of the
speed of tested nanomotors.

By analyzing electric torques, we can also attribute the observed dependence of
nanomotor speed on AC frequency to the suppressed rotational Brownian motions. We
experimentally determine electric torques as a function of angular positions when aligning
nanomotors at 5 KHz to 50 MHz with Equation (3.3). The 7, exerted on the chemical

nanomotors at an angle of 6 can be readily obtained from the angular velocity (w) versus

angle (0), since the viscous torque (7,) instantly counters the electric torque (7, ) as given
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by 7, = 7, inlow Reynolds number environment. Here, the viscous drag torque 7, on

a rotating nanorod is calculated as follows: !4’
3 N3-N

Nr '

_1 l
Ty = ;WM

where 7 is the viscous coefficient of suspension medium and N is the number of nanorod
segments, taken as 2 in this calculation. For the nanomotors used in our experiments, the
constant K; is determined as 2.50 x 10729, Therefore, we plot and fit the angular
velocity as a function of @ at different frequencies as shown in Figure 3.4. Based on the
fitting results, we can readily obtain the coefficient of 7, at different AC frequencies as
shown in Figure 3.4(f). It can be readily found that the dependence of nanomotor speed on
AC frequency well matches the dependence of electric torque applied on nanomotors
versus AC frequency. It well supports the key contribution of alignment by AC E-fields to

the observed enhanced speed of nanomotors.
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Figure 3.4: (a-e) Angular velocity (w) of nanomotors versus angle (6) during the
alignments at different AC frequencies. (f) Speed versus frequency of AC E-
fields (20 V) in 7.5 wt% H>O; solution. Inset: electric torque versus frequency
of AC E-field. Reproduced with permission.!*> Copyright 2018, American
Chemical Society.

Note that the present of ionic impurity, such as NaCl, decreases the 7, due to the
change of electric conductivity of suspension medium. As shown in Figure 3.4, the
alignment torque of Au/Pt nanorod (4.8 um in length) by AC E-field is lower at a higher
concentration of NaCl. The coefficients of t, are calculated as (31.19 + 4.78) X
1072° N -m in DI water, (11.88 + 1.45) X 1072° N - m in 50 uM NaCl solution, and

(4.01 £ 1.40) x 1072° N - m in 500 uM NaCl solution, respectively. The nanorod could

not be aligned any more if the concentration of NaCl solution reach 5 mM.
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Figure 3.5:  Angular velocity (w) versus angle (6) during the alignment of nanomotors by
a AC E-field of 20 V and 500 KHz at different NaCl media. Reproduced with
permission.!* Copyright 2018, American Chemical Society.

With the uniform AC E-fields, we not only improve the alignment and speed of
nanomotors as discussed as above, but also successfully guided chemical nanomotors in
the vertical direction in a facile and all-on-chip manner. Nanomotors can move along

prescribed trajectories in the 2-D X-Y plane, start and stop on demand, and even move
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vertically as shown in Figure 3.1(a). For nanomotors moving in the X-Y 2-D plane, it is
known that the catalytic driving force balances with the drag force, given by:!4

2mnl

Fcatlytic drive Fdrag = Vv = Kz v (N) (35)
In(l/r) —0.5

where v is the velocity of chemical nanomotors and the geometric factor K,= 8.77 X 107°
for the tested nanomotors (5 um in length and 250 nm in diameter). Note that the value of
viscous coefficient 7 of suspension medium is estimated from that of pure water at room
temperature, knowing that the change of viscous coefficient is less than 3% when the
concentration of H>O; is less than 10 wt%.!*® In the vertical direction, a catalytic nanorod
made of Pt(2-pm)-Au(3-um) experiences gravitational and buoyant forces of 4.85 X
107N and 0.24 X 107N, respectively. Therefore, from Equation (3.5) and the
experimental results of velocity versus fuel concentration (Ch202) shown in Figure 3.3(a),
we can readily determine that the catalytic driving force of nanomotors is sufficiently high
to realize the propulsion of the nanomotor in the vertical direction when the concentration
of fuel (Cu202) is above 10 wt%. This analysis is validated by our experimental study.
When Choz is 12.5 wt%, where a driving force of 5.69 X 107 *N is determined by
calculation, the chemical nanomotors indeed aligned and transported vertically,
overcoming gravitation forces, and gradually disappeared from the view. While at a lower
fuel concentration, e.g. when Cr202 1s 7.5 wt%, a vertically applied AC E-field can instantly
align nanomotors vertically and stop the motions in 2-D planes. Here the driving forces
due to catalytic reactions, calculated as 3.17 X 1071*N, is not sufficient to propel the
motors vertically. Both the demonstrations of 3-D manipulation at high fuel concentrations
and “on/off” control of 2-D motion at low fuel concentrations offer considerable promise

for versatile operations of these chemical nanomotors, opening many opportunities for
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applications. Such a strategy could also be applied for controlling photocatalytic

nanomotors' 2% % and self-propelled enzyme nanomotors.5% 13
500k
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Figure 3.6: The Zeta potential measurement of Pt-Au nanorod chemical nanomotors of
different lengths in DI water. The measurements were conducted by Dynamic
Light Scattering Zetasizer Nano ZS, Malvern. The size range is from 1 nm to
5 um. The Zeta potentials for nanomotors with lengths of 0.82, 2.50 and 4.78
pm are -31.28+6.64 mV, -28.50+5.03 mV and -31.77+4.43 mV, respectively.
Reproduced with permission.'* Copyright 2018, American Chemical
Society.

3.3 SIZE-DEPENDENCE STUDY OF CHEMICAL NANOMOTORS

The high precision in the alignment of nanomotors by AC E-fields offers
opportunities in studying and understanding the working mechanism of the self-propelled
chemical nanomotors. The dominant propulsion mechanism of chemical nanomotors is
suggested as self-electrophoresis based on the electro-catalytic decomposition of hydrogen
peroxide.!*1°% In a recent model of a chemical nanomotor made of bimetallic nanorods,

the velocity (v) due to self-electrophoresis is given by:®?

<p££0A¢
nl
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where ¢ is the relative dielectric constant of the suspension medium and g, is the dielectric
permittivity of free space. The self-generated E-field Ej,; is approximated as the potential
drop A¢ divided by the length of the nanorods / and A¢ is determined by the chemical
potential of the two metal segments of a nanomotor, which is considered as a constant with

different lengths; {}, is Zeta potential of a nanomotor, independent of the size of the
nanomotor (Figure 3.6). Therefore, we can readily find that the self-electrophoretic
velocity (v) of a nanomotor should be inversely proportional to its length (/) according to

Equation (3.6) as suggested by this model.

0.82+0.08 pum

2.50+0.17 pm

6.68+0.87 um

8.9640.91 pum
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Figure 3.7: SEM (left) and EDS (right) images of chemical nanomotors of different
lengths. Reproduced with permission.'* Copyright 2018, American
Chemical Society.
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Figure 3.8: (a) Trace of chemical nanomotors of different length in 7.5 wt% H20O>
solution with AC E-fields (5 MHz, 15 V) in 2 seconds. The lengths of
nanomotors (from right to left) are 0.82, 2.50, 4.78, 6.68 and 8.96 um,
respectively. The green dashed line shows the starting position. (b) Log-log
plot of speed versus length of nanomotors in (a). The slope is -0.98.
Reproduced with permission.!* Copyright 2018, American Chemical
Society.

Although in previous studies, it has been shown that the smaller the chemical
nanomotors, the higher the moving speed, quantitative study has yet been carried out on
the chemical nanomotors as predicted by the model.®* 1>! To experimentally determine the
dependence of speed on size of nanomotors, the key is to precisely align nanomotors with
controlled moving trajectories and to suppress noises due to Brownian motion. As shown
in the above studies, AC E-field alignment provides a facile and effective tool, where the
alignment is determined by the overall shape anisotropy of a nanomotor. Indeed, with AC
E-fields, we can synchronously align chemical nanomotors with sizes ranging from 0.82
to 8.96 um (Figure 3.7). These nanomotors with different sizes are designed with an

identical length ratio of Pt:Au (~2:3). When suspending in H>O> solutions, the shorter
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nanomotors exhibit higher moving speeds compared to longer ones [Figure 3.8(a)]. The
speed and length of nanomotors follows an inverse proportional relationship as shown in
the log-log plot with a slope of -0.98+0.04 in Figure 3.8(b). It indicates that the power law
dependence of speed on size of nanomotors is approximately -1, which provides
quantitative proof of the working mechanism proposed previously for nanomotors in the
size range of 0.82 to 8.96 um. This result points towards the great advantages of chemical
nanomotors in achieving ultrahigh propulsion speed when made into ultra-small

dimensions. %%

152-153 The involved nanoforces, energy conversion efficiency, and
influencing factors, such as impurities, of the chemical nanomotors have been well
studied.®? 87 199130 For instance, the velocity of nanomotors is inversely proportional to the
electric conductivity of the suspension. Given the feasibility of the self-electrophoresis
model, we expect the same ionic effect for the chemical nanomotors guided by the E-fields.
Therefore, in some biological suspension media with high ionic concentrations and electric
conductivities, e.g. cell culture media and cell washing media such as phosphate buffered
saline, the chemical nanomotors have decreased (or even diminished) velocity and
weakened electric alignment. It is critical to explore the use of alternative biological media
with low electric conductivities. For instance, as we demonstrated previously, in sucrose-
based biological media, nanowires have been manipulated effectively in both propulsion

and alignment by the applied combined AC and DC E-fields, which is compatible with live

cell experimentation.'>*

3.4 SPEED MODULATION OF CHEMICAL NANOMOTORS

Next, we exploit the effect of DC E-fields on nanomotors. The speed of the Pt-Au
chemical nanomotors due to DC E-fields are tested in pure water and 5-10 wt% H>O> fuels.

Au nanorods of the same dimension are fabricated and tested at the same conditions for
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control experiments. AC E-fields are superimposed to align the nanomotors in their long
axis direction when applying DC voltages of -1 to 1 V on 500 um-gapped microelectrodes.
The speed of chemical nanomotors linearly depends on DC E-fields and can be controlled
to instantly increase, decrease and even reverse directions, depending on the magnitude
and direction of DC E-fields as shown in Figure 3.9(a). A DC voltage as low as 1 V can
lead to a velocity change of ~20 pm/sec of the chemical nanomotors, which is effective in

modulating speed of nanomotors for various applications.
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Figure 3.9: (a) Speed of Au nanorods and Pt-Au chemical nanomotors of same
dimensions versus DC E-fields in different suspension mediums. (b) Zeta
potentials of Au nanorods and Pt-Au chemical nanomotors in different
suspensions. Reproduced with permission.'* Copyright 2018, American
Chemical Society.

We also observe that the speeds of both chemical nanomotors in fuel solutions and
those in control experiments always increase in the direction of DC E-fields. While the
Zeta potentials of both Pt-Au nanomotors and Au nanorods are negative as shown in the

measurements in Figure 3.9(b). Furthermore, although the speed of the chemical

nanomotors show much stronger responses to the DC E-field, the value of their Zeta
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potential in fuel solutions is significantly lower than those of control samples, i.e. for Pt-
Au nanomotors in 5% H>O»> fuel, the Zeta potential of -8.76 mV is around 1/4 of those of
control samples. Sen group has reported a similar decrease of Zeta potential of Pt on Janus
spheres in H20. solution due to catalytic reactions.™> The reduced Zeta potential of
nanomotors can be attributed to the substantial increase of protons on the surface of the
nanomotors due to the catalytic reactions in H202,'® which reduces the overall negative
charges and the absolute value of Zeta potentials of chemical motors.

The above phenomena cannot be explained simply by electrophoresis (EP).
Nanoentities, such as nanomotors, experience an electrophoretic force in the presence of
an external DC E-field due to the formation of an electric double layer at the solid/liquid
interface with opposite local charges. The speed of nanoentities ( vgp ) due to
electrophoretic force is proportional to the dielectric constant of suspension medium (g),

Zeta potential of nanomotor (), and DC E-field (Eex), given by:!*’

24

v = — F
ex

op (3.7)
n

t

Given that the Zeta potentials of the chemical nanomotors and control samples are
all negative, if only because of the electrophoretic effect, the moving speed should increase
in the opposite direction of the DC E-field and scale with the magnitude of the Zeta
potential. However, the experiments show the behaviors of nanomotors opposite to this
analysis. The in-depth study shows that in addition to electrophoretic (EO) forces,
electroosmosis flows generated on the surface of glass substrates are important as well,

which is given by:!’

ssO{S
Ve = — E,, (3.8)
n
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The Zeta potential of glass substrates ({,) is negative and can reach -80 mV.!>® As
a result, the direction of electroosmosis flow on glass substrates is in the same direction of
DC E-field according to Equation (3.8), opposite to that of the electrophoretic effect on
nanomotors in Equation (3.7). Therefore, the speed of a nanomotor (vg) in DC E-field is
governed by the combined effects of electrophoretic force on the nanomotor (vgp) in
Equation (3.7) and electroosmosis flows on the glass substrate (vgy) in Equation (3.8).
Considering the zeta potentials and the moving direction of nanomotors, it can be found
that the electroosmosis flows (v, ) dominate the motions of nanomotors. These results and
conclusions are consistent with the reported electroosmosis-based micropumps, where the
E-fields are generated by catalytic reactions on different materials.!** 110 Therefore,
lower absolute values of the negative zeta potential of the nanomotors lead to higher speed
modulations by the DC E-field. This well agrees with the experimental results in Figure
3.9(a), where the speed of chemical nanomotors can be strongly tuned by the external DC
E-field. The DC modulation effect of the chemical nanomotors in 5 wt% and 10 wt% H20-
solution do not show a significant difference in Figure 3.9(a). This agrees with the
understanding that Zeta potential (,) of nanoparticles increases slowly with the proton
concentration with a linear dependence on the logarithm of the proton concentration.® In
all these experiments, the change of viscous coefficient and dielectric permittivity of
suspension due to the presence of H20> fuels (less than 10 wt%) is minimum, i.e. within

3% of that of DI water.1#®

3.5 REVERSIBLE COLLECTION BEHAVIORS OF CHEMICAL NANOMOTORS

Unlike uniform AC electric fields which only generate aligning torques on the
nanoentities, non-uniform AC electric fields, interacting with the dipoles induced in the

nanoentities, would lead to the emergence of DEP force. Nanoentities that are more
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polarizable than the water media, in our case, bimetallic nanorods, would be pulled along
the gradient into the areas of highest field intensities (positive DEP). The reversible
collection behaviors of the nanomotors are realized by relying on the attraction force of the
positive DEP effect. To induce the DEP effect, arrays of conductive Au microislands are
specially designed on the substrate between a pair of parallel microelectrodes in the
microfluidic channels. The original uniform electric field distribution between the parallel
microelectrodes is changed by these conductive microislands, and becomes non-uniform
and much denser on the edges of these microislands. Therefore, the nanomotors in the
microfluidic channels would experience a positive DEP force resulting from the electric
field gradient, which drives them toward the regions of highest field intensities, i.e. the
edges of conductive microislands. The attractive effect can immediately disappear upon

the removal of the applied AC electric field.

AC field off AC field off




Figure 3.10: Reversible collection and dispersion behaviors of chemical nanomotors. (a)
Autonomous motion of nanomotors before AC electric fields are applied. (b)
Rapid attraction and assembly of nanomotors when AC electric fields are on.
(c) Re-dispersion after turning off AC electric fields. Applied AC field is 50
KHz and 10 Vpp, and the concentration of H2O2is 7.5 wt%. Top: 10 umx50
pm microislands arrays with 20 um and 50 um gaps in X and Y directions,
respectively. Bottom: 10 umx120 um microislands arrays with 20 um and 50
pm gaps in X and Y directions, respectively. Scale bar: 100 um.

Such reversible collection behavior of chemical nanomotors is presented in Figure
3.10. Initially, in the presence of H202 and absence of the electric field, the chemical
nanomotors display their typical autonomous movements as shown in in Figure 3.10(a).
The application of the AC electric field rapidly migrates nanomotors toward the conductive
microislands and fixes them on the microislands within 10 seconds as shown in Figure
3.10(b). Such collection of nanomotors persists while the electric field is applied. Once the
electric field is turned off, the catalytic propulsion dominates again and rapidly disperses
nanomotors with autonomous motion as shown in Figure 3.10(c). The self-dispersal
process also only takes less than 10 seconds. The frequency of applied AC electric fields
is optimized as 50 KHz here to avoid the electroosmotic effect at low frequency, and also
to offer a suitable attraction that is sufficiently powerful for effective assembly. Note that
if the attraction force is too strong, some of the nanomotors may remain aggregated even
after the electric field is turned off. The reversible collection of chemical nanomotors is
repeated for 10 cycles and remains functional in our experiments. No physical or chemical
principles prevent the operation of this process with more cycles before they run out of the
chemical fuel. The demonstration of fully and rapidly reversible collection and dispersion
of the nanomotors represents a significant improvement towards various practical
applications, such as, replacing fuel medium for nanomotors, and collecting and removing

nanomotors after applications.
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3.6 APPLICATION I: TARGETED CARGO DELIVERY

With the demonstration and understanding of the prowess of AC and DC E-fields
for manipulation of chemical nanomotors with high facileness, precision, and efficiency,
we exploited two applications of these chemical nanomotors: targeted cargo delivery and

assembling of chemical nanomotors for powering rotary NEMS devices.
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Figure 3.11: (a) Scheme of targeted cargo delivery. (b-f) Optical microscopy images show
the dynamic process of a Pt-Au chemical nanomotor when picking up,
pushing, and delivering a nanorod cargo to the designated microdock. (g)
Speed of the nanomotor in the cargo delivery process. Reproduced with
permission.'* Copyright 2018, American Chemical Society.

In the first demonstration [Figure 3.11(a)], Au nanorods (250 nm in diameter and
3.6 um in length), fabricated by electrodeposition into nanoporous templates, serve as
cargos. They are mixed with Pt-Au chemical nanomotors in 7.5 wt% H2O: fuel solution.
Without AC E-field, the chemical nanomotors move randomly, while the Au cargos only
exhibit weak Brownian motions. By applying a uniform AC E-field, both nanomotors and
cargo nanorods are aligned. The nanomotors move in the alignment direction. While, the
cargo stays essentially at the original location during the transport of the nanomotor guided
by the AC E-field as shown in Figure 3.11(b-c). When the nanomotor is close to the cargo,
the induced E-fields can readily assemble them tip to tip. Here, the interaction between the
induced dipoles of nanomotor and cargo ensures a simple procedure to upload the cargo on
the nanomotor and the assembly is robust during the transport in AC E-fields. Next, guided
by the AC E-field, the nanomotor propels the cargo to a patterned metallic microdock as
shown in Figure 3.11(c-d). When the cargo is in the vicinity of the microdock, it can rapidly
anchor to the edge of the metallic microdock due to the interaction between induced electric
dipoles. Then the nanomotor can start its next journey to seek other targets as shown in
Figure 3.11(e-f). Here, the on-demand release of cargos from the chemical nanomotors is
facilely accomplished by turning off the AC E-field swiftly, e.g. for a few seconds [Figure
3.11(e)].

The above process is further determined quantitatively by analyzing the
instantaneous speed of nanomotors as shown in Figure 3.11(g). When the nanomotor

moves towards the cargo, the average speed is around 3.9 pum/sec. The speed swiftly
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increases to 5.7 um/sec when it gets close and attaches to the cargo due to the strong mutual
attraction. After capturing the cargo, the speed decreases to 2.2 um/sec due to the load,
which agrees with our estimation of 2.6 um/sec from Equation (3.5). After releasing the
cargo, the nanomotor immediately restores to a speed up to 3.3 um/sec, which is slightly
lower than the speed of 3.6 um/sec before loading the cargo. Note that at this moment the
nanomotor is not aligned by the AC E-field which could account for the lowered speed.
The above demonstration of targeted cargo delivery by nanomotors under the control of E-

field shows simplicity and reliability for diverse lab-on-a-chip applications.

3.7 APPLICATION II: ASSEMBLY OF ROTARY NANOMOTORS DRIVEN BY CHEMICAL
REACTIONS
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Figure 3.12: (a) Schematic diagram of the rotary NEMS device with chemical nanomotor
assembled as the powering component. (b) SEM images of the multi-segment
nanowire rotor. The segments from left to right are 200 nm Au, 50 nm Ni, 3.5
um Au, 500 nm Ni, 3.5 um Au, 50 nm Ni and 200 nm Au. (c-d) SEM and
EDS images of the Pt-Ag/Au chemical nanomotor. The segments from left to
right are 400 nm Au, 1.7 um Ag-Au alloy, 500 nm Ni, 400 nm Au, and 2 pm
Pt. (e) Overlapped snapshots showing the assembling process of a chemical
nanomotor on a rotary NEMS device. Reproduced with permission.!*
Copyright 2018, American Chemical Society.

Next, leveraging the precision guidance of chemical nanomotors with E-fields, we
designed and assembled a chemically powered rotary NEMS by integrating chemical
nanomotors with electric manipulation. Firstly, a rotary NEMS is assembled by E-fields

).147. 161 It consists of a multi-

following previous reports as illustrated in Figure 3.12(a
segmented Au/Ni nanorod (250 nm in diameter and 8 pm in length) and a patterned
nanomagnet (500 nm in diameter) serving as the rotor and bearing, respectively. Different
from previous research, the rotor is designed to consist of three Ni segments embedded in
the Au nanorod. The structure is Au(200 nm)/Ni(50 nm)/Au(3.5 pm)/Ni(500 nm)/Au(3.5
nm)/Ni(50 nm)/Au(200 nm) as shown in Figure 3.12(b). The Ni segment in the center of
the rotor is used to attach the rotary NEMS on the patterned magnetic bearing. The two Ni
segments next to the tips aim to anchor the chemical nanomotors. The patterned
nanomagnet has a tri-layer stack of Ti (60 nm)/Ni (80 nm)/Cr (6 nm). By using the electric
tweezers, the nanorotor is transported and attached atop of the pattern magnetic bearing,
where the magnetic interaction between the Ni segment in the rotor and Ni layer in the
magnetic bearing fixes the position of the rotary NEMS while still allows its rotation.'*”
161 Next, we fabricated chemical nanomotors made of Pt-AgAu nanowires. Here, we
replaced the Au segments used above with Ag(~80 wt%)/Au(~20 wt%) alloy segments in

the Pt-based chemical nanomotors [Figure 3.12(c-d)], which can substantially increase the

output power and speed. The increase of the speed can be attributed to the much greater
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potential differences of Pt versus AgAu alloy compared to that of Pt versus pure Au as
reported.®’”> 120 The chemical nanomotors move at a speed up to ~30 pm/sec in 5 wt% H>O,
solution. From the speed, we can estimate the driving force as high as 0.26 piconewtons
(pN). With the guidance of the AC E-field, the chemical nanomotor can be efficiently
maneuvered towards the rotary NEMS and then be assembled at one end of the rotor by
magnetic attraction as shown in Figure 3.12(e). The assembling process was carried out in

1 wt% H>O» solution to ensure we have sufficient responding time to control and assemble.
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Figure 3.13: (a) Snapshots of a rotating NEMS device driven by a chemical nanomotor
taken every 2 seconds. (b) Rotation angle versus time of the rotating NEMS
device. (c) Rotation speed versus time of the rotating NEMS device.
Reproduced with permission.'* Copyright 2018, American Chemical
Society.

After assembling, we increased the concentration of the H>O> solution to 5 wt%.

The nanomotor instantly propelled the NEMS into continuous rotation as shown in Figure
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3.13(a). The driving torque of the nanomotors in Figure 3.13(a) can be readily determined
as 1.04 X 10718N - m, which is sufficient to overcome the friction and magnetic torques
between the rotor and bearing as shown in Figure 3.13(b-c). Here, we can observe the
effects of the angle-dependent magnetic force and torque that result in the oscillation of
rotation speeds of the rotor with a 360° periodicity as a function of the angular position,
agreeing with previous works.!®?> The average rotation speed of the NEMS device is

determined as 0.64 rad/sec.

3.8 CONCLUSIONS

In summary, in this chapter we report a highly versatile and precision approach to
guide and modulate the propulsions of chemical nanomotors with E-fields, which allows
motion control in 2-D and 3-D. The fundamental interactions involved in the electric
manipulation have been investigated. Leveraging the precision of manipulation, we
experimentally confirmed the inverse linear dependence of speed and size of chemical
nanomotors, supporting the previous modeling. For applications, the manipulation strategy
provides facile operations of these chemical nanomotors to realize cargo capture, transport,
and delivery to designated microdock. The prowess of the manipulation is also
demonstrated by assembling chemical motors as powering component of rotary NEMS.
This work could be inspiring for constructing various nanorobots and functional

NEMS/MEMS devices for diverse tasks in electronics and biomedical research.
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Chapter 4: Plasmonic nanomotors for tunable biochemical release and
in-situ sensings

Controlled release of biomolecules from nanoparticles have received substantial
attention from interdisciplinary research communities of chemistry, materials, biology, and
engineering.!®¥1> The great interest in utilizing nanoparticles as molecule carriers arises
due to their molecular and cellular relevant size, which allows precision loading of
biochemicals and subsequent release at targeted locations, such as to a single live cell
amidst many.”® 196168 It {5 even more potent to actively control the release of biomolecules
from nanoparticles. Innovative approaches have been reported to trigger the release of
biochemicals from nanoparticles by designed surface functionalization and unique
responses of nanoparticles to their environment.'%-1%° For instance, the controllable release
of molecules by near-infrared light based on the photothermal effect of gold nanocages was
recently reported.'®® A similar approach was also used for the intracellular release of
oligonucleotides.!’*!”> The release of molecules can also be triggered by magnetic fields,
which induce mechanical deformation of magnetic hydrogel composites or generate heat
due to Néel and Brownian relaxation.!”*!7> Controlling electric potential is another method
to control the molecule release dynamically based on the electrochemical reduction-
oxidation process on the electrode surface.!’® Ultrasound waves have also been reported to
trigger the release of molecules through mechanical effects generated by cavitation
phenomena or radiation forces.!”’"!7® Nevertheless, it remains a grand challenge to control
the release dynamics of biomolecules in a tunable fashion and monitor the release process

in-situ and in real time with ultrasensitivity.

§ Portions of this chapter have been previously published in J. Liv*, J. Guo*, G. Meng, D. Fan, Chemistry
of Materials, DOI: 10.1021/acs.chemmater.8b01979 (2018). J. Guo and J. Liu carried out the research,
including experiments and simulation, and wrote the first draft of the manuscript. They contributed equally
to this work. Professor G. Meng, J. Liu’s supervisor, commented and revised the manuscript. Professor D.
Fan conceived this research and supervised the project. She analyzed data and revised the manuscript.
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In this chapter, we report a plasmonic nanomotors that not only detects molecules
with ultrasensitivity and high reproducibility, but also provides enhanced capacitance to
carry biomolecules and actively control their release dynamics. The nanomotor is made of
a nanoporous superstructural composite, consisting of an Au nanorod core, a nanoporous
superstructural silica shell, and large arrays of plasmonic Ag nanoparticles as shown in
Figure 4.1(a-f). The nanoporous silica superstructure with vast embedded nanocavities is
strategically created by alternately coating silica and assembling nanospheres on the Au
nanorod cores. After calcination, the polystyrene (PS) nanospheres are removed. This
process generates high-density nanocavities in silica, arranged concentrically in 3D around
the Au nanorod. The nanocavities provide enhanced 3D nanospaces for sustaining
biomolecules, as well as large surface areas for the growth of the plasmonic Ag
nanoparticles. A three-fold enhancement of molecule loading is achieved compared to that
of a solid control sample. The large number of Ag nanoparticles grown on both the inner
nanocavities and outer surface of the silica shell [Scheme 1(f-g)], offers substantially
enhanced Raman sensitivity, owing to the increased number of hotspots and their near-field
electromagnetic coupling. In an external AC electric field, the Ag nanoparticles also
actively manipulate molecules and tune the release rate due to the induced electrokinetic
effect. Finally, the dual functional superstructural plasmonic nanomotors are manipulated,
i.e. transported to a specific location and rotated at a controlled speed, making them

desirable for location-predicable sensing and biomolecule delivery for many potential

168 179-180

applications  in recision  medicine,” mechano-biology, cell-cell
pp p gy

communications,'®! and system biology.'%*183
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4.1 INTRODUCTION OF SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS)

Surface-enhanced Raman scattering/spectroscopy (SERS) is one of the most
promising sensing techniques that can reveal both the chemistry and quantity of multiplex
molecules in a non-invasive, sensitive, and label-free manner.?>> #1838 The coherent
oscillation of electrons in the conduction band of metallic nanoparticles boosts the
electromagnetic fields (£) in the vicinity of nanoparticles and their narrow junctions. The
locations with ultrahigh electromagnetic field are the so-called plasmonic hotspots. When
molecules reside at the hotspots, their Raman spectra are greatly enhanced, with an
approximately E* dependence.'®-!°! It has been of great interest to design and fabricate

high-performance SERS substrates. To date, a variety of noble metallic substrates have

192-196 197-200

been fabricated for SERS detection, including nanoparticles, nanorods, core-

201202 and  highly symmetric nanostars.?*2** Well reproducible

shell nanostructures,
plasmonic nanomotors with an enhancement factor as high as 10°-10'' have been
reported.?®>2% Nevertheless, current research efforts largely focus on improving the
sensing performance of plasmonic nanomotors in terms of enhancement factors and
reproducibility. To fully realize the potential of SERS techniques, it has triggered
substantial interest to investigate new device paradigm of Raman sensing devices that
provide multiple integrated functions.”® 207210 Particularly, a dual-functional device
scheme that offers Raman sensing capability integrated with active manipulation of

molecules is challenging, while of great potential for many applications.?> 2!!

4.2 DESIGN AND FABRICATION OF PLASMONIC NANOMOTORS

The design of each component in the porous superstructural plasmonic nanomotor
serves for a purpose. The long metallic core can be readily polarized and manipulated in

external electric fields. The nanoporous silica shell supports the growth of a large number
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of plasmonic Ag nanoparticles with 3D arrangement, separating them from the metallic
core to avoid plasmonic quenching, and effectively increasing the plasmonic couplings of
the Ag nanoparticles in 3D. The nanoporous silica superstructure also provides large
specific surface areas for the loading of molecules. The high-density Ag nanoparticles not
only substantially increase the enhancement factor of SERS, but also generate strong

electrokinetic effects for tuning the release rate of molecules.
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Figure 4.1: Flowchart of the fabrication process of the nanoporous superstructural
plasmonic nanomotors. Reproduced with permission. Copyright 2018,
American Chemical Society.

The fabrication of the superstructural plasmonic nanomotors starts with the growth
of Au nanorods of ~ 5 um in length and ~ 280 nm in diameter by electrodeposition into
nanoporous anodic aluminum oxide (AAO) templates as shown in Figure 4.1.7-2!> Then, a
uniform thin layer of silica is conformally coated on the surface of the Au nanorods via
hydrolysis of tetraethyl orthosilicate (TEOS) in ammonia solution [Figure 4.2(a)]. A

suspension of Au nanorods (~10%/mL, 1 mL) is mixed with a solution made of 3 mL
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ethanol, 0.8 mL D.I. water, 100-200 pL. ammonia (30 wt%) and 400-800 uL. TEOS, and
subjected to sonication for one hour at room temperature. To obtain high porosity and a

large surface-to-volume ratio, the thickness of the first silica nanoshell is optimized to 20-

30 nm. This thickness guarantees a uniform and well reproducible coating.

Figure 4.2: SEM images of (a) Au nanorod with a silica nanoshell. (b) Assembling of the
first layer of PS nanospheres on the Au/silica core-shell nanostructure. (c)
Assembling of the second layer of PS nanospheres on the Au/silica core-shell
nanostructure. (d) 3D nanoporous superstructure with large arrays embedded
nanocavities. (€) Ag-nanoparticles on the outer surface of the superstructure.
(f) Cross-sectional view of the superstructure with Ag nanoparticles in the
embedded nanocavities arranged in two concentric nanorings. (g) Close-up
view of a few nanocavities with filled Ag nanoparticles (in pseudocolor) of
narrow junctions of a few nanometers. Reproduced with permission.
Copyright 2018, American Chemical Society.

To generate 3D nanocavities in the silica shell, we assemble large arrays of PS
nanospheres on the surface of the silica. Firstly, we modify the outmost surface of the silica
layer in the Au/silica core-shells with positively charged molecules by functionalizing

polyelectrolytes of poly(diallyl-dimethyl-ammonium chloride) (PDDA, positively

charged) and poly(sodium-p-styrene sulfonate) (PSS, negatively charged), alternatively.
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Next, the core-shell nanostructures are dispersed in a PS nanosphere suspension. These
negatively charged nanospheres can swiftly assemble on the positively-charged outer
surfaces of silica with a high density and individual separations due to electrostatic
interactions [Figure 4.2(b)]. The diameter of the PS nanospheres is controlled to be 70-80
nm and the density is ~ 95/um?. Then, by repeating the process of silica coating and
nanosphere assembling, multiple layers of nanospheres can be rationally embedded in the
silica forming into a 3D superstructure. As shown in Figure 4.2(c), the second layer of PS
nanospheres with a density of ~ 103/um? is successfully assembled on the outer surface of
the silica shell, which has the first impregnated layer of nanospheres in Figure 4.2(b). To
fully cover the PS nanospheres assembled on the Au/silica core-shells, the thickness of the
silica nanoshells is increased to 40-50 nm. After coating the outmost layer of silica, the PS
nanospheres are removed at 550 °C in the air, forming nanoporous superstructures with
mono-dispersed nanocavities [Figure 4.2(d)]. The final diameter of the porous silica
superstructures is around 850 nm.

The corrugated surface due to the embedment of nanocavities could enhance the
loading of plasmonic Ag nanoparticles [Figure 4.2(d)]. Finally, the Ag nanoparticles are
grown both in the inner nanocavities and on the outer surfaces of the porous silica
superstructures by catalytic reduction of silver nitrate (AgNOs) [Figure 4.2(e-g)]. Firstly,
the nanoporous superstructures are incubated and stirred in a mixture of AgNOs3 (0.06 M,
500 pL) and ammonia (0.12 M, 250 pL) for sufficient adsorption of Ag ions. Then
polyvinylpyrrolidone (PVP, 10 mL of 2.5x10° M in ethanol) is added to promote the
reduction of AgNO; and growth of Ag nanoparticles at 70 ‘C. After 7-hour reaction, dense
Ag nanoparticles are grown on both the outer surfaces and inner cavities of the nanoporous
superstructures. Characterization with ImagelJ (software) shows that the average size of Ag

nanoparticles and nanojunctions between them on the outmost surface of the nanoporous
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superstructural plasmonic nanomotors are 27.38+6.73 nm and 2.5141.01 nm, respectively.
The histograms are shown in Figure 4.3. We know that electromagnetic fields increase
dramatically with the narrowing of the junctions of Ag nanoparticles. If we only consider
the nanojunctions of <2 nm as hotspots for significantly enhancing Raman signals of
molecules, the density of hotspots is estimated as ~800 /um? on the outer surfaces of the
nano superstructures. Since the reaction occurs in aqueous solutions, the reactant ions can
readily diffuse and react inside the nanocavities, resulting in the growth of Ag nanoparticles

on the inner surfaces of nanocavities.
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Figure 4.3: Size distribution of (a) Ag nanoparticles and (b) nanojunctions between them.
Reproduced with permission. Copyright 2018, American Chemical Society.

The Ag nanoparticles embedded in the nanocavities are characterized by milling

and exposing the cross-section of the superstructures with Focused Ion Beam (FIB). The

cross-sectional image of the nano superstructure in Figure 4.2(f) reveals two concentric

rings, around the Au nanorod core, made of nanocavities filled with Ag nanoparticles. The

high-magnification image in Figure 4.2(g) shows that each nanocavity is filled with three

to four Ag nanoparticles with ultra-narrow junctions of a few nanometers. We assumed
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there are 4 Ag nanoparticles in each nanocavity, positioned at tetrahedral sites. Then, 6

hotspots can be contributed by each nanocavity. In another word, the density of the hotspots

in the two concentric layers of nanocavities are 570 and 618 hotspots/um? respectively.

These embedded Ag nanoparticles provide an additional ~80% hotspots of those on the

outer surface.

4.3 LOADING CAPACITY OF BIOMOLECULES ON PLASMONIC NANOMOTORS
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nanosuperstructure

Figure 4.4:
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(a) Fluorescence spectra and (b) average fluorescent intensity of R-6G
molecules obtained from the porous Au/silica nano superstructures, solid
control samples and natively oxidized silicon substrate. Reproduced with
permission. Copyright 2018, American Chemical Society.

Owing to the embedded nanocavities in the unique superstructures, the loading

capacitance of molecules on the superstructural plasmonic nanomotors is enhanced by more

than 3 times compared to that of solid samples. To determine the enhancement of loading

in the nanoporous structures quantitatively, we employed Rhodamine 6G (R-6G) as a

fluorescence probe. To avoid plasmonic enhancement effects, the tests are carried out

before the growth of Ag nanoparticles. Nanostructures consisting of Au nanorod cores and

silica shells of the same thickness without nanocavities (Au nanorod: ~280 nm in diameter,

silica shell: ~285 nm) are fabricated as control samples. The nanostructures are incubated
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in 10 M R-6G aqueous solutions for 2 hours before testing. After rinsing in DI water, they
are dispersed and dried on glass substrates. Measurements of fluorescent intensity are taken
by using a 532-nm laser with a spot size of 6 um and power of 0.5 uW. The exposure time
for each test is 5 seconds. As shown in Figure 4.4, the fluorescent measurement of R-6G
molecules loaded on the porous nano superstructure is approximately 3.3 times that of the
control samples. It could be attributed to the excess surface areas provided by the embedded
nanocavities in the superstructures.

The experimentally obtained enhancement of 3.3 is comparable to that obtained
from calculations of ~2.5. The slightly higher value obtained from experiments can be
largely attributed to the greater retention of R-6G molecules by the embedded nanocavities
than that of the outer surfaces. We notice that the surface areas of the silica superstructures
can be further increased by integrating more layers of nanocavities by cycling the
nanosphere-assembling-silica-coating process. Indeed, this unique strategy opens a rational
way in creating nanoporous superstructures with controlled arrangement of nanocavities in

3D, which offers much enhanced specific surface areas and loading capacity of molecules.

4.4 CHARACTERIZATION AND SIMULATION OF SERS

Furthermore, the Ag nanoparticles grown on the outer surface and inner
nanocavities provide substantially enhanced Raman sensitivity for biochemical detection.
Raman signals of probing molecules R-6G ranging from 107! M to 10"'> M can be detected
as shown in Figure 4.5(a). A 532-nm laser with a spot size of 6 um and power of 50 uW is
used for SERS measurements. The exposure time for each test is 5 seconds. The sensing
limit is as low as 10715 M with a signal-to-noise ratio of 3.97 at 608 cm™' and 3.67 at 771
cm’!, respectively, which is at least one order of magnitude improvement of that obtained

from the control samples made of Ag-coated solid Au/silica nanorods [Figure 4.5]. The
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porous plasmonic nanomotors also detect the non-resonant probing molecules 1,2-bis(4-
pyridyl) ethylene (BPE) at an ultralow concentration of 10°'* M with a signal-to-noise ratio
of 6.12 at the characteristic peak of 1198 cm™ as shown in Figure 4.6. The enhancement
factor (EF) is determined as 3.78x10° by following a widely-used method,213-2!% which

is more than two-time higher than that of the solid plasmonic nanomotors (1.75x10°).
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Figure 4.5: SERS spectra of R-6G molecules of different concentrations determined from
the porous superstructural plasmonic nanomotors (a) and the control samples
made of solid plasmonic nanomotors (b). Inset in (bb): SEM image of the
control samples. Reproduced with permission. Copyright 2018, American
Chemical Society.
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Figure 4.6: SERS spectra of BPE molecules with different concentrations detected from
the porous plasmonic nanomotors. Reproduced with permission. Copyright
2018, American Chemical Society.
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Herein the enhancement factor (EF) of plasmonic nanomotor can be calculated by:

EF — ISERS/NSERS (4.1)

IRs/NRs

where Isgrs and Igs correspond to the Raman intensity at 1200 cm™ of BPE molecules
obtained from a SERS substrate and directly from a suspension, respectively. Nsers and
Nrgs are the number of molecules detected from the SERS substrate and suspension without

a SERS substrate, respectively.
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Figure 4.7: (a) Raman spectrum of 1 M BPE in ethanol solution (integration time 10
seconds). SERS spectra on (b) solid and (c) porous plasmonic nanomotors
with saturated adsorption of BPE, respectively (integration time 5 seconds).
Reproduced with permission. Copyright 2018, American Chemical Society.

The value of Izsis obtained from 1 M BPE ethanol solution excited by a 532-nm
laser at 50 uW (integration time 10 seconds). As shown in the Raman spectrum in Figure
4.7(a), Irs=3087 counts/second were achieved.

Nrgsis given by Nrs=Viscarr Cppe-Na, where Viea1s the volume of BPE that contributes
to the Raman signals, Capr is the concentration of BPE solution (1 M), N4 is Avogadro’s
number. Vscar 1s determined by Vicar=Aonj"Hobj, Where Ao 1s the size of the laser spot, Hop
is the effective height of the detection volume of BPE. The diameter of the laser from a
20x objective is 6 pm, thus A.,=nR’=28.26 um’. By using the method reported
previously,® H,,=56.6 um was obtained. Therefore,

Nirs= Aobj-HobjCppe-N4=28.26 um>x56.6 pumx1 mol/Lx6.02x10%=9.63x10' molecules
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To determine the value of Iszrs for both the solid and porous plasmonic nanomotors,
we immersed the nanostructures in 1 mM BPE ethanol solution for 2 hours and rinsed by
pure ethanol. Figure 4.7(b-c) shows the obtained SERS spectra with a 532-nm incident
laser. We can see that Isers for the solid and porous plasmonic nanomotors are 118623
counts/second and 461010 counts/second, respectively.

The value of Nsgrs is estimated by counting the number of BPE molecules existing
in the hot spots which make the major contribution to the obtained SERS intensity. Since
the laser spot is larger than the length of the plasmonic nanomotors (5 pm), the effective
exposure area on the outer surface of the plasmonic nanomotors is estimated as
1/3(effective factor due to curvature) x850 nm (diameter)x5 um (length)=1.42 pm?.
Similarly, the effective exposure areas for the inner nanocavities, where the two concentric
layers of PS nanospheres locate at, are estimated as 0.53 um? and 0.97 pm?, respectively.
Therefore, the number of effective hotspots contributed by the outer surface and inner
nanocavities are 1.42 um?x793/um?=1126 hotspots, and 0.53 um?x570/um? +0.97
um?x618/um?=902 hotspots, respectively. Moreover, we can assume the volume of hotspot
is ~3.375 nm?®, which is the average gap size as aforediscussed to the power of three. The
volume of BPE molecule is 3 A x 6 A x 10 A/molecule=180 A’/molecule.

Therefore, for solid plasmonic nanomotors:

Nsers =1126 hotspotsx3.375 nm?/(180 A3/molecule) = 21113 molecules

__Isgrs/Nsgrs __  118623/21113

- 9
EFsoita_sensor == " = = 3087/063x1010) 1.75x 10

For the porous superstructural plasmonic nanomotors:

Nsers = (1126+902) hotspotsx3.375 nm>/(180 A3/molecule) = 38025 molecules

__Isgrs/Nsgrs __  461010/38025

- 9
Eporous sensor = Irs/Ngs ~ 3087/(9.63x1011) 3.78x10
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Figure 4.8: (a-c) Simulations of the electric field distribution in (a) a nanoporous
superstructural plasmonic nanomotor, (b) a solid plasmonic nanomotor, and
(c) a porous superstructural plasmonic nanomotor without Ag nanoparticles
in the second layer of embedded nanocavities. The 532-nm laser is in the
vertical direction with an in-plane polarization. (d) Optical image of a porous
plasmonic nanomotor and (e) Raman mapping of R-6G (10° M, 1644 cm™).
(f) Intensity of Raman signals along the length of the porous plasmonic
nanomotor in (d). Reproduced with permission. Copyright 2018, American
Chemical Society.

Note that an EF of 10® is sufficient for detecting a variety of biochemicals on the
single molecular level.?%: '1: 295 215 The improved Raman sensitivity of the porous
plasmonic nanomotors can be attributed to at least two factors as discussed in the following.
As aforediscussed, the plasmonic Ag nanoparticles in the embedded nanocavities of the

porous plasmonic nanomotors provide a much greater number of hotspots for detecting

molecules at ultralow concentration compared to that of the solid samples. Moreover, the
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strategical arrangements of the hotspots in different concentric layers of nanocavities offer
additional enhancement due to the plasmonic near-field effect.

This is determined by the numerical simulation with COMSOL in Figure 4.8(a-c),
where a porous superstructural plasmonic nanomotor is modeled as a coaxial cylinder (Au
nanorod: 280 nm in diameter) with embedded layers of spherical nanocavities (80 nm in
diameter). The Ag nanoparticles are modeled as 30 nm spheres with junctions of 2 nm. The
entire porous plasmonic nanomotor is placed on a glass substrate and excited with an in-
plane polarized 532-nm laser. Numerical calculations of the electric fields in the porous
plasmonic nanomotors [Figure 4.8(a)] and solid plasmonic nanomotors [Figure 4.8(b)]
indicate that the Ag nanoparticles inside the embedded nanocavities not only provide more
hotspots with higher volumetric electric field intensity but also effectively increase the
electric field intensity at the junctions of Ag nanoparticles on both the outer surfaces and
inner layers of cavities. For instance, the numerically calculated electric field is enhanced
from 25/26 to as high as 32 on the outer surface, and from 27 to as high as 35 on the inner
cavities. It is due to the so-called near-field effect, resulting from the induced resonance
coupling of plasmonic nanoparticles.”” 2!1® Both of these factors contribute to the high
sensitivity achieved from the porous superstructural plasmonic nanomotors.

Not only sensitive, the porous plasmonic nanomotors offer fairly uniform Raman
enhancement along the length as shown by the SERS mapping in Figure 4.8(d-f). Signals
along the dashed line on the plasmonic nanomotor have a variation within £12% [Figure
4.8(f)], which is fairly low given the high local-electric-field dependence of SERS. It can
be attributed to the uniformly distributed Ag nanoparticles on the porous plasmonic

nanomotors as shown in Figure 4.2(e).
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4.5 TUNABLE BIOCHEMICAL RELEASE FROM PLASMONIC NANOMOTORS
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Figure 4.9: Finite Element Modeling with COMSOL.: (a) electric field distribution around
a pair of Ag nanoparticles and attraction of molecules towards the location
with the highest electric field. (b) The distribution of electromagnetic field
due to an incidental laser around a pair of Ag nanoparticles. The laser is in the
vertical direction with an in-plane polarization. Reproduced with permission.
Copyright 2018, American Chemical Society.

Next, by exploiting both the metallic and plasmonic properties of the Ag
nanoparticles grown on the porous plasmonic nanomotors, we actively controlled the release
of biomolecules at tunable rates by external electric fields and detected the release kinetics
in quasi-real-time by Raman spectroscopy. As shown in the simulation in Figure 4.9(a), in
a uniformly applied external electric field, the electric field around a pair of metallic Ag
nanoparticles is focused at the junction of the metal dimer due to the polarization of Ag
nanoparticles, co-localized at the position of the plasmonic sensing hotspot [Figure 4.9(b)].
This induced non-uniform electric field can readily exert an induced DEP force on the
molecules in the vicinity of Ag nanoparticles and in suspension. When the electric
polarization of the molecules is stronger than that of the suspension medium, the molecules
can be facilely attracted and retained at the position of the highest electric field, co-

localized with the hotspots as shown in Figure 4.9(a-b). This effect is due to the so-called
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positive DEP, which depends on AC frequency and dielectric permittivity of both
molecules and suspension medium. Therefore, under optimized conditions, the plasmonic
Ag nanoparticles can be dually functional, working as molecular tweezers that actively
manipulate the release rate of molecules and Raman nanosensors that detect the

instantaneous release.
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Figure 4.10: (a) Raman intensities of Nile Blue (595 cm™) at different concentrations
detected from the plasmonic nanomotors. (b) The linear dependence of Raman
intensity on concentrations of Nile Blue from 25 nM to 500 nM. Reproduced
with permission. Copyright 2018, American Chemical Society.

With the above analysis and understanding, we carried out a series of experiments
by using Nile Blue (NB) molecules to study the tuning of biomolecule release with an
external electric field. NB is a typical SERS probing molecule and has a higher molecular
polarizability (~800x10** F-m?) than that of water (1.61x10™*° F-m?).2!7-2!8 According to
the Fick’s diffusion laws, when molecules are released from a substrate to the bulk solution,

the time-dependent concentration of molecules on the substrate (C) can be calculated as:?"’

C=Ce*+c, (4.2
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where C' = C; — C,, C, is the initial concentration of the molecules adsorbed on the
substrate, C, is the initial concentration of the molecule in the bulk solution, and k (s)
is the molecule release rate. The Raman intensity of NB molecules (at 595 cm™) adsorbed
on the plasmonic nanomotors increases linearly with the concentration of NB ranging from
25 nM to 500 nM (Figure 4.10). Therefore, by fitting the Raman signals versus time, the

release rate (k) of NB from the plasmonic nanomotors can be obtained according to

Equation (4.2).
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Figure 4.11: (a) Release rate of NB from plasmonic nanomotors at different AC
frequencies. (b) Raman detection of the release of NB molecules with time in
an external electric field of 50V, 50- 400 kHz. Reproduced with permission.
Copyright 2018, American Chemical Society.

We found that the optimal AC frequency for controlling the release rate occurs at
200 KHz, where the decrease of the release rate compared to that without external electric
field is the greatest (Figure 4.11). Next, we tested the voltage-dependent release from 0 to
75 V at 200 KHz as shown in Figure 4.12. The strong effect of the electric field in tuning
the molecule release rate can be clearly observed, where the release rate (k) monotonically
deceases with applied voltage. It can be understood by examining the DEP force applied

on molecules due to external electric fields, which depends on both the electric field

strength (E) and electric field gradient (VE). Since both the E and VE are the greatest at
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the vicinity of Ag nanoparticles, the DEP force attracts and retains molecules around the
Ag nanoparticles, effectively reducing the release rate. Therefore, by adjusting the applied
voltages at optimal AC frequencies, we successfully achieved tunable release rate of

molecules from the plasmonic nanomotors.
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Figure 4.12: (a) Voltage-dependent release rate versus applied voltage at 200 kHz and (d)
Raman detection of the release of NB molecules with time in an external
electric field of 0 to 75 V, 200 kHz. Reproduced with permission. Copyright
2018, American Chemical Society.

The approach is not only feasible for the SERS probing molecules NB. We
successfully tuned the release rate of other interesting biomolecules, such as adenine, a
basic building block of nucleic acids as shown in Figure 5. The derivatives of adenine, such
as adenosine triphosphate (ATP) and cofactors flavin adenine dinucleotide (FAD), are
widely present in live beings. As shown in Figure 4.13(a-b), we can detect adenine
molecules from the plasmonic nanomotors by Raman spectroscopy, the intensity of which
monotonically correlates with the concentration. When turning the AC electric fields on
and off, the release rate of adenine can instantly decrease and restore, respectively,

monitored in quasi-real time as shown in Figure 4.13(c¢).
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Figure 4.13: (a) Intensity of Raman spectra of adenine at 720 cm at different
concentrations detected from the plasmonic nanomotors. (b) Raman intensity
of adenine is linearly proportional to concentration from 0 to 500 nM. (c)
Raman detection of release of adenine molecules versus time when an AC
electric field of 500KHz 50V is turned on and off. Reproduced with
permission. Copyright 2018, American Chemical Society.

4.6 MANIPULATIONS OF PLASMONIC NANOMOTORS

Finally, the plasmonic nanomotors can be efficiently motorized by the electric
tweezers.??? Precise delivery and controllable release of biochemicals with sub-cellular
resolution is highly desirable in the study of cell-to-cell communication, single-cell

biology, and biomedical toxicology research.’® 22222 Robotization of the nanosensor
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demonstrated here would allow the biomolecule delivery and detection at predetermined

location, e.g., a single live cell amidst many.
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Figure 4.14: (a) Schematic of a plasmonic nanomotor manipulated by the electric tweezers.
(b) Transport speed of a plasmonic nanomotor versus applied DC voltage. (c)
Overlapped snapshots of a plasmonic nanomotor transported along the letter
“U”. (d) Rotation angle profile at different AC electric field voltages (50
KHz), inset: overlapped snapshots. () Rotation speed versus frequencies of
AC electric fields (14V). (f) Rotation speed versus the square of applied
voltages (50 KHz). Reproduced with permission. Copyright 2018, American
Chemical Society.

89



As shown in Figure 4.14(a), in a combined AC and DC electric field, a plasmonic
nanomotor can be transported along both the X and Y directions. The transport speed of
the plasmonic nanomotors linearly increases with the applied DC voltage as shown in
Figure 4.14(b) and the alignment is controlled by the AC electric field. The transport can
be attributed to electrophoresis (EP) effects as well as the electroosmosis (EO) flows.% 4°
The alignment is due to the interaction between the induced dipole moment of the
longitudinal nanomotor and the AC electric field.” ?** By applying combined AC and DC
electric fields in both the X and Y directions with controlled duration, the plasmonic
nanomotor can go along a designed path, such as a letter “U”, as shown in Figure 4.14(c).
Further studies also demonstrated the controlled rotation of the plasmonic nanomotors, as
shown in the rotation angle profile and the overlapped images in Figure 4.14(d-f). The
feasibility in manipulating the porous superstructural plasmonic nanomotors is potent for

the development of multifunctional nanorobots that can probe, sense, and release molecules

on single cellular levels.

4.7 CONCLUSIONS

In summary, we designed and fabricated an original type of dual-functional
plasmonic nanomotors with designed nanoporous superstructures. The unique nano-
porosity made from a cyclic nanosphere-assembling-silica-coating process provides three-
fold enhancement in specific surfaces areas and loading capacitance of biomolecules. The
enhanced specific surface areas, owing to the embedded nanocavities, also support the
growth of plasmonic Ag nanoparticles in 3D, offering approximately an order of magnitude
improvement in the limit of Raman detection compared to that of non-porous control
samples. Numerical simulation further unveiled the near-field electromagnetic coupling

between the Ag nanoparticles in the nanocavities on adjacent concentric layers, in addition
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to the increased number of hotspots. By exploiting both the electric and plasmonic
properties of the Ag nanoparticles, we successfully demonstrated a mechanism for actively
tuning the release rate of biomolecules, and monitoring the release in quasi-real time.
Finally, the plasmonic nanomotors are facilely motorized, including transport along both
the X and Y directions, such as tracing letter “U”, and rotation. The concept, fabrication,
and performances of the reported dual-functional biosensing-release device could inspire
the development of the next-generation multifunctional Raman-sensing nanorobots for

probing, stimulation, and detection for precision medicine.
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Chapter 5: Bio-photonic-plasmonic micromotors for DNA capture
and detection**

5.1 INTRODUCTION

Deoxyribonucleic acid (DNA) technology has revolutionized modern life and
science. Recent advances in DNA technology including cloning, polymerase chain reaction
(PCR), recombinant DNA technology, DNA fingerprinting, and gene therapy have shown
great impacts on agriculture, medicine, environmental sciences, and forensic
investigations.?**?*” The capture of DNA molecules on solid surfaces, which serves as the
underlying mechanism for the vast majority of DNA preconcentration and separation

techniques, is commonly used for extraction of DNA from biological samples in these

232-234 235-236

DNA technologies.??32*! Various solid particles, including silica, polymers,

90-237 and gold nanoparticles,>**>* have been investigated for DNA capture by

graphene,
either electrostatic interaction or covalent bonding.?*® Among these fascinating materials,
silica nanoparticles have emerged as one of the most promising candidates due to their
advantageous high surface area, surface functionalization capability, biocompatibility and
low cost.?*!22 The mechanism of DNA capture on silica has been deeply investigated and
been attributed to the increase in entropy.?** The capture of DNA on the silica leads to the
release of ordered water molecules hydrating on DNA and silica surface. Note that DNA
and silica are both negatively charged in general and repel each other electrostatically. A
low pH value of the binding buffer can result in the decrease of surface charge density,

which reduces the electrostatic repulsion between DNA and silica. Similarly, a high ionic

strength can compress the electrostatic double layer on silica surface and thus shield the

** Portions of this chapter will be submitted to Nature Methods. As the leading author, J. Guo designed and
performed the experiments, modelled the system, analyzed the data, and wrote the draft of the manuscript.
As the faculty author, Professor D. Fan conceived this research and supervised the project. She analyzed data
and modelled the system.
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electrostatic interaction. Therefore, current researches have been mostly focused on the
developing of binding buffers with various compositions to facilitate DNA adsorption on
silica by tuning the pH and ionic strength.?**>*6 Various protocols have been reported and
demonstrated with high capture throughput, high elution efficiency and excellent
compatibility with downstream applications. However, it remains very challenging to
improve the time-efficiency of the DNA capture processes at low concentration. It usually
takes tens of minutes or even a few hours for the capture processes to be saturated in most
reported protocols. Theoretical studies and reported experiments indicate that both the
transport of molecules to the solid surface (including convection and diffusion) and the
adsorption/reaction of molecules on the solid surface play critical roles in governing the
capture kinetics.>*’ Since the use of binding buffers has highly enhanced the adsorption
process of DNA, the slow diffusion of DNA to the silica surface becomes the dominant
time-limiting factor of the DNA capture kinetics.

To address the aforementioned challenges, in this chapter we proposed and
demonstrated a mechanically accelerating strategy for the capture and detection of DNA
molecules by biosilica-based plasmonic micromotors. The main body of the micromotors,
periodically nanoporous diatom frustules, forms hybrid photonic-plasmonic modes
through the optical coupling with Ag nanoparticles for sensitive SERS detection and quasi-
real-time monitoring. Based on a commercial magnetic stirrer, one of the most common
equipment in chemistry and biology labs, the magnetic manipulation enabled the
micromotors to transport and assemble in microwells and microfluidic channels, and
rotated with tunable speed. The DNA capture was significantly accelerated during the
rotation of the micromotors. The fundamental mechanism was investigated and attributed
to the reduction of Nernst diffusion layer caused by the rotation, which significantly

promoted the diffusion of DNA to the silica surface. The detection of DNA molecules at
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low concentration was also demonstrated to be much faster under rotation. To the best of
our knowledge, this effect is demonstrated and applied in the capture and detection of

molecules on the surface of micro/nanoparticles for the first time.

5.2 DESIGN AND FABRICATION OF BIO-PHOTONIC-PLASMONIC MICROMOTORS

Figure 5.1: (a) Schematic of a rotating bio-photonic-plasmonic micromotor in DNA
solutions. (b-d) SEM images of the porous periodic microstructure of diatom
frustule at (b) low magnification and (c) high magnification, and (d) Ag
nanoparticles synthesized on the surface.

Herein the bio-photonic-plasmonic micromotor is designed to consist of a diatom
frustule as main body, with a semi-coated magnetic thin film and uniformly-coated
plasmonic Ag nanoparticles [Figure 5.1(a)]. Diatoms are one of the most common and
widespread types of photosynthetic microalgae and found abundantly in marine

ecosystems. Frustules are the cell wall of diatoms, which have a porous periodic

microstructure made of silica [Figure 5.1(b-c)].2*-**° These advanced natural biomaterials
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provide great opportunities in low-cost micro/nano-manufacturing. The mechanical
strength and chemical stability of these diatom frustules suggest the excellence and
feasibility of applying them as micromotors. They are also perfect candidates for DNA
capture due to their composition of silica and large surface area. Moreover, preliminary
calculations and reported works have demonstrated that their periodic nanopore arrays can
act as photonic crystals to provide resonances with light and substantially boost localized
electromagnetic fields for Raman measurements.>*?>! The diatom frustules used in this
work are processed and refined from low-cost commercial diatomaceous earth powder via
dispersion, sonication, filtration and calcination.?*?> The diatomaceous earth powders are
purchased from Natural Gardener (Austin, TX) at cheap price of 1 dollar per pound.
Impurities and broken pieces of frustules are filtered out by filter papers (VWR® Grade
417 Filter Paper, size of particle retention: 40 pm). Then the diatom frustules are calcinated
in air at 500 °C for 2 hours to remove organic residues. Most of the obtained diatom
frustules have cylindrical microstructures with diameters ranging from 8 to 16 um and
lengths ranging from 20 to 35 um [Figure 5.1(b)]. And then a bilayer metallic nano-thin-
film of Ni/Au is deposited on one side of the diatom frustules for the magnetic manipulation
by electron-beam evaporation. Here the Au layer works as a passivation layer that prevents
magnetic aggregation of the diatom frustules in suspension. The ferromagnetic responses
of Ni to external magnetic fields allows the alignment of diatom frustules in the direction
of magnetic fields and their transport along magnetic field gradient toward high-field
region. Finally, plasmonic Ag nanoparticles are uniformly synthesized on the surface of
diatom frustules for SERS detection [Figure 5.1(d)].%* 2!! The synthesis of Ag
nanoparticles has been introduced in Section 4.2. The plasmonic Ag nanoparticles are
densely distributed with an average diameter of 23.38+3.30 nm and junctions ranging from

0.5 nm to 5 nm on diatom frustules.
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5.3 CHARACTERIZATION AND SIMULATION OF SERS
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Figure 5.2: (a) SERS spectra of DNA from 80 nM to 4 uM. (b) Raman mapping of DNA
(4 uM, 724 cm™) on a micromotor after 2-hour incubation. (c) SERS spectra
of 4 uM DNA on a micromotor (blue) and on a Ag-nanoparticle coated flat
glass substrate (green), respectively. (d) Simulations of electric field
distributions around a pair of Ag nanoparticle dimer placed on a diatom
frustule substrate (top) and a flat glass substrate (bottom), respectively. Insets
are the schematics of the simulated structures with Ag nanoparticles
highlighted. The out-plane incident laser is polarized horizontally.

In most reported works, the capture dynamics of DNA are revealed by measuring
the DNA concentrations in solutions with Ultraviolet (UV) absorbance spectroscopy to
determine the amounts of captured DNA with knowing initial DNA concentration.?>3-2%

DNA solution samples are taken at premeditated time for the measurement during the
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capture process. This method is invasive and not efficient. Herein we applied SERS
measurements to directly detect the DNA captured on the silica surface and monitor their
amounts in quasi-real-time. The micromotors were incubated in DNA solutions with
concentrations ranging from 80 nM to 4 uM for 2 hours before measurements. A 532-nm
laser with a spot of ~25 pm and power of 500 uW was used for SERS measurements. The
exposure time for each test was 2 seconds. In Raman mapping, a 532-nm laser with a spot
size of 1 um and power of 100 uW was used. The exposure time for each testing point was
1 second.

The SERS performance of the photonic-plasmonic micromotors is characterized
and understood by both experimentation and numerical simulation. Raman signals of DNA
are detected as shown in Figure 5.2(a) after incubating in a series of DNA solutions with
concentrations ranging from 80 nM to 4 pM for 2 hours. The detection limit is as low as
80 nM with a signal-to-noise ratio of 4.21 at 724 cm™ and 5.79 at 1319 cm™! (both attributed
to the vibration of nuclear base adenine), respectively.>>>*°® The Raman mapping of DNA
molecules shown in Figure 5.2(b) confirms the uniform distribution of hotspots on the
micromotors. The Raman signal measured on the micromotors is compared to that
measured on a flat glass substrate with same Ag nanoparticles coating [Figure 5.2(c)]. The
signal intensity is enhanced by a factor of 3.66 + 0.31, for major DNA Raman peaks at 724
cm!, 957 cm™! (attributed to vibration in the deoxyribose moiety), 1235 cm™ (attributed to
the vibration of nuclear base thymine and cytosine), 1319 cm™ and1391 cm™! (attributed to
the vibration of nuclear base guanine).?>>2°® The additional enhancement of Raman signals
is attributed to the enhanced localized surface plasmon resonance due to their coupling
with the guided-mode resonance of the photonic microstructure of the diatom frustule.?>"-
21 1t is further confirmed by our numerical simulation in Figure 5.2(d). The calculated

maximum enhancement factor of the electric field around a pair of Ag nanoparticle dimer
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placed on a diatom frustule substrate is around two times of that on a flat glass substrate.
The great Raman sensitivity allows precision and non-invasive detection for determining
both the chemistry and amounts of DNA molecules captured on micromotors

simultaneously in the following experiments.
5.4 MAGNETIC MANIPULATION AND INDIVIDUAL SELF-ASSEMBLY OF MICROMOTORS
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Figure 5.3: Schematic of the experimental setup for robotization.

The robotization of the micromotors in the binding buffer of DNA is much more
challenging than that in DI water or non-ionic buffer. The mobility of the micromotors in
suspension is mainly hindered by viscosity, friction, and adhesion, which are influenced
by the surface interaction between micromotors and substrate, and the gravity of
micromotors.?>9% 145252 A5 aforementioned, the binding buffers with low pH value and
high ionic strength significantly reduce the Debye length of electrostatic double layers and
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diminish the electrostatic repulsion, resulting in much stronger hindering force from
friction and adhesion. Moreover, the dramatic decrease in the gap height between
micromotors and substrate also induces additional hydrodynamic drag forces.!>

To overcome this challenge, we strategically apply magnetic fields for the
robotization of micromotors. The magnetic fields are generated by a commercial magnetic
stirrer placing on the top of the micromotors as shown in Figure 5.3. This setup uses the
common equipment in chemistry and biology labs without complicated instrumentation,
thus it can be readily accessible and adopted in biological and clinic researches. In the non-
uniform external magnetic field (B), the micromotors coated with magnetic film receive an
upward force proportional to the field gradient, F,, = (m - V)B, where m is the magnetic
moment of micromotors.?> 2° Balancing with the gravity of micromotors, the upward

magnetic force greatly reduces the friction and adhesion.
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Figure 5.4: (a) Magnetic field strength (B) versus the distance (d) between permanent

magnet on magnetic stirrer and micromotors. (b) Rotation angle versus time

at different rotation speed.

After lessening resistance, the micromotors can facilely be transported by the in-

plane magnetic-field-gradient force, and be aligned by the magnetic torque, T,
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m X B.?>%7 When the magnetic stirrer starts to rotate, the magnetic torque increases with
the angle (¢) between magnetic moment of micromotors m and magnetic field B, and thus
speeds up the micromotors until the drag torque T, is equal to the magnetic torque T,,.
Then the magnetic torque could drive the rotation of micromotors at a synchronous speed.
When 6 =90°, the theoretical maximum rotation speed is reached, which can be
determined by t,, = 4. The drag torque for micromotors can be calculated by 74 =
%cn‘nl?’w, where # is the viscosity of water, / is the length of the micromotors, w is the
angular rotation speed and ¢ is a constant related to the aspect ratio of micromotors.
Specifically, ¢ = 0.53 is used in this calculation. The magnetic moment of micromotors
can be estimated by m = VM = rrlhMg, where V is the volume of the Ni film, r is the
diameter of the micromotors, / is the thickness of Ni film, and the spontaneous
magnetization of Ni film M = 485 x 103 A/m. As shown in Figure 5.4 (a), the applied
magnetic field strength can be controlled by tuning the height of the magnetic stirrer. In
the experiments, the distance (d) between permanent magnet and micromotors is set as 2
cm with a magnetic field of 23.37 £ 0.25 mT. Assuming the size of micromotors is 25 um
in length and 10 pm in diameter, the theoretical maximum rotation speed is calculated as
1.06 x 10> rpm.>’

As long as the rotation speed of the magnetic field does not exceed the theoretical
maximum value, the micromotors will rotate synchronously with the magnetic field.
Otherwise, the rotation of micromotors will have periodic fluctuations in speed. Since the
maximum rotation speed of the magnetic stirrer is 1200 rpm, the micromotors always rotate
synchronously with the magnetic stirrer at a uniform speed in the experiments [Figure
5.4(b)]. With the guidance of the magnetic field, the micromotors can self-assemble into
microwells at targeted location for localized Raman sensing [Figure 5.5(a)], or into

microfluidic channels for mixing and pumping purpose [Figure 5.5(b)].
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Figure 5.5: (a) Snapshots of a micromotor rotating and self-assembling into a microwell.
First 5 snapshots are taken every 1 second and others are taken every 0.05
second. (b) Snapshots of a micromotor rotating in a microfluidic channel
every 0.025 second. (¢) Snapshots of a micromotor rotating at 300 rpm and
passing by an occupied microwell every second. Scalebar in all is 30 um.

To avoid the magnetic inter-attraction and aggregation of micromotors, the self-
assembly process is operated in concurrence with the rotation of micromotors. The
synchronously rotating micromotors experience a hydrodynamic repulsion on each other,
which increases with the Reynold number and thus the rotation speed.>® Therefore, the
micromotors repel each other at high rotation speeds, no matter whether they are
approached end by end (magnetically attracting) or side by side (magnetically repelling).
This strategy for assembling single micromotor in individual microwell is demonstrated by
both experiment and simulation. As shown in Figure 5.5(c), when the micromotor
encounters a microwell that is occupied by another micromotor on its path, it makes a
detour around and then moves forward. The orientations of these two micromotors in every
frame of Figure 5.5(c) also further confirm that they rotate synchronously all the time.
Figure 5.6 shows the COMSOL simulations of the fluidic fields around two approaching

micromotors rotated at 0°, 45°, 90°, and 135°, respectively. The simulation results indicate
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that the fluid flows generated by two rotating micromotors produce a repulsion force at all

configurations when approaching each other. This method can be extended to large array

259-260

single-particle self-assembling in various applications.
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Figure 5.6: Simulation of the fluidic fields around two approaching micromotors rotated
at (a) 0° (end by end), (b) 45°, (c) 90° (side by side), and (d) 135°, respectively.

5.5 MECHANICALLY ACCELERATED CAPTURE AND DETECTION OF DNA MOLECULES

After the micromotors are assembled in the designated position, the mechanically
accelerated capture of DNA molecules on micromotors and the involved fundamental
mechanisms were investigated. Salmon sperm DNA used for the demonstration was
purchased from Invitrogen @ Thermo Fisher Scientific (Carlsbad, CA). As stated by the
manufacturer, the DNA was extracted by phenol-chloroform and sheared to an average size

of < 2000 bp. The composition of the binding buffer used was 50 mM
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tris(hydroxymethyl)aminomethane (Tris), 0.25 mM acetic acid and 40 mM potassium ions
(K"), with pH equal to 4. Potassium hydroxide (KOH) or hydrochloric acid (HCI) was used
to adjust the pH value. The DNA solutions (2% predetermined concentrations) were
pipetted and rapidly mixed with the binding buffers (3x predetermined concentrations) and
the suspensions of micromotors with a volume ratio of 3:2:1. The capture dynamics at room
temperature were characterized by SERS, in which the DNA concentration in the mixture
is 500 ug/mL, the total volume of solution after mixing is 18 pL, and the weight percentage
of micromotors in suspension is ~ 10 ug/mL. At this concentration, there are only a few
micromotors in the mixed solution. In this case, the DNA concentration in the solution
remains constant during the capture process because very minor amounts of DNA are
captured. The capture dynamics at different temperatures were characterized by UV
absorbance spectroscopy, in which the DNA concentration in the mixture is 500 ug/mL,
the total volume of solution after mixing is 120 pL, and the weight percentage of
micromotors in suspension is ~ 50 mg/mL. In this case, large amounts of DNA are captured
so that the concentration change of DNA in the solution is detectable by the UV
spectroscopy. The DNA capture dynamics at different temperatures are conducted in
refrigerator (at 5 “C) or in thermostatic water bath (at 25 °C and 45 °C, respectively). The
DNA solutions, binding buffers and the suspensions of micromotors are all pre-cooled or
pre-heated in designated temperatures for 30 minutes before mixing.

For the capture dynamics characterized by SERS, once the DNA solutions and
binding buffers are pipetted and rapidly mixed with the suspension of micromotors, the
concentrations of DNA captured on the static or rotating micromotors are detected
continuously. The laser has a spot size of ~ 25 um so that the DNA molecules captured on
the entire micromotors can be detected. The laser power is 500 uW. The exposure time for

each testing point is 10 seconds. Since the plasmonic hotspots for SERS detection exist in
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the vicinity of Ag nanoparticles and their narrow junctions, only the DNA captured on the
surface of micromotors can be detected. As shown in Figure 5.7, Raman intensity of DNA
increases almost linearly with the DNA concentrations within the tested concentration
ranging. Therefore, the Raman signals obtained in quasi-real-time directly reveal the
concentration of DNA captured on the surface. Note that, according to Langmuir
adsorption model, the concentration of molecules adsorbed on the surface at equilibrium

(Cs,eq) is related to the concentration of solutions (Cy) by following equation:*'

_ KeqCo
Cs,eq = Csmax 1+KeqCo (5.1)

where Cg gy 1s the maximum adsorption capacity of molecules on this material, and K,
is the adsorption equilibrium constant. Therefore, the linear plot of the Raman intensity
versus DNA concentration indicates that the amounts of DNA adsorbed on diatom frustule

are way below the maximum adsorption capacity in this concentration ranging of solutions.
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Figure 5.7: Raman intensity of DNA at 724 cm™' versus DNA concentration.
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Figure 5.8:

Capture dynamics of DNA revealed by SERS on (a) a static micromotor and

(b-f) rotating micromotors at 60-1200 rpm, respectively.

The capture dynamics of DNA monitored by quasi-real-time SERS measurements
on static or rotating micromotors with rotating speed from 60 to 1200 rpm are presented in
Figure 5.8. The DNA concentration measured by the Raman spectroscopy increases with
time monotonically until it reaches equilibrium. The rotation of micromotors greatly speeds
up the attainment of equilibrium. As shown in Figure 5.9, the time needed to attain 95% of

the final equilibrium DNA capturing decreases exponentially with the rotation speed, from

1
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~ 28 minutes at static state to ~ 7 minutes at a rotation speed of 1200 rpm. Even at a low
rotation speed of 300 rpm, the capturing process saves two-thirds of time compared to that
of a static micromotor. Although the decreasing trend slows down at high rotation speed,
the 4-fold enhancement in time-efficiency has been a significant advance for the DNA

capture.
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Figure 5.9: Time needed to attain 95% of the final equilibrium DNA capture versus
rotation speed of micromotors.

Herein the capturing kinetics of DNA on micromotors are understood and
modeled by Nernst diffusion theory and Langmuir adsorption theory.?®!26> As shown in
Figure 5.10, the capture of DNA molecules from the bulk solution to the silica surface is
considered to include three steps: the convection-dominated transport of DNA to the outer
boundary of stationary Nernst diffusion layer, the diffusion-dominated transport of DNA
inside the Nernst diffusion layer, and the adsorption of DNA on the silica surface.?s?
According to the Nernst diffusion theory, the Nernst diffusion layer is the stationary liquid
region at the interface of solid surface and liquid medium, in which the mass transport only
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proceeds in the form of passive diffusion driven by the concentration gradient.> Due to
the mechanical mixing and the rotation of micromotors, the DNA concentration is
considered as constant in the region of strong convention. Therefore, the capturing kinetics

are dominated by the diffusion process and adsorption process.
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Figure 5.10: Schematic model of the DNA capture dynamics including convection,
diffusion, and adsorption.

In the Nernst diffusion layer, the concentration gradient between its outer and inner

boundaries motivates the diffusion kinetics of DNA following the Fick's diffusion laws:26?

outer — Couter e~kat (5-2)

where  Cipner and Cyyer are the DNA concentrations at the inner and outer boundaries,

Cinner =
respectively, and C,¢er €quals to the concentration in bulk solutions (Cy). The diffusion
rate k, is inversely proportional to the thickness of Nernst diffusion layer (d). According
to the Levich boundary layer theory,?®* the shear flow on the solid surface resulted from

0.5

the rotation of micromotors can reduce the thickness of Nernst diffusion layer: § o w™">,

where w is the rotation speed of micromotors. Therefore, the diffusion kinetics of DNA is
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influenced by the rotation of micromotors by k; < w%°. On the other hand, in the
adsorption process modeled by Langmuir adsorption theory, the time dependent

concentration of DNA adsorbed on the surface (C;) is given by the Lagergren equation:°!

Co = Ceq — Coeq-e ™ et (53)
where the adsorption rate k, is independent of the rotation behavior of micromotors. Here
the diffusion kinetics [Equation (5.2)] and adsorption kinetics [Equation (5.3)] associate
with each other by the capturing equilibrium [Equation (5.1)], and compete to each other
in the domination of capturing kinetics. Since the diffusion kinetics and adsorption kinetics
have a similar form of equations, we simplify the modeling of the capture kinetics by the

following equation:

Cs=Cy—Cyre™kt (5.4)
where k is the capture rate. If the diffusion is the dominant time-limiting factor in the
capture kinetic (kg < k,), k corresponds to k;; on the contrary, if the adsorption
dominates (k, < k;), k corresponds to k.

The dominant process in the capturing kinetics on static micromotors is firstly
investigated by capturing the DNA molecules at different temperatures. Since the DNA
capture dynamics at different temperatures is conducted in refrigerator or in thermostatic
water bath, UV spectroscopy is used here to determine the concentrations of DNA solutions
instead of quasi-real-time SERS measurements. DNA solutions (1 pL) are taken at
premeditated time for every UV spectroscopy measurement. The DNA concentrations are
determined by using NANODROP 1000 spectrophotometer (Thermo Fisher Scientific) and
the final results of concentration are the averages of 5 tests. As shown in the plots of DNA
concentrations in bulk solution versus time (Figure 5.11), the initial slope increases with

temperature. Note that the adsorption of DNA on the silica surface in binding buffer with

108



pH lower than 7 is exothermic, while the diffusion process is promoted by thermal
energy.”*® This indicates that the capture rate of DNA without rotation is limited by

diffusion kinetics.
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Figure 5.11: Capture dynamics of DNA at different temperatures: DNA concentrations in
bulk solution versus time measured by UV spectroscopy.

Moreover, the capture rates k at different rotation speeds are obtained by fitting
the capture dynamics with Equation (5.4). As shown in the log-log plot of k versus w
[Figure 5.12], k monotonically increased with w ranging from 60 rpm to 300 rpm, with
a power-law dependence of 0.49 + 0.02. The results quantitatively agree with our modeling
(kg o< w®>), and further demonstrate that the diffusion process dominates the capture
kinetics at low rotation speed. The deviation of data points from the fitting curve at high
rotating speed indicates the competition between the diffusion kinetic and adsorption
kinetic. This phenomenon can be understood by our modeling: at low rotation speed, the
diffusion process is slow (kg <k, ) and limits the capture process, therefore k
corresponds to k; and has an inverse-square-root dependence on w; at high rotation
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speed, the k,; is accelerated and becomes competitive with the k,, both of which

contribute to the capture dynamics.
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Figure 5.12: Log-log plot of capture rate (k) versus rotation speed (w in rpm) of
micromotors. The orange dash line is the linear fitting of data ranging from
60 rpm to 300 rpm.

With the above experimental demonstration and theoretical understanding, we
further apply this mechanically accelerated capture strategy in the high-speed SERS
detection of low-concentration DNA. Regardless of the detection mechanisms as optical,
mechanical, or electrical, the high sensitivity comes at the expense of an adversely long
detection time for low-concentration analytes.?®>2®® This challenge originates from the
slow diffusion of analytes to the surfaces of micro/nanosensors due to the low
concentration gradient. Herein, we overcome this problem by thinning the Nernst diffusion
layer with mechanical rotation of micromotors to accelerate the diffusion of analytes for
detection. The DNA samples with a low concentration of 80 nM are tested on a static

micromotor and a micromotor rotating at a speed of 630 rpm, respectively. Figure 5.13
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presents the Raman spectra of DNA measured at premeditated moments after mixing on
both static and rotating micromotors. The Raman peak at ~780 cm™! attributed to silica on
the micromotor is used as a reference peak here. On the static micromotor, the Raman
signal of DNA at 724 cm™' is hardly observable at the first 3 minutes, and become gradually
clear at ~ 10 minutes. The rotating micromotor detects DNA with same concentration in a
much faster manner. It reveals a similar Raman signal intensity in 3 minutes compared to
that of 10 minutes on static micromotor, that is, an approximately 3-time improvement in
detection time-efficiency. This mechanically accelerated capture strategy demonstrated
here is not limited to the detection of DNA molecules. It could be applied in other detection

techniques based on surface capture.
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Figure 5.13: Raman spectra of DNA (80 nM) measured at premeditated moments in an
hour after mixing on both static and rotating micromotors at a rotation speed
of 630 rpm.

5.6 CONCLUSIONS

In summary, an original mechanism for high-speed capture and detection of low-
concentration DNA molecules is reported in this chapter. The photonic-plasmonic
micromotors made of diatom frustules with low-cost provide biocompatible large surface
area of silica for DNA capture, and periodic nanopore arrays coupling with plasmonic

hotspots for sensitive SERS measurements and in-quasi-real-time monitoring. The
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micromotors are transported to specific locations, self-assembled in microwells or
microfluidic channels and rotated with tunable speeds by the nano-manipulation based on
a commercial magnetic stirrer. By thinning the stationary Nernst diffusion layer through
the rotation of micromotors, the capture process of DNA is accelerated by up to 4 times at
a rotation speed of 1200 rpm. The high-speed detection of DNA at low concentration is
also demonstrated with a 3-fold enhancement in time-efficiency at a rotation speed of 630
rpm. The fundamental mechanism is thoroughly discussed and modeled by Nernst
diffusion theory and Langmuir adsorption theory, which could inspire new devices,
strategies and advances in accelerating diffusion, molecule enrichment, and high-speed

detection for various applications.
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Chapter 6: Conclusions

In conclusion, innovative artificial micro/nanomachines with precise manipulation
and high performance are reported in this dissertation. Rotary micro/nanomotors are
precisely assembled at predetermined locations (nanobearing or microwells) and
effectively rotated in a controllable manner. The micro/nanomotors can be powered by
diverse input energy, including electric fields, magnetic fields, or chemical reactions.
Electric tweezers or magnetic tweezers are applied for the manipulations of
micro/nanomotors with fine control. Nanomotors with ultrasmall size, ultrafast velocity
and ultradurable lifetimes are demonstrated. Synthesis of plasmonic nanoparticles on the
micro/nanomotors allows the integration of sensing and detection function. The
powerfulness of these innovative micro/nanomotors is demonstrated in applications of
cargo delivery, NEMS assembly, localized biochemical detection, controllable drug
delivery and release, accelerated biomolecule capture and detection.

The innovations of artificial micro/nanomachines including concept, design,
fabrication, manipulation, and bioapplications in this dissertation, are expected to inspire
various research areas including NEMS, nanorobotics, microfluidics, biochemical delivery,

and diagnostic sensing.
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