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ABSTRACT

Directed colloidal assembly under external fields can be used to assemble building blocks
into complicated structures that mimic complex molecules or structures found in nature with
similar or even advanced functionality. As many biological molecules or structures including
protein or flagella have semi-flexible or flexible backbones, permanent yet flexible bonds must
be used in assembling structures to achieve comparable functionality such as protein folding or
flagella propulsion.

While other external fields such as electrical and optical fields can be used for assembly,
magnetic fields provide non-invasive and deep penetration into the human body with minimal
side effects. In this thesis, therefore we focus on the use of magnetic fields with one-dimensional
(1D) magnetic chains and two-dimensional (2D) microwheels used as model assembly systems.
We first explore the use of thiol-click reactions to build up flexible bonds between particles and
demonstrate the tunability of both binding strength and chain flexibility over a wide range by
varying linker length and reaction temperature. Furthermore, an excellent match between
experimental results and predictions from classical polymer theory provides confidence that
magnetic colloidal chains are excellent macroscopic analogues of synthetic polymers. With
increased chain flexibility using large molecular weight hydrophilic polymers, we show that
assembled chains can form closed rings or Olassos0 in the presence of a planar rotating magnetic
field. By adding an additional AC magnetic field along the direction perpendicular to the
substrate, lassos can propel in a controllable fashion. We further demonstrate its use for
reversible cargo transport and release without need for chemistry for attachment or
disengagement. Extending to 2D assembly models, the translation of microwheels on both flat
and topographic surfaces was also investigated. In this, we demonstrate that coupling between



rotating wheel-shaped bots and nearby walls can be enhanced through surface topography. We
show potential utility using gravitational potential energy barriers to separate isomers of different

symmetry.
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CHAPTER 1 : INTRODUCTION

Colloidal particles range in size from tens of nanometers to several microns. Because of
their relatively large size, they can be directly observed under microscope and with analogy to
atoms and molecules in nature, colloids are of basic scientific and engineering interest. For
example, self assembly of colloids, can provide insight into complicated atomic and molecular
assembly in the real world, including processes such as crystal growth, protein production, DNA
encryption and so on.

Unlike self assembly processes driven by pure thermodynamics, which can take hours,
days or years to reach equilibrium, directed assembly under external fields can occur much faster
with driving energies order magnitudes higher. While other external fields like electrical or
optical fields can be used, magnetic fields can provide precise wireless control and deep
penetration into the human body with minimal invasive effects. In this thesis, we focus on the
use of magnetic fields due to these significant potential advantages.

In addition to controlling colloidal self-assembly, external magnetic fields can be used to
drive translation and propulsion at the microscale. In general, the reversible nature of low
Reynolds number flow prevents net propulsion from reciprocal movement. Any microdevice
powered by magnetic fields must thus break symmetry in some way or another to achieve
movement. We are interested in powering microrobots that have functionality in addition to
propulsion itself, including cargo delivery with shapes directed from magnetic fields. Such
functionalities would enable magnetic powered microrobots to further their promise for

biomedical applications, including drug delivery, mini surgery and microsensing.



1.1 Literature review

In this literature review, we focus on the self-assembly and micropropulsion of magnetic
colloids under external magnetic fields and begin with an introduction of basic magnetism and
magnetic properties followed by the synthesis/ fabrication of magnetic building blocks of
different shapes and magnetic properties. For magnetic field directed assembly, we introduce the
theory of magnetic colloidal interactions and they can drive varied assembly structures. For
micropropulsion, we discuss the basic mechanisms of symmetry breaking at the microscale and

how this can be used to drive micropropulsion via magnetic fields.

1.1.1 Magnetism and magnetic properties

Among all magnetic materials, iron oxides may be the most common with three crystal
structures of hematite (-Fe,0,), magnetite (Fe,O,) and maghemite (y-Fe,O,). A comparison of
physical and magnetic properties is provided in Table 1.1; for more details, one is referred to
related work'*. Bulk materials composed of the three oxides are ferromagnetic or ferrimagnetc,
i.e. have permanent magnetic dipole moments even without application of an external magnetic
field. In the ferromagnetic case, all the individual moments are aligned in the same direction;
while for ferrimagnetic one, two different magnetic moments in the crystal of different strength
align in an antiparallel manner. If the two are of the same magnitude, the crystal is
antiferromagnetic and has no net magnetic moment. Bulk iron oxides have domains and, as a
result, magnetism also depends on the size of the material. Superparamagnetism arises when the
size is smaller than a single domain, in which case there is no net magnetic moment without an
external magnetic field since the individual magnetic moments are randomly aligned. Magnetism
is also temperature dependent and, for ferri/ferro-magnetic materials, when the temperature is

higher than the Curie temperature, they lost their permanent magnetic moment. While for
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superparamagnetic materials, a similar critical temperature is the so-called blocking temperature,
at which particle relaxation time is close to the experimental observation time so that magnetic
moment does not flip during measurement. As a result, the superparamagnetic particle
magnetization is maximized at the blocking temperature.

Magnetic particles/materials with different magnetism also respond differently to external
magnetic fields. A comparison of the induced magnetization M (the volume density of magnetic
dipole moment) with respect to the external magnetic field strength A as well as domain size
effects for superparamagnetic vs. ferromagnetic materials is illustrated in Figure 1.1. The three
characteristic properties of a ferromagnetic material are the saturation magnetism M., the
coercivity field H,, and the remanent magnetization M,. M, is the maximum magnetization a
magnetic material can achieve when all the single magnetic moments are aligned in the same
direction. The saturation magnetization of hematite is 2-3 orders smaller than magnetite or
maghemite due to a lower crystal packing density. Once the ferromagnetic material is
magnetized, there will be residual magnetization, i.e. a remaining remanent magnetization, even
when the external field is removed. The coercivity field is the magnetic field that must be applied
in the opposite direction to demagnetize the material completely.

The magnetic susceptibility, as a measure of material response to an applied external

field, is defined as the ratio of magnetization to external magnetic field strength, M = yH . In

the normal case, the magnetic susceptibility is a constant at low magnetic field strength and low

frequency. For the complex magnetic susceptibility, see Section 1.1.4.1.
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Figure 1.1 Qualitative comparison of superparamagnetism vs. ferromagnetism regarding size
effects and magnetization curve (solid line for superparamagnetism and dash line for
ferromagnetism, M,, H., M, stands for saturation magnetism, coercivity field and remanent
magnetization, respectively)”. Reused with permission from ref [4].

Table 1.1 Physical and magnetic properties of three iron oxides

Properties Hematite Magnetite Maghemite
Molecular formula a-Fe,0, Fe,O, 1-Fe, 0O,
Density (g/cm?®) 5.26 5.18 4.87

Type of magnetism Weakly Ferromagnetic  Ferrimagnetic

ferromagnetic or
antiferromagnetic
Magnetic susceptibility

(volume, SI) 5%10%=0.04 1-5.7 2-2.5

Curie temperature (K) 956 850 820-986

Saturation magnetization at

300k (Am?/kg) 0.3 92-100 60-80

Crystallographic system Hexagonal Cubic Cubic or
tetrahedral

1.1.2 Synthesis and fabrication of magnetic building blocks
As nature builds all materials and life from individual atoms and molecules, all

magnetically assembled structures come from basic building blocks. In this section, we briefly



summarize synthesis and fabrication methods of common magnetic building blocks of various
sizes and shapes for directed assembly.

With no remanent magnetization or coercivity and high magnetic susceptibility,
superparamagnetic nanoparticles find wide applications as magnetic resonance imaging contrast

regents®’, drug delivery®™, hyperthermia'*™*?

and cell separation'**. Co-precipitation is one of
the most common chemical synthesis methods of magnetite Fe,O,/ maghemite !-Fe,O, from
several to approximately 10 nm*®. Conventionally, with addition of base into mixture of Fe** and
Fe*" of molecular ratio 1:2, dark magnetite nanoparticles spontaneously precipitate from bulk
solution. Bubbling nitrogen is also necessary to prevent oxidation. The co-precipitation method
is advantageous due to ease and its synthesis in aqueous solution. Particle dispersity, however, is
not ideal and significant effort is required via surface modification to obtain monodispersed and
stable dispersions'’*°.

Thermal deposition is an alternative approach to fabricate significantly more
monodispersed magnetic nanoparticles. Generally, synthesis begins with anorganometallic
precursor complex that0s deposited at high temperature (200-300 °C) in boiling organic solvents.
The control of nucleation and growth via temperature is assumed to be the primary mechanism
of monodispersity of magnetic nanocrystal growth #. Bigger nanoparticles can be synthesized
via growth of smaller particle seeds®; as a result, magnetite nanoparticle of uniform size and
shape from 5-22 nm can be synthesized (Fig. 1.2a-b).

To obtain aqueous monodisperse magnetic nanoparticles, hydrothermal methods are more
promising approach. In their pioneering work, Wang et al. ** have fabricated monodisperse
magnetite particles from 7-13 nm via reduction of iron fatty acid complex in mixtures of ethanol
and water at 90-200 °C inside an autoclave for several hours. Significantly larger single crystal
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ferromagnetic particles in the range of 200-800 nm have also been synthesized using similar
reaction conditions using ethylene glycol as reducing reagents®. When poly (acrylic acid) (PAA)
is used as stabilizer during the synthesis process, superparamagnetic colloidal nanocrystal
clusters (30 to 180 nm) composed of small nanoparticles have also been synthesized® (Fig. 1.2c).

To make larger magnetic particles (microns or even larger), there are several strategies
reported in the literature. However, significant challenges remain in how to incorporate the
magnetic component into particles either through direct chemical synthesis or physical methods.
For chemical synthesis, three general processes have been applied. One is to coat magnetic

nanoparticles onto the microparticle surface, either through charge interactions®#°

or covalently
bonding®’. As one can imagine, however, the loading capacity is very limited. The second
method involves an emulsion polymerization in the presence of dispersed magnetic nanoparticles

2830 \While feasible, itls very difficult to achieve uniform encapsulation and provide

suspension
magnetic particles of uniform size and shape. The third method, as introduced by Ugelstad et
al.**, was been used for synthesizing commercial-available magnetic Dynabeads (Fig. 1.2d), a
widely used magnetic particle. The general procedure here includes the swelling of
monodispersed spherical amine functionalized polymeric particles in an iron salt solution,
followed with the in-situ precipitation of iron oxide nanoparticles inside the polymer network at
a solution pH higher than 7, similar process to co-precipitation. The iron contents of such
magnetic particles can be as high as 20% with monodisperse spherical particle. Other synthesis
methods include sol-gel method for micron-size monodispersed a-Fe,O, cubes (Fig.1.2f) and
peanuts particles (Fig. 1.2g)*.

Physical vapor deposition and photolithography are two main physical methods. Partial

or half coating of nanometer thin layer iron/nickel layer onto polymer/silica particle surface can
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36-37 and

be achieved by normal physical vapour deposition*** or glancing angle deposition
magnetic particles fabricated are called Janus (Fig. 1.2i) or patchy particles. The protocol for
photolithography involves exposure of photoresist or photo responsive polymer mixed with
magnetic nanoparticles to UV light followed with peeling off the as-fabricated composite with
sonication®*“. With careful photomask design, photolithography has the potential to fabricate

particles of any 2D shape. Low production is the drawback of these physical methods compared

to chemical synthesis.

Figure 1.2 Magnetic building blocks with varied shapes ranging from several nanometers to
microns. (a)-(d) Superparamagnetic spheres using (a), (b) thermal deposition®*#, (c)
hydrothermal methods®, (d) in-situ precipitation®. ) Mashroom-like magnetic Janus particles
with one lobe polystyrene and the other silica with magnetic nanoparticles embedded*. (f)-(g)
Sol-gel method synthesized hematite cubes and peanuts®. (h) Polymeric sphere with protruding
hematite cube*”, and (i) magnetic Janus particle with half sphere coated with cobalt”. Reused
with permission from Refs [20- 21, 23, 31-32, 41-43].



1.1.3 Directed assembly under magnetic fields
1.1.3.1 Theory
In addition to common interactions (like DLVO interactions), there are additional fieldb
induced interactions that arise between colloidal particles under applied external fields. For
example, a uniformly magnetised magnetic particle experiences additional interactions in a
magnetic field. Starting from Maxwell0s equations:
ViB="" (1.1)

vxH-22_ (1.2)

! d"
where B, H, D, J are the flux density, field strength, the electric displacement and current
density, respectively. With no current or electric displacement, Eqn.1.2 can be simplified to
VxH="", (1.3)
From Eqn.1.3, it is evident that the magnetic field strength H can be reexpressed as the
gradient of a scalar function I (which is actually the magnetic potential):
H=-V¢ (1.4)
Substituting Eqn.1.4 into 1.1, leads to Laplacels equation,
Vip=0. (1.5)
The fact that both magnetic potential and flux density must be continuous as they approach the
surface of the particle from inside or outside leads to the following boundary conditions:

" (1.6)

n
!¢in r=R~_ Tout r=R

(?or =R TS gr R (L.7)



where !¢m "¢ . are the magnetic potentials inside and outside the particle Mok, are the

magnetic permeability of the particle and surrounding fluid and R is the particle radius. The
potential far from the particle should be

I

~out |r' "

4,=3$Hrcos% (1.8)
Eqgn.1.5 with boundary conditions 1.6-1.8 is solved in spherical coordinates leading to,

3u _Hrcos#
g =TT (1.9)
up+2‘uf

_ K, M, HR’cos#

1 =
wo+2u, ot

“out

" Hrcos# . (1.10)

If the magnetic particle is regarded as a dipole; since the potential of a dipole is

_ 1 mir
P A p3

0, (1.11)

with m the dipole moment, we can compare Eqn 1.8 and 1.10 to 1.11 to find that the magnetic

particle induced magnetic dipole moment is,

:up_;uf H

m=47R’u (1.12)
o2,
Particle-field interaction
The magnetophoretic force acting on a single particle in a magnetic field is
_ _ s, M~ H 2
F=V(m+B)=4nR’u, ——VH (1.13)
! up * Z[Jf

and correspondingly, the interaction energy is:



‘up _‘uf H2

(1.14)
‘up +Z‘uf

U:—miB:—ZﬂR3,uf

For a uniform magnetic field without a field gradient, there is no force acting on the particle.

Particle-particle interaction

Magnetic particles generate local magnetic fields, which, if multiple particles are present,
induce interactions between neighbouring particles. The magnetic field generated by a magnetic

particle can be calculated by combining Eqn. 1.4 with 1.11:

H =1"#=—§% —— 1%, 1.15
! dip #$ r r% ( )

When only two particles are considered, the force of particle 2 acting on particle 1 is
[EH NV S) (1.16)
where m, is the dipole moment of particle 1 and H, is the magnetic field generated by particle 2

at the location of particle 1.

Substituting Eqn. 1.15 into 1.16 and we obtain™:

3u. 1 Ny N Y [ 1
F = pp [((m iF)m,+(m,iF)m +(m im)F-5F(m_ iF)(m,ir)] (1.17)
|

Similarly the dipole interaction energy between two particles is

U, . .
U, :Ffﬁ[ml-mz—%ml-r)(mz-r)] (1.18)

n_ I . .
where " =—is the unit position vector.
!
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Fixed point dipole moment approximation

The so-called fixed point dipole moment approximation assumes that each particle is
polarized only by the external field, i.e., Eqn. 1.12 still applies for multiple-particle systems. If

we further assume the two particles are identical and consider a system shown as Fig. 1.3,

Figure 1.3 Schematic of fixed dipole and mutual-dipole model in a two-particle system. The
solid line indicates the dipole moment predicted from the fixed dipole model and the dashed line

from the mutual-dipole model.

Eqgn. 1.15, 1.17 and 1.18 now become,

m . e
H,, =9 (% (1.19)
w2
:LL# 2 ! . !
F= ey [(1-3cos”0) I +sin26 i (1.20)
!
— mz‘uf 2
u,= pp— (1-3cos”0) (1.21)

where m is the magnetic dipole moment defined by Eq. 1.12 and ! is the angle between m and
the direction vector r between particles. One can see from Eqn. 1.21 that the interaction between
particles depends on the orientation angle O . For orientations 6 < 6 =54.7',U<0, and
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particles attract; otherwise, particles repel. 6. is the magic angle where the dipole interaction

vanishes.

Mutual-dipole model
If we consider the magnetization of particles induced by other particles, the total magnetic
field acting on particles H,  will be the sum of the external applied magnetic field I"* plus the

induced magnetic field from the magnetic particles Hdip’ ie.

H, . =H+H, . (1.22)

We define a modified magnetic moment as:
m=""r+""n. (1.23)

The induced magnetic field strength for a two-particle system becomes

IR P
Hdip gy (2m r—m n) (1.24)
Similarly Eqn.1.12 becomes
4 .3 1 | ]
m'=—nx" 2& Fr—&. n)+H 1.2
= sl 08 J+H] (L.25)

where the effective particle susceptibility Aoy is defined as:

H,—H, ")Cp
=" = $ = & . 126
|Zeﬁ TR TR 2 Hp=Hy (1.26)

From Eqgn. 1.25, we obtain two magnetic moment components:
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—7R"y H%&0 .
_# ff _ m$%&.6 (1.27)

mr ( R# ( R#
]

—7R"y H$&O ,
# ff _ m$h& 6 (1.28)

mn # #
. - R . - R
) ()

From Eqn. 1.27 and 1.28 we see that ym" is not parallel to the magnetic field direction

(m,/m_Ytan"). For example, the angle between the external field and dipole moment is
approximately 3.7° for two contacting particles at orientation 6 =45° (;(eff 1'1). In this case, the

pair interaction now becomes®

¥ 2 _
- +1,,2 $R" - 0
m? - of 0
' i ! -1"3cos” *+ _ —%1’20 sin®*0 (1.29)
12 4’r $ O
@ 1+1# SRi0 )
% eﬁc z eﬁ%rz 9 9

Multiple particle system

When multiple particles are included, the dipole moment correction is even more
complicated, since contributions from other particles must be included.
From Eqgn. 1.15, magnetic field induced by the j th colloid on the position of the i th colloid is
" 1 v\
)= s BB B - 8) (1.30)

where |"'w =" —", is the distance vector between the i and j th colloid. The magnetic dipole

moment of the i th colloid is then:
13



LB 4 %
= 57:#3 1(# +;#$($,$)) . (1.31)
I #
By solving Egn. 1.30 and 1.31 self consistently, the local magnetic field and dipole moment on

the i th colloid can be determined. The total system energy becomes:

" $
|" =t ! hrm, « H r 8. (1.32)
where
N
H(r)=H+""H (r) (1.33)

jli
is the local magnetic field of the i th colloid.
More accurate corrections have been given by Du, et al.0s work*®*", where shifting of
magnetic moments from center of mass are discussed.
1.1.3.2 Assembly under static magnetic field
From Eqgn. 1.19, the minimum magnetic energy for identical particles happens at 6 =0j .

In this case, magnetic particles align along the magnetic field direction and assemble into

magnetic chains*®*®

, which is the common configuration reported in static magnetic fields. If the

magnetic particle concentration further increases, 2D sheets and 3D crystals can also be formed™.
Unlike spherical particles, anisotropic particle interactions are angle dependent. Under

1D static magnetic fields, they can form different linear structures from isotropic spheres. For

example, for hematite peanut-shaped particles, since their magnetization is along short axes, they

are forming kinked zigzag chains® (Fig. 1.4a). Polymeric spheres with protruding hematite

squares can form similar zigzag chains because of steric hindering effects** (Fig. 1.4b).
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More interesting structures have also been formed by utilizing multicomponent magnetic
particles. For example, Erb, et al.”* have assembled mixtures of superparamagnetic and non-
magnetic particles in ferrofluids into complicated structures (Fig. 1.4c). In this case, the
susceptibility of superparamagnetic particles is greater than that of the ferrofluid which is larger
than the non-magnetic particles, i.e. u, ¥ 1, > u,. As aresult, attractions arise between
superparamagnetic and non-magnetic particles in the same plane under a vertical static magnetic
field, like particles repel in the same orientation. In this, small non-magnetic particles are
attracted around larger paramagnetic particles in the same plane forming Oring 0 structures, while
smaller like particles were found to assemble at the poles of large particles to form Otone0. More
complicated structures including Otwo toned and OflowersO were formed when non- magnetic
particles of intermediate size were added into a mixture of superparamagnetic particles of
different sizes, and vice versa.

Similarly, when mixtures of paramagnetic and non-paramagnetic particles in ferrofluid
are placed under static magnetic field of periodic field gradient, Demirdrs, et al.> showed
assembly of particles into different patterns. The main mechanism can be explained by Eqn.
1.13-1.14 where the minimum energy occurs at H,,,, for paramagnetic particles. In contrast, the
non-magnetic particles are attracted into the low magnetic field region. By manipulating
magnetic field strength and period, either single or multiple components of different size
particles can be assembled into well-ordered patterns, including Ohoneycomb0 and other

symmetric 2D and 3D OmoleculesO (Fig. 1.4d).
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1.1.3.3 Assembly under time-varying magnetic fields
For time varying magnetic fields, Laplacels equation (Eqn. 1.5) must be solved with time
dependent variables. The total system interaction energy is now a time average and, for example,

Eqgn. 1.32 becomes,

B= 2 (0,8, (1.34)
| i=1

where
ey =L@ s (1.35)
! #y
is the time average of any time-dependent variable.
Muller, et al.>* applied a 3D magnetic field composed of a rotating magnetic field in the
xy plane and a DC magnetic field along the z direction, represented as:

" =(""cos@cos(wH),"" cosOcos(wh),"" sin®). For small 6, cluster aggregates were formed

similar to 2D rotating magnetic fields. At approximately 1=45°, short chains were formed and a
network of short chains and single particles coexist. For angles larger than the magic angle
(=54.7 1), free colloids disappeared and froth-like structures (Fig. 1.4e) formed and coarsened
into membranes, as also observed by Osterman et al.. More complicated 3D foam-like
assembly structures were predicted by simulation and matched by experimental results®.

Microsnakes®*® (Fig. 1.4f) and asters® (Fig. 1.4g) were formed from ferromagnetic
particles at water-air interface under 1D AC magnetic field applied perpendicular to the
interface. Assembled asters were even used for cargo capture and transport.

Yan et al. studied the assembly of magnetic Janus particles under time-varying magnetic

fields®***. Under a 2D rotating magnetic field, 2D or 3D compact crystals were formed. Under a
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3D precessing magnetic field, magnetic Janus particles align and form rotating helical structures

(Fig. 1.4h).

o
©_
ool

Figure 1.4 Directed assembly under magnetic fields. (a)-(d) Under static magnetic fields and (e)-
(h) under time varying magnetic fields. (a) Dried hematite peanut-shaped particles under strong
1D magnetic fields™. (b) Zigzag chain composed of polymeric spheres embedded with hematite
squares®. (c) Schematics of formation of tones and flowers of multiple component particles
inside ferrofluid®. (d) Large scale clusters assembled under periodic field gradient®. (e) Co-
existence of single spheres and short chains under precessing magnetic fields with cone angle ~
45° > (f), (g) Assembled microsnakes® (f) and asters™ (g) from ferromagnetic particles at air-
water interface with 1D AC magnetic field applied perpendicularly. (h) Helix assembled from
magnetic Janus particles under precessing magnetic fields*. Reused with permission from Refs
[34, 42, 51-52, 54, 58-60].
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1.1.3.4 Permanent bonding of assembled structures

For magnetic field directed assembly, as soon as the external field is removed, Brownian
motion dominates and assembled structures disassemble. To preserve assembled structures after
field removal, permanent fixing is necessary while the field is applied.

A direct approach is thermal annealing where increasing the solution temperature up to
the colloidal particle melting point, and physically bonds the whole assembly structures. This
method works best for particles with polymer shells since a relatively low temperature is
required. For example, the glass transition temperature of polystyrene (PS) is approximately 100
iC and PMMA is 145 jC®. For these polymers, the lowest temperature needed to melt is only 70
jC %3,

Using this approach, programmable anisotropic staggered chains or chain bundles®” have
been assembled and bonded at 65-85 jC. The sphericity of PS particles has been shown to be
controllable using the fusing temperature. Vutukuri, et al.*" ® annealed various assembly
structures (colloidal crystals, 1D strings) from AC electric field by heating the suspension to 70-
75 jC for ~2 min. To make this method work for magnetic particles, a polymer shell is generally
coated outside magnetic nanoparticles®®. Bannwarth, et al.** showed that the presence of oleid
acid from oleate-capped magnetic nanoparticles dramatically decreases the glass transition
temperature of polystyrene nanoparticles from 100 jC to 56 jC, making the bonding process
much easier.

In cases where heating is not possible, coating with silica is an alternative. Hydrolysis
and condensation of tetraethoxysilane (TEOS) can be performed at room temperature under the
catalysis of ammonia. Silica produced from this sol-gel process can effectively link neighbouring

66-67

particles and bond assembly structures. Chains®®®” and bundles® can be fixed using this method.
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Similarly coatings of carbon® or titanium oxide™ are also possible though high temperatures are
required.

The two methods introduced above can be useful to create robust yet rigid bonds between
particles. However, flexible bonds are necessary for certain applications, such as
microswimmers™. To do so, soft polymer linkers can be used to create flexible bonds. Depending
on the specific linking mechanism, bonds between particles can be either reversible or

irreversible. For reversible bonds, the interactions between adsorbed polymer chains are relative
weak, typically of order k,T . The main mechanisms here are polymer bridging™®™, depletion

attractions’’, and hydrophobic attractions™ in which particles link via adsorbed polymer chains.
Since polymer chain adsorption is temperature and pH sensitive, bonds between particles can be
broken up with polymer desorption. In one good example by Motornov, et al. ®, iron
oxide/silica core/shell magnetic nanoparticles were bonded with poly(2-vinylpyridine-b-ethylene
oxide) (P2VP-b-PEOQ) at pH =5 under magnetic field compressing hydrophobic P2VP segments
together. Bonded chains could then be broken by decreasing pH to 2 because the pyridine
nitrogen from P2VP protonates and induced electrostatic repulsions repel linked particles.

For irreversible bonds, conjugation reactions are necessary between functional groups on
particle surfaces and bifunctional linkers. Pair reaction systems including amine-

8 streptavidin-biotin®®, carboxyl-diamine® and DNA-DNA®*® have been

glutaraldehyde
exploited to build flexible and irreversible bonds between particles.

There are pros and cons between these bonding methods. Thermal annealing is fastest
since it takes only several minutes; however, poor process control and limited material

(practically only latex) limit use. Silica coating methods require controlled timing of silane

deposition before applying the external field®. Coating too early makes particles so stably
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dispersed in solution that they cannot form assembly structures under an applied external field.
On the other hand, coating too late generates large unwanted aggregates. Polymer linking is
typically slow and usually takes hours; however, the bonding rigidity can be tuned®. Table 1.2
compares these methods including temperature, time, bonding strength, and particle

requirements.

Table 1.2 Comparison of three permanent bonding methods

Bonding Thermal Silica Polymer
Methods Annealing Coating Linking
Temperature 60-80 jC Room Temp. Room Temp.
Time Seconds to minutes Minutes to hours Several hours
Bonding Very strong Very strong ~ kT for reversible
Strength bonding
Particle Latex shell No Specific particle
Requirement functionalization
Flexibility Rigid Rigid Tuneable rigidity
Other Poor control Need timing control ~ --------

1.1.4 Magnetic field powered micropropulsion

Propulsion at low Reynolds number is challenging because microscale flows are
reversible and, as a result, reciprocal motion cannot lead to net motion as it does in the
macroscopic world. Despite this and using non-reversible motions, microorganisms including
bacteria and eukaryotic cells achieve propulsion with flagella and cilia microstructures.
Typically, bacteria propel themselves with rotating helical shaped flagella using a rotary protein

motor, while eukaryotic flagella propel themselves by creating travelling waves. Cilia are active
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organelles held perpendicular to the flow during a power stroke while parallel to the flow during
recovery process. Ever since the first demonstrated example™ ®’, many magnetic-field-powered
microswimmers have succeeded in mimicking natural micropropellers and greatly improving

propulsion efficiency.

1.1.4.1 Theory
Low-Reynolds number hydrodynamics
At low Reynolds numbers, flow is governed by Stokels equation:
I'"y#"p+£=0 (1.36)
where 7 is the fluid viscosity, u is the fluid velocity, fis the applied body force and Vpis the
pressure gradient. The applied force F and torque 7 is related to translation v and rotation

velocity w via a microswimmer resistance matrix R®*®°:

“EW DR R Py

" w \'
b1iTie R 8 Ci (0

where R;,R, =R ,R is the translation-translation, translation-rotation and rotation-rotation

components of resistance matrix, respectively. Correspondingly, (v,®)" = u(F,7)" , where

u=R" is the mobility matrix.
From Egn. 1.37, we see generally there are two methods to achieve micropropulsion:

either via an applied external force or external torque. For an external force, a field gradient must

be created and, according to Eqn. 1.14, F o< R3;(pVB2 I u, for a spherical particle. When the

gradient force is equal to the drag force F, ¥ "VR | an equilibrium translation velocity
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V1R "p#B2 / $u, is achieved. For estimation, a Dynabead of radius R=500 nm, x, =0.17, will

achieve a translation velocity of ~ 10 um/s in water ( I =1cp) using a field gradient of ~0.07

T/cm. We notice that the field gradient is very sensitive to the distance from the source (

VBo<1/d* from Eqn. 1.15).

For magnetic microswimmers powered by magnetic torque to move, on the other hand,
they need a non-zero translation-rotation mobility coefficient. In other words, symmetry must be
broken and a microswimmer must have at least one asymmetric plane®. One strategy is to take
advantage of the wall in the vicinity. For a spherical particle near the wall, the rotation-

translation coupling resistance matrix can be expressed as:

0 K 0
R=| -K. 0 0 (1.38)
0 0 0

where K =6mnR*(-<1In(8/ R)+0.2526) (!lis the gap between particle and the wall) under the

lubrication approximation as determined by Goldman et al.*®. For larger particle-wall separation,

a detailed analytical solution can be found in Dean and O0Neill®* and O0Neil®?, where an

approximation solution is given as®: K =6anR’ % From theory, the translation-
¢ 40/ R+1)

rotation coupling only exists when the sphere is close the wall, i.e.6 /R ¥ 1.
Another strategy is to have asymmetric microswimmers, where the most studied include
flagella-like helicoidal symmetric helices. The resistance matrix of a helix along one direction

i 094-95.
IST° 770
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2 s 2
cos” @ +& sin” 6

R, =27nR(= :
sin@

R =2mnR*(§ —& )cosO (1.39)

& cos’O+ g sin’ @

sin@

R_=2mnR(

where n is the number of turns of the helix, R is the helix radius and @ is the helicity angle. /,

and &, are the hydrodynamic drag coefficient of a cylindrical element parallel and perpendicular
to the cylinder axis, respectively and are determined by Lighthill® as:

2n Artu

S = 1n2a /)05 > " In(24/r)+05

(1.40)

where g = 0.09 p (p is the pitch of the helix) and 2r is the helix thickness. For a thin helix (

qg/r V1), L #2!I  The complete form of the resistance matrix of helices is shown by Lauga, et

al.”” The drag coefficient anisotropy along two directions is the key behind micropropulsion of

helices.

Magnetic torque

Magnetic torque driving microswimmer propulsion is the cross product of magnetization
and magnetic field strength, i.e.
!, =p,m"H (1.41)
Strictly speaking, magnetic susceptibility is a complex number: ‘ x,55+ X, (1-ss),
where s is the unit director point to preferred magnetization direction. Since the magnetic
susceptibility of asymmetric microswimmers, including elliptical particles®, Janus particles® or
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helices'®, is anisotropic, i.e. ¥, # x, , a net magnetic torque can be produced as:

T, = Vp(;(! —;(L)H!HL , Where V/, is the microswimmer volume.

Even for isotropic magnetized particles like Dynabeads, magnetic nanoparticles larger
than 20nm exist inside the particles, generating permanent magnetic dipoles. According to
Janssen et al."'% even for superparamagnetic particles without any remanent magnetization or
coercivity from vibrating sample magnetometer measurements, weak permanent magnetic
moments can still exist and account for particle rotation under low frequency rotating magnetic
fields.

Since magnetic susceptibility is related to the magnetic particle relaxation time, it is also

related to the magnetic field frequency'®'*. For a complex susceptibility = 1"";I" the real

and imaginary part are related to frequency via:

(- %O
X = 22
llwwi (1.42)
"= 0
x 1+w’t?

where x, is the equilibrium magnetic susceptibility, w =2z f (where fis the magnetic field
frequency ) and ! is the effective relaxation time.

The effective relaxation time of particles is a combination of Brownian relaxation 7, and

Néel relaxation /! :

1 1 1
—_— =4+ —
I I I
"B N
3"V
I = - 1.43
bk, T (1.43)

!, =1 exp(KV /k,T)
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where V,, is the hydrodynamic volume the particle, 7,~10"s and K is the anisotropic energy

related to the magnetic material properties and is on the order of 10 kJ/m? for magnetite'?. Note

that V, is the volume of the magnetic nanoparticle and not the entire particle. The magnetic
torque for magnetic particles under AC magnetic field is thus: 7,, = Mox "V H 2, with I" is

determined by Eqgn. 1.42 and 1.43. For an assembly of magnetic spheres, more contributions to
the magnetic torque can come from the shifting of the magnetic dipole moment because of
particle-particle interactions as shown in Eqn. 1.29.
1.1.4.2 Micropropulsion taking advantage of the wall

The first example of microswimmer propulsion enabled by a nearby surface was

demonstrated by Tierno, et al.'®. In this, a dumbbell composed of two spheres of different size
was driven by a precessing magnetic field B = (B, coswt, B , B sinwt) rotating close to a wall.

Since the lobe further from the wall was more mobile than the other, and the mobility
coefficients of the two lobes were different, breaking symmetry and net propulsion of the
dumbbell was achieved.

In another work, under an xz rotating magnetic field, single magnetic spheres'®**" were
assembled into short chains which behave as Osurface walkers0 and propel in the x direction.
These surface walkers can even be used for cargo transport with the flow vortex generated.

If an elliptical instead of a circular rotating magnetic field in xz direction is applied,
spheres assemble into Omicroworms0'® in x direction and the system translates in the x direction
faster than Osurface walkersO due to cooperative hydrodynamic interactions. Such interactions
between magnetic cubes rotating close to a wall was, in another case, found to generate unstable

111

front structures'®. In other work, nickel rod*® and hematite peanuts*** were also achieved
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controlled propulsion while rotating near a wall with the vortex generated from fast rotation
utilized for microobject trapping and directed transport.
Faster and more controllable magnetic microwheel propulsion has also been achieved

when 3D magnetic fields are applied. Tasci, et al."** added an extra AC component into an xy
rotating magnetic field (B = (B, coswt, B sinwt, B_cos(wt +¢@)) ). In this, single spheres were

assembled into micrownheels via dipolar attractiosn with the propulsion direction controlled by

the phase lag ¢ . A precise propulsion trajectory was achieved by programming phase lag with

time. Translation velocity of several hundred !m/s!with relative weak field strength (several
mT) was achieved. These microwheels, decorated with tissue plasminogen activator (tPA), have
also been shown capable of penetrating into blood clot networks with greatly enhanced velocity
compared with drug treatment alone'™.
1.1.4.3 Magnetic helical micropropeller

To avoid relying on nearby walls for propulsion, magnetic helical micropropellers can
propel in 3D and may have more realistic applications. Showing this, the first artificial magnetic
flagellum was demonstrated by Zhang et al."** in 2009. The helical magnetic micropropeller was
composed of a soft magnetic head incorporating InGaAs/GaAs/Cr, fabricated with a lift-off
process. At similar time, nanoscale helical swimmers (200-300 nm in width and 1-2 um in

115

length) were fabricated using glancing angle deposition™. Here a thin layer of cobalt was

deposited onto the silica nanopropeller surface to achieve magnetic functionality. Since then

research has focused on fabrication of helical microswimmers using different technology,
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including direct laser writing'® '*°, and two-photon polymerization'’. Spiral plant vessels were
g g

also used as templates for helical microswimmers'®,

26



In additional to physical vapor deposition of ferromagnetic thin layers (Co/Fe/Ni),
superparamagnetic microswimmers have also been made from mixtures of polymer resin and
superparamagnetic nanoparticles. In this, thermoresponsive hydrogel prepolymer solutions
mixed with superparamagnetic nanoparticles were photopolymerized through a photomask using
a normal photolithography facility****°. Since magnetic nanoparticles were aligned using a static
magnetic field during the photocuring process, specific stress distributions in the hydrogel were
created because of strong UV nanoparticle absorption causing an anisotropic crosslinking
density. As a result, composite magnetic hydrogel ribbons curled and assembled into helices
once they were released from substrate. Because of its thermoresponsive components, the entire
helical microswimmer is responsive to temperature and can curl and uncurl with switching low

and high temperature.

1.2 Motivation

Using self-assembly, magnetic building blocks can be assembled into complicated
structures in order to mimic complex molecules or structures in found nature to achieve similar
or even advanced functionality. Several biological examples show (Fig. 1.6) that complex
molecules or structures in the nature are in the semi-flexible to flexible range'***#. To mimic this
property, fixed assembled structures should have similar flexibility to achieve comparable
functionality, such as protein folding or flagella propulsion. So far, the most flexible and stable

linkages between building blocks come from large-molecular-weight DNAs®. In Chapter 2, we
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Figure 1.5 Microswimmers driven by magnetic fields. (a) Schematics of comparison between
microorganisms and artificial microswimmers®. (b) First demonstrated microswimmer with
planar flexible tail”. (c) Magnetic helical swimmer with holder at the head'®. (d) Magnetic cilia
composed of spheres assembled by optical twitter'®”. (e) Schematics of fabrication methods of
magnetic helical swimmers'®: (f) roll-up™*; (g) glancing angle deposition'*®; (h) direct laser
writing"'®; (i) template-assisted'*®. Reused with permission from Refs [71, 95, 100, 107, 114-116,
118-119].

explore other approaches to building flexible and stable linkages in a low cost and useful way.
For example, the thiol click reaction was utilized because of its significant advantages. In
addition to propulsion, flagella and cilia are capable of sensing nutrients and pumping of flow.
Acrtificial propellers, on the other hand, have only one function. Reports of additional
functionality including cargo transport are limited. In some cases, permanent bonding of cargo

1% greatly limits real

onto microswimmers'* or relying on complicated microstructure fabrication
applications. In Chapter 3, we demonstrate that 1D colloidal chains with flexible linkages can
form closed loops under 2D rotating magnetic fields and thus can be used as Olassos0 to

reversibly capture, transport and release cargo on command.
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Figure 1.6 Flexibility comparisons of common 1D biological systems (DNA'®, collagen | and
[11**, F-actin'?, and flagella*®) vs. most flexible magnetic chains reported in the literature. L,
and L, are persistence and contour length, respectively.

Microswimmers taking advantage of the wall rely on hydrodynamic interactions between
walls and swimmers. With much research focused on tuning the magnetic field to change
behaviour and to divert the propulsion direction'®**°. In Chapter 4, we further investigate
hydrodynamic wall/microswimmer interactions by using a topographic surface. With this
propulsion behavior including velocity and efficiency are found tuneable by surface properties.

Based on the summary of state-of-art magnetic field powered assembly and
micropropulsion, we conclude that magnetic interaction energies between building blocks and
magnetic fields are the key for equilibrium assembly structures; while magnetic torque is the
driving factor behind symmetry breaking and the non reciprocal motion of magnetic
microswimmers'?'?, The assembly process is in equilibrium and in most cases, static; while
micropropulsion processes are out of equilibrium and dynamic. So far, there is little crossover
between the two. However, in complex magnetic field systems, magnetic interaction energies

and torque exist at the same time and we can take advantage of both. For example, helix

29



structures have been theoretically to be assembled from 1D colloidal structures***%®°. Once
helices are assembled and, because of the symmetry-breaking nature, micropropulsion can be
achieved with the same magnetic field so that assembly and micropropulsion can be achieved at
the same time. In addition magnetic field induced interaction determines assembled structures,
which in turn can determine micropropulsion behavior. In Chapter 5, we discuss experimental
fabrication of 1D magnetic chains into helices and tune the assembled structures and thus
propulsion behaviours by controlling the magnetic field. Outlook and further directions are also

discussed.
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CHAPTER 2
SUPERPARAMAGNETIC COLLOIDAL CHAINS PREPARED VIA MICHAEL-ADDITION
Modified from a paper published in Colloids and Surfaces A: Physicochemical and
Engineering Aspects.

Tao Yang?®, David W. M. Marr®, Ning Wu**

2.1 Abstract
As colloidal particles have proven to be excellent macroscopic models of atomic systems,

colloidal assemblies may provide good molecular analogs. For example, chains of colloids could
mimic synthetic polymeric or natural biological molecules such as proteins and DNA; however,
methods for the assembly of such colloidal structures are still limited. Here, we use an external
magnetic field to align functionalized superparamagnetic spheres into linear chains of different
lengths. We further use Michael-addition to chemically link neighboring monomers and
investigate mechanical properties of the synthesized chains as a function of reaction temperature,
time, and linker length. We find that both the number average chain length and chain flexibility
are greater for chains prepared with longer linker lengths. We also find that chain lengths decay
over time with rates that increase with lower reaction temperature and shorter linker length. Both
the chain formation statistics and temporal stability of magnetic chains can be well explained by

classical polymer-growth theories.

'Reprinted with permission of Colloids and Surfaces A, 2018, 540, 23-28.
*Graduate student, Professor, Associate Professor, respectively,

Chemical and Biological Engineering Department, Colorado School of Mines
*Primary researcher and author
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2.2. Introduction

Colloids are excellent analogues of atoms and simple molecules; not only are they readily
observed using optical microscopy, their interactions can be conveniently tuned over a wide
range. As a result, they have been assembled into various and easily visualized well-ordered
crystalline structures *®. With the goal of pushing towards more sophisticated Omolecular0 self-
assembly, recent research has focused on synthesizing even more complex colloidal building
blocks ** such as Janus spheres and patchy particles. Beyond providing improved atomic
mimics, these systems can themselves exhibit interesting phase behavior due to their orientation-
dependent interactions. An alternative to the use of such complex colloids for molecule
construction, however, is to instead employ relatively simple components that respond to
external fields, which induce the necessary interaction anisotropy for directed assembly.
Providing a relatively simple yet interesting example of this approach, one-dimensional colloidal
chains, also referred to as Ocolloidal polymers0, demonstrate how simple colloidal atoms can be
used to create structures that, in this case, resemble polymeric molecules.

To date, various approaches have been used to synthesize colloidal chains. For example,
DeVries et al. **employed rippled gold nanoparticles with two polar defects and linked them into
linear chains. Attractions between magnetic dipoles of ferromagnetic cadmium telluride
nanoparticles have also been utilized by Hill and Pyun *°. Other studies have employed external
electric or magnetic fields to align individual particles into chains with permanent bonding. For
example, Vutukuri, et al. *® applied an AC electric field to assemble poly(methyl methacrylate)
and polystyrene spheres into chains with flexibilities that could be tuned by varying the field
strength and range of double layer repulsion in different solvents or by adding depleting

polymers. Similarly, magnetic fields *"** have been used to induce magnetic dipolar attractions
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between particles with bonding between neighboring particles induced via thermal fusion ** %,
polymer entanglement *°, or chemical conjugation reactions between functional groups *"*® .
Most conjugation chemistries applied to date rely on glutaraldehyde-amine *',
streptavidin-biotin *®, or DNA base-pair interactions *; however, binding kinetics are typically
slow and reactions can take several hours. We note that Oclick0 reactions such as the thiol-
Michael-addition have been widely used in polymer synthesis and bioconjugation where the high

efficiency and fast kinetics %%

make it a promising route for building linkages between colloidal
particles. Here, we demonstrate the application of a thiol-Michael-addition reaction for
chemically binding magnetic microspheres into colloidal chains using an externally applied
magnetic field. The synthesized chain statistics, flexibility, and stability are studied as a function
of the linker length, reaction time, and temperature. We show that both the chain formation

statistics and temporal stability of these chains can be described by classical polymer-growth

theories.

2.3 Experimental Section

2.3.1 Materials.

Dynabeads™ ™ M-450 epoxy (4.5 pum in diameter) were obtained from Invitrogen (Carlsbad, CA).
Bifunctional polyethylene glycol maleimide (Mw=2,000) (PEG-maleimide) and 4-arm PEG-
maleimide (Mw=10k) were obtained from Laysan Bio, Inc (Arab, AL). 4-arm PEG-maleimide
(Mw=40k) was obtained from JenKem Technology (Beijing, China). Dithiothreitol (DTT),
sodium dodecyl sulfate (SDS), and 1,8-Diazabicycloundec-7-ene (DBU) were purchased from
Aldrich (Milwaukee, WI). Measure-IT=* thiol assay kit (Cat. No. M30550) was purchased from

Invitrogen. All chemicals were used as received.
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2.3.2 Surface modification of Dynabeads.

20 pl Dynabeads™ ™ M-450 epoxy was mixed with 2 ml 5 mg/ml DTT solution with 1-10 pL
DBU added as catalyst. The mixture was incubated at room temperature for 12 hr. Every 3 hr
during the reaction, 20 pL of reacting solution was removed and diluted 200x with deionized
(DI) water for zeta potential measurements. After 12 hr, the reaction was stopped and the

magnetic particles were washed three times with DI water.

2.3.3 Characterization.

Thiol functional groups on modified Dynabeads were quantified with the Measure-IT=* thiol
assay kit following established procedures. In this, 100 pL of the quantitation reagent working
solution was loaded into microplate wells containing 10 pL of modified Dynabeads suspension
or particle supernatant. After 5 min of incubation, sample fluorescence intensities were measured
via microplate reader (Synergy H1 Hybrid Multi-Mode Microplate Reader, BioTek, Winooski,
VT) with a 490 nm excitation wavelength and an observed emission wavelength in the range of
490 to 600 nm. Chain length and morphology were characterized by scanning electron
microscopy (SEM, JEOL JSM-7000F) and transmission electron microscopy (TEM, Philips
CM200). Bright-field optical images were obtained with a color camera (Retiga 2000R)
connected to an inverted microscope (Olympus IX71). Videos were taken using a CCD camera

(SV643M).

2.3.4 Synthesis of magnetic chains.
One-dimensional magnetic fields were generated with air-cored copper solenoid coils of 50 mm
inner diameter, 51 mm length, and 400 turns with current capacity of 3.5 A. Temperature was

fixed using a controller (STC-1000, Lerway, Inc) and cooling fans (HS1238A-X, AC Infinity,
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Inc). To create chains of different flexibility, 20 pL of 5x diluted modified magnetic beads (~ 2
mg/ml) was mixed with 2 ml (0.25 mM) PEG-maleimide of different molecular weights. The
mixture was then placed under the magnetic field at 50/75 jC for 0.5/3 hr, during which 2 A
current was applied to generate an ~20 mT magnetic field. The field was removed after the
samples were cooled. The unreacted PEG-maleimide was then removed and replaced with a 2%

SDS solution.

2.3.5 Magnetic chain statistics.
Magnetic chain samples were observed with optical microscopy and images were taken every 5
days. A Matlab script was written to measure the length of each magnetic chain and number

densities.

2.3.6 Chain flexibility.

Magnetic chain samples were observed under an optical microscope while a uniform DC
magnetic field was applied. After the chains were aligned parallel with the field direction, the
field was removed and quickly re-applied with a 90j rotation. As a result, the magnetic chains
immediately formed into 0U0 shaped hairpins. We measured the distance between parallel legs at
different field strengths. For magnetic chains synthesized with different linker lengths (i.e., bis
PEG-maleimide or 4-arm PEG-maleimide), three individual samples under the same reaction

conditions were measured.

2.4 Results and discussion

2.4.1 Particle surface modification
Our surface modification approach is illustrated schematically in Figure 2.1 where the

epoxy-functionalized superparamagnetic spheres are first modified for the addition of the thiol
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functionality (step 1). According to literature 24-25, the strong base DBU acts as a catalyst to
greatly increase the reaction rate of the thiol-epoxy "click" reaction. As shown in Figure 2.2, the
original particles are positively charged. As the reaction proceeds, its zeta potential decreases,
becomes negative, and eventually reaches a plateau after 6 hr. The change of zeta potential from
positive to negative indicates attachment of thiolate onto the magnetic particle surface, which is
also confirmed by fluorescence spectrometry when mixing the particle solution with the
Measure-IT=* thiol assay reagent. As shown in Figure 2.3, we detect enhanced emission at ~ 520
nm, indicating reagent bounding to particle surface thiols. In comparison, unmodified particles

and modified particle solution supernatant only show background emission.

(1) A OHOH DBU on
@+ i @~
SH SH p OH OH

Dynabead DTT thiol functionlized
M450 Epoxy magnetic particle

magnetic chain
bifunctional PEG-maleimide ob

Figure 2.1 Fabrication of chemically linked magnetic colloidal chains. Thiols are attached to the
bead surfaces in step 1 via the thiol-epoxy click reaction. The chains are formed in step 2 under a
DC magnetic field and chemically linked via Michael addition between thiol and maleimide.
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Figure 2.2 The change of particle zeta potential with reaction time during surface modification.

S 300 . . : : : :
‘m’ --®--blank

b —@-- supernatant

) —aA— particle suspension
c 200 i
9

£

(O]

2

q) 100 = -
(&)

(2]

o

S

— 0 " i . 1 . 1

L 280 520 560 600

wavelength (nm)

Figure 2.3 Fluorescence emission intensity spectra for thiolated magnetic particles, unmodified
epoxy-functionalized particles (blank), and the modified particle solution supernatant.

2.4.2 Magnetic chain assembly

After attaching thiol functional groups onto the magnetic particles, we assemble them
into linear chains by applying a DC magnetic field in the presence of linkers (bis PEG-maleimide
or 4-arm PEG-maleimide). The Michael addition between thiols on the particle surface and
maleimide on the linker molecules in solution induces chemical bonds between neighboring

particles in ~30 min. To prevent further association between neighboring chains, the particle
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concentration was kept relatively low. A typical optical image of the fabricated chains after the
removal of magnetic field is shown in Figure 2.4b. In comparison, chains formed by unmodified
particles disassemble immediately once the field is removed, demonstrating that the thiol-
maleimide reaction is an effective route to linking particles and eliminating other possible
mechanisms such as depletion or polymer entanglement *°. Here, polymer linkages between
particles are strong enough to survive capillary forces during solvent drying as seen in TEM
images (Figure 2.4c and 2.4d). We measure a gap between neighboring particles as ~47+5.2 nm,
between the radius of gyration (~10 nm) *” and the fully stretched arm length (~290 nm) of the

40k PEG-maleimide linkers.

&
&

\

SEI 100kv %5000 WD 11.0mm 1pm

-

Figure 2.4 Characterization of synthesized magnetic chains. (a) Chains formed by unmodified
particles disassemble after magnetic field removal. Scale bar: 100 um. (b) Thiolated magnetic
particle chains remain intact when the field is removed. Reaction conditions: 40k linker, 75 jC,
and 0.5 hr. Scale bar: 100 um. (c) SEM images of a typical magnetic chain. Scale bar: 1 um. (d)
TEM images of the gap between two adjacent particles along the chain. Scale bar: 200 nm.
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2.4.3 Statistics of the synthesized magnetic chains
2.4.3.1 Initial chain length distribution

To date, studies of colloidal chain properties have primarily focused on flexibility **°,
characterized by the ratio of persistence to contour length. Liu et al. ** first explored the
similarities between self-assembly of nanoparticles and reaction-limited step-growth
polymerization and found that the kinetic formation and statistics of chain architectures could be
accurately predicted from classical theory of polymer growth. Motivated by this, we analyze our

colloidal chain assembly as a classical step-growth polymerization where neighboring particles

are regarded as monomers. If we define the bonding probability between neighboring contacts as

P, then the number of chains of length i, I; , is related to p by
n, -
—=p"'(11 (2.1)
NP (11p)

where N is the total number of all chains, i.e., N = i n, . The number average degree of

i=1

polymerization is

‘L
1-p

(2.2)
Experimentally, we measure the length distribution of more than 300 chains after
fabrication where the fit with Eq. (2.1) in the logarithm scale is shown in Figure 2.5. Under a
fixed magnetic field, bonding probabilities p vary slightly for different linker lengths,
potentially due to greater crosslinking area and more polymer arms available at a given

interparticle separation. The bonding probabilities for different reaction conditions and different

linker lengths are also provided in Table 2.1. Similar probabilities for different reaction times
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suggest that the reaction is relatively fast, an advantage of the approach; however, a significant

difference for the 10 k linker at 50 °C vs. 75°C indicates a strong temperature dependence.

1E-3

Figure 2.5 Initial chain length distribution for samples prepared at 75 jC using linker lengths of
2k, 10k, and 40Kk. Lines are fits to step-growth polymerization theory.

2.4.3.2 Chain degradation
We find that the fabricated chains can break over time via a process similar to polymer

degradation. To describe chain stability, we use a model introduced by Basedow et al. > and
further developed by Ballauff et al. ** We denote k; ; as the rate constant for breaking a magnetic
chain of length | into two fragments, a j-mer and an (i-j)-mer. If one assumes that chain breaking
is first order with respect to chain concentration, a mass balance for the number of chains of
length i, 7, , gives

dni i-1 r
= _,21 k. n+ m:zm(km ki 1, (2.3)

where 7 is the maximum chain length. We further assume that each bond has the same

probability of breaking, independent of position and chain length, i.e., k, ; =k , Eq. (2.3) for

i=12,---,r can be solved simultaneously to give
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n()=e"M" (051. —2a e+ aHZe*zkt) (2.4)

where the coefficients & can be determined by

"r = nr(t :0)
"r"l — nr"l(t = O)-I—2.'r (2.5)
L=nt=0)+21,"1,

By measuring the chain length distribution immediately after synthesis, i.e., 1 =0, we
obtain n. (z = 0) and coefficients ¢, via Eq. (2.5). The distribution of chain lengths for t >0 can
then be calculated via Eq. (2.4) from which we determine the number-average degree of

polymerization X, . In our calculations, the total number of chains and the longest length of

chains are set as N =1000 and » =200 . As shown in Figure 2.6, X, is fitted with experimental

data to obtain the decay coefficient k. Table 1 provides & for chains with different linker length
and different reaction conditions. The dependence of decay constants on reaction temperature,
time, and linker length show the same tendency as bonding probability, a significantly stronger

dependence on reaction temperature than with reaction time and linker length.

2.4.4 Chain flexibility
To determine chain flexibility, we use the method introduced by Gauboult, et al. ' . In

this, a linear chain is first aligned by an externally uniform magnetic field along the x -axis and
then, with a sudden switch of the orientation of the field H along the y -axis, the chain is bent
into a U-shape (Figure 2.7a). As shown in Figure 2.7b, the curved magnetic chain is described by

the localized angle H(S) between the chain and the applied field, s the arc length along the

chain, and A the separation between the two legs of the magnetic chain.
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Figure 2.6 Degree of polymerization (number-averaged chain length) changes with time
(symbols: experiments; lines: modeling).

Table 2.1 Bonding probability (p) and decay constants (k) for magnetic chains prepared under
different reaction conditions®

Reaction 1 2 3 4 5 6
conditions®
Bonding 0.92 0.92 0.94 0.95 0.95 0.89
probability, p

Decay constant, 0.0029 0.0027 0.0027 0.0015 0.0017 0.0075
k (day™)

1: 2k linker, 75 jC, 0.5 hr; 2: 2k linker, 75 iC, 3 hr; 3: 10k linker, 75 jC, 3 hr; 4: 40k linker, 75
iC, 0.5 hr; 5: 40k linker, 75 jC, 3 hr; 6: 10k linker, 50 jC, 3 hr.

The total energy of a magnetic chain (with length 2L ) is the sum of elastic and magnetic

energies:
L " I 2
U= %[1E1(d ) +L/"°,aslf21112(1$3cos2 "\]ds (2.6)
51 2 s 36
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(b)

Figure 2.7 Chain bending under a 1D magnetic field. (a) Representative dynamics of a magnetic
chain upon sudden switch of the magnetic field from the x to y-axis. (b) Example of a bending
chain and the corresponding coordination system. Scale bars: 25 pm.

where E is the Young's modulus, | =7a*/4 the moment of inertia, a the particle radius, ! the

magnetic susceptibility of individual particles, and £, the magnetic permeability of a vacuum.

Minimizing the energy U leads to a governing equation for the shape:

d’0 M, .
—-=—+sin260 2.7
ds* I’ @)
2, 2D 272
a B,°L
where M, = Mis the magnetoelastic number.

12E]
Given the boundary condition of (1)S=L/2, df/ds=0 and (2) s =0, 8 =7/2, we obtain

the shape of the chain

6 = 2ArcCot [emﬂ (2.8)

ﬂazuoszsz

19 F1 Y 1 in our experiments.

where the magnetoelastic number M, =

From Eq. (2.8), we obtain a relationship between A and the bending rigidity £/
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and by measuring A under different field strengths H , we determine EI as shown in Figure 2.8.
As indicated by our observed chain degradation studies, reaction time has little influence
on chain stability; therefore we focus only on chain samples of different linker lengths reacted at
75 °C for 0.5 hr. From Figure 2.8, we observe that the longer the linker, the more flexible
(smaller EI) the magnetic chain. In addition, the Young's modulus of our chains (2k linker) is

~200 Pa, comparable to the results of Biswal, et al '.
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Figure 2.8 Curvature of bending chains (2z / A) with magnetic field strength H prepared at 75

iC for 0.5 hr with different linker lengths. Lines are linear fits to experimental results. Inset: the
flexibility constant, 1", as a function of linker molecule weight M,,.

2.5 Conclusion

We have successfully demonstrated both the attachment of thiol functional groups onto
superparamagnetic particle surfaces and their subsequent assembly into linear colloidal chains
via PEG-maleimide linkers and Michael-addition under an applied DC magnetic field. With this
approach, chains of more than 100 particles can be obtained and, depending on the linker
molecular weight, chain bending rigidity can be tuned over two orders of magnitudes. Properties
including the statistics, stability, and flexibility of synthesized chains are insensitive to reaction
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time but can be tuned by both reaction temperature and linker length. Predictions from classic
polymer theory fit well with experiment results, suggesting strong similarities between colloidal

chain and synthetic polymer synthesis.
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CHAPTER 3
MAGNETIC MICROLASSOS FOR REVERSIBLE CARGO CAPTURE, TRANSPORT, AND
RELEASE
Modified from a published paper in Langmuir

Tao Yang?®®, Tonguc O. Tasci?, Keith B. Neeves?, Ning Wu**, and David WM Marr**,

3.1 Abstract
Microbot propulsion has seen increasing interest in recent years as artificial methods that

overcome the well-established reversible and challenging nature of microscale fluid mechanics.
While controlled movement is an important feature of microbot action, many envisioned
applications also involve cargo transport where microbots must be able to load and unload
contents on command while tolerating complex solution chemistry. Here we introduce a physical
method that uses flexible and linked superparamagnetic colloidal chains, which can form closed
rings or Olassos0 in the presence of a planar rotating magnetic field. By adding an additional AC
magnetic field along the direction perpendicular to the substrate, we can orient the lasso at a
tilted camber angle. We show that these magnetic lassos can roll at substantial velocities, with
precise spatial control by manipulating both field strength and phase lag. Moreover, the lasso can
curl around and capture cargo tightly and transport it based on a wheel-type mechanism. At the
targeted destination, cargos are easily released upon field removal and the lasso can be readily

re-used. Since the entire process is physically controlled with no chemistry for attachment or

'Reprinted with permission of Langmuir, 2017, 33(23), 5932-5937 (cover article).
*Graduate student, Postdoc Researcher, Associate Professor, Associate Professor, Professor,
respectively, Chemical and Biological Engineering Department, Colorado School of Mines
*Primary researcher and author

*Author for correspondence
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disengagement involved, our system can potentially be used for transporting diverse types of

cargo under different solution conditions.

3.2 Introduction

There is increased interest in microbot propulsion mechanisms that overcome the well-
established reversible and challenging nature of microscale fluid mechanics'. These include
swimming techniques that employ external fields such as electric®, magnetic>®, and optical
fields®” to mimic the beating or rotation of helically-shaped flagella, and chemically-powered
approaches that propel colloidal particles via catalytic reactions, such as those that use hydrogen

peroxide®**

. We recently reported an approach powered by rotating magnetic fields that instead
takes advantage of readily available surfaces to translate colloidal wheels rapidly with precisely
defined direction®. While this controlled movement is an important feature of microbot action,
many envisioned applications® also involve cargo transport where microbots load and unload
contents on command within a variety of solution chemistries.

Chains and filaments that mimic biologic swimmers*>** can capture and transport cargo
such as polymeric beads or cells. A limitation of this approach is that cargo binding and
unbinding typically requires delicate but often irreversible approaches based on chemical
modification™ of either motor or cargo surfaces. These modifications can cause cargo damage or
limit the range of potential application®*®. A physical approach that can reversibly load and
unload cargo is therefore highly desirable. Here, we fabricate chains of superparamagnetic

colloids and use them to lasso model cargo, translate it to a desired destination, and then unwrap

for cargo delivery all without the need for chemical attachment™ or disengagement.
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3.3 Experimental Section

3.3.1 Materials

1718 and have well-

Because they can be manipulated with rotating magnetic fields
characterized magnetic properties'’, Dynabeads®” M-450 epoxy (4.5 um in diameter, Thermo
Fisher Scientific Inc.) were used. Sodium dodecyl sulfate (SDS) and polyvinylpyrrolidone (PVP,
M,,=1,300,000) were purchased from Sigma-Aldrich Co. LLC. and used as received. Hollow
glass beads were obtained from Polyscience, Inc. (Cat. No. 19823-5). Before use, beads were

washed with deionized water three times by centrifugation at 500 rpm for 5 min. Both

supernatant and any cracked glass beads were removed.

3.3.2 Fabrication of flexibly linked magnetic chains

To create flexible chains of magnetic beads, we mixed 20 pL of diluted (2 mg/ml) epoxy-
functionalized Dynabeads® M-450 solution with 200 pL 1wt % PVP aqueous solution in a vial.
As illustrated in Fig. 3.1, vials were placed in an oil bath maintained at a constant temperature
(75 °C). We then applied a 1D DC magnetic field (~20 mT) in the vertical direction. The
magnetic fields were produced by air-cored copper solenoid coils of 50 mm inner diameter, 51
mm length, and 400 turns with current capacity of 3.5 A. Amplifiers (Behringer EP2000) were
used to generate current signals. Matlab (Mathworks, Inc.) combined with an output card
(National Instruments, NI-9263) was used to control current output. In-time signal monitoring
was achieved via data card (National Instruments, NI-USB-6009) and gaussmeter (VGM
Gaussmeter, Alphalab, Inc.). After the field was turned on, magnetic particles formed linear
chains aligned parallel with the field. Entanglement of adsorbed PVP between adjacent particles

enabled linkage with the aid of modest heating (Fig. 3.1c). After 0.5 hr, the solution was
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gradually cooled to room temperature and the magnetic field removed. Excess PVP was then

removed via centrifugation and replaced with a 2 wt% SDS solution.

3.3.3 Lasso formation and cargo transport
Once linear chains were formed, we applied a 2D circularly rotating magnetic field in the

X-y plane by running programmed currents through two pairs of orthogonal air-core Helmholtz

coils. Fields in the x and y directions, B, = B cos(! /)X and B, = B sin(®,, 1)y (where

I . =2"f, is the angular frequency of the field and f), is the field frequency) were set to

identical amplitudes but differing phase angle of n/2. The frequency of the rotating magnetic

field f,, was fixed at 50 Hz unless otherwise stated. For lasso translation, we applied an
additional AC magnetic field in the z-direction, B, = B. cos(f,,t+ " )Z. The camber angle 6,

was controlled by the ratio of By to B,, /. =arctan(B, / B,) and the lasso rolling direction

manipulated by phase lag @, . For all propulsion experiments, total magnetic field strength was
kept at 3.3 mT, while . was changed from 79° to 32°, or equivalently, B,/ B_ was varied from

0.62 to 5.14. Instantaneous magnetic fields were monitored indirectly by measuring coil currents
using Matlab (Mathworks, Inc.). Lasso propulsion was captured at a frame rate of 50 fps with a
CCD camera (Epix, Inc., SV643M) mounted on a microscope (Carl Zeiss, Axioplan 2).
Instantaneous velocities were then obtained by calculating displacement over a time interval of
At = 0.04s. Lasso rotational frequency was determined via Fourier transform of the instantaneous

velocities. We used hollow glass beads with a broad size distribution as model cargo.
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3.4.Results and discussion

3.4.1 Lasso formation under 2D circularly rotating magnetic field

To achieve this, we first fabricate linear chains of magnetic beads that are flexibly
connected via polymeric linkages. We apply a one-dimensional (1D) DC magnetic field (~ 20
mT) along the direction of gravity to a suspension of superparamagnetic latex beads (diameter
2a =4.5 pum) that assemble into linear chains aligned with the field due to induced dipolar
interactions (Fig. 3.1). The suspension also contains concentrated high molecular weight
(M,,=1,300,000) polyvinylpyrrolidone (PVP), which adsorbs onto the particle surface. As the
magnetic field brings particles close to each other, the entanglement of PVVP between adjacent
particles irreversibly links them so that chains remain intact even upon removal of the field®.
Typical magnetic chains as fabricated are shown in Fig. 3.1b.

(a) /@/glass vial (b) \- ~.

Tl
holder—/ TR v
\.
: c0|l //\\" k \‘5

Figure 3.1 Fabrication of flexibly linked magnetic chains. (a) Experimental setup; (b)
Microscopic image of the PVVP-linked colloidal chains after removal of the magnetic field; Scale
bar: 50 um. (c) Schematic illustrating that PVVP adsorbed on the particle surface entangles to link
neighboring particles.

The flexural rigidity EI , (where E is the Young's modulus and 7 = za* / 4 is the moment
of inertia) of fabricated chains was probed by first aligning a chain with a DC field along the x-
axis and then removing it to quickly apply another field along the orthogonal y-axis. Flexible
chains then bend into a U-shape (Fig. 3.2a) due to the competition between elastic and magnetic
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energies'*?*. The measured separation between U-chain arms, 2R, scales with £7Y? and is
inversely proportional to the field strength® B, (see Egn. 2.6-2.9), as confirmed in Fig. 3.2b.
From the slopes, we determined the flexural rigidities of chains as summarized in Table 1. We

note that these values are 1-3 orders-of-magnitude smaller than chains linked by bis-biotin-

poly(ethyleneglycol)® with the high flexibility attributed to the high molecular weight of PVP.
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Figure 3.2 (a) A linear chain bends into a U-shape under a 1D DC magnetic field. (b) Arm
separation (2R) in U-chains as a function of field strength.

When we apply a two-dimensional (2D) rotating magnetic field, B, = B, cos(w, /)X and
By = B, sin(w,, 1)y, flexible chains of length L roll up and curl into a closed ring, or "lasso", of

radius R (Fig. 3.3a). In this, chains initially bend into an "S" shape and rotate in the same field
direction where we see that, with small variations in local flexural rigidity along the chain, the
more flexible end curls first and then touches the main chain body. As a result and for a typical
lasso, L is longer than 2R because of the additional tail that attaches to the primary ring. With
subsequent chain rotation and addition of hydrodynamic forces, the entire structure collapses
until a steady-state loop is formed which rotates continuously. Although previous work has

2

shown that linked and unlinked colloidal chains can form stable rods® or S-like configurations

# closed rings have not been demonstrated under a rotating magnetic field.
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The deformation of a flexible chain into a lasso can be understood as the result of
minimization of the summed elastic and magnetic energies in which both chain flexural rigidity

El and field strength By are governing parameters. Under a rotating magnetic field with
frequencies f,, >20 Hz, it has been shown that the pair interaction between particles is
essentially isotropic®’, depending only on separation r as

U, (r)=-ap® | 8muys’ (3.1
where p =47xa’yu,B, /3 is the induced magnetic dipole moment of a particle,  is the

volumetric susceptibility, and £/, is the vacuum permeability. The coefficient a is a function of

both susceptibility y and particle separation 7 . Based on this, one can conclude that a chain
coiled into a spiral where all beads are packed closely is of minimum magnetic energy; however,
the elastic energy penalty for a fully coiled chain is enormous. Therefore, the lasso structure we
observe in Fig. 3.3a results from a balance, chains coil in a tight ring to have a long zippered tail
but do so with a penalty from the bending energy. To quantify, we first calculate the magnetic
energy of a lasso of radius R by separating into two parts, the energy of a closed ring and the
energy between the zippering tail and the ring. If we only consider nearest neighbor

contributions, the former is

U

e =UN =Uy27R 1 2a = 7U,R | a (3.2)
where U, is the magnetic energy between two particles in contact, U, =U,,(r = 2a) and N is the

number of particles in a ring. The latter can be modeled as the magnetic energy between two

closely staggered chains of length L-2zR:

U = VU0 (s ) 2o

o= L"2IR 33
tail 2CZN a ( ) ( )
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where 4NU is the magnetic energy between staggered chains of length 2aN. The coefficient 4
arises because each bead along the chain has four nearest neighbors.

The elastic energy of a lasso is

_EIL

=7 (3.4)

11,
UE:JEEI(E) ds

where s is the arc length along the chain, an equation that simplifies here with constant lasso
radius R. To facilitate the scaling analysis, we assume, when integrating Eqn. 3.4, that both the
primary loop and tail segment have the same radius of curvature, justified because the tail is
relatively short and both radii are a few times larger than the individual particle size. Combining
Eqns. 3.2-3.4, we obtain the total energy of a lasso as

EIL

3.
2R? 3-2)

UZ%(ZL—37Z'R)+
a

Clearly, the magnetic energy decreases (since U is negative) and the elastic energy increases

with decreasing radius R, with an energy minimum at some intermediate value R’ :

1/3
R = ( 12LEI ] (ez8,)" 56

oy’
Eqn. 3.6 indicates that the radius of a stable lasso scales with the -2/3 power of the field strength
and the 1/3 power of the flexural rigidity. For a fixed chain length therefore, a stronger magnetic
field or higher flexibility will yield smaller lassos. To demonstrate this, we measure the radii of
lassos at different field strengths and note that these lassos are assembled from the same chains

bent into U-shapes under a 1D DC magnetic field in Fig. 3.2. As shown in Fig. 3.3b, we find a
linear relationship between R* and BO_Z/3 , consistent with Eqn. 3.6. The flexural rigidity El from

the slopes of these lines average within 10% of those obtained by measuring the separation
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between arms when the same chains are bent into U-shape under a DC field, validating our

energetic model (Table 3.1).
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Figure 3.3 Deformation of flexible magnetic chains into lassos under a circularly rotating
magnetic field in the x-y plane. (a) Typical formation dynamics from a chain in solution as seen
in Figure S1. (b) Lasso radius R* scales with magnetic field B,?°. Scale bar: 12.5 pm.

Table 3.1 Flexural rigidity (x10* Jim) of chains determined using a 1D DC field to bend into a
O0UO-shape and a 2D rotational field forming a closed ring.
10-mer 11-mer 13-mer

El (U-shape)
5.00+0.86  7.38+1.46  3.42+0.58

El (Closed ring)
5.85+0.41 6.99+0.97 3.73+0.25

3.4.2 Lasso propulsion under 3D magnetic field
As expected from our previous studies'?, rotating lassos do not translate if the applied
field is within the X-y plane. To re-orient the field relative to the substrate and break symmetry,
we apply an additional AC magnetic field along the Z -direction.'? As shown schematically in
Fig. 3.4a, the resulting 3D field can be expressed as
B=Bcos(! 1) x+Bsin(!, 1) p+Bcos(! t+")z (3.7)
Upon field application, we observe that lassos spin in the plane at a camber angle 6, relative to

the surface normal, where / = arctan( B,/ BZ) (Fig. 3.4a). As they orient off the substrate
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surface, lassos translate due to friction with the substrate acting like a rolling hoop. The lasso
translation direction can be controlled by the phase lag ¢,. Based on image processing, we
identify the lasso center of mass and measure its instantaneous velocity during translation (Fig.
3.4b) where the velocity is not constant over a full period. Three characteristic velocities, Vimax,
Vshoulder, and Vin arise because of lasso asymmetry. As shown in Fig. 3.4b, these velocities
correspond to different lasso orientations when the overlapping lasso tail, lasso body, or the tail
tip is adjacent to the wall. We note that, as the contact area between lasso and wall decreases, the

instantaneous velocity also becomes smaller while Vhoulder is close to the average translation
velocity (V).

To model chain translation, we recognize that, at steady state, forces due to wall-induced
friction F; and translational fluid drag F, must balance (Fig. 3.4a). Following our previous
work,'” we define the wet frictional force as

Fo=ugM=pyvM (3.8)
where £4, is the wet friction coefficient, proportional to the fluid velocity (V) between lasso

1231y =’V =4 IR and M the load, the gravitational force projected on the

and substrate
field plane. The friction force is therefore

F, =y IR Nmgcos " (3.9)
where @ is the angular frequency of the lasso, N is the number of particles in the lasso, and mg
is the weight of a single particle. The fluid drag of a ring in the direction of travel is proportional

to its circumference® and translational velocity V, and, if we neglect wall effects, can be

expressed as
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E, =4mnaNVv (3.10)
where 77 is the fluid viscosity. Equating Egns. 3.9 and 3.10 yields a simple scaling law that
suggests the average lasso propulsion speed V is proportional to the product of its angular
rotation rate o, lasso radius R", and cosine of camber angle 6, V # IR cos " . To test this, we

measure the translation speeds of lassos of different size under a variety of field conditions. As
shown in Fig. 3.4c, the model is a good qualitative fit with a maximum velocity achieved of

approximately 20 pm/s.

3.4.3 Cargo capture, transport and release

While the rotation of the lasso leads to well controlled translation, lasso structure provides the
opportunity for cargo loading. As shown in Fig. 3.5a, one can load cargo with a lasso
approaching the target and opening under a low magnetic field strength BO and high 6c¢. To
capture cargo, the 2D rotating field BO is gradually increased making the chain re-curl to tighten
around the target. Since the lasso radius can be tuned via field strength, a wide size range of
cargos can be loaded by a given lasso. As shown in Fig. 3.5b, for a 16-mer lasso whose largest
diameter is ~13.6 um under a weak field of 3.3 mT, we have successfully loaded cargo ranging
from 1.8 to 13.2 um (Fig. 3.5b). When the cargo size is significantly smaller than the lasso, it is
more convenient to apply a weak field in the x-y direction and a strong one in the z-direction. As
it approaches the cargo, the z-field can be removed allowing the lasso to fall in place, stably

trapping cargo within the vortex generated by rotation.
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Figure 3.4 Lasso translation under a 3D magnetic field. (a) Force balance on a translating
magnetic lasso. The inset indicates the applied magnetic field. (b) Instantaneous velocity of the
center of mass for a 16-mer (B, = 3.3 mT, B,=2.6 mT, and 6,=51.4j). Red circles, blue diamonds,
and pink squares represent characteristic velocities V..., Venougers @Nd Vi INSeLS Show the
corresponding lasso orientations. Red arrows indicate the part of a lasso that is adjacent to the
wall. (c) Average rolling velocity of magnetic lassos scales with angular rotation rate w, lasso
radius R", and camber angle 6..
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Figure 3.5 Cargo capture and transport with magnetic lassos. (a) Cargo-loading dynamics. (b)
Cargo of different diameters can be loaded by the same lasso: (i) 1.8 um, (ii) 7.0 um, and (iii)
13.2 um. (c) The ratio of degree of slip for loaded and unloaded lassos y with relative size of
cargo to lasso (R/Na). The dashed line represents Eq. 11. (d) Measured minimum 6, for different
size ratios. The regime above the dashed line shows stable entrapment and transport of cargo.
Scale bars: 12.5 pm.

Under three-dimensional (3D) magnetic fields, loaded lassos roll similarly to unloaded

ones. Fig. 3.6 shows the instantaneous velocity of the lasso center of mass loaded with 7.0 um
cargo where we observe similar characteristic velocities, V.- , Vi ., and V. . However, the

rotation frequency of loaded lassos becomes two-fold smaller and the average velocity
approximately half of unloaded lassos due to additional hydrodynamic drag. To model the
impact of cargo on lasso transport, we follow our previously developed force balance but

incorporate the additional hydrodynamic drag due to cargo. For a loaded lasso, the friction force
is similar to an unloaded one, and depends on the rotation frequency 7* as

F." =1 @ R'Nmg cos8,. (3.11)
however, the hydrodynamic drag force increases due to the presence of cargo
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L L
F,” =(4rnaN +67nR.)V (3.12)

where R¢ is the cargo radius. Balancing these two forces yields a modified governing equation

for the average loaded cargo rolling velocity

M0 %8 HS6.

(3.13)
%an$(+&ant.

Since the loaded and unloaded lassos have different rotational frequency @, we compare the

ratio of V' to I for both lassos

#' /0 1
#lo 1,35
2%&

(3.14)

where V* (V') and I* () are the average translation velocity and rotation frequency of loaded

(unloaded) lassos, respectively and R, is the cargo radius. Here, / represents the ratio of the

degree of slip for loaded and unloaded lassos since both have the same radius. Eqn. 3.14 predicts
that loaded lassos have a higher degree of slip and roll more slowly as cargo size increases. This
is confirmed by our experimental results shown in Fig. 3.5¢ where, for a lasso loaded with cargo

of comparable size, R, /R~ 1, we observe a vy decrease of ~20%. Although the rolling velocity of

loaded lassos can be increased by lowering 6., there exists a minimum camber angle below
which lassos can no longer carry cargo. This minimum 6, is predicted by the geometric
constraint illustrated in the Fig. 3.5d inset, where cos(6,) must be equal to or greater than the size

ratio of cargo to lasso R, /R. A measurement of the minimum 6, for different size ratios in Fig.

3.5d shows good qualitative agreement with this simple prediction.
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Figure 3.6 Instantaneous velocity of the center of mass for a 16-mer lasso (B, = 3.3 mT, B,=2.6
mT, and 6,=51.4;) with cargo radius R, = 3.48 um. Red circles, blue diamonds, and pink squares
represent characteristic velocities V..., Veougerr @Nd Vi INSets show the corresponding lasso
orientation. Red arrows indicate the part of a lasso that is adjacent to the wall.

Because the magnetic field is applied over a relatively large sample area, all magnetic
chains within the sample volume experience the same rotating field. As a result, samples with
many chains could function in a highly parallel fashion; however, each chain would mimic other
chains in rotation and direction. Although manipulating individual microlassos simultaneously is
beyond the scope of this work, other recent studies have demonstrated that such control in
similar systems is indeed possible®. In addition, alternative imaging techniques are feasible as X-
ray** and MRI* show significant contrast with the superparamagnetic particles used to create our
chains.

Loaded lassos can be used to transport cargo with precise directional control by
reorienting the field rotation axis via the phase lag ¢, between the x-y rotating field and the field
in the z -direction.Because redirection is immediate, we have implemented control via pre-
programmed translation as well as via joystick and, as shown in Fig. 3.7a, cargo pathway can be

precisely directed. Once the loaded lasso reaches its destination, the magnetic field can be
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removed, dipole interactions vanish, elastic energy dominates, and the chain relaxes to release
cargo. With this reset, the same lasso can be used for transporting other cargo as shown in Fig.
3.7b. Compared with previous approaches®*>*®, the reversibility in cargo loading and unloading

represents a significant advantage.
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Figure 3.7 Precise control of cargo transport with magnetic lassos. (a) Transport of a loaded
cargo in an "M" trajectory. (b) Reversible unloading and loading of cargo. Scale bars: 12.5 pm.

3.4 Conclusion

In conclusion, we have demonstrated that superparamagnetic microlassos can achieve
reversible cargo capture, transport, and release under a 3D AC magnetic field. Lassos are
fabricated by aligning magnetic beads into linear chains under a 1D DC magnetic field and
locked in place with polyvinylpyrrolidone. By further applying a planar x-y rotating field, lassos
curl around cargo capturing them. In the presence of an additional orthogonal AC magnetic field,
loaded lassos translate with precise spatial control. Both propulsion velocity and direction can be
varied with simple manipulation of the applied field. At the targeted destination, cargo is readily

released by lowering field strength or reversing field rotation unfolding the lasso. Since the entire
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process is physically controlled with no chemical attachment/detachment required, this approach

has potential for transporting a wide range of cargo under different solution conditions.
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CHAPTER 4
MICROWHEELS AND MICROROADS: ENHANCED TRANSLATION ON TOPOGRAPHIC
SURFACES
From a paper in preparation
Tao Yang*®, Andrew Tomaka?, Tonguc O. Tasci?, Keith B. Neeves?, Ning Wu**, and

David WM Marr?*,

4.1 Abstract
Microbot propulsion is challenging due to the reversible nature of microscale fluid

transport. Recently, it has been shown that methods that break flowfield symmetry using a
nearby surface can lead to net translation. However, studies so far have been primarily focused
on the impact of flat and featureless surfaces. Here, we demonstrate that coupling between
rotating wheel-shaped bots and nearby walls can be enhanced through surface topography and
observe that surface spatial periodicity of the surface and the intrinsic frequency associated with
wheel rotation and symmetry are tightly linked. While continuous wheel rotation with significant
slip is observed on flat surfaces, a combination of rotation with slip and non-slip flipping
happens when wheels roll upon topographic surfaces. As a result, significant average translation
velocity enhancement (~5x) is observed. In addition, under low magnetic field frequency, the
gravitational potential energy barrier induced by topographic surfaces leads to different rolling
velocities between isomeric wheels, allowing us to separate them not based on size but on

symmetry.
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4.2 Introduction

Microscale propulsion has attracted significant interest in recent years because of the
desire for self-directing in-vivo biomedical devices and the challenging nature of low Reynolds
number flows'. External field-based approaches, especially those employing magnetic fields, are
among the most promising because they are non-contact and require no chemical fuel. To enable
propulsion under uniform magnetic fields where microbots are driven by induced torques®?,
however, symmetry breaking must be achieved with either appropriately designed propellers*” or
with proximity to walls. For the latter, researchers have investigated different propulsion
schemes based on different combinations of magnetic field components, including artificial
cilia®, microwalkers®, microcarpets'®, microworms™, and microlassos'?. However, all these
studies were performed on flat surfaces. The impact of surface topography on the motion of
microbots has not been studied before, although such understanding is important for designing
micro- and nano-engines to be used in human bodies as the real environment is often

topographically complicated.

4.3 Results and discussion

4.3.1 Wheel translation on flat surfaces

We have recently demonstrated that uniform magnetic fields can be used to create
colloid-based microwheels (uwheels) capable of rapid translation on flat surfaces*™. In this,
superparamagnetic particles (radius a = 2.25 um, Dynabeads™ ™ M-450 epoxy, Thermo Fisher)
denser than their surrounding solvent assemble into pwheels via isotropic interactions induced
by an in-plane rotating magnetic field (B ~ 6 mT). In studies here, we irreversibly bind pwheels
with the addition of high concentration polyelectrolyte (poly(diallyldimethylammonium

chloride), M,, = 200k) during rotation, yielding a mixture of pwheels of varying size and
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morphology (Fig. 1a inset). Spinning pwheels lying flat on a surface have no net motion and, for

translation to occur, they must be inclined relative to the surface. We therefore introduce a 3D
rotating magnetic field of angular frequency w,,, H = H cos(w,t)e,

+H sin(w,t)e + H sin(w,+@)e,, where H,, H, are the field strength in xy and z directions,
respectively and ! is phase lag between z and xy component. These pwheels thus spin in the
plane at a camber angle 6 relative to the surface normal, 6 =arccot(H_/ H,) = arccot(r). The
spinning is driven by an induced magnetic torque, 14 = Uy(m " H) (mis the induced magnetic

dipole moment) and when close to a surface, a pwheel acquires a translational velocity v via

v' @ \here ! is the rotational velouty' f( ’_ g( are the

rotation-translation coupling and rotation-rotation hydrodynamic coefficients, n is the fluid

viscosity, R, is the wheel radius, h_n is the height of wheel(s center of mass to the surface and f

(E) and g (E) are correction functions due to the wall>*¢, An example of wheel rolling is

shown in Fig. 4.1a. The time averaged translational velocity <v > is thus proportional to the

time averaged rotational velocity <@ >, i.e. <v>~<w>R <> ax/ﬁ (Fig. 4.1D), after

approximating the wheel radius R, as a\/; . As can be seen in Fig. 1b, this scaling law is
confirmed by our experimental measurements.

As pwheels are assembled from a small number of spherical colloidal building blocks,
they are not strictly circular. As a result, it is expected that the pwheel translation resulting from
fluid-wall interactions should be influenced by the specific manner that a part of the wheel
interacts with the surface during rotation. Therefore, the wheel geometry, in particular its

symmetry, is an important parameter to consider. This is clearly seen in Fig. 4.1c, where the
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instantaneous velocities of a series of wheels are plotted over one period of rotation and the

number of wheel velocity oscillations closely matches its degree of symmetry.

(2.2), 3.3) “4.2)

8 & B
“H (6 (s,zhi
(s.g)! (5.3!) 1.6) ! “ I '

<v>/(<(1)>a)

v/(<w>a)

Figure 4.1 pWheel translation on flat surfaces. (a) A 5-mer (5,2) and a 7-mer (7,6) translating at
different velocities in the same applied field. Inset: pwheels of different size (1 <n < 7) and
shape (2 < & < 6), scale bar = 4 um. (b) Average normalized velocity of pwheels of different
sizes (2 <n < 29). (c) Instantaneous velocity profiles for singlet (1,1), dimer (2,2), trimer (3,3),
square (4,4) and 7-mer (7,6) including fits to Eqgn. 4.2. Symbols are experimental measurements

and solid lines are fits from Eqn. 4.2.
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Here, we develop a model that describes the behaviour of pwheels rolling on a flat

surface following the approach of Tierno, et al.'*®. The translation velocity of particle i inside a

wheel, v, is proportional to force on particle j, F, through the translation-translation matrix Hy

as:
V.= u,,F . (4.1)
J
For simplicity, we only consider self-mobility, thus My = Mgy = 10" %£)+ #zz where
"= %(1% (%)hi) , h; 1s the height of particle i above the surface, 1 is a unit vector and 7

is a unit vector perpendicular to the surface. Since there is no net force acting on the wheel, the

sum of all forces is zero, i.e. ZFJ. =0 . Here the torque generated by all forces must balance the
j

: i 8 R
hydrodynamic torque, i.e. FR\/; % where the force on each particle is assumed
g
8an<w>R’

to have same magnitude and thus equal to F =

Jng®R In)

Taking these simplifications into consideration, the wheel translation velocity can be

written as:
= —2(1 )cos9
.y , (4.2)
a
:_n:_ _——0 1—2— Sine,
dt nzl‘ dt ng’( 8hl.) '
where v, v, are the wheel translation velocities parallel and perpendicular to the surface,

respectively, 6. =< >t+—(i—1) is the orientation of particle i relative to the surface, and
n
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4<I>R°

v, = —
" 3Jnag(R /)

. The instantaneous translation velocity can thus be obtained

simultaneously solving for v,, v numerically. The calculated instantaneous velocity profiles for

uwheels with 2 <& <6match the experimental data very well (Fig. 4.1c).

4.3.2 Wheel translation on topographic surfaces
Though propulsion is driven by pwheel-wall hydrodynamic interactions, flat surfaces
contribute only weakly to net translation and significant slip is observed (

(<o >R-<v>)/<v> isabout 80% in our experiments). To improve pwheel-wall coupling

and increase propulsion velocities, we introduce topographic features on the surfaces upon which
wheels translate. Aiding our studies here, the mathematics of roads and wheels is well
established and tells us that, for any road, there is a corresponding wheel for smooth transaltion
and for any wheel there is a corresponding road™ . Thus when wheel shape is altered, the
structure of the road can be varied to accommodate, most simply by changing road periodicity
and spacing to match wheel features.

To investigate the influence of topographic periodicity on pwheel translation, we
fabricate polydimethylsiloxane (PDMS) replicas of linear diffraction gratings (Thorlab) as shown
in Fig. 4.2a. Here the surface height is periodic along the x direction (Fig. 4.2a inset) with
distance between peaks varied with rolling angle 7.

For simplicity, we start with a dimer to investigate wheel translation on as-fabricated
surfaces. Upon application of the magnetic field, two translation modes can be distinguished
when tracking the center of mass of each lobe (Fig. 4.2b). Mode I occurs when the dimer

translates from surface valleys to peaks.
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Figure 4.2 pWheel translation on topographic surfaces. (a) Microscopic image of textured
surface, scale bar = 10 um. Inset: AFM characterization (tapping mode) along 7 = 900, maximum
height 3.83 um. Arrow indicates blaze direction. (b) Displacement of the centers of mass of two
dimer lobes with time rolling along f ~ 900 against the blaze direction. Mode I: rotation with slip;
Mode II: non-slip flipping. (c) Fourier transform of the instantaneous velocity of the dimer.

During this mode, the dimer rotates along its center of mass, which is evidenced by the
characteristic 180° phase difference between lobes. In addition, as the separations between the
dimer and the surfaces are relatively large, weak wheel-surface interactions cause significant slip
and low net translation velocities. Therefore, we coin this mode, Orotation with slip0. When the
dimer approaches and overcomes a surface peak, one lobe becomes trapped at the sharp peak and
we observe mode Il. In this mode, one lobe becomes fixed, while the other rotates around the
contact points between the fixed lobe and the surface and the entire dimer flips over. We call this
Onon-slip flipping0 as the dimer translates with high efficiency and slip approaches zero as in dry
friction situations.

These translation signatures can also be detected by examining the Fast Fourier transform

(FFT) of the instantaneous puwheel translation velocity profile (Fig. 4.2c), where two frequencies

corresponding to the two translation modes can be identified. The first frequency I is very

1
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close to the rotational frequency of a dimer on a flat surface, which is primarily governed by the

Hwheel symmetry: o, =& <w >. For a dimer, for example, o, = 2 <w > as shown in Fig. 4.2c.
The secondary frequency I, i.e. the Onon-slip flippingd frequency, is related to how often a
wheel meet surface peaks. Clearly it is governed by the surface periodicity, f, ~<v>sin"/d,
assuming the average velocity on a textured surface is similar to that on a flat surface (! =

10 1"" is the spacing between surface peaks). As a result, the ratio of the two frequencies should
scaleas w, / w, ~ sin6n / £ . This is indeed seen in Fig. 4.3a where the frequency ratio is

proportional to a scaling of uwheel size, shape and surface periodicity. The smaller slope when
rolling with the blaze as opposed to against the blaze suggests a longer time required to climb

surfaces between peaks, a feature not included in this simple model.
Since , / @, characterizes the portion of time a wheel translates without slip, the net

translation velocity should be enhanced compared with the flat surface with a larger as observed

in Fig.4.3b, where the highest velocity enhancement observed is ~5x.

4.3.3 The impact of magnetic field frequency on wheel translation

The impact of magnetic field frequency was also investigated with a dimer as an example
(Fig. 4.4). At low field frequency (f < 1 Hz), pwheel sedimentation time is comparable with the
field rotation period; as a result, the gravitational force plays an important role. If the wheel
cannot overcome the gravitational potential energy barrier to reach the next surface peak, it will

be trapped within the valley.

83



2 /,’ -
T ! |

Y I 1H@H
/; \%\ ‘/‘?‘Q{

1 . 1 4:‘ |

|
Conlhe
1 " 1 " 1 "
0 0.2 04 0.6 0.8
U‘)Z/wl

Figure 4.3 (a) The ratio of spatial/rotational frequency w,/m, with sin(8)n*?/&. Open and closed
symbols represent with and against the blaze direction. The dashed line is a fit with the blaze, the
solid line against the blaze direction. Symbols identical to those of Fig. 4.1b. (b) The ratio of
topographic/flat pwheel average translation velocities< v' >/ <v > with ®,/®;.

Therefore, we observe a critical frequency under which the wheel does not translate. As surface
slope increases with rolling angle, this critical frequency also increases. More interestingly, since
a larger gravitational potential energy barrier must be overcome when a wheel roll against the
blaze direction (negative field frequencies) compared with along the blaze direction (positive
field frequencies), the critical field frequency against the blaze direction is larger. A Odiode0-like

translation behavior was thus observed as pwheels can translate in one direction while not the

other between two critical frequencies.
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Figure 4.4 The ratio of topographic/flat dimer average translation velocities<v'>/<v > with
field frequency f. Negative frequencies indicates propulsion direction again the blaze direction
and positive indicates the opposite direction.

4.3.4 Separation of isomeric pwheels

Our observations are reminiscent of physical methods that rely on geometric constraints
to bias flow rate or direction that have been developed. These approaches rely on arrays of posts
or obstacles to bias the net transport direction of objects of different size including cells and
colloids***. Our method here can be further exploited to separate isomeric pwheels as the
wheel/wall interactions can be modulated conveniently by surface texture. For example, a
diamond-shape tetramer translates with a similar velocity on a flat surface as a square tetramer
because of their identical wheel sizes (Fig. 4.1b). However, a diamond interacts more effectively
with the textured surface than a square as it can sustain the non-slip flipping mode for a longer
time. As a result, the larger velocity enhancement for a diamond wheel allows one to separate it
from a square wheel simply by rolling them simultaneously on a textured surface, as shown in
Fig. 4.5. An alternative approach to separate isomers would be manipulating the applied field

frequency. This possibility exists because there is a frequency range within which the difference
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in gravitational energy between the diamond and square wheels is significant enough to make the

diamond wheel translate continuously while the square wheel remains stationary.

Figure 4.5 Comparison of a diamond and square translating on a flat surface vs on a textured
surface (against blaze direction) with same time interval under same field conditions.

4.4 Conclusion

In conclusion, we have studied the propulsion of pwheels on both featureless and
textured surfaces. On a flat surface, the rotation with slip of a non-circular wheel is governed by
the degree of symmetry of the wheel, which influences the hydrodynamic coupling between the
wheel and wall. In comparison, we observe an additional translation mode, i.e., non-slip flipping,
on a textured substrate that is fully tied to the surface topography. Since the flip motion is non-
slip, the overall translation velocity of the same pwheel can be significantly enhanced (max ~ 5x)
on a textured surface. We further demonstrate that the unique propulsion behaviour of pwheels
on topographic surfaces can be utilized for the separation of isomeric uwheels, which is difficult

to achieve by other means.
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CHAPTER 5

SUMMARY AND OUTLOOKS

5.1 Summary

External field directed assembly has been proven an effective way to assemble simple
building blocks into complicated structures, in @ manner similar to how nature builds up
materials and life from atoms and molecules. These assembled structures, however, will
disassemble unless permanent linkages are built up between building blocks while the field is on.
We are particularly interested in building up flexible linkages since most common biological
systems such as DNA, collagen, actin and flagella fall into the semi-flexible or flexible range. In
fact, it has been demonstrated experimentally that flexible magnetic filaments can beat like
spermatozoa and propel themselves within microscale environments under oscillating magnetic
fields. In Chapter 2, we explored the application of Michael-addition click reactions to introduce
flexible bonds within one-dimension magnetic chains. In this, we were able to tune the chain
flexibility over two orders of magnitude with different linker length. Bond stability was found
insensitive to reaction time but can be tuned by both reaction temperature and linker length. In
Chapter 3, we further increase chain flexibility by using a large-molecular-weight hydrophilic
polymer (polyvinylpyrrolidone) as a bridge to link colloidal spheres. Once linked, the fabricated
flexible magnetic chains were able to form lassos under in-planar rotating magnetic fields. Once
an additional AC component was added in z direction, the rotating lassos propel themselves near
a surface with controlled direction and velocity. Moreover, these magnetic lassos can curl, tightly

capture cargo and direct cargo transport, a functionality beyond simple propulsion.
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Chapter 4 explored the role of the wall behind surface enabled propulsion. In this, we
demonstrated here that coupling between rotating wheel-shaped bots and nearby walls can be
enhanced through surface topography. Wheel-surface separations are significantly decreased
while wheels rolling on textured surface peaks due to geometric hindering effect. As a result,
wheel translation mode changes into Onon-slip flippingd from Orotation with slip0 on a flat
surface, which leads to significant (~5x) translation velocity enhancement. We further
demonstrate that the unique propulsion behaviour of puwheels on topographic surfaces can be

utilized for the separation of isomeric pwheels, which is difficult to achieve by other means.

5.2 Outlook and Further directions

5.2.1 Reconfigurable magnetic chains for multimodal motion

In our studies, the flexural rigidity constant £ of magnetic colloidal chains was enhanced
from 10 (Chapter 2) to 10* J-m (Chapter 3) by using a larger molecular weight linker (from
40k to 1300k). However, PVP polymer bridging was a purely physical interaction. As a result,
only relatively short colloidal chains (max ~ 15-20 mers) were fabricated, which greatly limits
further application. To improve upon this, flexible linkages with chemical bonds are needed. In
addition, since flexibility is closely tied to linker length, enhanced flexibility requires a longer
linker, which, in turn, means larger molecular weight, poorer solubility and higher viscosity. An
alternative is to have in-situ polymerization of short linkers into longer linkers while building up

linkages between neighboring particles.

To get more flexible and stable magnetic chains, magnetic particles of smaller size
(Dynabeads Myone carboxylic acid (1.05 um in diameter)) were used. Here, the carboxylic acid

groups on the particle surface were first converted into thiols via a carbodiimide reaction (Fig.
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5.1, Stepl). Neighboring particles were then linked under 1D static magnetic fields with disulfide
bonds formed by thiol groups on bis PEG-thiol linkers and particle surfaces (Fig. 5.1 Step 2).
Disulfide bonds also formed between linkers in the same oxidation environment (hydrogen
peroxide), which extends the linker length. In our preliminary studies, the magnetic fields were

kept relatively low so that only extended linkers of large molecular weight could link particles.
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Figure 5.1 Schematics of the reaction processes. Step 1: Thiols are attached to the particle
surface through a carbodiimide reaction; Step 2: thiolated particles are linked into chains with bis
PEG thiol linkers.

The flexural rigidity constants of as-fabricated magnetic chains, determined by the same
method in Chapter 2 and 3, were found to be ~10%-10% J-m, 2-3 orders of magnitude smaller
than chains in Chapter 3. In addition, since chemical bonds instead of physical interactions

formed between particles, the chain length also increased significantly (max ~ 80-100), leading
to a ratio of contour length (~ chain length) to persistent length ( £/ / k,T") of 0.01-0.1in the

semi-flexible to flexible range. With significantly enhanced chain flexibility and length, the
fabricated magnetic chains not only reproduce previous experimental results in Chapter 2 and 3,

but also lead to novel assembly structures.
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It has been predicted theoretically that flexible paramagnetic chains can be assembled
into helices under fast precessing magnetic fields'?, and our flexible magnetic chains are good

candidates for experimental verification. When placed under a 3D precessing magnetic field, i.e.
B=(BX,ByZ cos(! t) B, sin(!,t)), where @, =21 f(f=50 Hz) is the field frequency, these

magnetic chains have rich assembly behavior (Fig. 5.2). For example, as the ratio of the DC
component (B,) to rotating component (B,.) increases, i.e. the magnetic field cone angle
decreases, a semi-flexible chain changes from a rolling lasso (Chapter 3) to a helix to a rod. The
helix formation regime in the phase diagram is located where the cone angle is close to the magic
angle, consistent with theoretical predictions. In addition, once a helix is formed, its structure can
be tuned by varying the magnetic field cone angle and field strength. The helix diameter D is
controlled primarily by the rotating yz field, while the pitch p increases with increasing DC
magnetic field strength in the x direction as shown in Fig. 5.3. In addition, since the rotation-
translation coupling matrix is non-zero for a helix (Section 1.1.4.1), the assembled helix thus
translates in x direction perpendicular to the plane of rotating. The helix propulsion velocity V

can be predicted as

sin20 tan6

V=0D———F—-=0D———,
6—2c0s26 2+4tan“ 0

(5.1)

where w is the helix rotation frequency and 6 is the helicity angle. For a helix, p=zD"#$6 and
the translation velocity can be simplified to:

v plrD

= : 5.2
oD 2+4(plnD)* 6-2)
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This prediction was compared with experimental results in Fig. 5.4 and a good fit was found.
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Figure 5.2 Phase diagram of semi-flexible superparamagnetic chains under a 3D precessing
magnetic field. B, and B, stand for DC magnetic field strength in x direction and rotating
magnetic field strength in yz plane. The red dash line stands for magic cone angle, i.e.
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Figure 5.3 Semi-flexible chains formed helix pitch with DC magnetic field strength in the x
direction; yz rotating magnetic field strength is kept constant at1.84 mT.
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Figure 5.4 Dimensionless helix propulsion velocity along the x axis with the helix shape. The
fitting is the prediction from simplified theory.

Unlike microlassos and microwheels, the assembled helices do not depend on the
presence of an adjacent wall for propulsion and can move through bulk fluid. Consequently,
potential applications with these assembled helices like cargo transport in 3D should be

achievable.
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