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Abstract

Directed electrochemical nanowire assembly (DENA) is a method for fabricating nano-
structured materials via electrochemical dendritic solidification. This thesis presents two new
applications of nano-structured materials that are fabricated via the DENA methodology: cellular
force sensors to probe adhesive sites on living cells and single-crystalline metallic dendrites as
surface coating materials.

Fast migrating cells like D. discoideum, leukocytes, and breast cancer cells migrate by
attachment and detachment of discrete adhesive contacts, known as actin foci, to the substrate
where the cell transmits traction forces. Despite their importance in migration, the physics by
which actin foci bind and release substrates is poorly understood. This gap is largely due to the
compositional complexity of actin foci in living cells and to a lack of technique for directly
probing these sub-cellular structures. Recent theoretical work predicts these adhesive structures
to depend on the density of adhesion receptors in the contact sites, the receptor-substrate
potential, and cell-medium surface tension. This thesis describes the fabrication of sub-
microscopic force sensors composed of poly(3,4-ethylene dioxythiophene) fibers that can
interface directly with sub-cellular targets such as actin foci. The spring constants of these fibers
are in the range of 0.07-430 nN um™. These fibers were used to characterize the strength and
lifetime of adhesion between the single adhesive contacts of D. discoideum cells and the fibers,
finding an average force of 3.1 + 2.7 nN and lifetime of 23.4 + 18.5 s. This capability is
significant because direct measurement of these properties will be necessary to measure the cell-
medium surface tension and to characterize the receptor-substrate potential in the next (future)
stage of this project.

The fabrication of smart materials that are capable of the high dynamic range structural
reconfiguration would lead to their use to confer hydrophobic, lipophobic, and anti-corrosive
character to substrates in a regenerative manner. As a step towards this goal, we have extended
the DENA method to enable repetitive growth and dissolution of metallic dendrites to substrates.
The experimental parameters that control this process are the frequency and duty cycle of the

alternating voltage signal that initiates the dendritic growth.
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Chapter 1 - Introduction

1.1. Overview of thesis

With the advent of nanotechnology, fabrication of nanoscale materials has stimulated
great interest due to their importance in basic scientific research and potential technological
applications. We are interested in two directions of application in this general area: mechanical
probe methodologies for biological studies at the single cellular level and surface coating
methodologies for corrosion and bio-fouling control. Key challenges lie in controlling the
nanoscale and microscale dimensions of the material, and in controlling the composition of the
material. To meet these requirements, we need to better understand the fabrication mechanism.
The primary method by which we fabricate the nano-structured materials is directed
electrochemical nanowire assembly (DENA)." 2 DENA is an electrochemical method based on
dendritic solidification.>*” We have demonstrated two newer controls over the DENA
methodology: control over the length and the radius of the polymeric fibers and the ability to
quickly and completely structurally reconfigure (growth followed by dissolution) metallic fibers
and dendrites on conducting surfaces. Control over fiber-length and radius provides control over
their stiffness and thereby enables the fabrication of fibers that have stiffness comparable to the
stiffness of living cells; as a result, such fibers are useful as cellular force probes. The ability to
structurally reconfigure metallic dendrites would lead to the fabrication of surface coating
materials that provide wettability and adhesion control and that have potential for use as

environmentally adaptive smart materials.



1.1.1. Adhesion dynamics of fast migrating cells

Cell-substrate adhesion is essential in many physiological processes, such as tissue growth,
cellular development, cellular migration, and wound healing. Depending on migration speed,
there are two types of cells: slow migrating cells (speed 5-10 pum/hr),® and fast migrating cells
(speed 10 um/min)®. The mechanism underlying cell-substrate adhesion is well characterized in
slow migrating cells, like fibroblasts.'® Fibroblasts express many discrete ~1 pum diameter
adhesive contacts to a substrate at a given time. These well-studied contacts are called focal
adhesions and are distributed on their basal surfaces. Focal adhesions are composed of
integrins, a transmembrane glycoprotein that is involved in cell-substrate adhesion.*! The focal
adhesions are internally connected to the actin filaments via intracellular linkers like talin,
paxillin, and vinculin, and thereby allow cells to transmit traction force to the substratum.’* A
typical lifetime of a single focal adhesion is greater than 20 min;*® due to the long-lasting nature
of these integrin-based adhesive contacts, cells that utilize them can only migrate at rather slow

rates.

The mechanism underlying cell-substrate adhesion in fast migrating cells (speed 10
um/min)® like D. discoideum, leukocytes,*® and breast cancer cells*® is poorly understood, but
depends on the establishment of adhesive contacts to the substrate where the cell transmits
traction forces. In pre-aggregative D. discoideum, these adhesive contacts are discrete
complexes known as actin-foci.>" ‘¥ These contacts are different from focal adhesions; they have
an area of ~ 0.5 um? and a lifetime of only ~ 20 s.*” The actin foci are composed of polymerized
form of actin, and are connected internally to the actin meshwork.!” A cell typically expresses

~20 actin foci with a (glass) substrate at a time. The surface area of a typical D. discoideum is



~300 pum?, so these complexes are both small and dynamic. The dynamics are fundamental to
the migratory properties, as the cell must release the substrate in order to move. We (naively)

recover the migration rate for a 10 um diameter cell by assuming first order kinetics for the

10,m

decay of the ~20 actin foci and taking————
(20s)In20

~ 10um/min. Despite their importance in

migration, the physics by which actin foci bind and release the substrates is not known.*”** This
gap is due largely to the compositional complexity of the actin foci in living cells and to lack of a
technique for directly probing these sub-cellular structures. It is important to push through these
barriers because insight into how these adhesive contacts work would potentially facilitate
improved strategies for controlling adhesion and, thereby, migration, in cells that share the
amoeboid paradigm of movement. The future goal of this project is to understand the adhesion
and de-adhesion mechanism of actin foci. As a step towards our long term goal, this thesis
presents methodology for fabricating cantilevered force sensors that are capable of directly
probing the actin foci of D. discoideum cells without making unintentional secondary contacts to

the cell.

The significance of having developed this methodology is as follows. We have designed
sub-microscopic force sensors for measuring the adhesive forces and lifetimes of individual actin
foci of D. discoideum cells. Recently, Brochard-Wyart and de Gennes have presented a general
theory for the rupture of adhesive contacts by pulling forces.?>? We have adapted this theory to
describe actin-foci rupture, where an actin focus is taken to consist of multiple receptor-substrate
bonds (R-S bonds). In order to test this theory, the cell-medium surface tension, the surface
density of adhesion receptors, and the potential energy well that describes the interaction

between the adhesion receptors and the substrate must be measured. The force sensors will



allow for the quantification of two of these three properties: the cell-medium surface tension and

the potential energy well of a single R-S bond.

1.1.2. Structural reconfiguration of metallic dendrites

The fabrication of smart materials that are capable of high dynamic range structural
reconfiguration that, say, cuttlefish-skin® or photosynthetic corals®® are capable of, would permit
hydrophobic, lipophobic, and anti-corrosive character to be conferred to substrates in a
regenerative manner. To this end, a number of materials have been developed in the past few
years that exhibit high dynamic range structural reconfiguration. Regan and co-workers have
synthesized smart gels with pore-sizes sufficient to trap 26 kDa proteins and which exhibit
complete, salinity-dependent dissolution (and cargo-release) and reformation.?* Pine and co-
workers have designed colloidal magnetic building blocks that self-assemble into aggregates
with reproducible geometries. These configurations can be fully disassembled and then re-
assembled by controlling the external magnetic field or the salinity of the solution.”® To realize
the reconfigurable assemblies, both of these studies employed specialized building blocks—
modular peptides for the smart gels and quasi-monopolar magnets for the colloids—that switches
its character in response to a changing external field. It would be advantageous if one could
control the assembly and disassembly process of more fundamental building blocks, such as the
components of salts, found in naturally occurring environments such as oceans or rivers. This
ability could then lead to the fabrication of nanostructured coatings on the surfaces immersed in
such environments in order to provide corrosion, reflectivity, or adhesion control that could be

regenerated as needed.?*?®



As a step towards this end, this thesis extends the DENA methodology to enable the
complete dissolution of an array of single crystalline gold dendrites following their growth on
conducting surfaces from their simple salt solutions. DENA is an electrochemical technique
based on the dendritic solidification that occurs when the growth of a crystal is limited by the
diffusion of the building blocks through a bulk medium to the solidification front. In DENA, the
driving force that induces the diffusion of the building blocks is the alternating electric field
applied to the metallic salt solution. In addition to the bulk diffusion, electrochemical
crystallization depends on the electrochemical oxidation and reduction of metal atoms at the
crystal-solution interface. We can control both the overall size and the diameter of the dendrites,
thereby providing both micro- and nanoscale control. Hence, the structural reconfiguration of
arrays of such dendrites holds promise as surface modifications that provide reconfigurable or

self-healing wettability and adhesion control.
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Chapter 2 - Theoretical model for cell-substrate adhesion in fast

migrating cells

2.1. Introduction

D. discoideum cells migrate on substrates by establishing discrete adhesive contacts known as
actin foci. The actin foci of D. discoideum express a variety of cell-substrate adhesion molecules
such as sibA-E,"? sadA,** talin," ® and cortexillin 1.2 The mean lifetime of an actin focus is short:
~20 s.” There is need of a theory that will explain the experimentally measured strength and
lifetimes of actin foci. This chapter presents a theoretical model that describes adhesion
dynamics of actin foci and in particular, it provides an expression for the lifetime of actin foci as
a function of pulling force. This theory will be significant to interpret the physics by which fast

migrating cells rapidly migrate on substrates.

2.2. Theory

Figure 2.1(a) shows a cell of size R that has adhered to a substrate. The contact area has a radius
Rc and contact angle €. When the cell is pulled with force F, R¢(t) diminishes and &) increases
until the adhesion ruptures. Brochard-Wyart and de Gennes (BWdG) wrote a general theory for
this process in 2003® as an extension of the classic Bell® and Evans'® models. This theory has
served as the basis for several recent studies on rupture by pulling forces™ and spreading by
pushing forces' of both vesicles and live cells.”®> The geometry for which BWdG theory was
originally developed is shown in Figure 2.1(a). Next we illustrate our direct application of this

theory to actin foci.



Cell-substrate contacts by D. discoideum consist of numerous, submicron feet. These
feet, also called actin foci, make direct contact with the substrate. Each actin-focus is of sub-
micron size; typically, numerous actin foci exist between a cell and the substrate, as opposed to
the uniform contact across the whole base of the cell that figure 2.1(a) shows. Figure 2.1(b)

illustrates this case of discrete contacts. Below we describe a probe that we have engineered to

discrete
contacts

=

Figure 2.1. (a) Schematic of an aspirated cell or vesicle with uniform contact to substrate. This
situation is that for which BWdG theory was originally developed. (b) Sketch of D. discoideum
cell with discrete contacts to substrate. (c) Enlarged view of a single, discrete contact. (d)

Potential energy well describing a single R-S bond.

pull with a known force F on a single actin focus. This situation is depicted in figure 2.1(c).

Here we apply BWdG, to this mesoscopic geometry, in order to describe how Rc changes
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(decreases) as a function of the applied force F. The adhesiveness of a given mesoscopic contact

is due to numerous molecular-level receptor-substrate (R-S) bonds within the contact area.

When force F is applied to the contact, it first acts on the outermost annulus of receptor-
R-S bonds in the contact. We assert that the applied force F is (primarily) balanced by uniform
stretching of the membrane around a circular contact line. Hence, ®

F =2zRcysing (1a)

F=Rch/C, (1b)
where yis the cell-medium surface tension, and & the contact angle. The second equality in (1b)
invokes the small angle approximation and sets F =F /2zC where C is an undetermined

length that will cancel out; its purpose is to simplify (1b) by making F unitless. The binding of
intracellular actin filaments to the contact would alter the simple balance of forces in (1);

experimentally, we are able to investigate contacts that are unbound to intracellular f-actin.

The annulus of bonds has area 2zRca where a is the lateral width of a receptor. There
are N =27Rcal” of these bonds, where /”is the surface density of R-S bonds. N will decrease

in time as R¢ diminishes. The per site force f is of order F/N. The first law of thermodynamics
states AU=Q+W,,, where AU is the change in internal energy of the system, Q is the amount of
heat, and W, is the work done on the system. We assume that the internal energy U of the
system of R-S bonds remains constant i.e., AU=0. So, all work done by pulling on the R-S bond
is dissipated as heat Q. This situation is analogous isothermal compression of an ideal gas or

stretching a rubber band. The rate at which work is done in breaking the bonds is



. dz
W__ = Nf —, 2a
on dt ( )

where f is the applied force on a R-S bond in the contact area and z is the out-of-equilibrium

displacement along the bond axis. By expressing N as 2zRc/a, (2a) becomes:

W,, = 2R I'af % (2b)
% =V, Iis the average vertical velocity of a receptor when bond breaks. Equation (2b) has three

unknowns: f, v, andW,,. However, f can be re-expressed in terms of v,, using Kramers theory.**

This step is described below.

Figure 2.1(d) shows the potential energy well associated with a single R-S bond. The
depth of this well is & The basic chemical reaction associated with this well is

k.
R-S<>R+S, (3)
k

where k. and k. are the dissociation and rebinding rate constants, respectively. The average
velocity of a receptor when a bond breaks v, equals the molecular distance z at which the bond
breaks multiplied by the probability per time k. to move that distance. k. is the product of an
attempt frequency v (of order 10° s%)*® multiplied by a Boltzmann factor " for the probability

of a thermal fluctuation of order & the well-depth of the unstressed potential. If there is no

external force on the bond, k. is called ko, which is defined as

&

ko =1e KT (4a)
The application of a macroscopic force F to the actin foci translates into a microscopic force f on

single R-S bond. We expect the external force f on the R-S bond to amplify the dissociation rate
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constant k. by lowering the barrier to R-S dissociation [figure 2.1(d), dotted profile]; following
Kramers,* this amplification is described as

f

k_ =koe (4b)

In (5b), f=kT/z iis the intrinsic force scale and ko is called the unstressed off-rate."* In this view,

f is the slope of the mechanical potential shown by the dotted line in figure 2.1(d). Hence,

f2p
v, =v,e KT, (5a)
where v, = 24Ko.
From (5a),
f2, =kT In(://—zj . (5b)
1

Inserting (5b) into (2b) yields:

W, = 22R. 2 kT In(Y2) %2,
Z, v, dt

(6)

A microscopic formulation of work of adhesion Gag (work per area) is found by
integrating (6) with respect to time until the detachment is complete and dividing by the area of

the annulus:
1 )
Gy =——|W_ dt
Ad 27Z'RC8.'[ on

= Lt fin| Ve |92 g
Zs v, ) dt

(72)

In(V—Z) varies slowly in time relative to E Then, (7a) is approximately written as
A dt
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B
Gps = ¥V in( ) [z
Zﬂ \Z1 0 ’ (7b)
= KT In(-2)
Vi
or Gpy = 7KT |n(‘\i—2). (7¢)

1
Macroscopically, we know that Gpgq is related to the contact angle &:*°

Gpg =7(1—cos8)

1 2 (8a)
=—y0°,
27
1 FC
or Gy =—y——, 8b
Ad 2 Ré ( )

where equation (1b) was used to attain 8(b). Equating (7c) and (8b) relates the microscopic bond
dynamics to the macroscopic applied force F , leading to:

=2.2 2
F°C%/aR
szvle aC’ (9)

wherea = 27KT / y . a essentially compares the adhesion energy to the stretching energy. Using

the axes imposed on figure 2.1(c) and chain rule, v, may be re-written as

dZ dRC
V, =———C 10
27 dx dt (10)

Equating (9) and (10), we arrive at a differential equation that describes how R¢ decays in time in

response to the applied force:

Fcr
Re __V1g o (11)
it 5

12



where o=dz/dx, which we approximate as a constant of order 1. Equation (11) is a first order
nonlinear differential equation. Rather than integrate (11) directly, which appears to defy

analytic solution, we approximate its solution by the following set of steps. First, we define

p=eF 1oV’ (12a)
Rec

=—, 12b

V=" (12b)

Differentiating ¢ with respect to t we get

d¢ _ FPra?| F _% d_‘// (13a)
dt a w® ) dt

which can further be simplified as

d 2F°) 1 (1dR
dg _ [__J_g(__c], (13b)

=2

where we took &~ 1.

3/2
From (12a), %:[a_lr;qﬁJ , and we approximate the logarithmic term as constant i.e.,
v F

Ing = Ingy .2 Then, (14) becomes

d_¢: 2V1a1/2

3/2 ,2
dt ~ CF (Indp)"" 4",
or i—fzcmz, (15)
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1/2
where Cy = 2Vlcf{—E(ln &)'?. (16)

Equation (15) is in a form that can be solved directly, yielding a solution for Rc. The

¢ t
solution to (15) is found by integrating 'fd—f = Czjdt , to obtain
%, 0

In¢:ln¢0—ln(1—ij, a7

Tg

where 74 =Codp. We will see that z sets the time scale for decay of an adhesive contact.

—2 —2 .
From (12a), we see that Ing=F /au,//2 and Ingy =F /al//g. Substituting these

values into (17) and using (12b), we obtain

) ) ~1/2
Re(t)=|| -t | 87 OKT gt | (18)
C 2
Rco F Tg
F2
F T 2 2p2
TS :We An r Rcoa. (19)
47[7\/10!

Rco is the initial contact radius, and z is the decay time. Equation (18) is the analytic solution
for Re(t). A representative plot of Rc vs t is shown in figure 2.2. The plot shows that the contact
radius Rc decreases suddenly after some time. This is because the applied force F ruptures the
R-S bonds in an outside-in manner. As time increases, the outer bonds decay and the applied

force becomes concentrated on the relatively fewer inner bonds. (Recall that N decreases as R
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t (s)

Figure 2.2. Plot of R¢ vs t.

decreases in time). As a result, after an initial period where Rc changes slowly, the contact
rapidly ruptures and detaches from the substrate. The contact has a characteristic time z; which

decreases with increasing force; when t= z, the bracketed term diverges,R.(t) — 0, and the

cluster ruptures completely. Note that vi=z4ko. Hence, testing this theory will require
measurement of the receptor density 7 the cell-medium surface tension y, the unstressed off rate
ko and the spatial extent of the potential zs. However, in practice, ko dictates the time-scale of the

detachment more so than other parameters in (19) due to its strong dependence on the well-

&

depthky =ve KT . Thus, critical to understanding detachment is to understand the R-S potential

energy well. In the following chapters, we present methodology for the fabrication of sub-

micron force probes that will be used to characterize this potential in future work.
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Chapter 3 - Design and Performance of Experimental Equipment

3.1. Introduction

This chapter details the experimental techniques used in this work. The first part of this chapter
describes the methodology for the fabrication of cellular force sensors composed of poly(3,4-
ethylene dioxythiophene) poly(sodium styrene sulfonate) (PEDOT:PSS) fibers using a technique
called directed electrochemical nanowire assembly (DENA). These fibers are capable of
probing submicron sized adhesive contacts like actin foci of living cells without making an
unintentional secondary contact with the cell. We have described the methodology to
characterize the duration and strength of adhesion between the actin foci of highly migratory D.
discoideum cells and the fiber. The later part of this chapter describes our methodology of
fabrication of single crystalline metallic nanowires and nano-dendrites at the tips of movable
electrodes. We also describe methodology for performing cyclic voltammetry of single gold

dendrites.

3.2. Nanofiber Growth

3.2.1. Preparation of electrode for nanofiber growth

Our group fabricates metallict 2 and polymeric® nanofibers primarily by a method called directed
electrochemical nanowire assembly (DENA), which will be described below. We have extended
the DENA technique to grow metallic and polymeric nanofibers and nano-dendrites at the tips of
electro-etched tungsten electrodes. These electrodes can be mounted on a movable 3D stage

MicroManioulator) and can be positioned cleanly, near sites of interest. Furthermore, this
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Figure 3.1. (a) Experimental set-up for tungsten wire etching. (b) SEM image of an elctro-
etched tungsten electrode. Scale bar = 20 um. (¢) SEM image of an electro-eched, gold-coated

tungaten electrode. Scale bar = 200 nm.

capability of fabricating movable fibers permits their calibration by the resonance vibration
method (described below) and allows their use in various biological applications, such as cellular

force sensing and nano-surgery.
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Tungsten wire-etching was accomplished by a method described elsewhere. * The wire
etching set-up is shown in Figure 3.1(a). A 0.13 mm diameter piece of tungsten wire
(SmallParts) of ~5 cm length was electro-etched by mounting it vertically in the needle bar of a
sewing machine. A 50 ml beaker containing 40.0 ml volume of aqueous 10 M NaNO, 6 M KOH
solution was placed beneath the wire on a lab jack. A graphite counter electrode was placed in
the solution. The tungsten wire was biased +4.0 V DC, while the graphite electrode was
grounded. A DC power supply (BK Precision 1686A) was used to supply the voltage. The wire
was then cycled in and out of the solution using the sewing machine at a constant rate for ~5
minutes. This procedure yields a fine conical tip with radii-of-curvature of 1 um or less. Figure
3.1(b) shows Scanning Electron Micrograph (SEM) of a typical electro-etched tungsten filament.
The radius of curvature of the tip of this filament is ~65 nm. The chemical mechanisms

underlying the etching of tungsten wire in aqueous basic solution are as follows:

cathode: 6H,0+6e” — 3H,(g)+60H" (1a)
anode: W(s)+80H —WO? +4H,0+6e" (1b)
W(s)+20H" +4H,0 ->WO; +3H,(g) (1c)

The etching of tungsten wire takes place at the air-electrolyte interface, where W undergoes an
oxidative dissolution to produce soluble WOf‘ ions at the anode (equation 1(b)). The reaction

also involves reduction of water; which produces the bubbles of H, gas and OH" ions at the

cathode (equation 1(a)).
The growth of DENA based PEDOT:PSS fibers requires gold electrodes. In order to

prepare such electrodes, the etched tungsten electrodes are evaporatively coated with ~200 nm

layers of chromium and gold respectively using a vacuum evaporator (Varian VE10). This is
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done as follows: etched tungsten filaments are taped to two different glass slides at the rate of
six filaments per slide. These glass slides are mounted on the sample holder of the vacuum
evaporator. A ~ 4 mm sized chromium pallet (Cerac Inc) is loaded in the rear tungsten basket
(coil), and ~ 1.5 cm long, 0.5 mm diameter piece of gold wire (Kurt J. Lesker) is loaded in the
front tungsten basket of the vacuum evaporator. Before closing the chamber lid, the sample
holder is positioned on top of the rear basket by rotating the manipulator knob. After evacuating
the chamber, the tungsten filaments are first evaporatively coated with a layer of chromium.
This is done by passing the current to the rear basket for 30.0 s. The sample holder is then
moved so that it sits above the front basket. Finally, a gold layer is deposited on the tungsten
filaments. This is done by passing current to the front basket until all of the gold evaporates
(~30 s). Since the tungsten filaments are attached to the glass slide, only half of their surfaces
get coated at a time. The remaining half-surfaces are coated by flipping over the filaments, and
by repeating the procedure mentioned above. Figure 3.1(c) shows the SEM image of resulting

(electro-etched gold coated) tungsten filament that has a sharp tip of ~50 nm radius of curvature.

>

Figure 3.2. (a) Optical micrograph of PEDOT:PSS fiber grown at the tip of lithographic

electrode by DENA technique. FG = function generator. Scale bar = 10 um. Inset: SEM image
of a PEDOT fiber. (b) SEM image of fixed D. discoideum cell with extending pseudopods.

Scale bar = 1 um.
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3.2.2. DENA based PEDOT:PSS fiber growth

We have employed two different electrode configurations for the fabrication of PEDOT:PSS
fibers. The first set-up [see Figure 3.2(a)] consists of PEDOT:PSS fibers fabricated at the tip of
on-chip lithographic Au electrodes that are fixed to a glass substrate. Briefly, a 3 ul aliquot of
aqueous solution containing 10.0 mM 3,4 ethylene dioxythiophene (EDOT) and 20.0 mM
poly(sodium styrene sulfonate) was deposited across the ~30 um gap between a pair of tapered
lithographic electrodes. By applying a 3.5 V 20 kHz square wave voltage signal via a function
generator across the electrodes, the PEDOT:PSS fiber was grown from the tip of the biased
electrode towards the grounded electrode. The alternating voltage induces rapid electrochemical
polymerization at the electrode tip. Polymerization at the sides of the electrode is much slower.
As a result of this anisotropy in deposition-rates, a fiber grows outward from the tip. The voltage
signal was terminated when the fiber reached the desired length. In order to remove the growth
solution, an additional ~10 ul of de-ionized (DI) water was deposited in the gap between the
electrodes; the resulting volume was then removed gently by wicking it away with a Kimwipe.
This process was twice-repeated before depositing a ~10 pl volume of cell medium across the
gap between the electrodes. The inset of Figure 3.2(a) shows the SEM image of a PEDOT:PSS
fiber whose lengthwise-averaged width is 320 + 30 nm, which is comparable to the width of a
pseudopod as shown by an arrow in Figure 3.2(b), as desired. These fibers are rigidly bonded to
the tip of the on-chip electrode but not to the glass substrate, and, hence, are cantilevered

structures.

The second configuration [see Figure 3.3(a)] consists of PEDOT:PSS fibers fabricated at

the tips of electro-etched gold coated tungsten filaments. After mounting the tungsten filament

21



in a 3D stage (MicroManipulator), a 20 pL aliquot of aqueous solution containing 10.0 mM 3,4-
ethylene dioxythiophene and 20.0 mM poly(sodium styrene sulfonate) was deposited across the
~30 wm gap between the wire tip and an Au counter-electrode. The PEDOT:PSS fiber was
grown from the tip of tungsten electrode towards the Au counter electrode by applying a +3.5 V
10 kHz square wave voltage signal across these electrodes using a function generator (Agilent,
33220A). The voltage signal was terminated when the fiber reached the desired length. The
fiber is removed from the growth solution by translating the microscope stage. This pulls the
drop of aqueous solution away from the fiber. During this step, the surface tension at the air-
filament-solution contact line slightly stretches the fiber lengthwise, straightening it as shown in
Figure 3.3(b)-(e). After the fiber is completely pulled out of the solution, often the tip of the
fiber is bent slightly [Figure 3.3(f)]. Therefore, as a final step, the bent part of the fiber is cut by
short-circuiting between the fiber and the counter electrode by applying ~ 40 V alternating signal
across them [Figure 3.3(g)-(h)]. The resulting straight fiber is shown in figure 3.3(i). Figure
3.3(j) shows a scanning electron microscopy (SEM) image of the resulting force sensor. The
enlarged view in the inset shows its diameter to be ~500 nm, comparable to the dimension of

pseudopod.
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(2)

Figure 3.3. (a) Schematic depicting the side-view of the experimental setup for PEDOT:PSS
fiber growth. FG designates a function generator. (b)-(i) The steps we employ for the fabrication
of straight PEDOT:PSS fiber. (j) SEM image of a PEDOT:PSS fiber grown from an etched

tungsten tip. Scale bar = 20 um. Inset: enlarged view of the fiber. Scale bar =1 um.
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Dendritic solidification®*? is an important mechanism underlying the DENA technique.*"
12 Dendritic solidification occurs when the growth rate of a crystal or other solid is limited by the
diffusion of the molecular building blocks through a bulk medium to the solidification front.*>
Due to thermal fluctuations in the deposition rate, sharp protrusions are formed on the surface of
the front. These protrusions perturb the concentration profile (of building blocks) in the solution
creating the steepest gradients in front of the sharpest tips. The diffusive flux at the sharp tips is
greater than that at neighboring depressions, so the growth rate of protrusions is enhanced. This
effect is known as the Mullins-Sekerka instability™ and, if not controlled, it would cause the
runaway growth of randomly positioned sharp protrusions with reduced tip-radius. However,
according to the Gibbs-Thomson effect'?, the rate of dissolution of a protrusion scales with the
curvature of its tip. Hence, sharper tips tend to dissolve faster; that is, the Gibbs-Thomson effect
tends to retard the growth rate and fatten the tip. The balance between the Mullins-Sekera
instability and the Gibbs-Thompsons effect causes the steady growth of a dendrite with a fixed

tip size.'**®
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Figure 3.4. Raman spectrum of a PEDOT:PSS fiber (lower profile), and Raman spectra of
PEDOT film (upper profile). (b) Chemical structure of PEDOT:PSS.

3.2.3. Raman spectral measurement for PEDOT:PSS fibers

The PEDOT:PSS composition of the fiber was confirmed by measuring the Raman spectrum of
the fiber. For this, the fiber grown at the tip of tungsten filament was pulled out of the solution
by translating the microscope stage away from the mounted fiber. The resulting dry fiber was
mounted on the stage of a Raman microscope (iHR550 Horriba-Jobin Yvon spectrometer fiber
coupled to a BX-41 Olympus upright microscope). The microscope was equipped with a 0.8 NA
50 x objective and a 633.2 nm HeNe laser (Melles Griot), providing a diffraction-limited laser
spot size of ~400 nm. The Raman spectra were recorded using Labspec Application software.
Figure 3.4 shows a Raman spectrum (lower profile) that was collected from a ~0.8 um? area of a
DENA-grown PEDOT:PSS fiber. For comparison, we have measured the Raman spectrum
(upper profile) of a PEDOT:PSS film. The PEDOT:PSS film was prepared by electrochemical
deposition of aqueous 20.0 mM PSS and 10.0 mM EDOT solution on a gold coated (prepared by

use of a vacuum evaporator) glass slide by applying 1.8 V DC bias between the glass slide and a
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Pt counter-electrode for ~5 min. The measured spectra are in agreement with each other and with

previously reported spectra of PEDOT:PSS, *

confirming that the fiber is made up of
PEDOT:PSS. The features in the spectra are assigned as follows. The features at 1427 cm™,
1365 cm™, 1534 cm™ correspond to the C=C symmetric stretching, C=C anti-symmetric
stretching, and C-C stretching vibrational modes of PEDQOT, respectively. The features at 1259
cm?, 1091 cm™, 701 cm™, 990 cm™ and 576 cm™ correspond to C-C inter-ring stretching, C-O-C

deformation, C-S-C deformation, and oxyethylene ring deformation vibrational modes of

PEDOT, respectively.*® The chemical structure of PEDOT:PSS is shown in Figure 3.4(b).

3.3. Frequency dependent diameter

The application of nanowires as cellular force sensors requires that their stiffness be comparable
to the stiffness of the cells. Cantilever rod theory predicts that the spring constant k for a
cylindrical rod depends on its Young’s modulus E, radius r, and length L as

37zr4E

k =
413

(1)

The stiffness of PEDOT force sensors fabricated via DENA technique can be controlled
by controlling their length or their diameter. The diameter of the fibers is controlled by
controlling the frequency of the voltage signal.** Fibers grown at a lower frequency are thicker
than those grown at a higher frequency. Figure 3.5 shows the radial distributions of PEDOT
fibers grown at 20.0 kHz (blue), 10.0 kHz (red), and 5.0 kHz (green) respectively. The PEDOT
fibers grown at 20.0 kHz have the mean radius of 0.14 + 0.02 um, and the PEDOT fibers grown
at 10.0 kHz have the mean radius of 0.20 £+ 0.023 um, and those grown at 5.0 kHz have the mean
radius of 0.32 +0.025 um. The radii were determined by measuring length L and the

fundamental resonance frequency axy of the fiber. To measure an, we position a single PEDOT
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fiber ~10 um away from an Au counter electrode. The fiber is resonated by applying £20.0 V ac
signal of frequency f and 20.0 V DC offset with respect to the Au counter electrode. Images of
the vibrating fibers were collected as f is increased in 5.0 kHz steps. The frequency at which the
amplitude reaches its first maximum locates the fundamental resonance frequency fo, and angular
frequency axy is defined in terms of fo as an = 2xf,. The expression for ay is given by beam

theory:?°

ap =1.75y EprirL =2 )

where pn, is the mass density of the rod material. Solving (2) for r gives

1 _
r Zm\/PmE Lol ©)

Using equation (1), we can show that for a PEDOT fiber of fixed length, say, L = 20.0
um, the spring constant k is found to be 0.23 nN/um, 0.94 nN/um, and 6.17 nN/um, for r = 0.14

um, 0.20 um, and 0.32 pum respectively.
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Figure 3.5. Radial distributions for PEDOT fibers grown at 20.0 kHz (blue bars), 10.0 kHz (red
bars), and 5.0 kHz (green bars) frequency of the applied voltage signal.

3.4. Procedure for interfacing force sensors with D. discoideum cells

3.4.1. Dictyostelium Cell culture

In order to prevent contamination, all manipulation of D. discoideum cells is done in a sterile
hood by the following technique. D. discoideum are grown in sterile petri dishes with ~ 10 ml of
HL-5 medium, which provides the nutrients the cells need to grow. Live cells will adhere to the
bottom of the dishes. Generally, dead cells are round and will not attach to the petri dish. The
medium should be changed every 2-3 days by aspirating off the old medium and dead cells and
then adding new medium. It is helpful to remove as many dead and alive cells as possible to
allow for optimum growth. The transfer of old medium from petri dish to a flask is
accomplished by the following procedure. A sterile Pasteur pipet attached to the pipet-aid

(Drummond) is used to remove old medium and also to scrape live cells off the bottom of the
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petri dish. The old medium and cells are disposed in a flask and ~ 2 ml of freshly prepared HL-5
medium is added to the petri dish. The cells are dislodged from the bottom of the petri dish by
squirting the medium on to the bottom of the petri dish. This process is repeated until the cloudy
looking coating is completely washed off of the petri dish surface. The cell-suspended medium
is again disposed in the flask with the help of pipet and ~10 ml of freshly prepared HL-5 medium
is added to the dish. When finished, ~1 ml of bleach solution is added to the flask to kill the
disposed cells. New stocks of cells should be raised from frozen spores approximately every 2

months.

3.4.2. Preparation of HL-5 (oxoid peptone) medium

HL-5 medium provides nutrients for the cells and is used as cell culturing medium. The HL-5
medium is prepared in 1 liter orange-capped bottle. To make 1.0 liter of solution, 15.0 g
“Oxoid” bacteriological peptone L37, 7.0 g Yeast extract, 0.6 g Na,HPO4(7H20), and 0.4 g
KH,PO, are added to 1.0 liter of 18.0 MQ deionized water. After preparing the solution, it is
stirred by gently shaking the bottle for ~2 minutes. After 30 minutes, the solution is autoclaved
for 1 hour (remember to add water to the bottom of Autoclave tray) at 120 °C, allowed it to cool
for 24 hours, and then autoclaved again for 1 hour at 120 °C. The stock solution is cooled for
another 24 hours before use. Just before use, 800 ul of 50% glucose solution and 400 ul of

Antibiotic/antimycotic (6.0 ml) solution is added per 40.0 ml HL-5 medium.
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3.4.3. Preparation of 50% Glucose solution

Prior to cell culture, the glucose solution is mixed in HL-5 culturing medium at the ratio of 800.0
ul of 50 % glucose solution per 40.0 ml of HL-5 medium. In order to prepare this solution, 100.0
g dextrose is gradually added to about 130.0 ml of 18.0 MQ deionized water while stirring (stir
bar in flask) in orange-capped bottle. More 18.0 MQ deionized water is added to make 200.0 ml
of solution. One may need to heat solution to dissolve dextrose (do not let solution to boil). The
solution is autoclaved for 30 minutes at 120 °C (remember to add water to the bottom of

Autoclave tray).

3.4.4. Preparation of Na*/K* Phosphate Buffer solution

10x (120.0 mM) Na'/K" phosphate buffer solution is used to make Agar plates. The detailed
protocol and uses of Agar plates is described below. To prepare 10x phosphate buffer solutions,
16.6 g NaH,PQ, is added to 1.0 liter of ultrapure water in orange capped bottle. The pH of the
solution should be adjusted to 6.1 with 1.0 M KOH. The solution is autoclaved for 30 min at 120

9C (remember to add water to the bottom of Autoclave tray).

D. discoideum cells show rapid migration when they are starved for 4-6 hours. So, prior
to each cellular force experiments, D. discoideum cells needs to be starved. This is done by
transferring the cells from its food medium (HL-5 culturing medium) to 1x (12.0 mM)
phosphate buffer solution. The detailed protocol for this process is described below. To prepare
1x phosphate buffer solution, 100.0 ml of 10x solution is added in 900.0 ml of 18.0 MQ

deionized water. The solution is then autoclaved for 30 min at 120 °C.
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3.4.5. Preparation of Agar plates

Agar plates are used to grow D. discoideum spores. The agar solution is prepared by mixing
100.0 ml of 10x stock solution of Na'/K* phosphate buffer and 15.0 g Agar in 900.0 ml of 18.0
MQ deionized water in an orange capped bottle. A stir bar is added to the flask and the mixture
is stirred briefly. The mixture is then autoclaved for 30 minutes. After cooling down to ~70 °C,
the mixture is poured into petri dishes. When cooled down to room temperature, the mixture
forms a gel (agar) on bottom surface of the petri dishes. The rest of the mixture is stored in a

refrigerator for future use; it can be reused by melting the mixture using the microwave.

3.4.6. Storage of Dictyostelium spores at -70 °C

D. Discoideum spores are grown on agar plates (prepared on petri dishes). This is done by
pouring 1000.0 ul of HL-5 medium containing cell suspension into an agar plate. The cells
aggregate to form slugs and then fruiting bodies with spores over the next two days. For storage
of the spores, they are first transferred to a petri dish lid by slamming the dish (inverted) onto the
bench top. The spores are then suspended in 1-2 ml of sterilized Freezer Spore Storage Buffer
(FSSB) Solution (10.0 mM NacCl, 10.0 mM KCI, 2.7 mM CaCl,, and 15% Glycerol) and
transfered to freezer tube (cryogenic vial or eppi tube). The tube is stored in a refrigerator at -70
OC. In order to re-inoculate, a sterilized toothpick is used to scrape an amount of frozen spores
into a sterile petri dish and then covered with ~10 ml of HL-5 medium. The remaining frozen

spores are returned to the freezer for future use.

31



3.4.7. Removal of D. Discoideum cells from HL-5 medium for cellular force
experiment

Prior to each cellular force experiment, D. discoideum cells, grown at 24 °C, were removed from
HL-5 culturing medium by drawing 1000 pL of the cell-medium suspension from a Petri dish
and centrifuging the aliquot for ~10 s at 1.34 x 10° g. In order to get rid of all traces of the HL-5
medium, the supernatant was discarded and the cells were washed with 1.5 ml of 12.0 mM
phosphate buffer, shaken, and centrifuged twice before suspending the cells a final time in
phosphate buffer. These cells were starved for 4-6 hours. 50 pL volumes of cell suspension and
phosphate buffer were deposited in the side-view imaging chamber described below. A waiting
time of ~20 minutes, following cell deposition, was required for the cells to settle and begin

migrating on the surfaces of the chamber.

SN §

cell
PD

1 CS

(_Obj )

Figure 3.6. (a) Schematic of cell side-view imaging setup depicting the Petri dish (PD),
coverslip (CS), and microscope objective (obj). (b) Side-view micrograph of a D.

discoideum cell extending apical pseudopods. Scale bar = 10 um.
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3.4.8. Cell side-view imaging

To facilitate investigation of apical adhesive contacts, which are important for amoeboid
migration through 3D matrices, cells were visualized in profile so that the size, shape and
cellular location of the cell-fiber contact could be clearly observed. This mode requires that the
imaging plane of the microscope be perpendicular to the substrate on which the cells crawl. Our
set-up for realizing this perspective, which differs from that reported elsewhere,? is diagrammed
in Figure 3.6(a). Briefly, a hole was bored in the base of a Petri dish (Fisherbrand) using a 7/32”
drill bit at 990 rpm; these parameters minimized lip and sidewall roughness (~3 um). A cover-
slip was cemented to the underside of the dish to seal the hole. D. discoideum cells were cultured
and introduced to the chamber at cell surface densities of ~10° mm™. The dish was mounted on
the stage of an inverted microscope (Leica IRB) for optical imaging, primarily with a 63x water
immersion objective of 0.90 numerical aperture. Side-view imaging of the cells was
accomplished by focusing the microscope on those migrating on the sidewalls of the hole. A
typical side-view image of a D. discoideum cell is shown in Figure 3.6(b). The arrow points to

an apical pseudopod.

3.5. DENA based metallic wire growth

Over the past decades, our group has developed the directed electrochemical nanowire assembly
(DENA) method for fabricating metallic nanowires and nano-dendrites composed of different
types of metal at the tips of other electrodes. This process is performed in aqueous metallic salt
solutions.> ** The parameters that control the wire growth are the metallic salt concentration,

frequency and voltage of the square wave signal and the inter-electrode gap. By controlling
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these wire growth parameters, we are able to fabricate either single needle-shaped wires or

highly branched dendrites with sizes ranging from 20 nm up to ~1 pum.

3.5.1. Gold wire growth

Figure 3.7(a) depicts the set-up for controlling the growth of metallic nanowires and
nanodendrites via the DENA technique. The set-up consists of an electrode pair immersed in
simple metallic salt solution. The counter-electrode (CE) is composed of gold wire (Kurt J.
Lesker, 0.5 mm diameter). The working electrode (WE), which has a sharper tip, is composed of
a piece of tungsten wire, the tip of which is electro-etched to a ~1 um radius-of-curvature.* %
The etched tungsten electrode is mounted in a 3D stage and positioned ~1 um above a
microscope slide that is mounted on an inverted microscope (Leica, IRB). The inter-electrode

spacing is adjusted to ~ 30 um. For the fabrication of gold nanowire, a 20 ul aliquot of solution

FG

Figure 3.7. (a) Schematic depicting the side-view of the experimental set-up for the growth of
metallic nanowires via DENA technique. FG designates a function generator. Inset: optical
image of an Indium wire. Scale bar = 25 um. (b) SEM image of a gold nanowire grown at the tip

of etched tungsten electrode. Scale bar = 10 um.
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composed of de-ionized (18 MQ) water and 20.0 mM HAuCI, (Sigma Aldrich) is deposited
across the inter-electrode gap. A function generator (Hewlett Packard, 8116A) is used to apply a
square wave voltage signal (+ 4.0 V, 20.0 MHz) to the working electrode while grounding the
counter-electrode and, thereby induce growth of the gold nanowire at the sharper working
electrode. Growth occurs within a range of frequencies, from 10.0 MHz to 50.0 MHz. Figure
3.7 (b) shows the SEM image of a typical gold nanowire that was grown at 20.0 MHz. We have
shown elsewhere that the electron diffraction patterns collected from such nanowires
quantitatively match the known diffraction patterns of bulk gold, indicating that these nanowires

are composed of gold.

3.5.2. Indium wire growth

For the fabrication of indium nanowires, a 20 ul aliquot of solution composed of de-ionized (18
MQ) water and 55.0 mM In(CH300); (Aldrich) is deposited across the inter-electrode gap
[Figure 3.7(a)]. A function generator (Hewlett Packard, 8116A) and alternating voltage
amplifier (FLC electronics, F10A) are used to create a square wave voltage signal of + 49.0 V,
3.0 MHz that is then applied to the working electrode while grounding the counter- electrode.
This signal induces growth of the indium wire at the sharper working electrode. The inset of
Figure 3.7(a) shows an optical micrograph of a typical indium wire that was grown by this
process. We have shown elsewhere that the diameters of an individual indium wires grown by
this process are found to be as small as 114 nm.** The electron diffraction patterns collected from

such wires indicate that they are single crystalline in nature.?
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Figure 3.8. Schematic depicting the 3-electrode setup used to measure cyclic voltammograms of
gold dendrites. WE, RE, and CE designates the working electrode, reference electrode, and

counter electrode, respectively.

3.6.1. Cyclic voltammetry of gold dendrite

Cyclic voltammetry is an electrochemical technique for studying electroactive species in
solution. Essentially, a cyclic voltammagram is a current-voltage profile of a chemical solution,
analogous to the current-voltage profiles that are used to characterize electronic components.
Figure 3.8 is a schematic depicting the 3-electrode arrangement that we employed to measure
cyclic voltammagrams of individual gold dendrites and also of bulk gold samples. To measure a
cyclic voltammagram, the potential is advanced in cyclic manner. Due to the electroactive
nature of the components of the solution, the solution resistance will vary in time under a given
potential. Therefore, to hold the potential fixed during each step, the cyclic voltammetric
measurements are done using three electrodes. After growing a dendrite from the tip of the
working electrode, the HAuCl, solution was gently withdrawn and replaced with 0.1 M KCI.
The working electrode was pulled out of the solution via a translational stage until only the
dendrite remained in the solution; hence, the dendrite alone served as the working electrode.

This arrangement ensures that only the electrochemistry of the gold dendrite and not that of the
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tungsten electrode will contribute to the cyclic voltammagram. Care must be taken that the air-
water surface tension does not separate the dendrite from its substrate. The reference electrode
consists of Ag/AgClI and is prepared by dipping a piece of Ag wire (0.5 mm in diameter, Alfa
Aesar) in 4.0 M KCI solution for 1 hour. The counter electrode consists of a Pt wire (0.5 mm in

diameter, Kurt J. Lesker).

The circuit design of a homebuilt potentiostat”® is shown in Figure 3.9. The circuit was
built on a breadboard using LM148J quadruple operational amplifier (Digi-Key). The input
voltage ej, is supplied to the current buffer operational amplifier A and to the reference electrode
RE. In a current buffer amplifier the output is isolated from the input, so the current at its output
is not limited by the input current. This feature is important for the counter electrode CE, which
needs to able to provide any current required by the electrochemical activity at the working
electrode WE. The reference electrode RE is connected to the input of operational amplifier B.
The input impedance of operational amplifier B is essentially infinite, hence no current flow
through its input (i.e. through RE).  The operational amplifier C is a current-to-voltage
convertor, so the electrochemical current generated at the working electrode W is converted into
equivalent voltage by operational amplifier C. The input voltage was supplied via a Source
meter (Keithley 2400), and the output voltage was measured by a nano-voltmeter (Keithley

2182A). The Source meter and nano-voltmeter were controlled by Labview software.
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Figure 3.9. Circuit diagram for a potentiostat.

In a typical cyclic scan, the Labview software records the values of input and output
voltages. These data are copied in the SigmaPlot worksheet. The cross-cell current i that flows
in the working electrode is obtained by dividing the output voltage e, by R;. Finally, i vs AV plot
is obtained via SigmaPlot software. In plotting the current, we use the IUPAC convention that a
positive (negative) current corresponds to negative (positive) charge flowing into (out of) the
working electrode. The plot of i versus AV constitutes a cyclic voltammagram (CV). A typical

CV of gold dendrites is shown in Figure 3.10.
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Figure 3.10. Cyclic voltammagrams of obtained in 0.1 M KCI with a dendritic gold working

electrode. Scan rate =25 mV s™. Inset: optical image of a gold dendrite.
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Chapter 4 - Forces at individual pseudopod-filament adhesive

contacts

(Published in Applied Physics Letters, 2011, 99, 093702. The original manuscript is

presented in Appendix A.)

Abstract
On-chip cellular force sensors are fabricated from cantilever poly(3,4-ethylene dioxythiophene)
filaments that visibly deflect under forces exerted at individual pseudopod-filament adhesive
contacts. The shape of the deflected filaments and their ~ 3 nN/um spring constants are
predicted by cantilever rod theory. Pulling forces exerted by D. discoideum cells at these

contacts are observed to reach ~20 nN without breaking the contact.

4.1 Introduction

The forces that cells exert on substrates at adhesive contacts are critical to basic processes such
as migration and cell division. Pseudopods are exploratory appendages that crawling cells like
D. discoideum, leukocytes,® and breast cancer cells? extend to probe the anterior substrate
surface. Adhesive contact between the tips of the pseudopods and the substrate occurs
frequently. These are the first contacts that the cell makes with the anterior substrate region. In
addition to force-application, environmental sensing occurs at these contact sites, influencing
whether the cell alters or persists in its direction-of-migration.®> Despite the importance of
pseudopod-substrate adhesive contacts in force transmission and environmental sensing, there

has been little characterization of pseudopod-substrate adhesion at the single contact-level.
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Figure 4.1. (a) Scanning electron micrograph of fixed D. discoideum cell with extending
pseudopods. Scale bar =1 um. (b) Optical micrograph of PEDOT filament grown by the DENA
technique. FG = function generator. Scale bar = 10 um. Inset: a scanning electron micrograph

of a filament. Scale bar =1 um.

The most widely used technique for characterizing cellular forces is the deformable
substrate method where cell-induced wrinkling or marker-displacement of the elastic substrate is
observed.* A key advantage of this approach is that the substrate displacements occur in the
imaging plane of the optical microscope, permitting direct visualization of the process.
However, the forces at the discrete adhesive contact sites are not directly measured but are
instead extracted by a non-trivial modeling effort that correlates the measured substrate
displacement-field with the inferred force field and with the discrete sites.> Off-substrate forces
may be directly measured with an atomic force microscope (AFM) with exquisite precision;®
however, visualization during such measurements, which are usually made in a plane normal to
the optical imaging plane, can be a challenge. Methodology for the simultaneous visualization

and direct characterization of forces exerted by individual pseudopodia is needed.
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4.2. Experimental methods

To this end, we have fabricated on-chip cantilever poly(3,4-ethylene dioxythiophene) (PEDOT)
filaments that visibly deflect under forces exerted at individual pseudopod-filament contacts.
PEDOT was chosen for its biocompatibility.” A typical 3.2 um long, ~400 nm wide pseudopod
is indicated by the arrow in Figure 4.1(a). Direct characterization of an individual pseudopod
requires a probe of comparable dimension. To produce such filaments, the simple
polymerization technique directed electrochemical nanowire assembly (DENA) was employed.®
Briefly, a 3 pL aliquot of aqueous solution containing 0.01 M 3,4-ethylene dioxythiophene and
0.02 M poly(sodium styrene sulfonate) was deposited across the ~30 um gap between a pair of
tapered, lithographic Au electrodes. The filament in Figure 4.1(b) was produced by applying a
+3.5 V 20 kHz square wave voltage signal across the electrodes to induce filament growth from
the right electrode at a rate of ~5 um/s. The voltage signal was terminated when the filament
reached the desired length of ~14 um. The scanning electron microscopy (SEM) based image in
the inset shows its lengthwise-averaged width to be 320 = 30 nm. Comparison to Figure 4.1(a)
shows filament and pseudopod widths to be comparable, as desired. These filaments are rigidly
bonded to the on-chip electrode but not to the glass substrate and, hence, are cantilever

structures.

Type KAx3 D. discoideum cells were grown at 24 °C in Petri dishes containing HL-5
culturing medium.® Prior to transfer to the chips, 1000 pL of the cell-medium suspension was
centrifuged for ~10 s at 1.34 x 10° g. The HL-5 supernatant was replaced with 1000 pl of 12 mM
phosphate buffer, followed by gentle shaking for 1 minute. This process was twice-repeated

before suspending the cells in 300 uL of phosphate buffer and starving them for 4-6 hours. To
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Figure 4.2. Series of optical micrographs of a cantilever PEDOT filament (a) in its neutral
position 7 s after contact initiation by the pseudopod. Scale bar = 10 um; (b)-(e) while being
deflected upwards by the cell at times 37 s, 46 s, and 54 s, respectively; and (f) at time 105 s
when the filament is back in its neutral position after release by the cell (enhanced online, where
a video of this event is shown at 3 x the actual rate). The white dotted curves on panels (b)-(e)

represent the deflected filament shapes predicted by cantilever rod theory.

prevent evaporation of the cell medium, a 60 uL hybridization chamber (Grace Biolabs) was
adhered to the filament-laden chip. Before sealing with a transparent lid, 10 puL volumes of cell
suspension and phosphate buffer were deposited in the chamber. Typical cell surface densities
were ~10° mm™. A waiting time of ~20 minutes following cell deposition was required for the

cells to settle, to begin migrating, and for a single cell to randomly contact the filament.

4.3 Results and discussion

Figures 4.2(a)-(f) constitute a series of bright-field images (collected on a microscope of 0.75

numerical aperture) of four D. discoideum cells migrating randomly on a glass slide. One of
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Figure 4.3. (a) Scanning electron micrograph of fixed cell with a pseudopod in direct contact
with PEDOT filament. Scale bar = 2 um. (b) Enlarged view of contact region. Scale bar = 500

nm.

these cells contacts the cantilever filament in Figure 4.2(a). This cell deflects the filament by
exerting pulling force on it in Figures 4.2(b)-(e), and releases it in Figure 4.2(f). The shape of
the pseudopod evolves throughout this event. We have observed ~10° such events. Clearly,
these filaments are flexible enough to deflect visibly upon contact by a foraging cell (yet stiff
enough to resist visible thermal motion). In the small deflection approximation, the shape of a
cantilever rod of length L and radius r that is bent by a force Fa applied to its free end is

described by™°

5:(x)= £ xBL-X) )

where | = zr*/4 is the area moment of inertia of the solid cylindrical rod, E is Young’s modulus
of the rod-material, and x denotes position along the rod length with respect to the fixed end.
This function was fitted to the deflected filament profiles in panels (b)-(e), as designated by the
white dashed curves overlaid upon these micrographs. As discussed below, no adjustable

parameters were used in achieving these fits.
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Figure 4.4. (a) Schematic of AFM-based determination of the filament spring constant. The
gray curve denotes the AFM cantilever, while the black curve denotes the filament. (b) AFM
cantilever deflection magnitude ¢ versus vertical position of AFM head z for pressure against a
rigid surface (dashed profile) and a PEDOT filament (solid profile). (c) Plot of the theoretical
spring constants of PEDOT filaments versus their measured spring constants. The solid line is
the best linear fit to the points. (d) Cell enforced deflection (unfilled circles) and force (filled

circles) measured during the event depicted in Figure 2.

Figure 4.3(a) shows a scanning electron micrograph of a D. discoideum cell that was
fixed shortly (5 s) after establishing pseudopod-filament contact.™ An enlarged view of the
contact region is shown in Figure 4.3(b). The surface of the pseudopod-tip is butted against the
left side of the filament. The pseudopod does not encompass the filament. The two other
pseudopod-filament contacts that were characterized also exhibited butt-joint contact-structure.
Deflection by a pulling-force (as illustrated in Figures 4.2(b)-(e)) that is applied at a simple butt-
joint implies adhesive contact between the joined pseudopod and filament surfaces. As with

better characterized adhesive contacts like focal adhesions*? and actin foci,* adhesion is likely
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due to numerous transmembrane cellular adhesion molecules (of undetermined type) that bind

the substrate surface.

Knowledge of the radius, Young’s modulus, and length of a solid, cylindrical cantilever
rod permits calculation of its theoretical spring constant in the small deflection approximation:
kr = 3EI/L3.1° To assess how well this simple equation predicts the spring constants of PEDOT
filaments, we have used an AFM to directly measure the ke values of several filaments and
compared these values to the corresponding kr, values. The AFM (MFP-3D, Asylum Research)
was calibrated by pressing its cantilever (NP-0, Veeco) against a hard glass surface to quantify
the cantilever deflection-photodiode voltage relationship. The spring constant k¢ of this
cantilever was determined by the thermal method.** Hooke’s law then gives the magnitude of
the elastic force exerted by the cantilever Fc for deflection oc: Fc = kcdc. To measure the spring
constant of a PEDOT filament kg, the AFM cantilever was pressed against an individual filament
by lowering the AFM head by distance Az, as depicted in Figure 4.4(a)."®> This measurement
deflects the filament by distance o and yields a oc vs Az profile (solid line in Figure 4.4(b)).
The opposing forces exerted by the filament Fr and cantilever Fc are equal in magnitude

(Newton’s 3" Law); hence, kede = kede, where & is the (unknown) filament displacement and
Fr=keor. Azisrelated to oc and o by A4z = & + o, giving kg =k, (A%C —1}1. The effects of

AFM cantilever tilt by angle @ (11° for all cases in this study) and off-end loading of the

filament are accounted for by corrective factors, yielding™®

-1 3
ke =k (A%c —1) [L _LALJ cos? @. @)
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Table 4.1: Measured properties of six PEDOT filaments and their associated spring constants

(in units of nN/um).

r L AL | 8c/Az [k |k | ke
(1m) (wm) | (um)
0.72+0.08 13.24 1.3 0.59 450 | 550 490 430
0.64+0.06 15.55 2.2 0.49 270 | 210 170 180
0.52+0.06 12.18 1.8 0.77 110 | 190 240 250
0.61+0.12 12.38 0.5 0.57 310 | 340 380 360
0.284+0.06 12.04 2.2 0.42 58 16 20 24

0.294+0.06 9.50 0.5 0.90 55 39 40 45

=~
1

AL is the distance from the filament tip to the loading point as measured via an internal optical

microscope in the AFM. The spring constants of six different PEDOT filaments kg were
obtained by substituting into Eqn. (2) the corresponding ke, L, AL, and °/, values given in Table

4.1. Each filament was characterized three times with each of three different cantilevers whose

spring constants varied significantly. The averages of these nine determinations for each of the

six filaments are reported in columnk .

To calculate the kr, values, we approximate the PEDOT filament shapes as cylinders
having radii equal to the lengthwise averaged radii of the filaments. These SEM determined
values are reported with their standard deviations in Table 1. Also, we have taken E = 2.0 GPa,

the average of two recent determinations (1.8 GPa'’ and 2.26 GPa®®) of the PEDOT Young’s

modulus. Figure 4.4(c) plots krn vs IZF. The horizontal error bars denote the standard error
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associated with the IZF determinations; the vertical error bars result from propagation of radial

standard deviations and +0.03 um length non-uniformities in the kr, calculations. The solid line,
the best-fit to these points (constrained to pass through the origin), has a near-unity slope of 1.08.
Hence, the correlation between kg, and IZF IS strong, indicating that cantilever rod theory
provides reasonable predictions of the filament spring constants. While it lies beyond the scope

of this letter to do so here, the PEDOT filaments have lengthwise radial variations of 10-20 %, so

the success of kr, = 3EI/L3 deserves further examination.

Figure 4.4(d) shows the filament deflection-values (unfilled circles) corresponding to
frames 4.2(a)-(f) (except for the point at 83 s whose image is not shown in Figure 4.2). SEM
analysis of this filament revealed a 220 nm lengthwise averaged radius and 16.0 um length.
Hence, as demonstrated above, cantilever rod theory (ke = 3EI/L®) indicates a spring constant kg
of 2.7 £ 0.7 nN/um; the sizable uncertainty is expected given the highly nonlinear functionality
of k. Conversion of these Jk-values to Fa-values via Hooke’s law (Fa = oekg) yields the filled
circles in Figure 4.4(d). (The error bars reflect the propagated uncertainties of o and kg). As
these data and Figure 4.2(e) show, Fa reaches 21 nN without breaking contact. The measured
force values of 8, 13, 18, and 21 nN reported in Figure 4.4(d) (along with I = 1.8 x 10" m* and
E = 2.0 GPa) were used to calculate the parameters FA/6EIl in Eqn. (1) to fully determine the
shape functions (white dotted lines) shown in Figures 3.2(b)-(e), respectively. The close
agreement with the measured shapes confirms the usefulness of cantilever rod theory for
predicting the elastic properties of these PEDOT filaments. In future studies, we will employ
this methodology for the simultaneous visualization and measurement of forces exerted at single

pseudopod-filament contacts to articulate the factors that dictate adhesion strength and duration.
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Chapter 5 - Long reach cantilevers for sub-cellular force
measurements

(Published in Nanotechnology 2012, 23, 455105. The original manuscript is presented in
Appendix B.)

Abstract
Maneuverable, high aspect ratio poly 3-4 ethylene dioxythiophene (PEDOT) fibers are fabricated

for use as cellular force probes that can interface with individual pseudopod adhesive contact
sites without forming unintentional secondary contacts to the cell. The straight fibers have
lengths between 5 and 40 pm and spring constants in the 0.07-23.2 nN um™ range. The spring
constants of these fibers were measured directly using an atomic force microscope (AFM).
These AFM measurements corroborate determinations based on the transverse vibrational
resonance frequencies of the fibers, which is a more convenient method. These fibers are
employed to characterize the time dependent forces exerted at adhesive contacts between apical
pseudopods of highly migratory D. discoideum cells and the PEDOT fibers, finding an average

terminal force of 3.1 + 2.7 nN and lifetime of 23.4 + 18.5 s to be associated with these contacts.

5.1. Introduction

Pseudopod-facilitated motility is a critical aspect of the amoeboid migration exhibited by D.
discoideum, neutrophils, T lymphocytes *, and other highly migratory cells 2. These cells crawl
at rates as large as ~30 pum min™ to forage for micro-organisms and antigens in their local
environments 3. To achieve such high speeds, the cells must adhere to and release the supporting
substrates quickly. Pre-aggregative (i.e. migratory) D. discoideum, for example, were recently

reported to form adhesive contacts (called actin foci) that form and decay on ~20 s time scales *.
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The short-lived nature of these contacts differs significantly from the ~20 min lifetimes of the
focal adhesion complexes used by slow-migrating cells like keratinocytes and fibroblasts °. In
contrast to focal adhesion complexes, which have been intensively studied at the single complex

8

level for over a decade ®®, comparatively little is known about the adhesive structures and

dynamics of highly migratory cells.

The amoeboid paradigm of cellular movement * *°

essentially consists of reception of
stimuli (e.g. a signaling molecule at a cell-surface receptor) followed by the localized protrusion
of exploratory appendages, such as pseudopods, from the cell. A typical pseudopod [figure
5.1(a)] is a few microns in length and has a submicron tip size. A cell may protrude many
pseudopods at a given time. Commonly, the pseudopod will adhere its foremost tip to the local

substrate *.

Contraction of the actin cytoskeleton along the pseudopod-axis (by molecular
motors) pulls the cell towards the adhesive contact. The molecular-level mechanisms by which
pseudopods adhere to substrates for both D. discoideum and amoeboid leukocytes are not known
1213 However, these are the first contacts that the cell makes with the anterior substrate, and the
traction forces exerted against the substrate at these sites dictate the cell’s instantaneous
direction-of-migration. Hence, they are a key aspect of amoeboid motility. Characterization of
the dynamical forces exerted at these contacts would constitute a key step towards resolving the

potential energy surface associated with the adhesion and, ultimately, controlling the transient

adhesive contact mechanism in highly migratory cells.

A variety of methods are used to characterize the forces that cells exert at their adhesive

substrate-contacts. The deformable substrate technique measures cell-induced wrinkling or
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marker-displacement within an elastic substrate **. This approach does not directly measure the
forces exerted at the individual contacts, but rather extracts them by modeling the deformation-
map induced by the whole-cell. This can be a non-trivial undertaking *°. Approaches that utilize
atomic force microscopy (AFM) provide excellent resolution of the dynamical forces exerted
between cells and substrates *°. Single-cell force spectroscopy ' entails the attachment of a
living cell to an AFM cantilever that is then lowered into contact with a substrate. The substrate
is typically functionalized with a ligand of interest (e.g. fibronectin) **°. The force on the AFM
cantilever is then measured as the cantilever-cell unit is retracted from the substrate. This

2022 45 have the

method has shed light on a wide range of ligand-receptor adhesive interactions
conceptually similar biomembrane force probe % and laser trap 2* methods. A challenge for such
cell-as-probe techniques lies in minimizing the contact area to a single, cell-initiated adhesive

contact: that between a pseudopod tip and a substrate, for example.

What is needed is a long, thin probe that can interface with targeted sites, such as the
adhesive contacts of pseudopods, without forming unintentional secondary contacts to the cell.
Therefore, this study presents a methodology for fabricating and calibrating high aspect ratio
PEDOT fibers for use as cellular force probes. These cantilevers are an improvement over on-
chip PEDOT force sensors reported recently 2° because these cantilevers are considerably easier
to calibrate, and they may be maneuvered independently around a cell and, permitting both
lateral and apical (topside) targets on the cellular surface to be probed. This capability enables
interrogation of the off-plane, pseudopod-facilitated motility that occurs in nature when

amoeboid cells migrate through 3D matrices.
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Figure 5.1. (a) Optical micrograph of a D. Discoideum cell extending pseudopods. A
pseudopod is indicated by the arrow. Scale bar =5 um. (b) Schematic depicting the side-view of
the experimental set-up for PEDOT fiber growth. FG designates a function generator. Inset:
optical micrograph depicting the bottom view of the set-up. Scale bar = 10 um. (c) SEM image
of a PEDOT fiber grown from an etched tungsten tip. Scale bar = 20 um. Inset: enlarged view of

the fiber. Scale bar 1um.

5.2. Experimental Methods

Direct characterization of a ~400 nm wide pseudopod [see figure 5.1(a)] requires a probe of
comparable dimension. The probe should also have a sufficiently high aspect ratio to allow it to
cleanly reach a targeted site without forming unintentional, secondary contacts with the cell. To
meet these requirements, we have fabricated cantilevered force sensors composed of poly(3,4-
ethylene dioxythiophene) (PEDOT) fibers grown from the tips of etched tungsten wire. The
bottom 5 mm of a vertically oriented, electrically grounded tungsten filament (0.019 in diameter,
SmallParts) were electro-etched by repeated dipping over a ~4 min period into a 10 M NaNO,
6MKOH solution that was biased at +4 V, as described elsewhere ?°. This procedure yields

conical tips with radii-of-curvature of ~1 um or less. Reproducibility was optimized by using a
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sewing machine to cycle the filament in and out of solution at a rate of ~10 s*. We used the
simple polymerization technique directed electrochemical nanowire assembly (DENA) to grow
the PEDOT fiber from the tip of the tungsten filament ?”%°. Briefly, the tungsten filament was
first evaporatively coated with ~200 nm of Au to promote strong attachment of the polymer.
After mounting the coated filament in a 3D stage and positioning it ~1 um above a microscope
slide, a 20 pL aliquot of aqueous solution containing 0.01 M 3,4-ethylene dioxythiophene and
0.02 M poly(sodium styrene sulfonate) was deposited across the ~30 um gap between the wire
tip and an Au counter-electrode that was similarly mounted. Figure 5.1(b) is a schematic of this
arrangement. A square wave voltage signal (£3.5 V, 10.0 kHz) was applied to the electrodes to

induce PEDOT nano-fiber growth via electrochemical polymerization *.

As explained
elsewhere, the voltage-frequency sets the average radii of the fibers during growth *, but spatio-
temporal fluctuations in the polymerization rate of the amorphous PEDOT material give rise to
radial variation (~50%) about the mean radius *® ?°. The voltage signal is terminated after a few
seconds when the PEDOT nano-fiber reaches the desired length. Translation of the microscope
stage pulls the solution-drop away from the nano-fiber, straightening it due to the tension at the
air-filament-solution contact line. The nano-fibers retain their straightened geometries upon re-

immersion in aqueous solution. A scanning electron micrograph of a typical straightened nano-

fiber is shown in figure 5.1(c).

We have used an atomic force microscope (AFM, Model: MFP-3D, Asylum Research) to
directly measure the spring constants ke of the PEDOT fibers, as detailed elsewhere *°. Briefly,
this was done by lowering a calibrated AFM cantilever (CSC12/tipless, MikroMasch) of spring

constant k¢ against an individual fiber in order to deflect it by distance Az, as illustrated in figure
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5.2(a) and plotted in figure 5.2(b) **. When the opposing forces exerted by the fiber and the
cantilever are equal in magnitude, the following expression relates the spring constant of the

fiber to the measured quantities 2> %%

-1 3
ke = kC(AZ 5" j (L_LALJ cos 6. 1)

& 1s the deflection of the cantilever and L is the length of the fiber. The tilt angle & of the AFM
cantilever was 11° for all cases in this study. The position of contact from the end of the fiber AL

was measured via an internal optical microscope in the AFM.
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Figure 5.2. (a) Schematic of AFM-based set-up for measuring the spring constant of a PEDOT
fiber. (b) AFM cantilever deflection magnitude oc versus vertical position of AFM head Az for
pressure against a rigid surface (dashed profile) and a PEDOT fiber (solid profile). (c) Optical
micrograph of a PEDOT fiber resonating at its fundamental frequency. Scale bar = 15 um. Inset:
optical images of a PEDOT fiber resonating in its first (upper) and second (lower) harmonic

modes. Scale bar = 15 um. (d) Amplitude versus driving frequency plot for the PEDOT fiber in

panel (c).
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We have also determined the spring constants of the PEDOT cantilevers by the
resonance-frequency method, which is technically simpler than the AFM method **. To measure
the resonance frequency of a PEDOT fiber, we position this single PEDOT cantilever ~10 um
from an Au counter-electrode. A £ 20 V square wave Vvoltage-signal of frequency f and a +20 V
DC offset are applied to the PEDOT cantilever while the Au electrode is grounded 3*:
polarization forces drive transverse oscillation of the PEDOT fiber at this frequency. A bright
field image of a cantilever resonating in its fundamental mode is shown in figure 5.2(c). Images
of the vibrating fiber are collected as f is increased in 5 kHz steps. A representative amplitude vs
angular frequency plot is depicted in figure 5.2(d), where the angular frequency w is defined as
= 2. The frequency at which the amplitude reaches its first maximum locates the fundamental
resonance frequency ay [565 krad s in figure 5.2(d)]. Amplitude maxima at frequencies of half
the observed resonance frequency were not observed, and the vibrational amplitude was directly
proportional to the voltage-amplitude, confirming that the reported ay-values are fundamental
frequencies *. The resonances of the tungsten filament are well-below those of the PEDOT
cantilever and, hence, do not complicate these measurements. The spring constant ks of a

radially uniform and solid cantilevered rod of length L depends on ay as
215
e = 008725 e
pPm is the mass density of the fiber material (PEDOT) and E its Young’s modulus. (2) was

derived by using the expression for ay of a radially uniform rod «, =1.75/Ep~rL? to eliminate r

3Er?

4°

in the expression for the spring constant k of a uniform rod k = % As explained below, (2)
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Figure 5.3. (a) Schematic (not to scale) of the side-view imaging set-up depicting the Petri dish

(PD), cover-slip (CS), and microscope objective (Obj). (b) Side-view micrograph of a D.
Discoideum cell extending apical pseudopods. The apical pseudopod indicated by the arrow is

2.5 um long and ~400 nm wide. Scale bar =10 pum.

was used to predict the spring constants of the PEDOT fibers.

%8 grown at 24 °C, were removed from HL-5 culturing

Type KAx3 D. discoideum cells
medium by drawing 1000 uL of the cell-medium suspension from a Petri dish and centrifuging
the aliquot for ~10 s at 1.34 x 10% g. The supernatant was discarded and the cells were washed
two times with 12mM phosphate buffer and shaken before suspending the cells a final time in
phosphate buffer and starving them for 4-6 hours. 50 puL volumes of cell suspension and
phosphate buffer were deposited in the side-view imaging chamber described below. A waiting

time of ~20 minutes, following cell deposition, was required for the cells to settle and begin

migrating on the surfaces of the chamber.

To facilitate investigation of apical pseudopods, which are important for amoeboid
migration through 3D matrices, cells were visualized in profile so that the size, shape and
cellular location of the pseudopod-fiber contact could be clearly observed. This mode requires

that the imaging plane of the microscope be perpendicular to the substrate on which the cell
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crawls. Our set-up for realizing this perspective, which differs from that reported elsewhere ', is
diagrammed in figure 5.3(a). Briefly, a hole was bored in the base of a Petri dish (Fisherbrand)
using a 7/32” drill bit at 990 rpm; these parameters minimized lip and sidewall roughness (~3
um). A cover-slip was cemented to the underside of the dish to seal the hole. D. discoideum
cells were cultured and introduced to the chamber at cell surface densities of ~10° mm™. The
dish was mounted on the stage of an inverted microscope (Leica IRB) for optical imaging,
primarily with a 63x water immersion objective of 0.90 numerical aperture. Side-view imaging
of the cells was accomplished by focusing the microscope on those migrating on the sidewalls of
the hole. A typical side-view image of a D. discoideum cell is shown in figure 5.3(b). The arrow

points to an apical pseudopod.

5.3. Results
We have directly measured the spring constants of 15 different PEDOT fibers by using an AFM

as described above. The measured ke, 5%2 , L, and AL values were substituted into (1) to obtain
the corresponding ke determinations. Each fiber was characterized 3 times. The average of the
three kg determinations is denotedkg . All quantities required to make these spring constant

determinations are reported in Table 5.1 (fibers 1-15).

Figure 5.2(c) shows a PEDOT fiber (23 in Table 5.1) resonating in its fundamental mode
at 90 kHz. (It also resonates in its harmonic modes, as the insets show, demonstrating its strong
elastic character). Figure 5.2(d) is the amplitude versus frequency plot for the fiber of panel (c),

indicating a fundamental resonance frequency y of 565 x 10° rad s*. By substituting this

value into (2), we obtain a prediction of its spring constant ks of 7.0 x 10 N m™. In calculating
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Table 5.1: Parameters for the Spring Constant Measurements.

Fiber L dc AL ke ke E @, e Kres
(um) 4z (um) (nN/um) (nN/pm) (nN/pm) (krad/s) (nm)  (nN/um)
1 722 028 05 58 18.9 180 7850 202 210
2 1458 034 656 58 5.3 51 22922 241 5.1
3 1508 022 656 61 3.2 3.1 20096 226 3.6
4 966 041 2.2 61 20.2 190 51496 238  16.7
5 1066 045 3.9 64 13.6 13.8 42076 237 122
6 880 041 306 60 12.1 121 5338 204 121
7 874 047 218 60 23.2 232 60916 230  19.8
8 1239 03 4.8 61 6.2 61 28888 219 57
9 794 055 3 65.9 20.1 216 6908 216  20.3
10 1036 05 3.06 60.8 22.1 214 5024 267 215
11 919 034 218 608 14.3 140 51496 215  13.0
12 972 054 393 653 16.7 167 49612 232 148
13 936 049 35  65.3 15.6 163 52752 229 157
14 1083 037 437 628 8 82 37052 215 7.9
15 844 036 26 61 11.7 11.0 52124 184 89
16 12.84 - - - - - 24492 200 36
17 170 - - - - - 1382 198 15
18 200 - - - - - 1118 221 14
19 230 - - - - - 942 247 14
20 240 - - - - - 816 232 1.0
21 2841 - - - - - 4396 176 0.2
22 340 - - - - - 377 216 03
23 300 - - - - - 565 252 0.7
24 410 - - - - - 220 183  0.07
25 16.73 - - - - - 1758.4 244 35

this result, we took the PEDOT Young’s modulus E to be 2.0 GPa, the average of two recent

determinations (1.8 GPa *® and 2.26 GPa *), and the mass density pn, to be 1500 kg m=“. By

using (2) we implicitly assume that a radially non-uniform PEDOT fiber of length L both

resonates and bends like a hypothetical PEDOT fiber of a constant radius (and length L). This

relation is not generally true of structurally non-uniform fibers. Therefore, in figure 5.4(a) we

have assessed the extent to which the resonance-based determinations are accurate by plotting
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Figure 5.4. (a) Plot of resonance-based spring constant determinations k. versus those
measured by AFM ke (filled circles). The solid line (constrained to pass through the origin) is
the best fit to the points. The horizontal error bars denote the standard deviation of the mean
associated with the kg determinations; the vertical error bars, which are nearly too small to see,
denote the propagated uncertainty in measuring wand L. Inset: Distributions of the spring
constants of fibers grown at 10.0 kHz to a length of 23.8 + 0.8 um (unfilled vertical bars) and at
20.0 kHz to a length of 23.4 + 1.9 um (filled vertical bars). (b) Plot of the fundamental
resonance frequencies of PEDOT fibers axy o against those measured when the fibers were axially
rotated by 90° ango. The solid line through the data points (filled circles) has a slope of unity.
Inset: Plot of ay for single fibers that were shortened (by breaking their tips) three times versus
the inverse square of their lengths 1/L%. The solid line is a best fit through the data points. The

four data-sets (circles, squares, unfilled circles, and unfilled squares) correspond to four different

fibers.

the measured kies values for 15 fibers against their measured kg values. All parameters required
to attain these ks values are listed in Table 5.1 (Fibers 1-15). These data are best-fit by a line
having a near unity slope of 0.95. Itis clear that the k.s-values predict the spring constants of the
PEDOT cantilevers with reasonable accuracy; moreover, in the small k range (~4 nN um™) used
in the cellular force application, the agreement is excellent. Hence, the resonance frequency

calibration method, though approximate, is sufficiently accurate to justify forgoing the somewhat

61



laborious AFM method. Fibers 16-24 in Table 5.1, several of which were too compliant for the

AFM method, were characterized using the resonance frequency method.

The inset to figure 5.4(a) depicts two spring constant distributions corresponding to two
sets of fibers grown with different frequencies of the alternating voltage to approximately the
same lengths. As described elsewhere *°, the frequency of the alternating voltage sets the
average radii of the fibers, with higher frequencies producing thinner fibers. One distribution
(unfilled vertical bars) describes 14 fibers grown using a frequency of 10.0 kHz to a length of
23.8 + 0.8 um (unfilled vertical bars). The average spring constant for these fibers is 0.8 + 0.6
nN/um. The other distribution (filled vertical bars) describes 8 fibers grown using a frequency
of 20.0 kHz to a length of 23.4 + 1.9 um. The average spring constant of these fibers is 0.08
+0.04 nN/um. Hence, the spring constants of the fibers may be controlled across reasonably
narrow ranges by controlling the frequency of the alternating voltage during growth, as well as

the length of the fiber.

To assess the degree to which the structural non-uniformity of the fibers causes
anisotropy in their spring constants, we have measured the ayp-values in planes-of-bending that
differ by 90° of axial rotation. These resonance frequency values are denoted ayo and @y go.
Figure 5.4(b) plots the measured ay go-value against the corresponding ax o-value for 12 different
fibers. These data are well-fit by a line of unity slope, indicating that the apoand ay oo Values for
a given fiber are equal. Another concern is that the fibers grow unevenly such that their tips
have different average thicknesses than their bases. The inset to figure 5.4(b) plots ay for single

fibers that were shortened (by breaking off their tips) three times versus the inverse square of
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their lengths 1/L% The different symbols represent the data-sets for the four fibers that were
examined in this manner. These data lie along a single line, as indicated by the best-fit (solid

line).

Figures 5.5(a)-(f) constitute a series of side-view images of a D. discoideum cell migrating on the
vertical side-wall. An apical pseudopod adheres to the cantilever in panel (a), deflects it by
exerting a pulling force on it in panels (b)-(d), and releases it in panel (e). A video of this event,
shown at ~6 x the actual rate is available as supporting information. These images depict an
apical pseudopod-cantilever deflection event, where the cantilever represents a secondary
substrate. The measured deflection &=(L) of the fiber is extracted from these images by finding
the distance between the tip of the deflected and undeflected fiber. (Drift of the microscope
stage occurred at a rate of 0.09 um/min and, therefore, does not compromise the oJx(L)

determinations). The shape of the pseudopod evolves throughout this event.

Figure 5.5. A series of optical micrographs of cantilevered PEDOT fiber (a) in its neutral
position after contact initiation by the pseudopod; (b)-(d) while being deflected upwards by the
cell at times 22 s, 68 s, 98 s, and 100 s respectively; and (f) at time 118 s when the fiber is back

in its neutral position after release by the cell. The scale bar in panel (a) denotes 15 pum.
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Figure 5.6(a) shows the fiber-end deflection-values o=(L) (unfilled circles) corresponding
to the apical pseudopod deflection event of figure 5.5(a)-(f). This fiber—wire 25 in Table 1—
was found to have a spring constant ks of 3.5 = 0.3 nN/um. Conversion of the S-values to
forces f via Hooke’s law (f =drkres) yields the filled circles in figure 5.6(a). These data show that
f reaches 8.5 nN without breaking contact. A total of 41 apical pseudopod-fiber deflection
events were observed in this study. Figure 5.6(b) depicts the distribution of the terminal forces
for these events. Terminal force refers to the force applied to the fiber the instant before it
recoiled to its neutral position. The average terminal force was 3.1 + 2.7 nN. Figure 5.6(c)

depicts the distribution of the durations of these events. The average contact duration was 23.4 +

18.5s.
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Figure 5.6. (a) Apical pseudopod induced deflection (unfilled circles) and force (filled circles)
measured during the event depicted in figure 5. The error bars reflect the propagated
uncertainties of o and k.. (b) Distribution of the terminal forces obtained from 41 pseudopod-
fiber deflection events. (c) Distribution of contact durations obtained from the same set of 41

gvents.
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5.4. Discussion

This study presents methodology for fabricating cantilevered cellular force sensors composed of
PEDOT fibers grown from maneuverable substrates. The diameter and length of a fiber are user-
controlled during the growth process and, consequently, the spring constants of the fibers may be
controlled across reasonably narrow ranges as shown in the inset to figure 5.4(a). These force
sensors are calibrated either by measuring the fibers’ spring constants directly via AFM or, more
conveniently, by finding their resonance frequencies for transverse vibration. The near-unity
slope of figure 5.4(a) implies that the resonance frequency calibration method [i.e. equation (2)],
though approximate, is sufficiently accurate to forego the more laborious AFM method. In
applying (2) to the PEDOT fibers, we assume that the fiber bends like a hypothetical uniform
fiber having a particular radius and vibrates like a uniform fiber of the same radius. However,
the PEDOT fibers are radially non-uniform [inset of figure 5.1(c)]. For structurally non-uniform
cantilevers, this assumption is not strictly true. The spring constant and the resonance
frequencies of a cantilever are derived from different forms of Newton’s 2" Law: for the former,
there is no net torque on the fiber; for the latter the net torque varies periodically with time.
Hence, it is somewhat fortuitous that the resonance-based spring constant determinations were
found to be accurate [figure 5.4(a)]. The theoretical analysis required to quantify the limits of
this approximation lie beyond the scope of this work. However, because the resonance-method is
in wide use in the calibration of micro- and nano-cantilevers, we feel that elucidation of the

limits of this assumption is needed, and we will present such an analysis in forthcoming work.

Because the fibers are radially non-uniform and somewhat axially asymmetric, concern

over the anisotropy of their spring constants arises. Figure 5.4(b) shows that the resonance
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frequency values in planes-of-bending that differ by 90° of axial rotation are essentially equal for
a given fiber. Because axy predicts ke to a reasonable degree of accuracy (discussed above), this
finding implies that the spring constants in orthogonal bending planes are essentially the same;
thus, we do not observe a significant degree of bending anisotropy. A related concern is that the

fibers grow unevenly, causing their foremost tips to have different average radii than their bases.
A radially uniform fiber has a resonance frequency of o, :1.75\/§rL’2. Hence, the inset to
figure 5.4(b) shows that the PEDOT fibers resonate like radially uniform fibers as shortening the
fibers does not change the slope (1.75(Ep'r) of their an versus L plots. These data also

provide further confirmation that fibers grown under the same controlled conditions have similar
structures, as each of the four data-sets shown in this plot has the same slope. Hence, these
findings presented in figures 5.4(a) and (b) establish a basis for calibrating these fibers via the

comparatively straight-forward resonance method.

Typical lengths of the PEDOT fibers are ~20 um, which provides sufficient reach to
cleanly interface the tip of a fiber with a subcellular target on a cell without forming
unintentional secondary contacts to the cell. To demonstrate this capability, we have resolved
the dynamical forces that arise at individual adhesive contacts between the tips of apical
pseudopods and the PEDOT cantilevers. Most prior work on pseudopod dynamics has regarded
motility on planar substrates such as Petri dishes and microscope slides. However, apical
pseudopod dynamics are required of D. discoideum in nature where the local topography of
forest floors—crevices and debris—necessitates off-plane motion of a cell as it transfers from
one surface to another. By employing the dynamical force sensors, the present study found the

average terminal force exerted during the apical pseudopod-secondary substrate adhesive
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contacts to be 3.1 + 2.7 nN and the average duration of these contacts to be 23.4 + 18.5s. This
period compares well to the 19.4 + 8.2 s lifetimes of the adhesive contacts made by actin foci to
basal substrates **, suggesting that the adhesive structures at the apical pseudopod-tips may be
actin foci. However, no external forces were applied to the actin-foci in this prior study
(although internal forces could have been present) **. This detail is significant because the
application of a force against a bond accelerates the dissociation rate of the bond *2. Hence,
when a pulling force is applied against an actin focus, it is expected to decay more rapidly than
the 19.4 s average lifetime in the unforced case. On the other hand, apical contacts can survive
for 23.4 s under few nano-Newton external forces [figures 5.6(a) and (b)]. This comparative
robustness is expected to increase the probability that apical contacts survive while the pre-
existing basal contacts (actin foci) decay, as required for inter-substrate (basal-to-apical) transfer.

Further investigation into this mechanism will be undertaken in a future study.

5.5. Conclusion

This study has presented an innovative methodology for the electrochemical fabrication of
cellular force sensors composed of cantilevered PEDOT fibers. Calibration of the force sensors
is straight-forward via measurement of the transverse resonance frequencies of the fibers. By
employing these fibers to characterize the dynamics of apical pseudopod-substrate adhesive
contacts of D. discoideum cells, we have shown that these cantilevers are effective, high aspect
ratio cellular force probes that may be positioned independently around the cell and can interface
with sub-micron targets without forming unintentional secondary contacts to the cell. These
capabilities will permit further statistical characterization of the durations and magnitudes of the

forces exerted at individual apical and lateral pseudopod substrate contacts, as a means of
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elucidating the physical basis of pseudopod-substrate adhesion. We also note that the
dimensions and maneuverability of the PEDOT force probes will likely permit characterization
of the dynamics at other interesting adhesive entities such as the setae and spatulae of gecko feet
%3 and the micro-bristles of beetle tarsi **, which have dimensions comparable to D. discoideum

pseudopods.
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Chapter 6 - Complete reconfiguration of dendritic gold

(Published in Nanoscale 2014, 6, 833-841. The original manuscript is presented in Appendix C.)

Abstract
The present work extends the directed electrochemical nanowire assembly (DENA)

methodology, which is a technique for growing single crystalline metallic nanowires and nano-
dendrites from simple salt solutions, to enable the complete dissolution of the metallic dendrites
following their growth. The experimental parameters that control this process are the frequency
and the duty cycle of the alternating voltage signal that initiates electrochemical dendritic
growth. Cyclic voltammetric and Raman measurements imply that the reconfiguration of
dendritic gold occurs by way of the same interfacial reduction and oxidation mechanisms as bulk
gold. We present a model that illustrates how the experimental parameters (frequency and duty
cycle) induce reconfiguration by controlling the rates at which reduction, oxidation, and Au"'Cl,
diffusion take place. This capability is significant because in making dendritic solidification a
reconfigurable process, we have established an innovative means of applying fully
reconfigurable metallic nano-structures to substrates; in turn, this capability could potentially

enable the smart modulation of the adhesive, anti-corrosive, or optical properties of the substrate.

6.1. Introduction

A large number of materials that are capable of high dynamic range structural reconfiguration
have been developed in the past few years.! Materials with this capability could potentially be
used to confer hydrophobic, lipophobic, and anti-corrosive character to substrates in a

regenerative manner. Structural reconfiguration is also important for man-made smart materials
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that adapt advantageously to environmental changes. Cuttlefish-skin? and photosynthetic corals®
are naturally occurring, oft-cited examples of such materials. As such, reconfigurability-by-

design is an important strategy in modern materials science.

The synthesis of specialized building blocks is a widely used strategy for
developing reconfigurable materials. Regan and co-workers have synthesized modular peptides
that assemble in solution into smart gels. These gels, having pore-sizes sufficient to trap 26 kDa
proteins, undergo complete, salinity-dependent dissolution (i.e. cargo-release) and reformation.*
Pine and co-workers have designed quasi-monopolar magnets that self-assemble into aggregates
with reproducible configurations. These assemblies can be fully disassembled or re-assembled
by controlling the external magnetic field or the salinity of the surrounding solution.> The basic
strategy of these approaches is to produce a specialized building block that switches its character
in response to a changing external field, inducing reconfiguration of the assemblies. However, in
naturally occurring environments such as oceans or rivers, one would not attempt to concentrate
the waters with synthetic building blocks. Instead, it would be advantageous to control the
assembly and disassembly processes of more generic building blocks, such as the components of
the salts that are already extant. One could then envision producing nanostructured coatings on
the surfaces of, say, underwater metrological apparatus in order to provide corrosion, reflectivity,

or adhesion control that could be regenerated as needed.®®

As a step towards this end, the present work extends the directed electrochemical

nanowire assembly (DENA) methodology® to enable the on-command growth and dissolution of

arrays of metallic dendrites on conducting surfaces that are immersed in salty solutions. DENA
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is a type of dendritic solidification,'*

a widely occurring process that produces crystals having
the distinctive dendritic shape observed at the hexagonal points of snowflakes.”> In general,
dendritic solidification occurs when the growth rate of a crystal limited by the diffusion of the
building blocks, usually atoms or molecules, through a bulk medium to the solidification front.'*
17 Spatio-temporal fluctuations in building block deposition rate create sharp protrusions on the
solidification front. With further growth, the Mullins-Sekerka instability tends to enhance the
growth rate and reduce the tip-radius, while the Gibbs-Thomson effect tends to retard the growth
rate and fatten the tip."® The result is a dendrite that grows steadily with a fixed tip size.™
Growth is in the direction of maximum surface tension; side-branches, induced by fluctuations in
the deposition rate, grow in crystallographic directions that are commensurate with the main

h* ¥ In addition to bulk diffusion, DENA??* also depends on the electrochemical

branc
oxidation and reduction of metal atoms at the crystal-solution interface. Therefore, in order to
understand how the dendritic reconfiguration process occurs, both the interfacial chemical steps

and the bulk diffusive process must be taken into account.

We focus on gold dendrites in this study because the electrochemistry of bulk gold is
well-characterized.”® The chemical steps underlying the dissolution of gold in chloride-rich,

aqueous solutions are shown in reaction scheme (1):%*

AU’(s)+Cl™ <> Au'Cl,, +e 1(a)
XAu'Cl 4 +3xCl™ <> xAu"'Cl, (aq)+ 2xe™ 1(b)
(1-x)Au'Cly +(1-x)Cl™ <& (L-x)Au'Cl, (ag) 1(c)
where the superscripts denote the oxidation states of Au, and x is the fraction of Au' moiety that

is oxidized to Au"'Cl,". Essentially, this mechanism says that the electro-dissolution of bulk gold

occurs when an Au® atom from the solid matrix coordinates with a CI” atom from the solution to
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form the adsorbate Au'Clag. The solid Au® atom is oxidized to Au' in this step [1(a)].
Subsequent chloride binding and oxidation yields the dissolved products Au'"'Cl, (aq) [1(b)] and
AU'Cl, (aq) [1(c)]. The chemical steps underlying the deposition of Au®©® are shown in reaction
scheme (2) as follows:?*

Au"'Cl,"(aq)+3e” <> Au® +4CI~ 2(a)

Au'Cl, (ag)+e” < Au® +2CI° 2(b)

These reactions imply that the electro-deposition of gold occurs when a solvated Au"'Cl,” species

[2(a)] or Au'CI" species [2(b)] arrives at the electrode which then reduces the Au"' or Au' moieties

to Au®©.

A key question regards the extent to which these processes that occur with bulk gold
under DC biases accurately describe the interfacial chemistry of dendritic gold under the AC
voltages that the DENA method employs. This information allows us to take the next step of
developing a theoretical model for how these interfacial chemical mechanisms act in conjunction
with the diffusion of Au"'Cl,” through the bulk solution to enable dendritic reconfiguration. This
theory indicates that our methodology functions by attaining independent control over the joining
and leaving rates of atoms to the crystal, thus providing a basis for applying fully reconfigurable
metallic nano-structures to substrates. Because this methodology relies on the aqueous
electrochemistry of simple salts—not just gold chloride—this approach could potentially be
applied in oceanic environments. As such, it has the potential to provide sustainable routes to

coatings for corrosion, reflectivity, and adhesion control at immersed surfaces.
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6.2. Experimental Design

Figure 6.1(a) depicts the set-up for controlling the dendritic growth of gold via the DENA

technique. This method, which produces individual nanowires and nano-dendrites by
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Figure 6.1. (a) Schematic depicting the side-view of the experimental set-up for the growth of
gold dendrites. FG designates a function generator that is controlled by a personal computer PC
via Labview. Inset: SEM image of a gold dendrite. Scale bar = 2 um. (b) Raman spectrum of
20.0 mM HAUCI, solution. Inset: Structure of Au'"'Cl, ions. (c) Schematic depicting the 3-
electrode set-up used to measure cyclic voltammagrams of gold dendrites. WE, RE, and CE

designate the working electrode, reference electrode, and counter electrode, respectively.
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electrochemical dendritic solidification, is described elsewhere.® ?* The set-up consists of an
electrode pair immersed in agueous HAUCI, solution. The counter-electrode (CE) is composed
of platinum wire (Kurt J. Lesker, 0.5 mm diameter). The working electrode (WE), which has a
sharper tip, is composed of a piece of tungsten filament, the tip of which is electro-etched to a ~1
um radius-of-curvature.” ® The tungsten filament (SmallParts, 0.2 mm diameter) is mounted in
a 3D stage and positioned ~1 um above a microscope slide that is mounted on an inverted
microscope (Leica, IRB). The inter-electrode spacing is adjusted to ~ 30 um. A 20 pl aliquot of
solution composed of de-ionized (18 MQ) water and 20.0 mM HAuCl, (Sigma Aldrich) is
deposited across the inter-electrode gap. Figure 6.1(b) shows the Raman spectrum of this
solution. The features at 173 cm™, 324 cm ™ and 343 cm™ agree well with the known By, (bend),
Byy (asymmetric stretch), and A;, (symmetric stretch) vibrational modes of Au"'Cly (aq),

%8 implying that gold exists predominantly as Au"'Cl, in the bulk solution. A

respectively,
function generator (Hewlett Packard, 8116A) was used to apply a square wave voltage signal (+
4.0 V, 20.0 MHz) to the working electrode while grounding the counter- electrode to induce
growth of the dendrite at the sharper working electrode. Growth occurs within a range of
frequencies, from 10.0MHz to 50.0 MHz A typical gold dendrite is shown in the scanning
electron micrograph in the inset of Figure 6.1(a). The individual branches, which are thought to
originate at random sites along sides of a dendrite due to fluctuations in the diffusion-limited
AuCl, deposition rate,'® have ~60 nm diameters and ~60° branching angles. We have shown
elsewhere that the electron diffraction patterns collected from such dendrites quantitatively

match the known diffraction patterns of bulk gold, indicating that these dendrites are composed

of gold.?® The applied potential serves to select the growth direction in the lab frame by
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controlling the direction of AuCl,” from solution.”” The crystallographic growth axis, however, is

intrinsic to the crystal (i.e. in the direction of maximum surface tension).

Figure 6.1(c) is a schematic depicting the 3-electrode arrangement that we employed to
measure cyclic voltammagrams of individual gold dendrites and also of bulk gold samples.
After growing a dendrite from the tip of the working electrode, the HAuCl, solution was gently
withdrawn and replaced with 0.1 M KCI. The working electrode was pulled out of the solution
via a translational stage until only the dendrite remained in the solution; hence, the dendrite alone
served as the working electrode. This arrangement ensures that only the electrochemistry of the
gold dendrite and not that of the tungsten electrode will contribute to the cyclic voltammagram.
Care must be taken that the air-water surface tension does not separate the dendrite from its
substrate. To attain an 1-4V profile, a voltage supply steps the potential difference AV of the
working electrode forward by 25.0 mV relative to an Ag/AgCI reference electrode at a rate of
25.0 mV s*. AV is maintained potentiostatically via a Pt counter-electrode during each 1.0 s
increment. The design of the homebuilt potentiostat is described elsewhere.?® In a typical cyclic
scan, the cross-cell current | that flows into the working-electrode was recorded by stepping 4V
forward in time from 0.0 V to 0.9 V and then back to 0.0 V. In plotting the current, we use the
IUPAC convention that a positive (negative) current corresponds to negative (positive) charge
flowing into (out of) the working electrode. The plot of I versus AV constitutes a cyclic
voltammagram. To measure cyclic voltammagrams of bulk gold samples, the same set-up was
used except that a segment of 0.5 mm diameter gold wire (Kurt J. Lesker, 99.99% pure) was

substituted for the dendrite.
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Figure 6.2. (a)-(p) Optical images showing growth and dissolution of gold dendrites by twice
cycling the frequency of voltage signal (4.0 V amplitude, 50% duty cycle) between 34.0 MHz
and 1.0 MHz. Scale bar = 50 um. Panels (a)-(d) and (i)-(l) designate the growth stages. Panels
(e)-(h) and (m)-(p) designate the dissolution stages. (q) Schematic depicting the square-wave

signal used to grow (solid line) and dissolve (dashed line) the dendrites.

Full reconfiguration of the dendrite (i.e. growth followed by dissolution) is induced by
variation of either the frequency or the duty cycle of the voltage signal. When the frequency f of
the voltage signal is used to induce reconfiguration, the amplitude is held constant (usually at 4.0

V), the duty cycle is fixed at 50.0 %, and the frequency is lowered from a high value of greater
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than 9.0 MHz to a low value of less than 3.0 MHz. An example of frequency-induced dendritic
reconfiguration is depicted in Figure 6.2. When the duty cycle is used to induce reconfiguration,
both the amplitude and the frequency of the voltage signal are held constant. A duty cycle of n
means that the duration of the positive half cycle of the voltage signal is n % of its period f*. By
increasing the duty cycle from less than 50.0 % to greater than 50.0 %, reconfiguration (i.e.

growth followed by dissolution) is induced.

A Raman microscope (iHR550 Horriba-Jobin Yvon spectrometer fiber coupled to a BX-
41 Olympus upright microscope) was used to interrogate single gold dendrites immersed in 0.1
M KCI aqueous solution. The microscope was equipped with a 0.8 NA 50 x objective and a
633.2 nm HeNe laser (Melles Griot), providing a diffraction-limited laser spot size of ~970 nm.
To interrogate a dendrite during electrochemical growth or dissolution, the dendrite-laden
tungsten filament and a platinum counter-electrode were mounted on the stage of the Raman
microscope and immersed in a drop of the KCI solution. An alternating voltage signal was
applied to the dendrite, which served as the working electrode in this cell. The platinum

electrode, which was grounded, served as the counter-electrode in this cell.

6.3. Theory

To describe how both the interfacial and bulk diffusive sub-processes participate in the dendritic
reconfiguration process, we propose the following theoretical model. We assume that Schemes
(1) and (2) correctly describe the interfacial reduction and oxidation processes that occur when
the alternating voltage signal reconfigures a dendritic crystal. This assumption will be verified

below. To begin, we model the diffusion of Au'"'Cl,”
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Figure 6.3. (a) Concentration profiles of metallic ions in solution near the crystalline interface
after increasing periods of positive bias. (b) Schematic of the spatial distribution of Au"'Cl,

ions during a positive half cycle. (c) Schematic of the distribution of Au"'Cl,” ions during the
subsequent negative half cycle.
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ions (which are the main source of gold that will crystallize) through the bulk solution to the
crystal-solution interface. For simplicity, we regard the crystal-solution interface as flat and of
constant area A with the gold concentration varying only in the x-direction. Dendritic growth is a
diffusion-limited process. The diffusive flux jo of Au'"'Cl, toward the interface is:
jo(x.t)=-DVe(x.t) (1)
where D is the Au'"'Cl,” diffusion coefficient and c(x,t) is the Au""Cl,” concentration at position x

in the solution and at time t.

In the DENA process, an alternating square wave voltage is applied to the solidification
front. During each positive half cycle, the concentration of metallic ions in solution evolves in
time near the solidification front as governed by the diffusion equation and shown elsewhere.?
We forego explicit solution of the time dependent diffusion equation here and, for simplicity,
approximate the concentration profiles during a positive half cycle with the bi-linear functions
shown in Figure 6.3(a). During a positive half cycle, Au'"'Cl,” diffuses to the solidification front,
giving rise to a depletion zone in the bulk. Essentially, the profiles flatten as time increases and
the solution near the interface becomes more heavily depleted of Au"'Cl,. These profiles in
Figure 6.3(a) imply concentration gradients near the interface of the form:

Ac
AX(t)
Ac

v 2Dt

where Ac = ¢g - Cint [See Figure 6.3(a)]. In the second equality, Ax was equated to the diffusive

ve(xt)~

()

~
~

root mean square displacement.*



'""in the ions to be reduced,

When the electrode is positively biased, it is hard for the Au
so the approaching ions build up Stern and Helmholtz layers adjacent to the electrode. Figure
6.3(b) sketches this effect where only the Stern layer is shown, for clarity. Let Ns be the number
of Au"'Cl,” that join the Stern layer via diffusion from the solution during the positive half cycle:

Ng =, io(X,t)Adt
= Adcy/2D7

where ris the duration of a positive half cycle, and equations (1) and (2) were used to arrive at

(3)

the second equality.

The positive electrode is able to oxidize Au® atoms in the crystal in accordance with
Scheme (1). As sketched in Figure 6.3(b), these gold chloride ions also join the Stern and
Helmholtz layers near the interface. We take the oxidative flux jo of Au''Cly to the interfacial
Stern layer to be essentially constant during the positive half cycle, as this flux should not
depend (much) on the Au'"'Cl; concentration in solution (which does change during this
period).* Therefore, the number Nc of Au® that were oxidized during the positive half cycle is
simply:

Nc = JoA7 (4)
Using equations (3) and (4), the total number of ions N. that join the Stern Layer during a

positive half cycle of duration ris given by the sum of Ns and Nc:

N, = Adcy2D7 + joAr. 5)

Immediately after the voltage switches negative [see Figure 6.3(c)], these N. gold

chloride ions (Au'"'Cly) still occupy the Stern layer, but have probability Pr of being reduced
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from Au" to Au® via Scheme 2. Pg is significant when the electrode is negative, while the

oxidation probability is greatly diminished. The number of Au""

that are reduced during this step
is PrRN+. When ris adjusted to the critical value zc at which PrN. equals joAzc, the number of
AW’ that were oxidized during the positive half cycle, the system is in a steady state—there is

neither crystallization nor dissolution:

P (2D e 4c+ jorc )= fore 6)

This condition implies an inherent time-scale 7 for the positive half cycle duration that

demarcates the growth and dissolution modes:

. _2DAC? P
Tds -RY

(7)

The frequency f of the alternating voltage signal (assuming a 50% duty cycle) is (22, so

the predicted critical frequency fc above which growth occurs is

f.o= JC? (1_PR)2. (8)
¢ 4D4ac® P2

Below this value, dissolution is predicted to occur whereas for frequencies larger than fc,

crystallization is expected.

6.4. Results

The complete structural reconfiguration of a small number of gold dendrites positioned at the tip
of a sharp tungsten filament is illustrated in Figures 6.2(a)-(p). This series of images was
collected during a continuous 123 s period when the frequency of the voltage-signal was cycled
(two times) between 34.0 MHz and 1.0 MHz. The amplitude and duty cycle were fixed at 4.0 V

and 50 %, respectively. The 34.0 MHz signal was initiated at t = 0 s. Panels (a)-(d) depict the
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growth of a gold dendrite over the next 44 s. Att =45 s, the frequency was abruptly reduced to
1.0 MHz. Panels (e)-(h) depict the dissolution of the gold dendrite over the subsequent 8 s.
Panels (i)-(p) illustrate the next growth-dissolution cycle. We have observed 87 continuous
growth-dissolution cycles by using a Labview control-program to cycle the function generator
between high and low frequencies (not shown). This process can be automated and repeated a
significant number of times. Figure 6.2(q) depicts the square-wave voltage functions used to
grow (solid) and dissolve (dashed) the dendrites. Essentially, the growth of gold dendrites is
induced by voltage signals of frequency > 10.0 MHz; dissolution is induced by voltage signals of
frequency < 3.0 MHz. Neither behavior is observed for frequencies between 3.0 MHz and 10.0

MHz.

Figure 6.4(a) depicts a cyclic voltammagram of a bulk gold sample. As the potential of
the bulk gold working electrode AV is stepped in the positive direction, the current I into the
working electrode grows slightly positive (consistent with electrons flowing into the working
electrode) and increases in magnitude with a small slope until AV ~ 0.80 V. Beyond this point,
the current magnitude increases rapidly in the positive direction as AV is stepped further towards
0.90 V. As established elsewhere,* this positive current corresponds to the dissolution of solid
Au® as it is oxidized to Au'"'Cl, (aq) and Au'Cl," (ag). As AV is scanned in the reverse direction,
the magnitude of | drops rapidly and flattens out such that little current is measured between 0.8
V and 0.6 V. At~ 0.6 V, a negative current becomes evident, peaking at 0.55 V. This negative
current corresponds to the deposition of Au® on the working electrode as Au"'Cl,” (ag) and

possibly also Au'Cl,” (aq) are reduced to Au®©.

83



0.0 0.2 0.6 0.8

0.4

AV (V)
Figure 6.4. (a) Cyclic voltammagrams obtained in 0.1 M KCI with a bulk gold working
electrode. (b) Cyclic voltammagrams obtained in 0.1 M KCI with a dendritic gold working
electrode. Scan rate = 25 mVs™. Inset: Optical image of a gold dendrite. Scale bar = 30 um.

(Sign Convention: a positive (negative) current corresponds to negative (positive) charge flowing

into (out of) the working electrode).

Figure 6.4(b) depicts a representative cyclic voltammagram of the gold dendrites shown
in the inset. The voltammagram of the dendrite exhibits a forward scan showing a positive
current at AV ~ 0.75 V that rapidly increases with further voltage-increase; furthermore, this
voltammagram exhibits a reverse scan showing a negative current peak at 0.53 V. The

voltammagram of bulk gold in figure 6.4(a) shows these same features. This level of agreement
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implies that dendritic gold undergoes the same redox chemistry under DC voltages as bulk gold.
That is, the positive current at voltages above 0.80 V corresponds to the dissolution of Au from
the working electrode (i.e. the dendrite), as summarized by Scheme (1); the negative feature at
0.53 V corresponds to the deposition of gold onto the working electrode via the reduction of

Au"'Cl,” (aq) and possibly Au'Cl,” (aq) ions, as summarized by Scheme (2).

It is possible that the redox-chemistry of gold differs when it is induced by MHz-level
voltage signals instead of DC voltage signals. Hence, we have employed a Raman microscope to
interrogate the surface of single gold dendrites while they are dissolving under alternating
voltages. Figure 6.5(a) shows Raman spectra that were collected from a ~0.80 pm? region of a
gold dendrite that was immersed in 0.1 M KCI solution. When no voltage was applied to the
dendrite, a featureless spectrum was obtained (solid line). However, the application of a
dissolution-inducing 500 kHz voltage-signal (4.0 V amplitude, 50 % duty cycle) yielded the
spectrum with a single peak at 235 cm™ (dotted line). A voltage-signal having a larger, 6.0 VV
amplitude (but the same frequency and duty cycle) yielded the spectrum with a single peak at
250 cm™ (dashed line); hence, the larger substrate bias induces a 15 cm™ blue-shift of this
spectral feature. It is known that the vibrational mode of the adsorbed species AuClag is located
between 230 cm™ and 265 cm™ and that it blue-shifts with increasing positive substrate bias.** 3*
This effect occurs because the applied voltage stiffens the Au-Cl bond that forms when a chloride
atom binds to a surface gold atom. Substrate bias will not affect a randomly oriented AuCl

moiety in solution. This information indicates that the 235-250 cm™ feature corresponds to the

surface-enhanced Raman detection of AuClag and that the alternating voltage causes the
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Figure 6.5. (a) Raman spectrum from the surface of gold dendrite in KCI solution with the
application of no voltage (solid line), 4.0 V, 500 kHz signal (dotted line), and 6.0 V, 500 kHz
signal (dashed line). (b) Raman spectrum of 0.1 M KCI solution while dissolving bulk gold by a
4.0 V, 500 kHz signal (solid line); Raman spectrum of 0.1 M KCI solution with application of no
voltage to the bulk gold (dotted line); Raman spectrum for gold-chloride complexes obtained
from the surface of residue that was formed by evaporating the post-dissolution solution (dashed
line); and Raman spectrum of 20.0 mM HAuUCI, solution (dot-dot-dashed line).

86



formation AuClag on dendritic gold in accordance with step 1(a) of the bulk dissolution

mechanism.

Figure 6.5(b) shows Raman spectra that were collected while the microscope was focused
~10 um to the side of a bulk gold sample. The surrounding solution was 0.1 M KCI, which
initially contained no detectable level of Au"'Cl,. When no voltage was applied to the gold, a
featureless spectrum was obtained (dotted profile). However, when a 500 kHz voltage-signal
(4.0 VV amplitude, 50 % duty cycle) was applied, a spectrum with weak shoulder at 173 + 10 cm™
and peaks at 324 + 5 cm™ cm ™ and 343 + 5 cm™ was collected (solid profile). These features
agree well with the By4 (bend), B,y (asymmetric stretch), and A;g (Symmetric stretch) vibrational
modes of Au"'Cl,” (aq), respectively, whose spectrum is shown in Figure 6.1(b). The solid
profile closely resembles this spectrum. This finding implies that the application of the 500 kHz
voltage signal to the gold sample produces Au"'Cl,” (aq) in the region surrounding the sample.
Hence, the alternating voltage dissolves gold in accordance with step 1(c) of the established
dissolution mechanism. Attempts to observe Au''Cl, (aqg) near dissolving nano-dendrites were
not successful, most likely due to the much smaller quantity of Au'"'Cl,” that dendritic samples

produce relative to bulk samples.

The duty cycle of the voltage signal was also found to provide control over the
reconfiguration process. Figures 6.6(a)-(h) depict one growth-dissolution cycle of this behavior
as induced by switching the duty cycle of the voltage signal (4.0 V, 6.0 MHz) from 47 % to 53 %
once during the 288 s observation period. A 6.0 MHz signal was chosen because neither growth

nor dissolution is observed when a 6.0 MHz signal with a 50.0 % duty cycle is used, allowing
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Figure 6.6. Optical micrographs showing growth and dissolution of gold dendrites by cycling
the duty cycle of the voltage signal (4.0 V, 6.0 MHz) between 47% and 53%. Panels (a)-(d)
depict the dissolution of dendrites at right electrode (biased electrode) as induced by 53% duty
cycle. Panels (e)-(h) depict the growth of dendrites at right electrode as induced by the 47% duty
cycle. Scale bar =40 um.

any deviation from null behavior to be attributed to the duty cycle. The 53.0 % signal was
applied to the right electrode at t = 0 s. Panels (a)-(d) depict the dissolution of the gold dendrites
on that electrode over the next 153 s. At t = 154 s, the duty cycle at the right electrode was
abruptly reduced to 47.0 %. Panels (e)-(h) depict the growth of gold dendrites at the right
electrode over the subsequent 134 s. Because the duty cycle at the left electrode is the
complement of that at the right electrode, growth (dissolution) at the left electrode occurs
simultaneously with dissolution (growth) at the right electrode. Figure 6.6(i) depicts the square-

wave voltage functions used to grow (solid) and dissolve (dashed) the dendrites.
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Figure 6.7. Raman spectra from gold surface in 0.1 M KCI solution at 4.0 V, 500 kHz
amplitude square signal with 45% duty cycle (black, lowest profile), 50% duty cycle (cyan), 55%
duty cycle (pink), 60% duty cycle (blue), 65% duty cycle (red), and 70% duty cycle (green,
highest profile). Inset: Raman spectrum of residual solution (dark green) obtained after the duty
cycle experiment of 5(a). Indeed, the set of peaks at 173 cm™, 324 cm ™ and 345 cm™ indicate

the presence of AuCly,".

Figure 6.7(a) shows a series of duty-cycle dependent Raman spectra that were collected
while the microscope was focused on the interface between a bulk gold wire and a 0.1 M KCI
solution. The spectrum collected shortly (~ 5 s) after applying a 45 % voltage signal (500 kHz
voltage, 4.0 V amplitude) to the working electrode is featureless (black curve). There is little
change on stepping the duty cycle up to 50 % (cyan). However, a peak centered at 265 cm™
appears when the duty cycle is increased to 55 % (pink profile). As discussed above, this feature
likely denotes the adsorbate AuClag. Also apparent are weak shoulders at 173 cm™, 324 cm ™
and 345 cm™ that denote Au''Cly” (aq). As the duty cycle is increased further to 60 %, 65 % and

70 %, the AuClaq feature at 265 cm™ diminishes in intensity while the Au"'Cl,” peaks (at 173 cm

! 324 cm * and 345 cm™) increase in intensity. These trends suggests that increasing the duty
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Figure 6.8. Optical micrographs showing growth and dissolution (two cycles) of 1D array of
gold dendrites on lithographic substrates that were obtained by twice cycling the frequency
between 34.0 MHz and 1.4 MHz. Scale bar = 20 um. Panels (a)-(d) and (h)-(k) depict the
growth stage and panels (e)-(g) and (I)-(n) depict the dissolution stage of the dendrites.

cycle induces the dissolution of solid gold by first reducing Au® to the intermediate Au'Clag, in

accordance with step 1(a) of scheme 1. Further increase in the duty cycle causes the gold atom
in this species to be reduced to the solvated species Au'"'Cl,” (aq), in accordance with step 1(b) of
scheme (1). The spectrum in the inset was collected from the solution after performing this

study, at which point, the solution was faintly yellow, consistent with the presence of Au"'Cl,”

(aq).

It is also possible to produce and reconfigure entire arrays of dendrites that coat electrode
surfaces. Figure 6.8 is a series of images depicting the simultaneous reconfiguration of a dozen
roughly evenly spaced dendrites that are positioned along a straight 1D lithographic electrode.
The horizontal field-of-view in each image is 100 um. Panels (a)-(d) illustrate the growth of
these dendrites over a 12 s period, as induced by a voltage-signal (8.0 V, 34 MHz, 50 % duty

cycle) applied to the (lower) working electrode while grounding the (upper) counter-electrode.
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Panels (e)-(h) depict the complete dissolution of these dendrites over the following 7 s, as
induced by reducing the frequency to 1.4 MHz. Panels (i)-(n) illustrate the subsequent
reconfiguration cycle. While the shapes of the individual dendrites differ, their growth and
dissolution rates are essentially uniform: at a given time (i.e. panel), the dendrites have common
heights. This 1D forest of dendrites extends along the entire 0.225 mm length of the immersed

electrode (not shown).

6.5. Discussion

Causing dissolution of a crystal is the key step that makes dendritic crystallization a
reconfigurable process. This paper shows that changes in the MHz-level frequencies of voltages
that are applied to the dendrites induce their dissolution. To better understand how this process
occurs, we have characterized the redox chemistry of the crystal-solution interface during
dissolution. Close similarity between the cyclic voltammagrams of bulk and dendritic gold
[Figures 6.4(a) and (b), respectively] imply that both materials grow and dissolve under DC
voltages via the same chemical steps (Schemes 1 and 2). To interrogate the reconfiguration
chemistry under alternating voltages, we have employed Raman microscopy. These studies
have established that the adsorbate AuClay forms on the dendrite-surface when < 3.0 MHz
voltage signals, which induce dissolution, are applied to the dendrite [Figure 6.5(a)]. This

finding is in agreement with step 1(a) of the bulk dissolution mechanism (Scheme 1). We have
also observed a Raman signal indicating that Au"'Cl, (aq) is produced when this voltage is
applied to the gold samples. This finding is in accordance with step 1(c) of the bulk dissolution
mechanism. Structural reconfiguration of dendritic gold is also induced by changes in the duty

cycle of the voltage-signals that are applied to the dendrites. As discussed above, increasing
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(decreasing) the duty cycle to values greater (less) than 50.0 % causes the dendrite to dissolve
(grow) [Figure 6.6(a)-(h)]. Raman analysis indicates that scheme (1) accurately describes how
dissolution occurs when duty cycles > 50.0 % are applied [Figure 6.7]. Taken together, these
observations indicate that the same dissolution mechanism that occurs under DC voltages (and
which is well understood) provides an accurate description of the dissolution portion of the

dendrite reconfiguration mechanism.

This analysis provides confidence that Schemes (1) and (2) accurately describe the
interfacial atom-joining and atom-leaving processes that occurs during dendritic reconfiguration
and, thereby, validates our use of these schemes in the theoretical formulation presented above.
This theory predicts a critical frequency fc [equation (8)] for the alternating voltage, above which
there is growth and below which there is dissolution. We use the following values in equation
(8) in order to compute the critical frequency. An estimate for the diffusivity D is calculated via
application of the Stokes-Einstein relation to an Au'"'Cl,” ion of radius a ~ 4.5 x 10 m in
aqueous solution of viscosity 1 x 10° kg m™ s having thermal energy kgT ~ 4.1 x10%* J: D ~
ksT/(677778) = 4.8 x10™° m s% if we assume that the interfacial concentration of Au"'Cl,” is ~%
the bulk concentration of 20 mM, then Ac ~ 10 mM = 0.5 x10®° m™. An estimate for oxidative
flux jo is obtained through the observation that a typical gold dendrite of number density o ~ 6
x10?® m™ dissolves at a rate of vp ~ 5 um s%; thus jo ~ pvp = 3.0 x10?® m? s™. The reduction
probability during the negative half cycle (Pg) must lie between 0 and 1. Here, we assume a
value of Pg ~ 0.5. This number seems reasonable as Pg is expected to be significant due to the
availability of electrons on the negative dendrite (with which to reduce Au"'Cl,), but should not

be as high as unity due to electrostatic repulsion between the electrode and Au''Cl,". Substitution
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of these values into (8) yields fc ~ 1.8 MHz. Experimentally, we observe the critical frequency
to be ~ 3.0 MHz, so prediction and observation are in reasonable agreement. Qualitative
agreement is all that should be expected of this theory, given its approximate treatment of the
diffusion equation. Nevertheless, this approach addresses the effects of both the interfacial
chemistry and the bulk diffusion of Au''Cl,” to illustrate how imbalance between the interfacial

and diffusive rates causes either growth or dissolution of dendritic crystals.

This theory also provides an explanation for why variation of the duty cycle induces
reconfiguration. Increasing the duty cycle lengthens the duration that the dendrite is positively
biased relative to its duration of negative bias. According to the theory, such a change will
enhance the extent of dissolution during a complete voltage cycle and reduce the extent of
reduction (i.e. deposition); hence, dendrites are expected to dissolve under duty cycles > 50.0 %,
as observed. Conversely, reducing the duty cycle shortens the duration that the dendrite is
positively biased. This change will retard the extent of dissolution during a compete cycle and
enhance the extent of deposition. Hence, dendrites are expected to grow when the duty cycle is

less than 50.0 %, as observed.

As an extension of the basic reconfiguration-process that individual dendrites exhibit, we
have demonstrated the reconfiguration of macroscopic arrays of dendrites. Figure 6.8 illustrates
the on-command growth and dissolution of 1D forests of dendrites that extend along the entire
(0.25 mm) length of an immersed electrode. In future work, we envision extending this

capability to produce regenerative 2D dendritic arrays.
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6.6. Conclusions

This work presents an electrochemical method for inducing the complete structural
reconfiguration of metallic nano-dendrites. Essentially, we cause a dendrite, or an array of
dendrites, to grow, dissolve, and grow again in an on-command and repeatable manner. Our
observations strongly suggest that the alternating voltages used in the DENA technique cause
gold nano-dendrites to grow and dissolve by the same reduction and oxidation mechanisms that
bulk gold samples exhibit under DC voltages. A simple theoretical model that accounts for both
of these interfacial chemical processes as well as the bulk diffusion of Au''Cl, through the
solution succeeds, at least on a semi-quantitative-level, in describing how the dendritic
reconfiguration mechanism works. Essentially, the frequency and the duty cycle of the
alternating voltage signal control the imbalance between interfacial and diffusive processes to

cause either growth or dissolution of dendritic crystals.

A goal for the near future will be to produce fully reconfigurable 2D dendritic arrays.
We expect this to be readily achievable as an example of a 2D dendritic array has already been
reported.®* Such a step would provide an innovative way to coat surfaces with nano-structured
dendrites in a reconfigurable manner. DENA provides control over both the overall size and the
branch-diameter®® of a dendrite, thereby providing both micro- and nanoscale control; hence, 2D
arrays of such structures hold promise as surface modifications that provide reconfigurable or
self-healing wettability and adhesion control of the Baxter-Cassie type.>® 3 As a reasonably
wide range of metals undergoes dendritic solidification—not just gold, new strategies for anodic
protection of metallic surfaces immersed in corrosive environments, such as seawater, become

possible. One example is the deposition of 2D forests of Mg or Zn dendrites onto immersed
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surfaces in order to serve as rechargeable sacrificial anodes that would be inexpensive and

widely available. Finally, given that the plasmonic resonances of the nano-dendrites will alter

the color and specular reflectance of a surface that is coated with such an array, variation of the

optical properties of the surface may also be achieved.
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Chapter 7 - Conclusions and future directions

7.1. Conclusions

We have presented a systematic study of nano-fabrication of cellular force sensors for probing
sub-cellular targets at the single cellular level and of surface coatings for corrosion and bio-
fouling control. The primary nano-fabrication approach is a technique called directed nanowire
assembly (DENA). The cellular force sensors are composed of PEDOT fibers. PEDOT was
chosen due to its biocompatibility. The length and the diameter of a fiber are user controlled
during the growth process, and consequently, its spring constant lies in a range that is
comparable to the stiffness of the cell. These fibers were calibrated directly by atomic force
microscopy (AFM) and by measuring their transverse resonance frequencies by resonance
vibration method. The spring constants of the fibers measured via resonance vibration method
are in agreement with those measured directly via AFM. In comparison to the AFM method, the
calibration of fibers via resonance vibration method is less laborious and cost efficient.
Furthermore, the determination of spring constant of a fiber by AFM method requires that the
spring constant of the AFM cantilever be comparable to that of the fiber. To the best of our
knowledge, the softest commercially available AFM cantilevers have spring constant ~ 6 nN/um
(Olympus, BL-RC-150VB). So, AFM method would not be convenient to calibrate a PEDOT
fiber that has spring constant equal to 0.07 nN/um [see fiber 24 in Table 4.1 of chapter 4] as

measured by resonance vibration method.

The D. discoideum cells were chosen for our study because of the availability of such
cells with different mutant strains. Researchers have developed mutant strains of D. discoideum

cells that lack all except one of the adhesion molecules involved in cell-substrate adhesion.
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Availability of such mutant cells would simplify the composition of the actin foci and as a result
this would allow the quantification of potential energy surface for a single type of adhesive
molecule. Also, the migration mechanism of a number of higher eukaryotes like neutrophils, T-
cells, lymphocytes, and metastatic breast tumor cells is similar to early developmental D.
discoideum cells. Thus, understanding adhesion and migration mechanism of D. discoideum

cells is a logical step towards understanding and controlling migration in higher eukaryotes.

The PEDOT fibers fabricated at the tips of movable electrode are capable of probing the
sub-cellular target of a cell without forming unintentional secondary contacts to the cell. These
fibers were employed to measure the strength and lifetime of individual adhesive contacts of D.
discoideum cells. The average terminal force between the apical pseudopod and fiber was found

to be 3.1 £ 2.7 nN, and average lifetime of the contact was found to be 23.4 + 18.55s.

We have also demonstrated methodology for inducing the complete dissolution of an
array of metallic dendrites following their growth. The experimental parameters that control this
process are the frequency or duty cycle of the applied voltage signal. Cyclic voltammetric and
Raman measurements suggest that the alternating voltages used in the DENA technique cause
gold nano-dendrites to grow and dissolve by the same reduction and oxidation mechanisms that
bulk gold samples exhibit under DC voltages. We have presented a simple theoretical model
that explains how both bulk diffusion as well as interfacial chemical processes of metallic salts
through the solution controls the dendritic reconfiguration mechanism. This theory also predicts
that the frequency and the duty cycle of the alternating voltage signal controls the imbalance

between interfacial and diffusive processes to cause either growth or dissolution of dendrites.
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7.2. Future directions

7.2.1. Planned cellular adhesion measurements

In chapter 2, we have presented a theoretical model for the rupture of adhesion clusters in actin
foci by pulling force. This theory explains how the contact ruptures in an outside-in manner.
After an initial period during which the applied force ruptures the large number of outer bonds in
the contact, this force becomes concentrated on the relatively few remaining inner bonds, at
which point the contact ruptures rapidly. In addition to the density of receptors-substrate bond
I"and the cell-medium surface tension , this theory requires knowledge of two parameters that
describes the potential energy surface for a single R-S bond: the molecular distance z4 that the
receptor needs to move to break the bond, and the unstressed off-rate ko. In future work, we will
employ our innovative force sensors to determine z; and ko for the R-S bonds in actin foci. Our
undertaking to achieve this goal is based on the analysis of receptor-ligand physics via dynamic
force spectroscopy.’ By employing a sensitive force probe to pull on individual receptor-ligand
pairs with a linearly increasing applied force, the technique measures ko and z4 of the potential
energy surface for a single receptor-ligand bond.? The most frequent rupture force f~ depends on
the loading rate m as follows:?

*

Hence, f* vs Inm plot will exhibit a linear regime of slope fz (where z5= kT/fz). The y-intercept

determines kg.

Dynamic force spectroscopy has also been applied to multiple parallel bonds.*® For this,

the relationship between the rupture force F* (applied to whole cluster), ko and fz is not as simple
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as (1) although the rupture force F* still varies linearly with the log of the loading rate Inm.* °
Experimentally, the single molecule and cluster approaches are conceptually similar:
measurement of distributions of rupture forces and distributions of contact times. However, in
order to extract ko and z, one needs a complete theoretical model for how the cluster de-adheres.

Though challenging, this procedure is still tractable and will be done in a future effort.

As a step towards our future goal, we have measured the preliminary rupture force
distributions at single adhesive contact sites of D. discoideum cells. Figure 7.2 shows the
distribution of rupture force for average loading rates of 2.0 nNs™ (patterned vertical bars) and
4.0 nNs™ (non-patterned vertical bars), constructed from 62 and 32 events, respectively. This
graph shows that on increasing the loading rate from 2.0 nNs™ to 4.0 nNs™, the strength of most
frequent rupture force F* increases from 2.29 nN to 5.50 nN and the distributions broaden across
this loading rate range. These preliminary observations are consistent with prior observations of

46 In future

multiple parallel bonds that dissociates stochastically under a shared linear force.
work, we will measure a statistically significant ensemble of F* values for a given loading rate,

and repeat this procedure for several loading rates.
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Figure 7.1. Rupture force distributions for loading rates of 2.0 nN/s (patterned bars) and 4.0

nN/s (non-patterned bars).

The cell medium surface tension y is determined as follows: In roughly 10% of cases
when we back-translate the fiber to apply force to an actin focus, we cause the cell to tether. A
tether is a tube of cellular membrane that is pulled out of the main region of the cell (Figure 7.2).
One forms when the membrane is locally detached from the cytoskeleton and the pulling force
exceeds the resistance posed by the bending modulus xand the surface tension y of the
membrane. The critical tethering force is Fc = 22(2x7)"2.” Over 25 events, we have observed a
mean critical force of 2.2 + 0.4 nN. Sackmann and co-workers have measured the bending

modulus of wild-type D. discoideum to be 390 kT.2 Hence, we obtain a determination of y~ 43
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Figure 7.2. Cellular tethering. The tether, which has weak contrast due to its sub-50 nm

diameter, is indicated by the dashed line. Scale bar = 10 mm.

mN m™ for the cell-medium surface tension. In future work, we will use our force transducer to
measure a statistically significant numbers of critical tethering forces to accurately determine the

cell-medium surface tension.

7.2.2. Hypothesis to be tested
The adhesion energy of wild-type D. discoideum cells (on glass) is ~ 20 pJ m22 The
actin foci of D. discoideum express a variety of cell-substrate adhesion molecules. These

E,% 1% sadA."™™® Recent evidence suggests that this adhesion energy is

molecules include sibA-
primarily due to sadA-substrate and to lesser extents sibA- and sibC-substrate attractions. If this
hypothesis is true, then generic sadA-substrate attractions must be strong enough to produce a
sizeable fraction of the adhesion energy observed in wild type cells: ~20 unJ m™. This appears to

be feasible. The 9-pass structure of sadA in a cell membrane, reported elsewhere,*? is sketched

in Figure 7.3 (a). As this figure illustrates, we estimate that roughly half the length of a
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Figure 7.3. (a) Sketch of sadA in the cell membrane and adjacent ot the substrate. (b) Geometry
for van der Waals attraction between the amino acid chain a distance D from a substrate of

density p. (c) van der Waals potential well between amino acid chain and glass surface.

sadA molecule (total length= 952 amino acids) extends far enough beyond the glycocalyx to
contact an adjacent substrate. Thus, the amino acid chain can interact with the substrate via van
der Waals attraction [as depicted in Figure 7.3(b)]. We estimate the corresponding potential

energy between a chain of 465 amino acids and a flat surface to be:

nCpglass n 0.28 x 10_103 ng

U = —(465amino acids
( ) 6D D°

: )

where C is 5x10°"®Jm®(typical for hydrocarbons)* and the density of glass is

Pyiass = 2.2x10?* m~°. This function is plotted in Figure 7.3(c). Notably, the well-depth ¢ is

3.1x107* J. This finding implies two things. First, such contacts would take a very long time

to spontaneously rupture, so a cell would have to internally pull on the adhesions with its actin
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skeleton (as cells are known to do) in order to accelerate their decay and release the substrate.
Second, the adhesion of a cluster of receptors relates in a simple manner to the R-S potential
energy well [Figure 7.1(d)]: G,y = 7€, where /" is the R-S density and ¢ is the well-depth.

Assuming a relatively modest receptor-density of 16 um™ yields adhesion energy of Gad ~ 5 J

m?. Indeed, this value is a sizeable fraction of 20 wJ m™?. This analysis demonstrates that

generic receptor substrate interactions may indeed be strong enough to reproduce the observable
adhesive properties. Hence, it is at least feasible that actin foci adhesion occurs via the receptor-
substrates interaction. Therefore, this hypothesis needs further investigation. In future work, we
will use our force transducer to perform dynamic force spectroscopy on D. discoideum cells with

sibA’, sibC” double-null mutant which lacks the adhesion proteins sibA and sibC but has sadA.
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On-chip cellular force sensors are fabricated from cantilever poly(3,4-ethylene dioxythiophene)
filaments that visibly deflect under forces exerted at individual pseudopod-filament adhesive
contacts. The shape of the deflected filaments and their ~3 nN/um spring constants are predicted
by cantilever rod theory. Pulling forces exerted by Dictyostelium discoideum cells at these contacts
are observed to reach ~20 nN without breaking the contact. © 2011 American Institute of Physics.

[doi:10.1063/1.3628454]

The forces that cells exert on substrates at adhesive con-
tacts are critical to basic processes such as migration and cell
division. Pseudopods are exploratory appendages that crawling
cells like Dictyostelium discoideum, leukocytes,' and breast
cancer cells” extend to probe the anterior substrate surface. Ad-
hesive contact between the tips of the pseudopods and the sub-
strate occurs frequently. These are the first contacts that the
cell makes with the anterior substrate region. In addition to
force-application, environmental sensing occurs at these con-
tact sites, influencing whether the cell alters or persists in its
direction-of-migration.” Despite the importance of pseudopod-
substrate adhesive contacts in force transmission and environ-
mental sensing, there has been little characterization of pseu-
dopod-substrate adhesion at the single contact-level.

The most widely used technique for characterizing cel-
lular forces is the deformable substrate method where cell-
induced wrinkling or marker-displacement of the elastic sub-
strate is observed.” A key advantage of this approach is that
the substrate displacements occur in the imaging plane of the
optical microscope, permitting direct visualization of the
process. However, the forces at the discrete adhesive contact
sites are not directly measured but are instead extracted by a
non-trivial modeling effort that correlates the measured sub-
strate displacement-field with the inferred force field and
with the discrete sites.” Off-substrate forces may be directly
measured with an atomic force microscope (AFM) with ex-
quisite precision®; however, visualization during such meas-
urements, which are usually made in a plane normal to the
optical imaging plane, can be a challenge. Methodology for
the simultaneous visualization and direct characterization of
forces exerted by individual pseudopodia is needed.

To this end, we have fabricated on-chip cantilever
poly(3,4-ethylene dioxythiophene) (PEDOT) filaments that
visibly deflect under forces exerted at individual pseudopod-
filament contacts. PEDOT was chosen for its biocompatibil-
ity.” A typical 3.2 um long, ~400 nm wide pseudopod is
indicated by the arrow in Figure 1(a). Direct characterization
of an individual pseudopod requires a probe of comparable
dimension. To produce such filaments, the simple polymer-
ization technique directed electrochemical nanowire assem-
bly (DENA) was employed.® Briefly, a 3 ul aliquot of

YElectronic mail: bret.flanders@phys.ksu.edu.

0003-6951/2011/99(9)/093702/3/$30.00
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aqueous solution containing 0.01 M 3 4-ethylene dioxythio-
phene and 0.02 M poly(sodium styrene sulfonate) was de-
posited across the ~30 pm gap between a pair of tapered,
lithographic Au electrodes. The filament in Figure 1(b) was
produced by applying a =3.5 V 20 kHz square wave voltage
signal across the electrodes to induce filament growth from
the right electrode at a rate of ~5 um/s. The voltage signal
was terminated when the filament reached the desired length
of ~14 um. The scanning electron microscopy (SEM) based
image in the inset shows its lengthwise-averaged width to be
320 = 30 nm. Comparison to Figure 1(a) shows filament and
pseudopod widths to be comparable, as desired. These fila-
ments are rigidly bonded to the on-chip electrode but not to
the glass substrate and, hence, are cantilever structures.

Type KAx3 D. discoideum cells were grown at 24°C in
Petri dishes containing HL-5 culuring medium.” Prior to
transfer to the chips, 1000 ul of the cell-medium suspension
was centrifuged for ~10 s at 1.34 x 10® g. The HL-5 super-
natant was replaced with 1000 ul of 12 mM phosphate
buffer, followed by gentle shaking for 1 min. This process
was twice-repeated before suspending the cells in 300 pul of
phosphate buffer and starving them for 4-6 h. To prevent
evaporation of the cell medium, a 60 ul hybridization cham-
ber (Grace Biolabs) was adhered to the filament-laden chip.
Before sealing with a transparent lid, 10 pl volumes of cell
suspension and phosphate buffer were deposited in the cham-
ber. Typical cell surface densities were ~10°> mm 2. A wait-
ing time of ~20 min following cell deposition was required
for the cells to settle, to begin migrating, and for a single cell
to randomly contact the filament.

(b)

FIG. 1. (a) Scanning electron micrograph of fixed D. discoideum cell with
extending pseudopods. Scale bar=1 pm. (b) Optical micrograph of PEDOT
filament grown by the DENA technique. FG = function generator. Scale
bar=10 pm. Inset: a scanning electron micrograph of a filament. Scale
bar=1 pm.

© 2011 American Institute of Physics
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Figures 2(a)-2(f) constitute a series of bright-field
images (collected on a microscope of 0.75 numerical aper-
ture) of four D. discoideum cells migrating randomly on a
glass slide. One of these cells contacts the cantilever filament
in Figure 2(a). This cell deflects the filament by exerting
pulling force on it in Figures 2(b)-2(e), and releases it in Fig-
ure 2(f) (see online video of this event, shown at 3 x the
actual rate). The shape of the pseudopod evolves throughout
this event. We have observed ~10% such events. Clearly,
these filaments are flexible enough to deflect visibly upon
contact by a foraging cell (yet stiff enough to resist visible
thermal motion). In the small deflection approximation, the
shape of a cantilever rod of length L and radius 7 that is bent
by aforce F, applied to its free end is described by '

op(x) = %xz(&L —x), (1)
where I = 7r*/4 is the area moment of inertia of the solid cy-
lindrical rod, E is Young’s modulus of the rod-material, and
x denotes position along the rod length with respect to the
fixed end. This function was fitted to the deflected filament
profiles in panels (b)—(e), as designated by the white dashed
curves overlaid upon these micrographs. As discussed below,
no adjustable parameters were used in achieving these fits.

Figure 3(a) shows a scanning electron micrograph of a
D. discoideum cell that was fixed shortly (5 s) after establish-
ing pseudopod-filament contact.'' An enlarged view of the
contact region is shown in Figure 3(b). The surface of the
pseudopod-tip is butted against the left side of the filament.
The pseudopod does not encompass the filament. The two
other pseudopod-filament contacts that were characterized

Appl. Phys. Lett. 99, 093702 (2011)

FIG. 2. Series of optical micrographs of
a cantilever PEDOT filament (a) in its
neutral position 7 s after contact initia-
tion by the pseudopod. Scale bar=10
pm;  (b)-(e) while being deflected
upwards by the cell at times 37 s, 46 s,
54 s, and 65 s, respectively; and (f) at
time 105 s when the filament is back in
its neutral position after release by the
cell (where a video of this event is
shown at 3 x the actual rate). The white
dotted curves on panels (b)-{e) represent
the deflected filament shapes predicted
by cantilever rod theory (enhanced
online) [URL: http://dx.doi.org/10.1063/
1.3628454.1].

also exhibited butt-joint contact-structure. Deflection by a
pulling-force (as illustrated in Figures 2(b)-2(e)) that is
applied at a simple butt-joint implies adhesive contact
between the joined pseudopod and filament surfaces. As with
better characterized adhesive contacts like focal adhesions'”
and actin foci,'® adhesion is likely due to numerous trans-
membrane cellular adhesion molecules (of undetermined
type) that bind the substrate surface.

Knowledge of the radius, Young’s modulus, and length
of a solid, cylindrical cantilever rod permits calculation of its
theoretical spring constant ky, in the small deflection approxi-
mation: kg, = 3EI/L>.'" To assess how well this simple equa-
tion predicts the spring constants of PEDOT filaments, we
have used an AFM to directly measure the &z values of several
filaments and compared these values to the corresponding kg,
values. The AFM (MFP-3D, Asylum Research) was calibrated
by pressing its cantilever (NP-0, Veeco) against a hard glass
surface to quantify the cantilever deflection-photodiode volt-
age relationship. The spring constant k. of this cantilever was
determined by the thermal method.™ Hooke’s law then gives
the magnitude of the elastic force exerted by the cantilever F~
for deflection dc: Fo= kcde. To measure the spring constant
of a PEDOT filament kg, the AFM cantilever was pressed
against an individual filament by lowering the AFM head by
distance Az, as depicted in Figure 4(a).'> This measurement
deflects the filament by distance df and yields a 6, vs Az pro-
file (solid line in Figure 4(b)). The opposing forces exerted by
the filament Fr and cantilever Fc are equal in magnitude
(Newton’s 3rd law); hence, kpdp= k0o, where dp is the
(unknown) filament displacement and Fr = kzdg. Az is related
to 8¢ and 8 by Az =8¢ + Op, giving ke = ke(Az/dc —1)7".

FIG. 3. (a) Scanning electron micro-
graph of fixed cell with a pseudopod in
direct contact with PEDOT filament.
Scale bar=2 um. (b) Enlarged view of
contact region. Scale bar =500 nm.
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FIG. 4. (a) Schematic of AFM-based determination of the filament spring
constant. The gray curve denotes the AFM cantilever while the black curve
denotes the filament. (b) AFM cantilever deflection magnitude J- versus
vertical position of AFM head z for pressure against a rigid surface (dashed
profile) and a PEDOT filament (solid profile). (c) Plot of the theoretical
spring constants of PEDOT filaments versus their measured spring constants.
The solid line is the best linear fit to the points. (d) Cell enforced deflection
(unfilled circles) and force (filled circles) measured during the event
depicted in Figure 2.

The etfects of AFM cantilever tilt by angle € (11° for all cases
in this study) and off-end loading of the filament are
accounted for by corrective factors, yielding'®

cos™20. (2)

L—AL\"
I,

k[.’ = k(:( Z/(S(_‘ — 1)_1 (—

AL is the distance from the filament tip to the loading point
as measured via an internal optical microscope in the AFM.
The spring constants of six different PEDOT filaments kg
were obtained by substituting into Eq. (2) the corresponding
ke, L, AL, and ¢ /Az values given in Table I. Each filament
was characterized three times with each of three different
cantilevers whose spring constants varied significantly. The
averages of these nine determinations for each of the six fila-
ments are reported in column kg.

To calculate the kg;, values, we approximate the PEDOT
filament shapes as cylinders having radii equal to the length-
wise averaged radii of the filaments. These SEM determined
values are reported with their standard deviations in Table 1.
Also, we have taken £ = 2.0 GPa, the average of two recent
determinations (1.8 GPa (Ref. 17) and 2.26 GPa (Ref. 18)) of
the PEDOT Young’s modulus. Figure 4(c) plots kg, vs k. The
horizontal error bars denote the standard error associated with
the &y determinations; the vertical error bars result from propa-
gation of radial standard deviations and =(0.03 yum length non-
uniformities in the ky;, calculations. The solid line, the best-fit
to these points (constrained to pass through the origin), has a
near-unity slope of 1.08. Hence, the correlation between kyy,
and k is strong, indicating that cantilever rod theory provides
reasonable predictions of the filament spring constants. While
it lies beyond the scope of this letter to do so here, the PEDOT
filaments have lengthwise radial variations of 10%—-20%, so
the success of kry, = 3EI/L? deserves further examination.

Figure 4(d) shows the filament deflection-values
(unfilled circles) corresponding to frames 2(a)-2(f) (except
for the point at 83 s whose image is not shown in Figure 2).
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TABLE 1. Measured properties of six PEDOT filaments and their associated
spring constants (in units of nN/um).

7 (um) LGm) ALgm) %&£k kn ke ke
0724008 1324 13 059 450 550 490 430
064+006 1555 22 049 270 210 170 180
0524006 1218 18 077 110 190 240 250
0614012 1238 05 057 310 340 380 360
0284006 1204 22 042 8 16 20 4
029+006 950 05 090 55 39 40 45

SEM analysis of this filament revealed a 220 nm lengthwise
averaged radius and 16.0 um length. Hence, as demonstrated
above, cantilever rod theory (kr = 3EI/L?) indicates a spring
constant kg of 2.7 = 0.7 nN/um; the sizable uncertainty is
expected given the highly nonlinear functionality of k. Con-
version of these dg-values to F,-values via Hooke’s law
(F 4= dpkp) yields the filled circles in Figure 4(d). (The error
bars reflect the propagated uncertainties of dp and kp.) As
these data and Figure 2(e) show, F4 reaches 21 nN without
breaking contact. The measured force values of 8, 13, 18,
and 21 nN reported in Figure 4(d) (along with
1=18 %107 m* and E=2.0 (GPa) were used to calculate
the parameters F4/6E7 in Eq. (1) to tully determine the shape
tunctions (white dotted lines) shown in Figures 2(b)-2(e),
respectively. The close agreement with the measured shapes
confirms the usefulness of cantilever rod theory for predict-
ing the elastic properties of these PEDOT filaments. In future
studies, we will employ this methodology for the simultane-
ous visualization and measurement of forces exerted at sin-
gle pseudopod-filament contacts to articulate the factors that
dictate adhesion strength and duration.
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Abstract

Maneuverable, high aspect ratio poly(3.4-ethylene dioxythiophene) (PEDOT) fibers are
fabricated for use as cellular force probes that can interface with individual pseudopod
adhesive contact sites without forming unintentional secondary contacts to the cell. The
straight fibers have lengths between 5 and 40 ;um and spring constants in the

0.07-23.2 oN pum™" range. The spring constants of these fibers were measured directly using
an atomic force microscope (AFM). These AFM measurements corroborate determinations
based on the transverse vibrational resonance frequencies of the fibers, which is a more
convenient method. These fibers are employed to characterize the time dependent forces
exerted at adhesive contacts between apical pseudopods of highly migratory D. discoideum
cells and the PEDOT fibers, finding an average terminal force of 3.1 £ 2.7 nN and lifetime of

23.4 4 18.5 s to be associated with these contacts.

Online supplementary data available from stacks.iop.org/Nano/23/455105/mmedia

1. Introduction

Pseudopod-facilitated motility is a critical aspect of the
amoeboid migration exhibited by D. discoideum. neutrophils,
T lymphocytes [1]. and other highly migratory cells [2]. These
cells crawl at rates as high as ~30 pm min~! to forage for
micro-organisms and antigens in their local environments [3].
To achieve such high speeds. the cells must adhere to and
release the supporting substrates quickly. Pre-aggregative
(i.e. migratory) D. discoideum, for example, were recently
reported to form adhesive contacts (called actin foci) that form
and decay on ~20 s time scales [4]. The short-lived nature of
these contacts differs significantly from the ~20 min lifetimes
of the focal adhesion complexes used by slow-migrating
cells such as keratinocytes and fibroblasts [5]. In contrast
to focal adhesion complexes, which have been intensively
studied at the single complex level for over a decade [6-8].
comparatively little is known about the adhesive structures
and dynamics of highly migratory cells.

3 Present address: James Franck Institute and Department of Physics,
The University of Chicago, Chicago, IL 60637, USA.
4 Author to whom any correspondence should be addressed.
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The amoeboid paradigm of cellular movement [9, 10]
essentially consists of reception of stimuli (e.g. a signaling
molecule at a cell surface receptor) followed by the localized
protrusion of exploratory appendages, such as pseudopods.
from the cell. A typical pseudopod (figure 1(a)) is a
few microns in length and has a sub-micron tip size.
A cell may protrude many pseudopods at a given time.
Commonly, the pseudopod will adhere its foremost tip to the
local substrate [9—11]. Contraction of the actin cytoskeleton
along the pseudopod axis (by molecular motors) pulls
the cell towards the adhesive contact. The molecular-level
mechanisms by which pseudopods adhere to substrates
for both D. discoideum and amoeboid leukocytes are not
known [12, 13]. However, these are the first contacts that
the cell makes with the anterior substrate, and the traction
forces exerted against the substrate at these sites dictate the
cell’s instantaneous direction of migration. Hence, they are
a key aspect of amoeboid motility. Characterization of the
dynamical forces exerted at these contacts would constitute
a key step towards resolving the potential energy surface
associated with the adhesion and, ultimately, controlling the
transient adhesive contact mechanism in highly migratory
cells.

© 2012 10P Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Optical micrograph of a D. Discoideum cell extending
pseudopods. A psendopod is indicated by the arrow. Scale

bar = 5 pm. (b) Schematic depicting the side-view of the
experimental setup for PEDOT fiber growth. FG designates a
function generator. Inset: optical micrograph depicting the bottom
view of the setup. Scale bar = 10 pm. (¢) SEM image of a PEDOT
fiber grown from an etched tungsten tip. Scale bar = 20 pm. Inset:
enlarged view of the fiber. Scale bar 1 pom.

A variety of methods are used to characterize the forces
that cells exert at their adhesive substrate contacts. The de-
formable substrate technique measures cell-induced wrinkling
or marker displacement within an elastic substrate [14]. This
approach does not directly measure the forces exerted at the
individual contacts, but rather extracts them by modeling the
deformation-map induced by the whole cell. This can be a
non-trivial undertaking [15]. Approaches that utilize atomic
force microscopy (AFM) provide excellent resolution of the
dynamical forces exerted between cells and substrates [16].
Single-cell force spectroscopy [17] entails the attachment of
a living cell to an AFM cantilever that is then lowered into
contact with a substrate. The substrate is typically function-
alized with a ligand of interest (e.g. fibronectin) [18, 19].
The force on the AFM cantilever is then measured as the
cantilever—cell unit is retracted from the substrate. This
method has shed light on a wide range of ligand-receptor
adhesive interactions [20-22], as have the conceptually
similar biomembrane force probe [23] and laser trap [24]
methods. A challenge for such cell-as-probe techniques lies in
minimizing the contact area to a single, cell-initiated adhesive
contact: that between a pseudopod tip and a substrate, for
example.

What is needed is a long, thin probe that can
interface with targeted sites, such as the adhesive contacts
of pseudopods, without forming unintentional secondary
contacts to the cell. Therefore, this study presents a
methodology for fabricating and calibrating high aspect
ratio PEDOT fibers for use as cellular force probes. These
cantilevers are an improvement over on-chip PEDOT force
sensors reported recently [25] because these cantilevers
are considerably easier to calibrate, and they may be
maneuvered independently around a cell, permitting both
lateral and apical (topside) targets on the cellular surface

]

to be probed. This capability enables interrogation of the
off-plane, pseudopod-facilitated motility that occurs in nature
when amoeboid cells migrate through 3D matrices.

2. Experimental methods

Direct characterization of a ~400 nm wide pseudopod (see
figure 1(a)) requires a probe of comparable dimension. The
probe should also have a sufficiently high aspect ratio to
allow it to cleanly reach a targeted site without forming
unintentional, secondary contacts with the cell. To meet these
requirements, we have fabricated cantilevered force sensors
composed of poly(3.4-ethylene dioxythiophene) (PEDOT)
fibers grown from the tips of etched tungsten wire. The
bottom 5 mm of a vertically oriented tungsten filament (0.019
in diameter, SmallParts) which was biased at +4 V was
electro-etched by repeated dipping over a ~4 min period
into a 10 M NaNO> 6 M KOH solution that was electrically
grounded, as described elsewhere [26]. This procedure yields
conical tips with radii of curvature of ~lum or less.
Reproducibility was optimized by using a sewing machine
to cycle the filament in and out of solution at a rate of
~10 s~'. We used the simple polymerization technique
directed electrochemical nanowire assembly (DENA) to grow
the PEDOT fiber from the tip of the tungsten filament [27-29].
Briefly, the tungsten filament was first evaporatively coated
with ~200 nm of Au to promote strong attachment of the
polymer. After mounting the coated filament in a 3D stage
and positioning it ~1 pm above a microscope slide, a 20 pl
aliquot of aqueous solution containing 0.01 M 3.4-ethylene
dioxythiophene and 0.02 M poly(sodium styrene sulfonate)
was deposited across the ~30 pm gap between the wire
tip and an Au counter-electrode that was similarly mounted.
Figure 1(b) is a schematic diagram of this arrangement. A
square wave voltage signal (£3.5 V. 10.0 kHz) was applied
to the electrodes to induce PEDOT nano-fiber growth via
electrochemical polymerization [30]. As explained elsewhere.
the voltage—frequency sets the average radii of the fibers
during growth [30], but spatiotemporal fluctuations in the
polymerization rate of the amorphous PEDOT material give
rise to radial variation (~50%) about the mean radius [28,
29]. The voltage signal is terminated after a few seconds
when the PEDOT nano-fiber reaches the desired length.
Translation of the microscope stage pulls the solution-drop
away from the nano-fiber, straightening it due to the tension
at the air—filament—solution contact line. The nano-fibers
retain their straightened geometries upon re-immersion in
aqueous solution. A scanning electron micrograph of a typical
straightened nano-fiber is shown in figure 1(c).

We have used an atomic force microscope (AFM,
model MFP-3D, Asylum Research) to directly measure
the spring constants ky of the PEDOT fibers, as detailed
elsewhere [25]. Briefly, this was done by lowering a
calibrated AFM cantilever (CSC12/tipless, MikroMasch) of
spring constant kc by distance Az against an individual
fiber in order to deflect it by distance dc. as illustrated in
figure 2(a) and plotted in figure 2(b) [31]. When the opposing
forces exerted by the fiber and the cantilever are equal
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Figure 2. (a) Schematic of AFM-based setup for measuring the
spring constant of a PEDOT fiber. (b) AFM cantilever deflection
magnitude ¢ versus vertical position of AFM head Az for pressure
against a rigid surface (dashed profile) and a PEDOT fiber (solid
profile). (c) Optical micrograph of a PEDOT fiber resonating at its
fundamental frequency. Scale bar = 15 pm. Inset: optical images of
a PEDOT fiber resonating in its first (upper) and second (lower)
harmonic modes. Scale bar = 15 pm. (d) Amplitude versus driving
frequency plot for the PEDOT fiber in panel (c).

in magnitude, the following expression relates the spring
constant of the fiber to the measured quantities [32, 25]:

3
ki = ke (Az/8c — 1) (%) cos™20. 1

dc is the deflection of the cantilever and L is the length of the
fiber. The tilt angle & of the AFM cantilever was 11° for all
cases in this study. The position of contact from the end of the
fiber AL was measured via an internal optical microscope in
the AFM.

We have also determined the spring constants of the
PEDOT cantilevers by the resonance frequency method,
which is technically simpler than the AFM method [33].
To measure the resonance frequency of a PEDOT fiber, we
position it ~10 pm from an Au counter-electrode. A £20 V
sinusoidal voltage signal of frequency f and a +20 V dc offset
are applied to the PEDOT cantilever while the Au electrode is
grounded [34]: polarization forces drive transverse oscillation
of the PEDOT fiber at this frequency. A bright field image of
a cantilever resonating in its fundamental mode is shown in
figure 2(c). Images of the vibrating fiber are collected as f is
increased in 5 kHz steps. A representative amplitude versus
angular frequency plot is depicted in figure 2(d), where the
angular frequency o is defined as @ = 2xf. The frequency
at which the amplitude reaches its first maximum locates
the fundamental resonance frequency wp (565 krad g1
in figure 2(d)). Amplitude maxima at frequencies of half
the observed resonance frequency were not observed, and
the vibrational amplitude was directly proportional to the
voltage amplitude, confirming that the reported wy-values are
fundamental frequencies [33]. The resonance frequencies of
the tungsten filament are well below those of the PEDOT
cantilever and, hence, do not complicate these measurements.

(a)
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Figure 3. (a) Schematic diagram (not to scale) of the side-view
imaging setup depicting the Petri dish (PD), coverslip (CS), and
microscope objective (Obj). (b) Side-view micrograph of a D.
Discoideum cell extending apical pseudopods. The apical
pseudopod indicated by the arrow is 2.5 pm long and ~400 nm
wide. Scale bar = 10 pm.

The spring constant kps of a radially uniform and solid
cantilevered rod of length L depends on ey as

npal’ 4

kres = 0.08 wl. )

Pm 15 the mass density of the fiber material (PEDOT) and
E its Young modulus. Equation (2) was derived by using
the expression for wp of a radially uniform rod wy =
1.75yEp~1rL™2 to eliminate r in the expression for the
spring constant k of a uniform rod k& = 3':E3'4 [35]. As
explained below, equation (2) was used to predLlct the spring
constants of the PEDOT fibers.

Type KAx3 D. discoideum cells [36], grown at 24 °C,
were removed from HL-5 culturing medium by drawing
1000 pl of the cell-medium suspension from a Petri dish
and centrifuging the aliquot for ~10 s at 1.34 x 10° g. The
supernatant was discarded and the cells were washed twice
with 12 mM phosphate buffer and shaken before suspending
the cells a final time in phosphate buffer and starving them for
4-6 h. 50 pl volumes of cell suspension and phosphate buffer
were deposited in the side-view imaging chamber described
below. A waiting time of ~20 min, following cell deposition,
was required for the cells to settle and begin migrating on the
surfaces of the chamber.

To facilitate investigation of apical pseudopods. which
are important for amoeboid migration through 3D matrices,
cells were visualized in profile so that the size, shape and
cellular location of the pseudopod-fiber contact could be
clearly observed. This mode requires that the imaging plane
of the microscope be perpendicular to the substrate on which
the cell crawls. Our setup for realizing this perspective, which
differs from that reported elsewhere [37], is diagrammed in
figure 3(a). Briefly, a hole was bored in the base of a Petri
dish (Fisherbrand) using a 7/32" drill bit at 990 rpm; these
parameters minimized lip and sidewall roughness (~3 pm).
A coverslip was cemented to the underside of the dish to seal
the hole. D. discoideum cells were cultured and introduced
to the chamber at cell surface densities of ~10° mm~2. The
dish was mounted on the stage of an inverted microscope
(Leica IRB) for optical imaging, primarily with a 63x water
immersion objective of 0.90 numerical aperture. Side-view
imaging of the cells was accomplished by focusing the
microscope on those migrating on the sidewalls of the hole.
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Table 1. Parameters for the spring constant measurements.

AL kc kg kg L] Tres Kires
Fiber L (pm) % (pem) (nN pm™") (nN gm™1) (nN gm—1) (krad s—1) (nm) (nN pgm™1)
1 7.22 028 05 58 18.9 18.0 7850 202 21.0
2 14.58 034  6.56 58 53 5.1 2292.2 241 5.1
3 15.08 022  6.56 61 32 3.1 2009.6 226 3.6
4 9.66 041 22 61 20.2 19.0 5149.6 238 16.7
5 10.66 045 39 64 13.6 13.8 4207.6 237 12.2
6 8.80 041 3.06 60 12.1 12.1 5338 204 12.1
7 8.74 047 218 60 23.2 23.2 6091.6 230 19.8
8 12.39 0.3 4.8 61 6.2 6.1 2888.8 219 57
9 7.94 055 3 65.9 20.1 21.6 6908 216 203
10 10.36 0.5 3.06 60.8 221 214 5024 267 215
11 9.19 034 218 60.8 14.3 14.0 5149.6 215 13.0
12 9.72 0.54 3.93 65.3 16.7 16.7 4961.2 232 14.8
13 9.36 049 35 65.3 15.6 16.3 5275.2 229 15.7
14 10.83 037 437 62.8 8 8.2 3705.2 215 7.9
15 8.44 036 26 61 11.7 11.0 52124 184 8.9
16 12.84 — — — — — 24492 200 36
17 17.0 — — — — — 1382 198 1.5
18 20.0 — — — — — 1118 221 1.4
19 23.0 — — — — — 942 247 1.4
20 24.0 — — — — — 816 232 1.0
21 28.41 — — — — — 439.6 176 0.2
22 340 — — — — — Ery 216 0.3
23 30.0 — — — — — 565 252 0.7
24 41.0 — — — — — 220 183 0.07
25 16.73 — — — — — 17584 244 35

A typical side-view image of a D. discoideum cell is shown in
figure 3(b). The arrow points to an apical pseudopod.

3. Results

We have directly measured the spring constants of 15 different
PEDOT fibers by using an AFM as described above. The
measured kc, dc/Az, L, and AL values were substituted into
(1) to obtain the corresponding kr determinations. Each fiber
was characterized three times. The average of the three kg
determinations is denoted kr. All quantities required to make
these spring constant determinations are reported in table 1
(fibers 1-15).

Figure 2(c) shows a PEDOT fiber (23 in table 1)
resonating in its fundamental mode at 90 kHz. (It also
resonates in its harmonic modes, as the insets show,
demonstrating its strong elastic character.) Figure 2(d) is the
amplitude versus frequency plot for the fiber of panel (c).
indicating a fundamental resonance frequency ey of 565 x
10° rad s~ 1. By substituting this wp value into (2), we obtain a
prediction of its spring constant kes of 7.0 x 107* Nm~'. In
calculating this result, we took the PEDOT Young modulus
E to be 2.0 GPa, the average of two recent determinations
(1.8 GPa [38] and 2.26 GPa [39]), and the mass density
pm to be 1500 kg m~—> [40]. By using (2) we implicitly
assume that a radially non-uniform PEDOT fiber of length
L both resonates and bends like a hypothetical PEDOT fiber
of a constant radius (and length L). This relation is not
generally true of structurally non-uniform fibers. Therefore,
in figure 4(a) we have assessed the extent to which the
resonance-based determinations are accurate by plotting the

measured k. values for 15 fibers against their measured kg
values. These data are best fitted by a line having a near-unity
slope of 0.95. It is clear that the ky.-values predict the
spring constants of the PEDOT cantilevers with reasonable
accuracy: moreover, in the small k range (~4 nN Jum_') used
in the cellular force application, the agreement is excellent.
Hence, the resonance frequency calibration method, though
approximate, is sufficiently accurate to justify forgoing the
somewhat laborious AFM method. Fibers 16-24 in table 1,
several of which were too compliant for the AFM method,
were characterized using the resonance frequency method.

The inset to figure 4(a) depicts two spring constant
distributions corresponding to two sets of fibers grown
with different frequencies of the alternating voltage to
approximately the same lengths. As described elsewhere [30],
the frequency of the alternating voltage sets the average
radii of the fibers, with higher frequencies producing thinner
fibers. One distribution (unfilled vertical bars) describes 14
fibers grown using a frequency of 10.0 kHz to a length of
23.8 £ 0.8 pm (unfilled vertical bars). The average spring
constant for these fibers is 0.8 & 0.6 nN pum~'. The other
distribution (filled vertical bars) describes eight fibers grown
using a frequency of 20.0 kHz to a length of 23.4 £
1.9 pm. The average spring constant of these fibers is 0.08 +
0.04 nN um~". Hence, the spring constants of the fibers may
be controlled across reasonably narrow ranges by controlling
the frequency of the alternating voltage during growth, as well
as the length of the fiber.

To assess the degree to which the structural non-
uniformity of the fibers causes anisotropy in their spring
constants, we have measured the wp-values in planes of
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Figure 4. (a) Plot of resonance-based spring constant determinations k.., versus those measured by AFM g (filled circles). The solid line
(constrained to pass through the origin) is the best fit to the points. The horizontal error bars denote the standard deviation of the mean
associated with the kg determinations; the vertical error bars, which are nearly too small to see, denote the propagated uncertainty in
measuring « and L. Inset: distributions of the spring constants of fibers grown at 10.0 kHz to a length of 23.8 £+ 0.8 pm (unfilled vertical
bars) and at 20.0 kHz to a length of 23.4 & 1.9 pm (filled vertical bars). (b) Plot of the fundamental resonance frequencies of PEDOT fibers
wp,p against those measured when the fibers were axially rotated by 90° wp gp. The solid line through the data points (filled circles) has a
slope of unity. Inset: plot of ay for single fibers that were shortened (by breaking their tips) three times versus the inverse square of their
lengths 1/L%. The solid line is a best fit through the data points. The four data-sets (circles, squares, unfilled circles, and unfilled squares)
correspond to four different fibers.

Figure 5. A series of optical micrographs of a cantilevered PEDOT fiber (a) in its neutral position after contact initiation by the pseudopod;
(b)—(d) while being deflected upwards by the cell at times 0 s, 22 s, 68 s, 98 5, and 100 s respectively: and (f) at time 118 s when the fiber is
back in its neutral position after release by the cell. A video of this event shown at ~6 the actual rate is available online (AVI type, file size
677 KB, at stacks.iop.org/Nano/23/455105/mmedia). The scale bar in panel (a) denotes 15 pm.

bending that differ by 90° axial rotation. These resonance An apical pseudopod adheres to the cantilever in panel (a),
frequency values are denoted wqp and wqgg. Figure 4(b) deflects it by exerting a pulling force on it in panels (b)—(d),
plots the measured wygp-value against the corresponding and releases it in panel (e). A video of this event, shown at
wyq p-value for 14 different fibers. These data are well fitted by ~6x the actual rate, is available as supporting information
a line of unit slope, indicating that the wo,0- and wp go-values  (available at stacks.iop.org/Nano/23/455105/mmedia). These
for a given fiber are equal. Another concemn is that the fibers images depict an apical pseudopod—cantilever deflection
grow unevenly such that their tips have different average event, where the cantilever represents a secondary substrate.
thicknesses from their bases. The inset to figure 4(b) plots wg  The measured deflection dg(L) of the fiber is extracted from
for single fibers that were shortened (by breaking off their tips)  these images by finding the distance between the tips of the
three times versus the inverse square of their lengths 1/L%. The  deflected and undeflected fibers. (Drift of the microscope
different symbols represent the data-sets for the four fibers stage occurred at a rate of 0.09 um min~' and, therefore, does
that were examined in this manner. These data lie along a not compromise the §p(L) determinations.) The shape of the
single line, as indicated by the best fit (solid line). pseudopod evolves throughout this event.

Figures 5(a)—(f) constitute a series of side-view images Figure 6(a) shows the fiber-end deflection values 8p(L)
of a D. discoideum cell migrating on the vertical sidewall. (unfilled circles) corresponding to the apical pseudopod

N
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Figure 6. (a) Apical pseudopod induced deflection (unfilled circles) and force (filled circles) measured during the event depicted in
figure 5. The error bars reflect the propagated uncertainties of §p and k.. (b) Distribution of the terminal forces obtained from 41
pseudopod—fiber deflection events. (c) Distribution of contact durations obtained from the same set of 41 events.

deflection event of figures 5(a)~(f). This fiber—wire 25 in
table 1—was found to have a spring constant kes of 3.5 £
0.3 nN pum~'. Conversion of the dp-values to forces f via
Hooke's law (f = k) yields the filled circles in figure 6(a).
These data show that f reaches 8.5 nN without breaking
contact. A total of 41 apical pseudopod-fiber deflection
events were observed in this study. Figure 6(b) depicts the
distribution of the terminal forces for these events. Terminal
Jforce refers to the force applied to the fiber the instant before
it recoiled to its neutral position. The average terminal force
was 3.1 & 2.7 nN. Figure 6(c) depicts the distribution of the
durations of these events. The average contact duration was
23.4+£18.5s.

4. Discussion

This study presents methodology for fabricating cantilevered
cellular force sensors composed of PEDOT fibers grown
from maneuverable substrates. The diameter and length of
a fiber are user controlled during the growth process and,
consequently, the spring constants of the fibers may be
controlled across reasonably narrow ranges as shown in the
inset to figure 4(a). These force sensors are calibrated either
by measuring the fibers’ spring constants directly via AFM
or, more conveniently, by finding their resonance frequencies
for transverse vibration. The near-unit slope of figure 4(a)
implies that the resonance frequency calibration method
(i.e. equation (2)), though approximate, is sufficiently accurate
to forgo the more laborious AFM method. In applying (2)
to the PEDOT fibers, we assume that the fiber bends like
a hypothetical uniform fiber having a particular radius and
vibrates like a uniform fiber of the same radius. However, the
PEDOT fibers are radially non-uniform (inset of figure 1(c)).
For structurally non-uniform cantilevers, this assumption is
not strictly true. The spring constant and the resonance
frequencies of a cantilever are derived from different forms
of Newton's second law: for the former, there is no net
torque on the fiber; for the latter the net torque varies
periodically with time. Hence, it is somewhat fortuitous
that the resonance-based spring constant determinations were
found to be accurate (figure 4(a)). The theoretical analysis
required to quantify the limits of this approximation lies
beyond the scope of this work.

Because the fibers are radially non-uniform and
somewhat axially asymmetric, concern over the anisotropy
of their spring constants arises. Figure 4(b) shows that the

resonance frequency values in planes of bending that differ
by 90° of axial rotation are essentially equal for a given
fiber. Because wy predicts kg to a reasonable degree of
accuracy (discussed abowve), this finding implies that the
spring constants in orthogonal bending planes are essentially
the same: thus, we do not observe a significant degree of
bending anisotropy. A related concern is that the fibers grow
unevenly, causing their foremost tips to have different average
radii from their bases. A radially uniform fiber has a resonance
frequency of wp = ].TSpr—lrL_z. Hence, the inset to
figure 4(b) shows that the PEDOT fibers resonate like radially
uniform fibers, as shortening the fibers does not change the
slope (1.75+y/Ep~—'r) of their wg versus L2 plots. These data
also provide further confirmation that fibers grown under the
same controlled conditions have similar structures, as each of
the four datasets shown in this plot has the same slope. Hence,
the findings presented in figures 4(a) and (b) justify calibrating
these fibers via the comparatively straightforward resonance
method.

Typical lengths of the PEDOT fibers are ~20 pem, which
provides sufficient reach to cleanly interface the tip of a
fiber with a sub-cellular target on a cell without forming
unintentional secondary contacts to the cell. To demonstrate
this capability, we have resolved the dynamical forces that
arise at individual adhesive contacts between the tips of
apical pseudopods and the PEDOT cantilevers. Most prior
work on pseudopod dynamics has regarded motility on
planar substrates such as Petri dishes and microscope slides.
However, apical pseudopod dynamics are required of D.
discoiderm in nature where the local topography of forest
floors—crevices and debris—necessitates off-plane motion
of a cell as it transfers from one surface to another. By
employing the dynamical force sensors, the present study
found the average terminal force exerted during the apical
pseudopod—secondary substrate adhesive contacts to be 3.1 £
2.7 nN and the average duration of these contacts to be
23.4 £+ 18.5 s. This period compares well to the 19.4 £ 8.2 s
lifetimes of the adhesive contacts made by actin foci to basal
substrates [41], suggesting that the adhesive structures at
the apical pseudopod tips may be actin foci. However, no
external forces were applied to the actin foci in this prior study
(although internal forces could have been present) [41]. This
detail is significant because the application of a force against
a bond accelerates the dissociation rate of the bond [42].
Hence, when a pulling force is applied against an actin focus,
it is expected to decay more rapidly than the 19.4 s average
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lifetime in the unforced case. On the other hand. apical
contacts can survive for 23.4 s under few nanonewton external
forces (figures 6(a) and (b)). This comparative robustness
is expected to increase the probability that apical contacts
survive while the pre-existing basal contacts (actin foci)
decay, as required for inter-substrate (basal-to-apical) transfer.
Further investigation into this mechanism will be undertaken
in a future study.

5. Conclusion

This study has presented an innovative methodology for
the electrochemical fabrication of cellular force sensors
composed of cantilevered PEDOT fibers. Calibration of
the force sensors is straightforward via measurement of
the transverse resonance frequencies of the fibers. By
employing these fibers to characterize the dynamics of apical
pseudopod—substrate adhesive contacts of D. discoideum
cells, we have shown that these cantilevers are effective,
high aspect ratio cellular force probes that may be positioned
independently around the cell and can interface with
sub-micron targets without forming unintentional secondary
contacts to the cell. These capabilities will permit further
statistical characterization of the durations and magnitudes
of the forces exerted at individual apical and lateral
pseudopod—substrate contacts, as a means of elucidating
the physical basis of pseudopod-substrate adhesion. We
also note that the dimensions and maneuverability of the
PEDOT force probes will likely permit characterization of
the dynamics at other interesting adhesive entities such as the
setae and spatulae of gecko feet [43] and the micro-bristles
of beetle tarsi [44], which have dimensions comparable to D.
discoideum pseudopods.
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The present work extends the directed electrochemical nanowire assembly (DENA) methodology, which
is a technique for growing single crystalline metallic nanowires and nano-dendrites from simple salt
solutions, to enable the complete dissolution of the metallic dendrites following their growth. The
experimental parameters that control this process are the frequency and the duty cycle of the
alternating voltage signal that initiates electrochemical dendritic growth. Cyclic voltammetric and
Raman measurements imply that the reconfiguration of dendritic gold occurs by way of the same
interfacial reduction and oxidation mechanisms as bulk gold. We present a model that illustrates how
the experimental parameters (frequency and duty cycle) induce reconfiguration by controlling the
rates at which reduction, oxidation, and Au"'Cly diffusion take place. This capability is significant
because in making dendritic solidification a reconfigurable process, we have established an innovative
means of applying fully reconfigurable metallic nano-structures to substrates; in turn, this capability
could potentially enable the smart modulation of the adhesive, anti-corrosive, or optical properties of
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Introduction

A large number of materials that are capable of high dynamic
range structural reconfiguration have been developed in the past
few years.' Materials with this capability could potentially be used
to confer hydrophobic, lipophobic, and anti-corrosive character
to substrates in a regenerative manner. Structural reconfiguration
is also important for man-made smart materials that adapt
advantageously to environmental changes. Cuttlefish-skin* and
photosynthetic corals® are naturally occurring, oft-cited examples
of such materials. As such, reconfigurability-by-design is an
important strategy in modern materials science.

The synthesis of specialized building blocks is a widely used
strategy for developing reconfigurable materials. Regan and
co-workers have synthesized modular peptides that assemble in
solution into smart gels. These gels, having pore-sizes sufficient
to trap 26 kDa proteins, undergo complete, salinity-dependent
dissolution (ie. cargo-release) and reformation.' Pine and
co-workers have designed quasi-monopolar magnets that self-
assemble into aggregates with reproducible configurations.
These assemblies can be fully disassembled or re-assembled by
controlling the external magnetic field or the salinity of the
surrounding solution.” The basic strategy of these approaches is
to produce a specialized building block that switches its char-
acter in response to a changing external field, inducing recon-
figuration of the assemblies. However, in naturally occurring

Kansas State University, Department of Physics, Manhattan, KS 66506-2601, USA.
E-mail: bret. flanders@phys. ksu.edu; Tel: +1 785 532-1614
t Electronic  supplementary (EST)
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environments such as oceans or rivers, one would not attempt
to concentrate the waters with synthetic building blocks.
Instead, it would be advantageous to control the assembly and
disassembly processes of more generic building blocks, such as
the components of the salts that are already extant. One could
then envision producing nanostructured coatings on the
surfaces of, say, underwater metrological apparatus in order to
provide corrosion, reflectivity, or adhesion control that could be
regenerated as needed.®™

As a step towards this end, the present work extends the
directed electrochemical nanowire assembly (DENA) method-
ology’ to enable the on-command growth and dissolution of
arrays of metallic dendrites on conducting surfaces that are
immersed in salty solutions. DENA is a type of dendritic solid-
ification,'*"" a widely occurring process that produces crystals
having the distinctive dendritic shape observed at the hexagonal
points of snowflakes.”® In general, dendritic solidification
occurs when the growth rate of a crystal is limited by the
diffusion of the building blocks, usually atoms or molecules,
through a bulk medium to the solidification front."™"" Spatio-
temporal fluctuations in building block deposition rate create
sharp protrusions on the solidification front. With further
growth, the Mullins-Sekerka instability tends to enhance the
growth rate and reduce the tip-radius, while the Gibbs-Thom-
son effect tends to retard the growth rate and fatten the tip."*
The result is a dendrite that grows steadily with a fixed tip size.*
Growth is in the direction of maximum surface tension; side-
branches, induced by fluctuations in the deposition rate, grow
in crystallographic directions that are commensurate with the
main branch.”*" In addition to bulk diffusion, DENA™™* also
depends on the electrochemical oxidation and reduction of

Nanoscale, 2014, 6, 833-841 | B33
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metal atoms at the crystal-solution interface. Therefore, in order
to understand how the dendritic reconfiguration process
occurs, both the interfacial chemical steps and the bulk diffu-
sive process must be taken into account.

We focus on gold dendrites in this study because the elec-
trochemistry of bulk gold is well-characterized.* The chemical
steps underlying the dissolution of gold in chloride-rich,
aqueous solutions are shown in reaction scheme (1):*

Au’(s) + CI” © Au'Clyg +e (1a)
xAU'Clyg + 3xC1 < xAu"'Cly (aq.) + 2xe (1b)
(1 — )AU'Clyg + (1 — X)CI” < (1 — MAU'CL ™ (aq)  (1c)

where the superscripts denote the oxidation states of Au, and x
is the fraction of Au' moiety that is oxidized to Au"'Cl,".
Essentially, this mechanism says that the electro-dissolution of
bulk gold occurs when an Au’ atom from the solid matrix
coordinates with a Cl™ atom from the solution to form the
adsorbate Au'Clay. The solid Au” atom is oxidized to Au' in this
step [1(a]]. Subsequent chloride binding and oxidation yields
the dissolved products Au''Cl,™ (aq.) [1(b)] and Au'Cl, ™ (ag.)
[1(c)]. The chemical steps underlying the deposition of Au'” are
shown in reaction scheme (2) as follows:*

Au'ClL (ag) + 3¢« Au’ + 401 (2a)

Au'Cly™ (ag) + e < Au” + 2C1 (2b)

These reactions imply that the electro-deposition of gold
occurs when a solvated Au"'Cl,~ species [2(a)] or Au'Cl ™ species
[2(b)] arrives at the electrode which then reduces the Au'" or Au'
moieties to Au®.

Akey question regards the extent to which these processes that
occur with bulk gold under DC biases accurately describe the
interfacial chemistry of dendritic gold under the AC voltages that
the DENA method employs. This information allows us to take the
next step of developing a theoretical model for how these inter-
facial chemical mechanisms act in conjunction with the diffusion
of Au'Cl,~ through the bulk solution to enable dendritic recon-
figuration. This theory indicates that our methodology functions
by attaining independent control over the joining and leaving
rates of atoms to the crystal, thus providing a basis for applying
fully reconfigurable metallic nano-structures to substrates.
Because this methodology relies on the aqueous electrochemistry
of simple salts—not just gold chloride—this approach could
potentially be applied in oceanic environments. As such, it has the
potential to provide sustainable routes to coatings for corrosion,
reflectivity, and adhesion control at immersed surfaces.

Experimental design

Fig. 1(a) depicts the set-up for controlling the dendritic growth
of gold via the DENA technique. This method, which produces
individual nanowires and nano-dendrites by electrochemical
dendritic solidification, is described elsewhere.®*' The set-up
consists of an electrode pair immersed in aqueous HAuCl,
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Fig. 1 (a) Schematic depicting the side-view of the experimental set-up
for the growth of gold dendrites. FG designates a function generator that
is controlled by a personal computer PC via Labview. Inset: SEM image of
a gold dendrite. Scale bar = 2 pm. (b} Raman spectrum of 20.0 mM
HAUCL solution. Inset: structure of Au"CL,~ ions. (c) Schematic depicting
the 3-electrode set-up used to measure cyclic voltammograms of gold
dendrites. WE, RE, and CE designate the working electrode, reference
electrode, and counter electrode, respectively.

solution. The counter-electrode (CE) is composed of platinum
wire (Kurt J. Lesker, 0.5 mm diameter). The working electrode
(WE), which has a sharper tip, is composed of a piece of tung-
sten filament, the tip of which is electro-etched to a ~1 um
radius-of-curvature.**** The tungsten filament (SmallParts, 0.2
mm diameter) is mounted in a 3D stage and positioned ~1 um
above a microscope slide that is mounted on an inverted
microscope (Leica, IRB). The inter-electrode spacing is adjusted
to ~30 pm. A 20 pl aliquot of solution composed of de-ionized
(18 MQ) water and 20.0 mM HAuCl, (Sigma Aldrich) is
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deposited across the inter-electrode gap. Fig. 1(b) shows the
Raman spectrum of this solution. The features at 173 cm ', 324
cem ' and 343 em ! agree well with the known B, (bend), By,
(asymmetric stretch), and A, (symmetric stretch) vibrational
modes of Au™'Cl, (ag.), respectively,® implying that gold exists
predominantly as Au™Cl,” in the bulk solution. A function
generator (Hewlett Packard, 8116A) was used to apply a square
wave voltage signal (4.0 V, 20.0 MHz) to the working electrode
while grounding the counter-electrode to induce growth of the
dendrite at the sharper working electrode. Growth ocecurs within
a range of frequencies, from 10.0 MHz to 50.0 MHz a typical
gold dendrite is shown in the scanning electron micrograph in
the inset of Fig. 1(a). The individual branches, which are
thought to originate at random sites along sides of a dendrite
due to fluctuations in the diffusion-limited AuCl,  deposition
rate,' have ~60 nm diameters and ~60° branching angles. We
have shown elsewhere that the electron diffraction patterns
collected from such dendrites quantitatively match the known
diffraction patterns of bulk gold, indicating that these dendrites
are composed of gold.*® The applied potential serves to select
the growth direction in the lab frame by controlling the direc-
tion of AuCl, ™ flux from solution.>” The crystallographic growth
axis, however, is intrinsic to the crystal (i.e. in the direction of
maximum surface tension).

Fig. 1(c) is a schematic depicting the 3-electrode arrangement
that we employed to measure cyelic voltammagrams of individual
gold dendrites and also of bulk gold samples. After growing a
dendrite from the tip of the working electrode, the HAuCl,
solution was gently withdrawn and replaced with 0.1 M KCIL. The
working electrode was pulled out of the solution via a trans-
lational stage until only the dendrite remained in the solution;
hence, the dendrite alone served as the working electrode. This
arrangement ensures that only the electrochemistry of the gold
dendrite and not that of the tungsten electrode will contribute to
the cyclic voltammagram. Care must be taken that the air-water
surface tension does not separate the dendrite from its substrate.
To attain an AV profile, a voltage supply steps the potential
difference AV of the working electrode forward by 25.0 mV rela-
tive to an Ag/AgCl reference electrode ata rate of 25.0 mV s~ ', AV
is maintained potentiostatically via a Pt counter<lectrode during
each 1.0 s increment. The design of the homebuilt potentiostat is
described elsewhere In a typical eyclic scan, the cross-cell
current [ that flows into the working-electrode was recorded by
stepping AV forward in time from 0.0 V to 0.9 V and then back to
0.0 V. In plotting the current, we use the [UPAC convention that a
positive (negative] current corresponds to negative (positive)
charge flowing into (out of] the working electrode. The plot of /
versus AV constitutes a cyclic voltammagram. To measure cyclic
voltammagrams of bulk gold samples, the same set-up was used
except that a segment of 0.5 mm diameter gold wire (Kurt J.
Lesker, 99.99% pure) was substituted for the dendrite.

Full reconfiguration of the dendrite (ie. growth followed by
dissolution) is induced by variation of either the frequency or the
duty cycle of the voltage signal. When the frequency fof the voltage
signal is used to induce reconfiguration, the amplitude is held
constant (usually at 4.0 V), the duty cycle is fixed at 50.0%, and the
frequency is lowered from a high value of greater than 9.0 MHz to

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a)-(p) Optical images showing growth and dissolution of gold
dendrites by twice cycling the frequency of voltage signal (4.0 V
amplitude, 50% duty cycle) between 34.0 MHz and 1.0 MHz. Scale
bar = 50 um. Panels (a}-(d) and (i}-(l) designate the growth stages.
Panels (e)-(h) and (m)-(p) designate the dissolution stages. (q) Sche-
matic depicting the square-wave signal used to grow (solid line) and
dissolve (dashed line) the dendrites.

alow value of less than 3.0 MHz. An example of frequency-induced
dendritic reconfiguration is depicted in Fig. 2. When the duty cycle
is used to induce reconfiguration, both the amplitude and the
frequency of the voltage signal are held constant. A duty cycle of n
means that the duration of the positive half cycle of the voltage
signal is n % of its period f'. By increasing the duty cycle from
less than 50.0% to greater than 50.0%, reconfiguration (Z.e. growth
followed by dissolution) is induced.

ARaman microscope (iHR550 Horriba-Jobin Yvon spectrometer
fiber coupled to a BX-41 Olympus upright microscope) was used to
interrogate single gold dendrites immersed in 0.1 M KCl aqueous
solution. The microscope was equipped with a 0.8 NA 50 objec-
tive and a 633.2 nm HeNe laser (Melles Griot), providing a
diffraction-limited laser spot size of ~970 nm. To interrogate a
dendrite during electrochemical growth or dissolution, the
dendrite-laden tungsten filament and a platinum counter-electrode
were mounted on the stage of the Raman microscope and
immersed in a drop of the KCI solution. An alternating voltage
signal was applied to the dendrite, which served as the working
electrode in this cell. The platinum electrode, which was grounded,
served as the counter-electrode in this cell.

Theory

To describe how both the interfacial and bulk diffusive sub-
processes participate in the dendritic reconfiguration process,
we propose the following theoretical model. We assume that

Nanoscale, 2014, 6, 833-841 | 835
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reaction schemes (1) and (2) correctly describe the interfacial
reduction and oxidation processes that occur when the alter-
nating voltage signal reconfigures a dendritic crystal. This
assumption will be verified below. To begin, we model the
diffusion of Au™Cl,” ions (which are the main source of gold
that will crystallize) through the bulk solution to the crystal-
solution interface. For simplicity, we regard the crystal-solution
interface as flat and of constant area A with the gold concen-
tration varying only in the x-direction. Dendritic growth is a
diffusion-limited process. The diffusive flux j, of Au™'Cl,
toward the interface is:

Jolx, ) = —DVe(x, 1) (1)
where D is the Au"'Cl,~ diffusion coefficient and (x, ¢) is the
Au"Cl,” concentration at position x in the solution and at time ¢.

In the DENA process, an alternating square wave voltage is
applied to solidification front. During each positive half cycle, the
concentration of metallic ions in solution evolves in time near the
solidification front as governed by the diffusion equation and
shown elsewhere.® We forego explicit solution of the time
dependent diffusion equation here and, for simplicity, approxi-
mate the concentration profiles during a positive half cycle with
the bi-linear functions shown in Fig. 3(a). During a positive half
eycle, Au''Cl,~ diffuses to the solidification front, giving rise to a
depletion zone in the bulk. Essentially, the profiles flatten as time
increases and the solution near the interface becomes more
heavily depleted of Au'"Cl,”. These profiles in Fig. 3(a) imply
concentration gradients near the interface of the form:

Ac
Ax(1)
Ac

V2Dt

where Ac = ¢y — ¢in( [see Fig. 3(a)]. In the second equality, Ax was
equated to the diffusive root mean square displacement.”

When the electrode is positively biased, it is hard for the Au™
in the ions to be reduced, so the approaching ions build up Stern
and Helmholtz layers adjacent to the electrode. Fig. 3(b) sketches
this effect where only the Stern layer is shown, for clarity. Let Ng
be the number of Au™Cl,” that join the Stem layer via diffusion
from the solution during the positive half cycle:

Vel(x, t)=
(2)

Ns= J Jol(x,1)Adt
o
= AAcy/2D1

where 7 is the duration of a positive half cycle, and eqn (1) and
(2) were used to arrive at the second equality.

The positive electrode is able to oxidize Au'® atoms in the
crystal in accordance with reaction scheme (1). As sketched in
Fig. 3(b), these gold chloride ions also join the Stem and Helm-
holtz layers near the interface. We take the oxidative flux j, of
Au'Cl, to the interfacial Stern layer to be essentially constant
during the positive half cycle, as this flux should not depend
(much) on the Au'Cl,” concentration in solution (which does
change during this period)** Therefore, the number N¢ of Au”
that were oxidized during the positive half eycle is simply:

(3)

836 | Nanoscale, 2014, 6, 833-841

122

View Article Online

Paper
c(x,t) 4 i4— Stern layer (a)
Col o >
Lo ——1=20ns
e T =100 ns
Cint ----1=1500ns
=
+| N (b)
N cl Solution
L Cl)EE(C' CI)E(CI
= al cl as a
S C])§(CI N,
Cl)é(CI ‘/\
c,
a’ia H
) a’ a
N, =N¢+ Ng
| PN a, ()
/\ cr Solution
C . ca, a
“ o Cl)E(CI
F =
% o /—; CI)E(CI
o a’ a
‘/\ c,
cl,
=y
Stern
layer

Fig. 3 (a) Concentration profiles of metallic ions in solution near the
crystalline interface after increasing periods of positive bias. [b)
Schematic of the spatial distribution of Au"'Cls~ ions during a positive
half cycle. {c) Schematic of the distribution of Au"'CL,~ ions during the
subsequent negative half cycle.

Ne = jodt (@)

Using eqn (3) and (4), the total number of ions N, that join
the Stern Layer during a positive half cycle of duration  is given
by the sum of Ng and N¢:

N, = AAcV2Dt + joAr. (5)

This joumal is @ The Royal Society of Chemistry 2014
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Immediately after the voltage switches negative [see Fig. 3(c]],
these N, gold chloride ions [Au"™Cl,") still occupy the Stern
layer, but have probability Py of being reduced from Au™ to Au”
via reaction scheme (2). Py is significant when the electrode is
negative, while the oxidation probability is greatly diminished.
The number of Au™ that are reduced during this step is PN, .
When 7 is adjusted to the critical value 7 at which PgN, equals
JoAtc, the number of Au® that were oxidized during the positive
half cycle, the system is in a steady state—there is neither
crystallization nor dissolution:

Py ( Vv 2DtcAc +f0T(') =jotc

This condition implies an inherent time-scale 1. for the
positive half ecycle duration that demarcates the growth and
dissolution modes:

(6)

PR
(1—Pp)’

_ 2DAS

Tce =——3
Jo

()

The frequency fof the alternating voltage signal (assuming a
50% duty cyele) is (27) %, so the predicted critical frequency f:
above which growth occurs is

(1-Pe)

o’
f( PR]

"~ 4DAC

(8)

Below this value, dissolution is predicted to occur whereas for
frequencies larger than fc, crystallization is expected.

Results

The complete structural reconfiguration of a small number of
gold dendrites positioned at the tip of a sharp tungsten filament
is illustrated in Fig. 2(a)-(p). This series of images was collected
during a continuous 123 s period when the frequency of the
voltage-signal was cycled (two times) between 34.0 MHz and
1.0 MHz. The amplitude and duty cycle were fixed at 4.0 V and
50%, respectively. The 34.0 MHz signal was initiated at t = 0 s.
Panels (a)-(d) depict the growth of a gold dendrite over the next
44 s. At t = 45 s, the frequency was abruptly reduced to 1.0 MHz.
Panels (e)-(h) depict the dissolution of the gold dendrite over the
subsequent 8 s. Panels (i)-(p) illustrate the next growth-
dissolution cycle. A real-time movie of this event showing 7
growth-dissolution cycles is available online, and we have
observed 87 continuous growth-dissolution cycles by using a
Labview control-program to cycle the function generator
between high and low frequencies (not shown). This process
can be automated and repeated a significant number of times.
Fig. 2(q) depicts the square-wave voltage functions used to grow
(solid) and dissolve (dashed) the dendrites. Essentially, the
growth of gold dendrites is induced by voltage signals of
frequency >10.0 MHz; dissolution is induced by voltage signals
of frequency <3.0 MHz. Neither behavior is observed for
frequencies between 3.0 MHz and 10.0 MHz.

Fig. 4(a) depicts a cyclic voltammagram of a bulk gold sample.
As the potential of the bulk gold working electrode AV is stepped
in the positive direction, the current / into the working electrode
grows slightly positive (consistent with electrons flowing into the
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working electrode) and increases in magnitude with a small slope
until AV ~ 0.80 V. Beyond this point, the current magnitude
increases rapidly in the positive direction as AV is stepped further
towards 0.90 V. As established elsewhere,*® this positive current
corresponds to the dissolution of solid Au'® as it is oxidized to
Au'Cl,” (ag.) and Au'Cl, ™ (aq.). As AV is scanned in the reverse
direction, the magnitude of 7 drops rapidly and flattens out such
that little current is measured between 0.8 V and 0.6 V. At ~0.6 V,
a negative current becomes evident, peaking at 0.55 V. This
negative current corresponds to the deposition of Au on the
working electrode as Au™Cl,” (aq.) and pessibly also Au'Cl,
(ag.) are reduced to Au'®.

Fig. 4(b) depicts a representative cyclic voltammagram of the
gold dendrites shown in the inset. The voltammagram of the
dendrite exhibits a forward scan showing a positive current at
AV ~ 0.75 V that rapidly increases with further voltage-increase;
furthermore, this voltammagram exhibits a reverse scan
showing a negative current peak at 0.53 V. The voltammagram
of bulk gold in Fig. 4(a) shows these same features. This level of
agreement implies that dendritic gold undergoes the same
redox chemistry under DC voltages as bulk gold. That is, the

(a)

L
0.4
Fig. 4 (a) Cyclic voltammagrams obtained in 0.1 M KCl with a bulk
gold working electrode. (b) Cyclic voltammagrams obtained in 01 M
KCl with & dendritic gold working electrode. Scan rate = 25 mV s
Inset: optical image of a gold dendrite. Scale bar = 30 um (sign

convention: a positive (negative) current corresponds to negative
[positive) charge flowing into (out of) the working electrode).

0.6

0.8

0.0 0.2
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positive current at voltages above 0.80 V corresponds to the
dissolution of Au from the working electrode (i.e. the dendrite),
as summarized by reaction scheme (1); the negative feature at
0.53 V corresponds to the deposition of gold onto the working
electrode via the reduction of Au™Cl,” (ag.) and possibly
Au'Cl,” (aq.) ions, as summarized by reaction scheme (2).

It is possible that the redox-chemistry of gold differs when it is
induced by MHz-level voltage signals instead of DC voltage
signals. Hence, we have employed a Raman microscope to
interrogate the surface of single gold dendrites while they are
dissolving under alternating voltages. Fig. 5(a) shows Raman
spectra that were collected from a ~0.80 um” region of a gold
dendrite that was immersed in 0.1 M KCl solution. When no
voltage was applied to the dendrite, a featureless spectrum was
obtained (solid line). However, the application of a dissolution-
inducing 500 kHz voltage-signal (4.0 V amplitude, 50% duty cycle)
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Fig. 5 (a) Raman spectrum from the surface of gold dendrite in KCI
solution with the application of no voltage (solid line), 4.0 V, 500 kHz
signal (dotted line), and 6.0 V, 500 kHz signal (dashed line). (b) Raman
spectrum of 0.1 M KCl solution while dissolving bulk gold by a 4.0 V,
500 kHz signal (solid line); Raman spectrum of 0.1 M KCl solution with
application of no voltage to the bulk gold (dotted line); Raman spec-
trum of gold-chloride complexes obtained from the surface of residue
that was formed by evaporating the post-dissolution solution (dashed
line); and for comparison, a Raman spectrum of 20.0 mM HAuCl,
solution (dot-dot-dashed line).
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yielded the spectrum with a single peak at 235 cm ™' (dotted line).
A voltage-signal having a larger, 6.0 V amplitude (but the same
frequency and duty cycle) yielded the spectrum with a single peak
at 250 em ' (dashed line); hence, the larger substrate bias
induces a 15 em ™' blue-shift of this spectral feature. It is known
that the vibrational mode of the adsorbed species AuCly is
located between 230 cm ' and 265 em™ ' and that it blue-shifts
with increasing positive substrate bias.** This effect occurs
because the applied voltage stiffens the Au-Cl bond that forms
when a chloride atom binds to a surface gold atom. Substrate bias
will not affect a randomly oriented AuCl moiety in solution. This
information indicates that the 235-250 cm™ ' feature corresponds
to the surface-enhanced Raman detection of AuCl,, and that the
alternating voltage causes the formation AuCl,g4 on dendritic gold
in accordance with step [1(a)] of the bulk dissolution mechanism.

Fig. 5(b) shows Raman spectra that were collected while the
microscope was focused ~10 pum to the side of a bulk gold
sample. The surrounding solution was 0.1 M KCI, which initially
contained no detectable level of Au™'Cl,”. When no voltage was
applied to the gold, a featureless spectrum was obtained (dotted
profile). However, when a 500 kHz voltage-signal (4.0 V ampli-
tude, 50% duty cycle) was applied, a spectrum with weak shoulder
at 173 £ 10 cm ' and peaks at 324 £ 5cm” ' and 343 £ 5 cm !
was collected (solid profile). These features agree well with the B,
(bend), B,y (asymmetric stretch), and A, (symmetric stretch)
vibrational modes of Au™'Cl,~ (aq .), respectively, whose spectrum
is shown in Fig. 1(b). The solid profile closely resembles this
spectrum. This finding implies that the application of the
500 kHz voltage signal to the gold sample produces Au™'Cl,~ (aq.)
in the region surrounding the sample. Hence, the alternating
voltage dissolves gold in accordance with step [1(c)] of the
established dissolution mechanism. Attempts to observe
Au™cl,” (aq.) near dissolving nano-dendrites were not success-
ful, most likely due to the much smaller quantity of Au'"Cl,” that
dendritic samples produce relative to bulk samples.

[ o
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Fig. 6 Optical micrographs showing growth and dissolution of gold
dendrites by cycling the duty cycle of the voltage signal 4.0V, 6.0
MHz) between 47% and 53%. Panels (a)-(d) depict the dissolution of
dendrites at right electrode (biased electrode) as induced by 53% duty
cycle. Panels (e)-(h) depict the growth of dendrites at right electrode
as induced by the 47% duty cycle. Scale bar = 40 pm.
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The duty cycle of the voltage signal was also found to provide
control over the reconfiguration process. Fig. 6(a)-(h) depict one
growth-dissolution cycle of this behavior as induced by
switching the duty cycle of the voltage signal (4.0 V, 6.0 MHz)
from 47% to 53% once during the 288 s observation period. A 6.0
MHz signal was chosen because neither growth nor dissolution is
observed when a 6.0 MHz signal with a 50.0% duty cycle is used,
allowing any deviation from null behavior to be attributed to the
duty cycle. The 53.0% signal was applied to the right electrode at
t = 0 s. Panels (a)-(d) depict the dissolution of the gold dendrites
on that electrode over the next 153 5. At ¢ = 154 s, the duty cycle at
the right electrode was abruptly reduced to 47.0%. Panels (e)-(h)
depict the growth of gold dendrites at the right electrode over the
subsequent 134 s. Because the duty cycle at the left electrode is
the complement of that at the right electrode, growth (dissolu-
tion) at the left electrode occurs simultaneously with dissolution
(growth) at the right electrode. A real-time movie of this event
showing two growth-dissolution cycles is available online.
Fig. 6(i) depicts the square-wave voltage functions used to grow
(solid) and dissolve (dashed) the dendrites.

Fig. 7(a) shows a series of duty-cycle dependent Raman
spectra that were collected while the microscope was focused on
the interface between a bulk gold wire and a 0.1 M KCl solution.
The spectrum collected shortly (~5 s) after applying a 45%
voltage signal (500 kHz voltage, 4.0 V amplitude) to the working
electrode is featureless (black curve). There is little change on
stepping the duty cycle up to 50% (cyan). However, a peak
centered at 265 cm™ ' appears when the duty cycle is increased to
55% (pink profile). As discussed above, this feature likely denotes
the adsorbate AuCl,y. Also apparent are weak shoulders at
173 em™ ', 324 cm™ ' and 345 cm ™! that denote Au™Cl,” (aq.). As
the duty cycle is increased further to 60%, 65% and 70%, the
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Fig.7 Raman spectra from gold surface in 0.1 M KCl solutionat 4.0V,
500 kHz amplitude square signal with 45% duty cycle (black), 50% duty
cycle (cyan), 55% duty cycle (pink), 60% duty cycle (blue), 65% duty
cycle (red), and 70% duty cycle {(green). Inset. Raman spectrum of
residual solution (dark green) obtained after the duty cycle experiment
of 5(a). Indeed, the set of peaks at 173 cm ™, 324 cm™tand 345cm ™
indicate the presence of AuCls™.
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Fig. 8 Optical micrographs showing growth and dissolution (two
cycles) of 1D array of gold dendrites on lithographic substrates that
were obtained by twice cycling the frequency between 34.0 MHz and
14 MHz. Scale bar = 20 pm. Panels (a)-(d) and (h)—(k) depict the
growth stage and panels (e)-(g) and (l}-(n) depict the dissolution stage
of the dendrites.

AuCly feature at 265 cm ' diminishes in intensity while the
Au'"Cl,” peaks (at 173 em ™', 324 cm™ ' and 345 em ') increase in
intensity. These trends suggests that increasing the duty cycle
induces the dissolution of solid gold by first reducing Au” to the
intermediate Au'Clag, in accordance with step [1(a)] of reaction
scheme (1). Further increase in the duty cycle causes the gold
atom in this species to be reduced to the solvated species
Au'Cl,” (aq.), in accordance with step [1(b)] of reaction scheme
(1). The spectrum in the inset was collected from the solution
after performing this study, at which point, the solution was
faintly yellow, consistent with the presence of Au™'Cl, ™~ (aq.).

1t is also possible to produce and reconfigure entire arrays of
dendrites that coat electrode surfaces. Fig. 8 is a series of images
depicting the simultaneous reconfiguration of a dozen roughly
evenly spaced dendrites that are positioned along a straight 1D
lithographic electrode. The horizontal field-of-view in each image
is 100 um. Panels (a)-(d) illustrate the growth of these dendrites
over a 12 s period, as induced by a voltage-signal (8.0 V, 34 MHz,
50% duty cycle) applied to the (lower) working electrode while
grounding the (upper) counter<lectrode. Panels (e)-(h) depict the
complete dissolution of these dendrites over the following 7 s, as
induced by reducing the frequency to 1.4 MHz. Panels (i)-(n)
illustrate the subsequent reconfiguration cycle. An online movie,
from which these snapshots were taken, illustrates 7 reconfigu-
ration cycles. While the shapes of the individual dendrites differ,
their growth and dissolution rates are essentially uniform: at a
given time (i.e. panel), the dendrites have common heights. This
1D forest of dendrites extends along the entire 0.225 mm length
of the immersed electrode (not shown).

Discussion

Causing dissolution of a crystal is the key step that makes
dendritic crystallization a reconfigurable process. This paper
shows that changes in the MHz-level frequencies of voltages
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that are applied to the dendrites induce their dissolution. To
better understand how this process occurs, we have character-
ized the redox chemistry of the crystal-solution interface during
dissolution. Close similarity between the cyclic voltammagrams of
bulk and dendritic gold [Fig. 4(a) and (b}, respectively] imply that
both materials grow and dissolve under DC voltages via the same
chemical steps [reaction schemes (1) and (2)]. To interrogate the
reconfiguration chemistry under alternating voltages, we have
employed Raman microscopy. These studies have established that
the adsorbate AuCl,y; forms on the dendrite-surface when <3.0
MHz voltage signals, which induce dissolution, are applied to the
dendrite [Fig. 5(a)]. This finding is in agreement with step [1(a)] of
the bulk dissolution mechanism [reaction scheme (1)]. We have
also observed a Raman signal indicating that Au"'Cl,™ (aq.) is
produced when this voltage is applied to the gold samples. This
finding is in accordance with step [1(c)] of the bulk dissolution
mechanism. Structural reconfiguration of dendritic gold is also
induced by changes in the duty cycle of the voltage-signals that are
applied to the dendrites. As discussed above, increasing
(decreasing) the duty cycle to values greater (less) than 50.0%
causes the dendrite to dissolve (grow) [Fig. 6(a)}-(h)]. Raman
analysis indicates that reaction scheme (1) accurately describes
how dissolution occurs when duty cycles >50.0% are applied
[Fig. 7). Taken together, these observations indicate that the same
dissolution mechanism that occurs under DC voltages (and which
is well understood) provides an accurate description of the
dissolution portion of the dendrite reconfiguration mechanism.

This analysis provides confidence that reaction schemes (1)
and (2) accurately describe the interfacial atom-joining and atom-
leaving processes that occurs during dendritic reconfiguration
and, thereby, validates our use of these reaction schemes in the
theoretical formulation presented above. This theory predicts a
critical frequency f; [eqn (8)] for the alternating voltage, above
which there is growth and below which there is dissolution. We
use the following values in eqn (8) in order to compute the critical
frequency. An estimate for the diffusivity D is calculated via
application of the Stokes-Einstein relation to an Au'Cl,~ ion of
radius @ ~ 4.5 x 10 '* m in aqueous solution of viscosity 1 x
107 kg m ™' 57" having thermal energy kg7 ~ 4.1 x 107" : D ~
kpT/(67tna) = 4.8 x 107" m s~ % if we assume that the interfacial
concentration of Au™Cl,” is ~%: the bulk concentration of 20
mM, then Ac ~ 10 mM = 0.5 x 10*® m *. An estimate for
oxidative fluxj is obtained through the observation that a typical
gold dendrite of number density p ~ 6 x 10** m ™ dissolves at a
rate of vp ~ 5 pum s~ ; thus jo ~ pvp = 3.0 x 102 m™? s7'. The
reduction probability during the negative half cycle (Px) must lie
between 0 and 1. Here, we assume a value of Py ~ 0.5. This
number seems reasonable as Py is expected to be significant due
to the availability of electrons on the negative dendrite (with
which to reduce Au"'Cl, "), but should not be as high as unity due
to electrostatic repulsion between the electrode and Au'™Cl, .
Substitution of these values into (8) yields f;. ~ 1.8 MHz. Experi-
mentally, we observe the critical frequency to be ~3.0 MHz, so
prediction and observation are in reasonable agreement. Quali-
tative agreement is all that should be expected of this theory,
given its approximate treatment of the diffusion equation.
Nevertheless, this approach addresses the effects of both the
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interfacial chemistry and the bulk diffusion of Au™Cl,” to illus-
trate how imbalance between the interfacial and diffusive rates
causes either growth or dissolution of dendritic crystals.

This theory also provides an explanation for why variation of
the duty cyele induces reconfiguration. Increasing the duty cycle
lengthens the duration that the dendrite is positively biased
relative to its duration of negative bias. According to the theory,
such a change will enhance the extent of dissolution during a
complete voltage cycle and reduce the extent of reduction (Le.
deposition); hence, dendrites are expected to dissolve under
duty cycles >50.0%, as observed. Conversely, reducing the duty
cycle shortens the duration that the dendrite is positively
biased. This change will retard the extent of dissolution during
a compete cycle and enhance the extent of deposition. Hence,
dendrites are expected to grow when the duty cycle is less than
50.0%, as observed.

As an extension of the basic reconfiguration-process that
individual dendrites exhibit, we have demonstrated the recon-
figuration of macroscopic arrays of dendrites. Fig. 8 illustrates
the on-command growth and dissolution of 1D forests of
dendrites that extend along the entire (0.25 mm) length of an
immersed electrode. In future work, we envision extending this
capability to produce regenerative 2D dendritic arrays.

Conclusions

This work presents an electrochemical method for inducing the
complete structural reconfiguration of metallic nano-dendrites.
Essentially, we cause a dendrite, or an array of dendrites, to
grow, dissolve, and grow again in an on-command and repeat-
able manner. Our observations strongly suggest that the alter-
nating voltages used in the DENA technique cause gold nano-
dendrites to grow and dissolve by the same reduction and
oxidation mechanisms that bulk gold samples exhibit under DC
voltages. A simple theoretical model that accounts for both of
these interfacial chemical processes as well as the bulk diffu-
sion of AumClq through the solution succeeds, at least on a
semi-quantitative-level, in describing how the dendritic recon-
figuration mechanism works. Essentially, the frequency and the
duty cycle of the alternating voltage signal control the imbal-
ance between interfacial and diffusive processes to cause either
growth or dissolution of dendritic crystals.

A goal for the near future will be to produce fully reconfig-
urable 2D dendritic arrays. We expect this to be readily
achievable as an example of a 2D dendritic array has already
been reported.* Such a step would provide an innovative way to
coat surfaces with nano-structured dendrites in a reconfig-
urable manner. DENA provides control over both the overall size
and the branch-diameter* of a dendrite, thereby providing both
micro- and nanoscale control; hence, 2D arrays of such struc-
tures hold promise as surface modifications that provide
reconfigurable or self-healing wettability and adhesion control
of the Baxter-Cassie type.’*" As a reasonably wide range of
metals undergoes dendritic solidification—not just gold, new
strategies for anodic protection of metallic surfaces immersed
in corrosive environments, such as seawater, become possible.
One example is the deposition of 2D forests of Mg or Zn
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dendrites onto immersed surfaces in order to serve as
rechargeable sacrificial anodes that would be inexpensive and
widely available. Finally, given that the plasmonic resonances of
the nano-dendrites will alter the color and specular reflectance
of a surface that is coated with such an array, variation of the
optical properties of the surface may also be achieved.
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