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Abstract 

 

Biophysical Properties of Growing Actin Networks Measured With Atomic Force 

Microscopy 

by 

Sapun Harshad Parekh 

Doctor of Philosophy in Bioengineering 

University of California, San Francisco and University of California, Berkeley 

Professor Daniel A. Fletcher, Chair 

 

 The dynamic actin cytoskeleton plays a key role in a number of cellular processes 

including motility and shape change.  Composed of individual filaments polymerized 

from actin monomers, the actin cytoskeleton is organized into a branched and cross-

linked dendritic network by a diverse set of actin binding proteins.  Directed growth of 

dendritic actin networks by monomer addition, such as at the leading edge of a crawling 

cell, generates the mechanical forces necessary for deforming the membrane during cell 

motility, endocytosis, and phagocytosis.  Dysfunctional actin network regulation is 

associated with metastatic cancers, immune system disorders, and bacterial infection and 

pathogenesis.  

 Significant biochemical work over the past four decades has culminated into the 

dendritic nucleation model for actin network growth.  This model summarizes the role of 

the major actin binding proteins, and interactions among them, that form and maintain a 

growing, dendritic actin network in crawling cells.  Though actin biochemistry has been 
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well studied, the force-generating ability and mechanical properties of growing dendritic 

actin networks that produce dynamic cellular shape changes remain unclear.  This 

dissertation presents development of a unique measurement system for the purpose of 

understanding the biophysics of dendritic actin network growth.  An experimental 

platform was built around a custom differential atomic force microscope by adapting a 

method for reconstituting actin network growth from cell-free extract in vitro to measure 

network force production and mechanics.  The results described here demonstrate that 

dendritic actin networks possess a built-in force feedback system that enables active 

remodeling to support increasing forces.  In addition, these networks exhibit the ability to 

reversibly stress soften under large loads, thereby avoiding catastrophic failure and 

retaining their underlying network structure as a molecular scaffold.  These results have 

implications for understanding how crawling cells navigate through the physical barriers 

of the extracellular matrix and connective tissue in vivo while feeling a wide range of 

compressive forces.  

 

 

________________________________________________ 

Professor Daniel A. Fletcher, Dissertation Committee Chair 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 Overview 

 This dissertation presents the bulk of my PhD research that was focused on 

understanding the biophysics of directed cellular movement, or motility, and more 

specifically to understand force generation by dendritic actin networks.  Chapter 1 

describes the importance of this study and introduces basic concepts in actin 

biochemistry/biophysics and atomic force microscopy (AFM) relevant for understanding 

the ideas and results that follow.  Chapter 2 provides a compilation of useful topics to 

consider when constructing an AFM, including a basic parts list as well as common 

problems that one may encounter along the way.  Chapter 3 builds on these ideas by 

detailing the design principles and performance enhancement realized by constructing a 

differential AFM.  This instrument, around which we designed a unique experimental 

system, was used to obtain the results presented in Chapters 4 and 5.  Chapter 4 presents 

our results demonstrating that dendritic actin networks generate significant forces and 

possess the ability to physically remodel as they grow against increasing opposing loads.  

Chapter 5 shows that these networks exhibit the ability to reversibly stress soften under 

large compressive forces rather than catastrophically fracture.  Chapter 6 begins with a 

summary of the results presented in the previous chapters and provides context for these 
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results.  Then it describes follow-up experiments that dig deeper into the mechanistic 

details of how dendritic actin networks accommodate increasing forces.  Finally, Chapter 

6 closes by describing potential future applications to biomedicine. 

 While the content of this dissertation comprises the major focus of my graduate 

work, it does not describe, in detail, my involvement with other projects in the lab.  

Specifically, my efforts in the design and construction of two additional AFMs:  1) an 

instrument that allows side imaging of a sample (along the loading direction) 

concurrently with thermally limited force and position detection and 2) an instrument 

with independent spatial control of two probes will not be described.  In addition, my 

early work on construction of a piezo-electrically powered transdermal drug delivery 

device, and more recently, my contribution to developing a new technique for the 

encapsulation of biological macromolecules into biomimetic lipid vesicles, will also not 

be described.  These side projects have resulted in two published papers (1) and (2) and 

another manuscript in preparation (3). 

 

1.2 Directed movements 

1.2.1 Diffusive vs. active motion 

 Solute molecules in solution are constantly colliding with other solutes and 

solvent molecules.  Each of these species has a fundamental amount of thermal 

energy, TkE BT 2
1

= , for every degree of freedom where kB is Boltzmann’s constant, and 

T is the temperature of the molecule (in Kelvin) (4).  Observing a solution of particles 

(microspheres, for example) under a microscope, this thermal (or random) energy is seen 

B
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as a constant “jiggling” of the particles (5).  Consider for a moment the length scales and 

physics that govern thermal motion (better known as diffusion).  If a typical protein has a 

diffusion coefficient of, D ~ 10  cm /sec, then based on diffusive movement, it would 

take more than 15 years for this protein to reach a position 1 m away (6).  Transport over 

this distance is exactly the situation in the sciatic nerve that extends from the spinal 

column to the base of the leg (7).  Because neurotransmitters are actively transported by 

tiny molecular machines and do not take years to reach the synaptic cleft, our minds 

process information and react to stimuli considerably faster than the timescale based on 

diffusive motion.  Therefore, this requires an active and directed method of transport.  

While this example clearly illustrates that active processes are essential in neural 

transport, more generally, directed motion is evident in numerous aspects of life as we 

know it.   

-5 2

 Single molecular machines such as kinesin (8) and myosin (9) act like little 

shuttles that carry cargo to specific locations within cells.  For example kinesin molecules 

carry cargo down axons to nerve endings that participate in synaptic communication in 

the brain.  Evidence for the role force generation is apparent at a higher level:  whole 

cells move throughout the body to specific areas during wound healing, angiogenesis, and 

immune responses against foreign pathogens by coordinated interaction among many 

different proteins in a site-directed fashion (10).  Immune cells mobilize their motile 

machinery to follow sources of chemotractant molecules when chasing bacteria or 

moving to the site of injury.  Finally, at the organ level, the collective action of individual 

cells results in macroscopic motion such as contraction of cardiac muscle cells during 
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heart beats (10).  These examples demonstrate that directed non-random movements are 

instrumental in countless physiological processes. 

 

1.2.2 Cell motility and actin-driven protrusions 

 Directed cell motility or crawling is an example of an active process that is 

fundamental in many biological processes.  Initial studies of cell motility date back as 

early as 1953 where Abercrombie and colleagues observed that inter-cellular proximity 

affects motility rate of chick heart fibroblasts (11).  Cell crawling speed was inversely 

proportional to the density of the cultures, a concept that was later understood as contact 

inhibition (12).  Since these initial studies, a plethora of research has been devoted to 

dissecting the mechanistic basis of cell movements.  This research has culminated into a 

four step process that has been reviewed extensively elsewhere (13).  Briefly, I will 

mention the four steps involved in cellular motility (assuming that cellular polarization 

has already occurred):  1) protrusion of the leading edge, 2) adhesion formation at the 

leading edge, 3) translocation of the trailing cell body (and nucleus), and 4) de-adhesion 

of the rear portion of the cell as shown in Figure  1.1 (13).  This dissertation is 

concentrated on step 1 of this process with the aim to answer the fundamental question:  

how is protrusive force generated at the leading edge of a cell?   
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Figure  1.1 Four steps of cell motility as described in reference (13).   

These steps are executed in a repeated fashion as cells crawl through the body.  Growing actin networks are 

believed to provide the force for protrusion (step 1). 

 

 In contrast to the idea that the nucleus is the central processing unit and command 

center for the cell, recent work has explicitly demonstrated that cellular fragments 

physically separated from the nucleus are capable of undergoing basic motility similar to 

that of whole cells (14).  This work highlights the importance of another part of the cell, 

the cytoskeleton.  The cytoskeleton is the structural scaffold that gives cells their shape, 

allows them to resist deformation, participates in sensing of external stimuli, and is 

dynamically regulated during various cellular processes from mitosis to motility.  The 

cytoplasm is the interstitial fluid that shares the space between the nuclear and cellular 

membrane with the cytoskeleton.  This fluid contains thousands of protein and small 

molecule components that interact with signaling molecules to relay information through 

the cell and interact with the cytoskeleton (15).   
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 Of particular interest in motility is the actin filament cytoskeleton, one of the three 

components of the cytoskeleton (15), because of recent studies showing that actin 

network growth is linked with cell protrusion (13).  Experimental results demonstrating 

that growing actin networks are necessary for leading edge protrusion during cell motility 

(16), coupled with the finding that actin filament networks can deform lipid vesicles and 

generate forces (17), have led to the belief that growing actin networks generate power 

for leading edge protrusion.  While actin filaments are often considered static substrates 

for myosin-driven contractions as in skeletal muscle cells, it should be noted that myosin 

is not required for protrusive force generation by growing actin networks (13).   

 A critical requirement for productive displacement against a movable load by 

filament growth is a rigid support to push off from, otherwise force generation results in 

compression of the support rather than protrusion of the membrane.  As such, growing 

actin filaments in the network must push off the existing network/internal cytoskeleton in 

order to generate productive motion during the protrusive phase of motility.  This 

highlights the importance of actin network mechanical properties in addition to their 

ability to generate force.   

 While involvement of the actin cytoskeleton in cell crawling is no longer under 

debate, understanding how force is generated by organized growth of actin networks is 

very unclear.  How is actin network growth coupled to force generation?  What happens 

to growing actin networks when crawling cells encounter movable barriers?  

Measurement of the force generating ability of growing actin networks in order to better 

understand cell motility is the primary focus of this dissertation.    
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1.2.3 Cell motility and disease 

 The section above regarding cell motility introduced actin network growth as the 

driving force for protrusive extension, which is a fundamental process in cellular 

function.  In addition, numerous clinical pathologies involve deficiencies in unregulated 

cell movement and perhaps actin-based protrusion.  Moreover, the largest poultry recall 

in US history in 2002 was caused by an outbreak of Listeria monocytogenes (Listeria), a 

bacterial parasite that hijacks the host cell’s actin motility machinery and uses it to spread 

within the host organism while avoiding immune system detection (18). 

 A clinical pathology directly related to immune cell motility is the Wiskott-

Aldrich syndrome.  This disease is characterized by mutation of the Wiskott-Aldrich 

syndrome protein (WASP), a protein that is instrumental in forming the growing actin 

networks that are critical for leading edge protrusion during cell motility (19).  As such, 

diminished ability for immune cells (like macrophages and neutrophils) to actively 

pursue pathogens and foreign species in the body causes immune system dysfunction and 

increased susceptibility to infections (20).  Another pathology related to motility is 

metastatic cancer.  Tumor spreading via metastatic cell motility is a well-documented 

phenomenon, but it is unclear if, or how, cell crawling is upregulated (21).  While some 

metastatic cancer cells exhibit hyper-activated motility, the underlying reasons for this 

behavior are still unknown (22, 23).  Is actin network growth also hyper-activated?  Does 

network growth produce greater force during metastasis?  Fundamental biophysical 

studies of actin network growth could potentially shed light on the details of metastatic 

cell motility. 
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 Finally, in solid tumors such as in breast cancer, tissue in symptomatic patients 

often exhibits a different texture and stiffness.  Because tissue is composed of cells and 

their surrounding matrix, the stiffness of individual cells, which is largely determined by 

the organization of the actin cytoskeleton, will undoubtedly affect the mechanical 

properties of the tissue (24).  While the material presented in this dissertation does not 

specifically address disease related questions, understanding the biophysics of cell 

motility and the cytoskeleton, in general, may provide a more quantitative link between 

clinical symptoms and disease.   

 

1.3 Cellular actin networks 

 Actin networks, and specifically growing dendritic actin networks, have been 

shown to produce forces required for cell motility among other processes (25).  In 

addition to cell crawling, it has been postulated that dendritic actin networks actively 

generate forces in many other cellular processes involving shape changes 

(morphogenesis) such as endocytosis (26, 27), phagocytosis (28), and exocytosis (29).  

The section that follows provides biochemical background and introductory material on 

actin networks in cells with particular emphasis on dendritic actin networks. 

 

1.3.1 Actin biochemistry 

  Actin is a 43 kDa protein molecule (~5.4 nm in diameter) present in the 

cytoplasm that interacts with more than 60 other classes of proteins in eukaryotes (30).  

Under appropriate conditions (high salt, physiological pH) in vitro, individual actin 

monomers (G-actin) will spontaneously form dimer and trimer nuclei that grow into 
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helical filaments (F-actin).  Nucleus formation is very unfavorable and is the rate-limiting 

step for filament creation in pure actin solutions.  Individual filaments are composed of 

two protofilament strands that form a right-handed helix with biochemical polarity.  

Actin filaments are ~ 6 nm in diameter with a helical pitch of ~ 30 nm (31).   

 Actin filaments grow by individual monomer addition to either the barbed or 

pointed end.  The barbed (or plus) end is fast-growing while the pointed (or minus end) 

exhibits slower growth.  Polymerization kinetics of actin monomers at both ends is 

dependent on the ionic strength of the surrounding buffer as well as the hydrolysis state 

of the nucleotide (ATP or ADP) bound to the G-actin molecule (32) (Figure  1.2).  For 

ATP-bound G-actin, monomer association at the barbed end is 8.3 fold greater than 

dissociation, and at the pointed end association is 1.6 fold greater than dissociation.  For 

ADP-bound G-actin, monomer dissociation at the barbed end is 1.9 fold greater than 

association, and at the pointed end dissociation is 1.7 fold greater than association (32).  

From these ratios, it can be seen that ATP-bound G-actin is favored to associate whereas 

ADP-bound actin is favored to dissociate.  These dynamics coupled with absolute rate 

constants for the ATP- and ADP-bound monomer kinetics at each end favor ATP-bound 

G-actin addition to the barbed end and ADP-bound subunit dissociation from the pointed 

end.  This creates a situation whereby filament growth primarily occurs at the barbed end 

and shrinkage happens at the pointed end (33).  The monomer on and off rates at each 

end of the filament , , , and  define a quantity called the critical 

concentration, 

p
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filaments grow and below which filaments shrink.  Kc for ATP-bound G-actin at the 
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barbed end is ~ 120 nM, 600 nM for the pointed end, and 170 nM for the filament (32).  

Kc for ADP-bound actin at the barbed end is ~ 1.9 μM, ~ 1.7 μM at the pointed end, and ~ 

1.9 μM for the filament.  Because ATP hydrolysis occurs after monomer intercalation, at 

an ATP-bound G-actin concentration just above Kc for the barbed end (~ 130 nM), 

filaments will add ATP-bound monomers to the barbed end at exactly the rate that ADP-

bound subunits dissociate from the pointed end such that the filament length does not 

change.  This process where monomers cycle through a filament as the bound nucleotide 

is hydrolyzed while the filament length is unchanged is called treadmilling (31, 34).    

 

Figure  1.2 Actin filaments grow and shrink at their ends by monomer addition. 

Actin filaments contain both ATP (T) and ADP (D) subunits.  Polymerization kinetics for both T and D 

subunits at the barbed end are faster (larger arrows) than at the pointed end (smaller arrows).  

 

1.3.2 Functional actin networks 

 Numerous proteins interact with both G-actin and F-actin cytoskeletal networks in 

cells to regulate filament assembly and organization.  For example, nucleation (and 

assembly) of actin filament networks is extremely well regulated by proteins such as 

Thymosin β4, which binds to and sequesters G-actin to prevent assembly into filaments, 

and profilin, which binds to G-actin and permits barbed end elongation but not nucleation 

(33).  Filament interacting proteins such as capping protein and ADF/cofilin interact with 
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barbed ends to stop elongation and destabilize filaments, respectively (33, 35).  In 

addition branching, crosslinking, severing, and bundling proteins regulate filament 

architecture to organize filaments into particular structures for different cellular 

processes.  Figure  1.3 artistically shows a subset of different actin networks found in 

cells along with the function/process that is performed.   

 

Figure  1.3 Illustration showing different actin network structures and corresponding behaviors. 

Organization of the actin filaments varies as cells perform different functions, ranging from lamellipodial 

protrusions used during motility to stress fibers cables used during adhesion formation. 

 

As shown, actin networks are organized into specific structures for performing different 

tasks.  From bundled actin filaments in stress fibers, often seen in cells bearing tensile 

loads, to crosslinked and branched networks in lamellipodial protrusions, actin network 

organization is tightly coupled to its function.  The structure-function relationship for the 

actin cytoskeleton is just beginning to receive attention in terms of understanding how 

network organization relates to the ability for the network to support different loading 

conditions (36, 37). 
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1.3.3 Dendritic actin networks in crawling cells 

 In the lamellipodia of crawling cells highly branched and crosslinked growing 

dendritic actin networks provide power for protrusion during cell motility.  The canonical 

example of a crawling cell is the fish epidermal keratocyte, a wound healing cell, which 

has large (~10 μm x ~2 μm) and flat (~100 nm thick) lamellipodium that contains 

growing actin filaments organized into a dendritic actin mesh.  Individual filaments in 

this network range from ~ 100 nm – 1 μm in length (38), and their organization with 

respect to neighboring filaments is well controlled through a host of actin binding 

proteins.  More than 40 years of biochemical research has produced significant progress 

towards understanding the process of dendritic network formation and maintenance (and 

is nicely summarized in reference (35)).  This information has been compiled into the 

“dendritic nucleation model” for actin network growth (Figure  1.4).   

 

Figure  1.4 Dendritic nucleation model for actin network growth in the lamellipodia of crawling cells. 

Dendritic actin networks contain short, highly branched filaments with their barbed ends oriented towards 

the membrane such that filament elongation pushes the membrane forward.  Image is modified from 

reference (30) and certain steps have been grayed to emphasize steps 1-5. 
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A detailed explanation of this model is available in numerous review articles (30, 33, 35).  

The key proteins involved and a summary of steps 1-5 of this model below will provide a 

working framework relevant for this dissertation. 

 

Key proteins 

Arp2/3 complex 

 This protein is a seven subunit complex that nucleates new actin filaments in the 

form of branches off existing filaments in a network (39, 40).  Nucleation of filaments via 

this pathway is thought to be the primary source of growing filaments that produce force 

during cell motility and occurs at a much higher frequency than spontaneous nucleation 

of filaments (35).  In order to nucleate a daughter filament, the Arp 2/3 complex forms a 

quaternary complex with a nucleation promotion factor (NPF), a G-actin monomer, and 

an actin filament.  This interaction ultimately results in the creation of a new filament 

with its barbed end at a 70° angle with respect to the mother filament barbed end.  

Continued Arp2/3-based nucleation leads to a dendritic array of filaments with their 

barbed ends oriented at a 45°-55° with respect to the cell membrane (30).  In addition to 

nucleating new filaments, the Arp2/3 complex caps pointed ends of filaments to prevent 

depolymerization and permit stable barbed-end elongation (41). 

 

NPF 

 NPFs are a class of proteins that activate the Arp2/3 complex to initiate the 

formation of a new branch in a dendritic actin network.  Since de novo nucleation of actin 

filaments starts with NPFs activating the Arp 2/3 complex, NPFs have two interesting 
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properties:  1) they essentially regulate new filament production in the lamellipodia of 

crawling cells, and 2) activated NPF localized to the membrane is the only requirement 

for the formation of a dendritic network in the cytoplasm.  The pathogenic bacterium 

Listeria uses this second property to hijack the host cell actin machinery and spread 

during infection (18).  Listeria expresses a constitutively active surface-bound NPF, 

ActA (42), which catalyzes formation of a growing actin network that propels them 

throughout the host-cell cytoplasm.  This property was further extended by Cameron et 

al. who showed that polystyrene beads non-specifically coated with ActA exhibited actin-

based motility similar to Listeria when immersed in cell-free extract from Xenopus laevis 

oocytes (43).   

 In addition to bacterial ActA, mammalian NPFs including WASP, N-WASP, 

Scar/WAVE1, Scar/WAVE2, and Scar/WAVE3 (40), Las17p (yeast) (19, 35), and RickA 

(Rickettsia) (44) also activate the Arp 2/3 complex to create new filaments in a dendritic 

network.  The mammalian NPFs differ from ActA in both protein domain organization 

and the requirement for upstream signaling in order to activate these proteins before they 

can catalyze new branch formation.  In crawling cells, NPF molecules are activated at 

and localized to the cell membrane by specific lipids in the membrane (PIP2) and 

membrane-bound GTPases (CDC42) (45), which necessitates that most (if not all) 

branching takes place near the load surface.   

 

Capping protein 

 Capping protein is a two-subunit heterodimer whose primary function is to 

prevent barbed-end elongation (46).  This keeps filaments short and helps localize 
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filament branching to the load surface.  In addition, capping protein also has a secondary 

function of nucleating filaments that elongate from their pointed ends rather than barbed 

ends.  This occurs because capping protein is thought to resemble a stable actin dimer 

that has a higher affinity for a G-actin monomer than the affinity between two individual 

monomers during formation of a typical filament nucleus.  These capping protein-actin 

complexes then elongate from their pointed ends because the barbed end of the bound 

actin is capped by capping protein (47).  

 

ADF/cofilin 

 This family of proteins is thought to destabilize actin filaments by physically 

changing the twist of the actin helix upon binding (48) and by promoting release of 

phosphate from the nucleotide binding pocket of actin (46).  By actively severing 

filaments and exposing an ADP-actin subunit, ADF/cofilin helps to keep the monomer 

pool replenished for further network growth.  Exposed ADP-actin subunits depolymerize 

much faster than ATP-actin monomers (32) so severing leads to subsequent 

depolymerization.  A recently discovered function of this protein is generation of new 

barbed ends as a result of filament severing.  This has been proposed as another method 

to generate new growing filaments in a dendritic network (49).  

 

Profilin 

 The primary function of profilin is to exchange ADP for ATP in actin monomers 

recently removed from the network (50).  In addition, profilin-bound G-actin can only 

elongate existing barbed ends and is unable to participate in filament nucleation. 
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Together with cofilin, these two proteins form a recycling system to help to keep the 

monomer pool replenished for sustained network growth as profilin-bound monomers 

elongate existing filaments (51). 

 

Dendritic nucleation of actin networks 

 In order to develop the highly branched dendritic structure seen in the 

lamellipodia of crawling cells, the Arp 2/3 complex must be activated by a NPF, which is 

localized to the leading edge, to nucleate new actin filaments from existing filaments (52, 

53).  Once nucleated, the daughter filament is anchored to the side of the mother filament 

by its pointed end via the Arp 2/3 complex, and both filaments grow from their barbed 

ends pushing the membrane forward until capping protein terminates further elongation 

(by associating with free barbed ends).  Hydrolysis of ATP in G-actin subunits and 

ejection of the inorganic phosphate after ~ 350 s is a timer that marks subunits as primed 

for disassembly (30).  ADP-actin subunits are severed/disassembled by (ADF)/cofilin, 

and severed filaments subsequently depolymerize as they contain primarily ADP-actin 

subunits (that favor dissociation).  ADP-bound G-actin binds to profilin, which catalyzes 

exchange of ADP for ATP, and these “recharged” monomers replenish the pool of 

competent actin for further assembly (46).  Figure  1.4 shows how these steps are believed 

to occur during cell crawling.  

 It is clear that significant progress has been made towards understanding the 

biochemical maintenance and hierarchical assembly of dendritic actin networks.  

However many open biophysical questions remain unanswered.  What is the mechanism 

of protrusive force generation?  How do external forces couple to the biochemical 
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pathways in the dendritic nucleation model?  What is the rate limiting step in new 

filament creation?  What role do additional crosslinking proteins play in force 

generation?  Do all filaments in the network cooperate to produce force or do some push 

and others pull?  Biophysical studies aimed at investigating the influence of external load 

on network growth dynamics and structure, which is the focus of this dissertation, will 

help elucidate how physical signals are transduced by these biochemical reactions.   

 

1.4 Force generation by actin network growth 

 Force generation by polymerizing actin networks has been postulated for many 

years, but pioneering theoretical work by Hill and Kirschner showed that filament growth 

was capable of producing usable energy (54).  The sections that follow present a 

summary of recent experimental measurements of force generation by growth of 

individual actin filaments and dendritic networks in conjunction with an overview of 

theoretical developments to explain network force generation.   

 

1.4.1 Force generation by single actin filaments   

 The basic idea of performing mechanical work by actin filament growth was 

proposed by Hill and Kirschner in 1982.  They posited that the free energy released by 

monomer association could be used to displace a load.  This theory predicted that the 

polymerization rate (v) of a single filament would decrease with opposing force (f) as 

.  It also predicted that the stall force (force where v = 0) of a single filament 

should scale with the negative logarithm of monomer concentration (54).   

fev −~
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 Force generation measurements on individual, growing actin filaments in vitro 

have proven experimentally challenging.  To date only two measurements have been 

reported.  Footer et al. measured the polymerization force of actin bundles containing ~ 8 

filaments using an optical trap, and they used phenomenological observations to argue 

that the stall force was supported by a single filament.  Their measurement of the stall 

force at 2 μM actin, fstall ~ 0.8 pN, was consistent with the theoretical predictions 

described above.  However, their measurements at higher concentrations were 

confounded by potential Euler buckling of the actin filament prior to stalled growth (55).   

 In another measurement of single filament polymerization forces Kovar and 

Pollard used a filament-tethering geometry to hold a growing filament between two 

attachment points (56).  By measuring the length of the filaments as they grew, and 

observing filament buckling, they calculated a lower bound on force generation of ~1.3 

pN at 0.5 μM actin and 20 μM phalloidin.  This value is inflated because phalloidin, a 

small peptide, stabilizes actin filaments and noticeably increases the bending rigidity by 

2-fold, which correspondingly increases the buckling force by 2-fold (57).  While these 

measurements together show consistency with the stall force scaling concept presented 

by Hill and Kirschner (54), a direct measurement of individual filament polymerization 

velocity in response to external force is still lacking.  This measurement will provide 

valuable insights into the mechanism by which polymerization performs mechanical 

work.     
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1.4.2 Theoretical developments 

 In the pioneering work by Hill and Kirschner, the energetic cost of filament 

elongation against a load manifests as a reduction in the chemical potential for monomer 

intercalation in the filament (54).  Building on these ideas, Peskin et al. proposed a 

Brownian ratchet microscopic mechanism for physically extracting mechanical work 

from a polymerizing actin filament.  In this model, hereto referred to as the Brownian 

ratchet, the filament is anchored at one end by a rigid actin network and abutted against a 

load surface at the other.  The load diffuses in-and-out of contact with the filament, with 

monomer addition occurring once a space large enough to fit an additional monomer (2.7 

nm) between the filament and load exists, thereby rectifying the Brownian motion of the 

load surface (58). The energy source for rectifying the random walk of the load is the 

same binding energy used in the formulation by Hill and Kirschner not the energy from 

ATP hydrolysis (59).  In the Brownian ratchet model, the bottleneck for filament growth 

and generation of mechanical work rests primarily on the probability that the load surface 

will diffuse over a sufficient distance against the applied force if the polymerization rate 

is slow compared to diffusion of the load. 

 Refining the original Brownian ratchet model, Mogilner and Oster have since 

developed two related incarnations with added complexity based on a slew of 

biochemical and biophysical data on dendritic network growth (43, 60-62).  The 

conceptual advance provided by the Elastic Brownian ratchet was the inclusion that, 

“free” filament ends ~ 30-100 nm in length were allowed to fluctuate in addition to the 

load to contribute towards generating space for monomer intercalation.  In addition, this 

model incorporated an angular dependence on the force generation by and polymerization 
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velocity of a growing filament (60).  In the most recent version of this model, the Elastic 

tethered Brownian ratchet, a formalism was added to incorporate findings that the actin 

network is tethered to the load while it concurrently applies a propulsive force (61, 62).    

 An alternative microscopic mechanism proposed by Dickinson and Purich posits 

that filament end-tracking motors adhered to the load surface alternately bind and unbind 

monomers in the network depending on the state of the bound nucleotide.  This 

mechanism allows for use of the energy available from ATP hydrolysis (as compared to 

just monomer binding) for force generation and is able to capture the stepping behavior 

of Listeria (63) (5.4 nm discrete steps) as well as the adhesion of the network to the load 

(64).  However, the identity of the clamping motor is not identified, and this model does 

not explain a 2.8 nN attachment force between the actin network and load in a recent 

experiment performed with 5 pure proteins – none of which is considered an end-tracking 

motor – where polymerization forces were greater 4 nN (65).   

 Mesoscopic models that treat entire network growth rather than individual 

filament growth attempt to explain force generation and actin-based motility as resulting 

from elastic energy stored in the actin mesh (66) and from active network remodeling 

with increasing load (67).  In the elastic gel model, actin polymerization at the surface of 

Listeria stretches the existing dendritic network, which results in an accumulation of 

elastic stress in the gel.  This elastic stress is relieved by forward movement of the 

bacterium.  In this model, actin polymerization is simply a means for developing stress in 

the actin gel, which in turn provides the energy for pushing the load.  While this model 

accurately predicts network force generation on Listeria and NPF-coated beads, it does 
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not treat to force generation in the lamellipodium of crawling cells or against flat 

surfaces.   

 The autocatalytic model proposed in reference (67) predicts that actin network 

growth pushes the load at a constant velocity regardless of opposing force.  A 

competition between filament branching from existing filaments in the branching zone, a 

localized region close to the load surface, and uniform capping throughout the network 

regulates the number of force generating filaments in the network.  As filaments are 

capped, they gradually leave the branching zone (because of continued forward 

movement by the load) and are no longer substrates for nucleation of new branches.  In 

this model, capping and branching maintain a constant average force per filament and 

thus the polymerization rate is also constant.  Individual filaments transiently experience 

changing loads, but it is unclear what determines the “set point” force that determines the 

steady-state filament polymerization (and load) speed (67).   

 

1.4.3 Force generation by dendritic actin networks 

 Propulsive force generation by growing actin networks has received significant 

attention in the past 10-15 years once it became clear that actin network growth was 

generating the propulsive force during cell crawling and Listeria pathogenesis (68).  

Attempts to measure the network growth velocity as a function of external force have 

proven an easier task than for individual filaments, though it is more difficult to ascribe 

force generation to a simple mechanism because of the complexity of networks.  Lower 

bound estimates of dendritic actin network force generation (f ~ 4 nN) were provided 
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from studies where lipid vesicles were deformed and propelled through cell-free extract 

(69, 70).   

 Experiments by McGrath et al. were the first to measure load velocity as a 

function of external force. They found that Listeria propulsion speed in cell-free extracts 

decreased considerably as the viscoelasticity of the extract was increased with 

methylcellulose (a viscoelastic polymer).  Increasing the viscoelasticity of the solution 

increased the drag coefficient of Listeria and their actin tails, which resulted in slower 

movement under increasing drag forces (71).  Though propulsion was slowed by more 

than 20-fold, bacterium movement was never stalled at the largest opposing forces (fmax 

~200 pN) in these experiments.  A contrary result by Wiesner et al. showed that NPF-

coated beads propelled by dendritic actin networks formed in purified proteins did not 

show a significant speed reduction over a similar range of viscosity (72).  While 

instrumental as the first demonstrations of actin network force and growth velocity 

measurements, both studies lacked the ability to actively apply forces to the network or 

yield nanometer-level details of motion.  Furthermore, with this experimental platform, it 

is impossible to directly exert arbitrary forces on the network and ask the question:  how 

fast will this network grow? 

 This shortcoming was addressed by Marcy et al. as they developed a system 

capable of applying forces up to 4.7 nN to a NPF-coated bead with a microneedle force 

microscope while measuring network growth velocity with video microscopy (65).  Once 

again however, network growth was not stalled in this study, and these measurements 

were performed with limited spatial resolution.  Nonetheless, this study provided direct 

evidence for nN scale force generation (65).  These results were compared to predictions 

 22



from the elastic gel model, and the theory was well supported by the observed growth 

dynamics.   

 A recent study from our group revealed that Brownian motion of NPF-coated 

beads is correlated with the velocity of actin-propelled beads.  Using laser-based tracking 

of individual beads, Shaevitz and Fletcher showed that an effective increase in viscosity 

near the walls of a microscope fluid chamber, reduced the Brownian motion of the beads 

substantially and resulted in a lower propulsion velocity (73).  This finding supports the 

ideas presented by Peskin et al. in Brownian ratchet model. 

 The AFM investigation of actin network growth presented in Chapter 4 of this 

dissertation is the first measurement of network stall and demonstrated that loading 

history affects the network growth velocity (74).  This study showed that network growth 

velocity was constant under increasing loads consistent with the autocatalytic model 

presented by Carlsson (67).  These results will be expounded upon later in this 

dissertation and will not be discussed further at this time.  A summary of the 

experimental work on force generation by dendritic actin networks and by individual 

filament growth and the corresponding supported model is provided in Table  1.1. 
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Experimental 
platform   

Network or 
filament   Major findings   

Model 
supported Reference 

Timelapse 
imaging of 
Listeria   

Dendritic 
network   

Velocity slowed significantly 
with increased viscosity and 
drag force   

Elastic 
tethered 
Brownian 
ratchet 

McGrath et 
al., 2003 

Timelapse 
imaging of 
NPF-coated 
beads   

Dendritic 
network   

Velocity was independent of 
increase in viscosity so 
force must be in nN range   Elastic gel 

Wiesner et 
al., 2003 

Timelapse 
imaging of 
deformable 
lipid vesicles   

Dendritic 
network   

Total force exerted by 
network on vesicle is 
computed as ~ 1nN   None 

Giardini et 
al., 2003; 
Upadhyaya 
et al., 2003 

Microneedle 
force 
microscopy 
on NPF-
coated beads   

Dendritic 
network   

Measured nN force 
production and actin 
network growth velocity 
from spherical beads   Elastic gel 

Marcy et 
al., 2004 

AFM 
measurement 
on NPF-
coated 
cantilever   

Dendritic 
network   

Demonstrated mechanical 
stall of actin network and 
loading history dependence   

Autocatalytic 
growth 

Parekh et 
al., 2005 

Laser tracking 
of NPF-
coated beads   

Dendritic 
network   

Viscosity affects Brownian 
fluctuations of bead motion 
and propulsion velocity   

Brownian 
ratchet 

Shaevitz 
and 
Fletcher, 
2007 

Optical 
trapping of 
acrosomal 
bundle   Filament   

Stall force measurements of 
single filaments obeys the 
principles proposed by Hill 
and Kirschner   

Hill and 
Kirschner 

Footer et 
al., 2007 

Timelapse 
imaging of 
filament 
growth   Filament   

Filaments buckle at forces 
below the stall force   

Hill and 
Kirschner 

Kovar and 
Pollard, 
2005 

 
Table  1.1 Summary of force measurements on actin filament and dendritic network growth. 

 

   It is likely that a combination of continuum gel-based theories and microscopic 

models of filament growth are both relevant to steady-state force generation by dendritic 

actin networks, but only the autocatalytic theory presents a dynamic coupling between 

growing filaments that push the load and new filament creation.  Questions regarding 

how filament density changes with load and the influence of surface curvature on force 
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generation remain largely unanswered.  Furthermore, if the network can mechanically 

adapt to increasing loads as suggested by Carlsson, what is the rate limiting step in 

filament creation?  What protein complex provides the internal “friction” in the elastic 

gel and elastic tethered Brown ratchet?  How does the stall force of dendritic network 

growth scale with the area of the nucleation surface?  This dissertation sheds light on the 

affect of load on actin network structure and growth velocity. 

    

1.5 Actin network mechanics 

 Often considered an ideal semiflexible polymer because of its intrinsic physical 

properties and physiological filament lengths individual actin filament and whole 

network mechanics have received considerable attention from both physicists interested 

in polymer physics and biologists interested in cellular structure.  The sections that follow 

will briefly introduce the polymer physics and actin rheology fields. 

 

1.5.1 Actin filaments are semiflexible polymers 

 Actin filaments are polymers composed of noncovalently bound monomer 

subunits.  Each monomer in a filament is bound to its neighboring monomers through the 

same interactions (neglecting the two end monomers), and it is the nature of these 

interactions that gives these filaments their mechanical rigidity.  Based on the thermal 

fluctuations of individual actin filaments, it was shown these filaments have a persistence 

length, Lp ~ 17 μm (75).  The persistence length of a polymer chain defines the length 

over which correlations in the direction of the tangent to the chain are lost when at 

thermal equilibrium.  In other words, for length scales below Lp the polymer behaves 
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more like an elastic rod whereas at longer length scales, it assumes a random walk.  

Because actin filaments are very well regulated for different cellular functions, a range of 

filament lengths, called their contour length, Lc, as low as ~ 100 nm and as large as ~ 70 

μm (76) is seen in vivo.   

 A common metric for classifying a polymer is the ratio 
p

c
L

L .  When this ratio is 

much greater than unity, the polymer is considered flexible and when the ratio is much 

less than unity, the polymer is considered rigid.  Actin filaments lie at a point where the 

ratio is ~ 1 so they are considered “semiflexible”.  As an example, DNA has an Lp ~ 50 

nm (77) and is classified as a flexible polymer under physiological conditions, and 

thermal fluctuations dominate its mechanical resistance to deformation.  Microtubules 

polymers have a persistence length of order mm are examples of rigid biopolymers (75) 

whose resistance to deformation is dominated by bending and compression.  While the 

mechanics of flexible polymer gels and rigid polymers networks are relatively well 

understood (78), resistance to deformation of semiflexible networks is much less 

understood.   For actin filaments under physiological conditions 1~
p

c
L

L , both thermal 

fluctuations and the bending stiffness of individual filaments contribute substantially to 

the overall mechanical response, which is not the case for flexible or rigid polymers 

where only one or the other is dominant.    

 

1.5.2 Rheological studies of actin networks  

 Rheology of polymer networks is often used to measure their linear frequency 

dependent viscoelasticity and non-linear viscoelasticity at increasing loads.  In cells, it is 
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now well accepted that actin networks are the major load bearing element of the 

structural cytoskeleton (79).  The mechanical properties of actin networks have been 

studied over a wide range of frequencies at the cellular level (80, 81) and in purified 

mixtures in vitro (82-85).  Though this section will focus on mechanical property 

measurements of actin networks, recent reviews by Janmey and Weitz offer more 

information on whole cell mechanics (79, 86).  

 A common approach for investigating the viscoelasticity of actin gels has been 

performing rheological studies on purified solutions containing actin and selected actin-

binding proteins in ”bulk” assays – mixtures of purified proteins measured as equilibrium 

solutions (83, 87).  Rheology measures the material response to given stress or strain and 

yields values for the storage (elastic) modulus G’ and the loss (viscous) modulus G” at 

various frequencies (Figure  1.5).   

 

Figure  1.5 Schematic illustration of bulk rheology assays. 

Actin filaments (black curved lines) and crosslinking proteins (blue circles) are mixed in solution and 

placed between two plates that are sheared (arrows) with respect to each other.  Imposing a deformation on 

the network and measuring the resulting stress yields measurements for the shear moduli G’ and G’’. 

 

Such studies have led to significant advances in understanding the mechanical role of 

various crosslinkers (88-90), and of how the elasticity of in vitro networks scales with 
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concentration of different proteins, including actin itself (91).  Recently, Gardel and 

colleagues presented findings showing that actin filaments that are bundled or weakly 

crosslinked with scruin, an irreversible and rigid crosslinking molecule, exhibit 

mechanics dominated by resistance to deformation of the individual actin filaments (83).  

This and other studies have proposed that individual actin filaments are essentially 

entropic springs that stress-stiffen with increasing strain primarily as a result of the 

resistance to extension expected from a wormlike chain polymer (77, 83, 87).  

 While extremely useful for understanding the fundamental physics of semiflexible 

polymer melts, these experimental platforms primarily investigate actin networks with a 

random architecture that does not resemble those seen in vivo during dynamic processes 

such as motility (36).  As shown in Figure  1.3, actin networks exhibit dramatically 

different organization for specific processes.  For example, at the leading edge of a 

crawling cell, dendritic actin networks are formed through the carefully regulated action 

of actin binding proteins (as described in section  1.3.3).  They are different in several 

ways from the actin networks studied in bulk assays:  they are non-equilibrium, dynamic, 

and display a very specific dendritic architecture (short, branched, and crosslinked 

filaments) that is intimately linked to their ability to generate directional forces (35).  

Recent work by Mizuno et al. has commented on the behavior of non-equilibrium actin 

networks and shown that active stretching of filaments by myosin minifilaments results in 

different frequency scaling behavior for the elastic modulus than expected for 

semiflexible polymers at equilibrium (92).  Other studies have investigated the 

viscoelasticity of stress fibers, which are actin rich cables formed during cellular 

adhesion to the underlying substrate.  Stress fibers contain parallel actin filaments held 
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together by myosin minifilaments.  The Young’s (tensile) modulus of these assemblies 

was found to be 1.45 MPa, which is more than 1,000,000 fold greater than the moduli 

reported from bulk rheology assays of purified actin networks (93).  Furthermore, cellular 

elasticity is ~ 1kPa whereas the elasticity of purified actin networks is generally 1 – 10 

Pa.  These results demonstrate that many parameters such as loading direction and 

filament organization, or architecture, strongly affect the mechanical properties of actin 

networks. Therefore, it is unclear how different actin structures will respond to a given 

deformation.   

 

1.6 Atomic force microscopy in life science 

 Building on the ideas and principles of the scanning tunneling microscope, which 

was used to measure charge distributions and nanometer scale features of a specimen but 

required conductive materials for both the probe and specimen, the AFM has seen a 

consistent gain in popularity in recent years.  Though initial versions of AFMs still 

employed tunneling detection on top of a microcantilever (hereafter called cantilever) 

probe (94), significant technical innovation has lead to a wide array application to life 

sciences.  AFM has received increasing attention from biologists, physicists, and 

engineers interested in answering questions about molecular forces and the sizes of 

biomolecules because of the biocompatibility of the technique:  aqueous solutions, and 

physiological temperatures.  The sections that follow will briefly introduce the basic 

concept of AFM and describe some popular applications of AFM in biology. 
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1.6.1 Atomic force microscopy concept 

 AFM uses cantilever beams as physical probes to measure atomic scale forces and 

dimensions of a sample, and in turn, can be used to manipulate features of delicate 

samples.  Similar to classical Hookean springs, the deflection of a cantilever is linearly 

related to the applied force for small deflections (up to ~10% of its length).  Deflection is 

typically measured with the optical level method in which a laser is focused onto the end 

of a cantilever, and the position of the reflected beam on a position sensitive photodiode 

(a segmented photodiode is shown in Figure  1.6) gives the displacement of the cantilever 

(95).  The force exerted on a sample is calculated by measuring the deflection of the 

cantilever and multiplying by the spring constant, kcant , of the cantilever (Figure  1.6).   

 

Figure  1.6 Schematic of AFM measurement of actin network growth.   

Deflection of the cantilever (Δx) is observed by monitoring the position of the reflected laser on the 

segmented photodiode.  By measuring the deflection of the cantilever and knowing kcant, the force exerted 

on the sample can be calculated using Hooke’s law as F = kcant * Δx. 

 

The stiffness of a cantilever beam varies with its geometry as 3

3

l
wtEkcant ∝  where E is 

the Young’s modulus of the material, t is thickness of the beam, l is the length of the 

 30



beam, and w is the width of the beam.  Typical values for cantilevers used in biological 

applications (l ~ 100 μm, w ~ 10 μm, t ~ 500 nm, and E ~200 GPa) yield spring constants 

that range from 10 pN/nm - 1 nN/nm.  This stiffness range allows measurement of forces 

from pN well into the nN regime, giving AFM a large dynamic range compared to other 

force measurement techniques (96).  A thorough analysis of the beam physics and other 

phenomena that affect the dynamic range in AFM measurements is discussed in reference 

(97). 

 

1.6.2 Atomic force microscopy applications in biology 

 Because of the large force range and its compatibility with many environments 

from ultra-high vacuum to aqueous surroundings, AFM has found extensive use in fields 

from semiconductor processing and inspection to single molecule biophysics.  

Applications in biology include force spectroscopy measurements of the intra-molecular 

forces that hold protein molecules together (98, 99), cellular elasticity measurements 

(100, 101), imaging of biomolecules such as DNA on solid supports (102) as well as 

protein receptors in cell membranes (103), and receptor-ligand binding forces (104, 105) 

among many others.   

 In typical force spectroscopy measurements, a single protein molecule (such as 

titin (106)) is stretched between the cantilever and bottom surface by moving the bottom 

surface away from the cantilever tip at a known rate (98).  The information from these 

experiments is used to derive information about the equilibrium kinetics for the protein 

folding and unfolding rates.  Similar experiments where a ligand is attached to the 

cantilever tip and receptors are anchored to the bottom surface provide the ability to 
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measure the binding strength between complementary molecules such as antibodies and 

antigens (104).  AFM measurements of cell mechanics monitor deflection of the 

cantilever as a cell is indented with the cantilever.  By measuring the so-called force-

indentation curves and using appropriate theory, it is possible to determine various 

mechanical moduli of the cell (101).   

 Because dendritic actin network growth was previously shown to produce nN 

forces (65) and AFM possesses both the ability to exert forces from ~ 10 pNs to ~ 100 

nNs and measure nanometer-scale displacements, it is an appropriate technique for 

investigating actin network force production.  The nanometer-scale resolution is 

extremely useful for performing rheology of dendritic networks and studying network 

growth dynamics.  While AFM is well-suited for the actin network studies presented in 

this dissertation, it is not suitable for measuring motion of single molecule motors or low 

force unfolding kinetics of proteins due to the large drag coefficients (and subsequent 

limited force resolution) of AFM cantilevers (96).  Further information about AFM 

applications in biology can be found in reference (107).   
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CHAPTER 2: BUILDING AN ATOMIC 

FORCE MICROSCOPE 

 

 

2.1 Introduction to atomic force microscopy 

construction 

 Chapter 1 briefly introduced the idea and concept of an AFM and described 

typical life science applications.  This chapter discusses the issues one should consider 

when constructing a custom AFM.  First and foremost, DO NOT build a custom 

instrument if a commercial alternative is adequate for your purposes and there is 

sufficient funding (~ $250,000) for such an instrument.  While I firmly believe that all 

PhD students in Bioengineering/Biophysics should obtain experience with sensitive and 

cutting-edge equipment, sometimes it’s better to use what already works rather than 

reinvent the wheel.  With that said, I have had the opportunity to build three different 

AFMs while in the Fletcher lab, and each experience has taught me new tricks and 

broadened my perspective on the design process.   

 With the adaptation of the scanning tunneling microscope to the AFM, where 

samples could be imaged and interrogated under ambient conditions and in aqueous 

environments as well as improvement in probe manufacturing, AFM is now a well 
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established biophysical and semiconductor inspection tool.  In 1986, Binnig et al. 

demonstrated the first AFM by imaging insulators and inorganic materials (94).  Since 

this initial study, significant innovation by numerous academic laboratories (95, 108-111) 

and by industry manufacturers such as Veeco, Park Scientific, and Asylum has helped 

AFM mature into an extremely versatile technology for biological applications.  The 

following sections are by no means a comprehensive review of AFM design or 

construction but are a compilation of notes and considerations for building a custom 

instrument.  

 

2.2 Anatomy of an atomic force microscope 

 The basic setup of an AFM is shown below in Figure  2.1A.  The figure below 

shows a typical configuration where a nanopositioner moves the sample relative to the 

cantilever, laser, and position-sensitive detector (PSD).  This need not be the case, and in 

fact, the Veeco Bioscope I and II use the opposite configuration where the nanopositioner 

moves the cantilever and laser relative to the detector and sample.  Moreover, in current 

generation commercial instruments from Veeco and Asylum, there are two 

nanopositioners:  an XY positioner that moves the sample relative to the cantilever, laser, 

and detector, and a Z positioner that moves the cantilever, laser, and detector relative to 

the sample. 
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Figure  2.1 Basic AFM setup. 

(A) A diode laser is focused onto the end of a microfabricated cantilever, and the reflected laser position is 

measured on a position-sensitive detector (PSD).  The nanopositioner beneath the sample moves the sample 

with respect to the cantilever.  As the cantilever is positioned in contact with the sample, it bends as it 

applies a force to the sample, and the reflected laser beam translates on the PSD surface.  Drawing is 

modified from (112).  (B) Image showing well-contained, focused lasers on two independent cantilevers 

(discussed further in Chapter 3).  Optimal beam alignment is accomplished when the laser spot is slightly 

smaller than the reflecting surface (113).  

 

2.2.1 Laser 

 The AFM laser can be as simple as a laser pointer (long coherence length) or as 

complicated as a Ti:Sapphire solid state (short coherence length) laser depending on the 

application.  In general, the center wavelength (λc) and spectral characteristics should 

allow for a focused spot that fits well onto the free end of the cantilever (Figure  2.1B) 

and such that the PSD operates in a regime where the bandwidth is sufficiently high.  

Red/near infra-red laser diodes with λc between 630 nm and 785 nm and bandwidth ~ 1 

nm perform more than adequately for both requirements.  However, because of the 

narrow bandwidth of many diode lasers, their large coherence length (~ 1 m) permits 
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interference between the reflected beam from the cantilever with that from sample when 

using an uncoated silicon nitride cantilever.  This interference is seen as a periodic signal 

on the PSD with periodicity λc/2n (where n is the refractive index of the medium) in the Z 

direction as the distance between the cantilever and sample is changed (114).  

Interference fringes can often persist over significant distances (beyond 10 μm from the 

contact point between the cantilever and sample).  The fringe pattern leads to errors in 

determining the true contact point during sample approach and release, which is very 

important in a number of applications.  A solution to this problem is using a super 

luminescent diode (SLD) or solid-state laser.  SLDs have 50-60 nm bandwidth (but often 

sacrifice power), which greatly reduces their coherence length and the distance over 

which interference occurs.  In addition, one may choose a mode-locked Ti:Sapphire 

(solid-state laser), with a 200 nm bandwidth, to reduce the coherence length even further 

but this solution is extremely expensive (over $100,000 compared with less $3000 for a 

high end narrow bandwidth laser diode module).  Another (often less practical) solution 

is changing angle between the cantilever and the sample (θ in Figure  2.1A) to physically 

displace the two reflected beams by a greater distance at the PSD plane such that only the 

beam reflected from the cantilever is incident upon the detector.  

 In addition to interference, it is also important to use a temperature-stabilized 

laser.  Lasers generate significant heat, which can change the dimensions of the cavity 

(for solid-state lasers) or the size of the band gap (for diode lasers), resulting in mode 

hopping.  If a temperature-stabilized laser is used, this reduces problems resulting from 

temperature induced mode-hopping, which include power fluctuations and pointing 

stability errors.  Numerous vendors (Blue Sky Research and Point Source for example) 
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offer temperature-controlled narrow bandwidth laser diode modules with reasonable laser 

powers (5-25 mW) for $1500 - $2500, depending on wavelength and output power 

desired.  These modules use Peltier coolers on the diode housing to keep it at a fixed 

temperature.  Temperature-controlled solid state lasers maintain the gain crystal at fixed 

temperature using a flow-based heat exchange system in the crystal housing.     

 Another important laser quality is the beam power.  The reflected beam should be 

sufficiently powerful so as to generate a reasonable photocurrent in the PSD.  Depending 

on the detector type (discussed below) and the cantilever coating, this requirement can be 

non-issue or quite limiting.  A good rule of thumb is to purchase a laser with output 

power control where more than enough power can be delivered because one can always 

turn the power down and use neutral density filters to further reduce the power.  It is 

important to check the output power specification with the laser manufacturer, especially 

when purchasing a fiber-coupled laser because vendors will occasionally quote the output 

power from the diode rather than the fiber.   

 Fiber-coupled lasers are highly desirable in AFM design because they eliminate 

any spatial variations in the laser beam from the diode and convert mechanical vibrations 

of the diode (pointing instability) into small power fluctuations (which can be eliminated 

with appropriate normalization).  Current technology from diode-only modules is often 

sufficient, but a fiber-coupled source is a nice feature if available.  One should not 

purchase a low/medium quality diode and rely on fiber coupling to compensate for poor 

beam quality from the diode itself.  All custom AFMs in the Fletcher lab use Blue Sky 

Research temperature-stabilized, fiber-coupled diode lasers with the pointing stability 
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less than 10 μradians/°C, power stability better than 0.8% of the maximum power over 1 

hour, and diffraction limited divergence as measured from the output of the fiber. 

 

2.2.2 Position-sensitive detection 

 Below, two types of PSDs are discussed:  segmented photodiodes and lateral 

effect photodiodes.  The former is the more common PSD sold with commercial AFMs 

and much cheaper.  The latter is the PSD used in all custom AFMs in the Fletcher lab for 

reasons discussed below.  

 

Segmented photodiode 

 After the demonstration of the optical lever detection scheme by Amer and Meyer 

in 1988 (95), this has become the industry standard method for tracking cantilever 

deflection.  The operating principle is illustrated in Figure  2.2.  As the cantilever is 

deflected through an angle α due to interaction with the sample, the angle of the reflected 

beam changes by an angle 2α, which translates the beam on the SPD.  This translation 

shifts power between elements A and B and is detected as a change in the photocurrents 

generated in each element.  The position of the beam is then calculated as the difference 

in photocurrents .  This signal is calibrated to a physical displacement using a 

nanopositioner to control the deflection of the cantilever.  In signals and systems, 

typically one measures voltages rather than current so the photocurrent from each 

element is first converted into a voltage using a standard transimpedance amplifier 

(discussed below), and the voltage difference is the quantity actually measured.  Under 

optimal conditions, this detection scheme can resolve a 100 nm displacement of the 

BA II −
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beam, which corresponds to sub-nanometer displacements of the cantilever when the 

detector is placed in the far field of the laser reflected from the cantilever surface.  This 

sensitivity is sufficient to monitor thermally driven deflections of the cantilever.     

 

Figure  2.2 Cantilever deflection and beam translation on a SPD. 

(A) Deflection of the cantilever through an angle α, results in deflection of the cantilever tip by ΔZ and an 

angular shift 2α in the reflected beam.  Solid lines show the undeflected state and dashed lines show the 

cantilever and laser after deflection through α.  (B) The angular shift translates the beam by ΔX on the SPD 

and changes the amount of light impinging upon each half of the detector (A and B).  The two elements of 

the detector are physically separated by a “dead spot” (white bar), and the relative position of the beam is 

calculated as the difference in photocurrents generated on each detector element.  While ΔX can be made 

arbitrarily large by simply moving the detector further from the cantilever surface, this does not improve 

signal-to-noise ratio (SNR) because the beam radius (r) also increases linearly with distance.   

 

While this method is extremely sensitive, the use of adjacent, independent photocells 

with a “dead spot” between them imposes limitations on beam characteristics:  1) the 

beam diameter must be larger than the dead spot, 2) once the beam completely passes 

onto one element, position information is no longer available, and 3) the best SNR is 

obtained when maximum power is transferred between the two elements i.e. when the 
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beam is smallest on the detector.  Thus there exists a tradeoff between SNR and large 

dynamic range (113, 115).  One should note that quadrant SPDs are also available in 

addition to the bi-cell style shown in Figure  2.2B.  Quadrant SPDs are useful for 

detecting torsional motion of the cantilever (116). 

 

Lateral effect photodiodes 

 Another type of PSD used for positioning applications is the lateral effect 

photodiode (LEPD).  These detectors yield position information based on the position of 

the “centroid” (intensity maximum) of the laser spot independent of spot size and beam 

profile (117).  The basic idea is illustrated in Figure  2.3. 

 

Figure  2.3 LEPD operating principle. 

Light impinging upon the photodiode surface is absorbed in the intrinsic region and generates 

photocurrents.  Current flows to the L or R cathode contact (in photoconductive mode) through the N-type 

material with resistance Rsheet.  The amount of current flowing to towards each cathode depends 

approximately linearly on the distances, XL and XR, from each electrode (because the paths to the two 

cathodes essentially present two parallel resistors with XR ∝  (right)).  Thus beam position is derived by 

subtracting the photocurrents flowing through each cathode contact. 
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Incident light generates photocurrent in the LEPD, and the current at each cathode is 

inversely proportional to the distance between the contact and the centroid of the beam.  

Position information is obtained by subtracting the photocurrents (actually voltages) 

generated at the two cathode contacts.  LEPDs exhibit better than 1% deviation from 

absolute linear performance over the active area, and one can obtain continuous position 

information over nearly the entire device independent of beam profile because 

photocurrent is only generated at the centroid, unlike in SPDs.  However, these devices 

suffer from lower sensitivity than SPDs because of the inherent Johnson noise added by 

Rsheet in the N-type layer.  As this Johnson noise is usually the dominant noise in the 

device, LEPDs are inherently signal to noise (S/N) limited such that 
)(2 NS

Lq ≈Δ , 

where Δq is the minimum movement of the laser centroid and L is the length of the 

LEPD, meaning that a stable, high (but not saturating) laser power is recommended to 

maximize detector performance.  The practical limit of position detection is Δq ~ 0.5 μm 

of centroid movement with LEPDs (115). 

 Despite diminished sensitivity, these detectors offer a distinct advantage over 

SPDs because they provide continuous position detection over the entire active area and 

localized generation of photocurrents from the centroid of the laser spot.  These 

characteristics present a unique property whereby the dynamic range can be optically 

tuned.  Using optical telescopes, one can magnify or minify the amount of beam 

displacement on the detector element and thus change the dynamic range and sensitivity 

independent of the beam displacement resulting from cantilever deflection.  This property 

is illustrated in Figure  2.4.  The drawing shows that the beam centroid translates by 
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fhh =′ at the LEPD where h is the displacement of the beam due to cantilever 

deflection and f1 and f2 are the focal lengths of L1 and L2, respectively.   

 

Figure  2.4 Using a telescope can modulate  beam displacement on LEPDs. 

(A) The focused laser (through L0) is reflected from a deflected cantilever surface (black curved line) and 

is displaced a distance h relative to the reflected beam from the straight cantilever (gray solid line).  Using a 

Keplerian telescope (L1 and L2),  the laser displacement is modulated by a factor (f2/f1) to h’ on the LEPD, 

where f1 and f2 are the focal lengths of L1 and L2, respectively.  (B) The centroid of the beam is translated a 

distance h’ on the LEPD, and due to the centroid tracking feature in these devices, the position signal is 

amplified by a factor (f2/f1).  In this way, the active area of the LEPD can be masked to measure laser 

displacement with a higher sensitivity (f2 > f1) or larger range ((f2 < f1). 

 

In this way, one can create an arbitrary dynamic range.  This particular property is very 

useful for the actin experiments presented in Chapters 3-5 because network growth 

results in cantilever deflection that is greater than measurable with a SPD.  A magnifying 

telescope before the LEPD allows use of the entire 10 mm x 10 mm active area in order 

to optimize both the dynamic range and sensitivity.  However, it is important to note that 

as h’ increases, the intensity of the laser spot decreases quadratically with hh′ , which 
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reduces the S/N of the detection system because of the reduced power at the centroid.  

Thus, one may need to increase the optical power when using a magnifying telescope to 

maintain appropriate S/N.  Table  2.1 summarizes the benefits and drawbacks of each 

detector type and provides a short list of vendors.   

 
   

 
SPD 

 
LEPD 

Beam 
displacement 
resolution 100 nm  500 nm 
Advantages ▪ better resolution     ▪ continuous position 

detection over active area 
  ▪ lower detector noise  ▪ centroid tracking 
  ▪ smaller dependence 

on laser intensity 
 ▪ position information 

independent of intensity 
profile 

  ▪ uniform photo 
elements 

 ▪ superb linearity 

   ▪ excellent short 
range performance 

 ▪ variable dynamic range 
with telescopes 

Disadvantages ▪ intensity profile 
affects linearity              

 ▪ position resolution 
depends on detector size 
and intensity 

  
▪ beam must be larger 
than dead spot 

 ▪ added Johnson noise due 
to sheet resistance 

  
▪ limited dynamic 
range 

 ▪ reduced resolution 

       
Vendors UDT Sensors, Pacific Silicon Sensors, Thorlabs, New 

Focus, Newport 
 
Table  2.1 SPD and LEPD characteristics. 

 

Transimpedance amplification and signal acquisition 

 In order to measure position with either type of PSD, a current-to-voltage 

amplifier, or transimpedance amplifier (TIA) is often used.  Following the TIA 

conversion of photocurrents to voltages, one has the choice to either 1) digitize the 

signals with a data acquisition board (DAQ) or 2) perform further analog computation 
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before digitization.  Each method offers benefits and drawbacks, and often either is 

acceptable.  The issues that ultimately determine the appropriate method are:  1) the bit-

depth and quantization error of the DAQ versus the deflection sensitivity of the optical 

lever and PSD (ΔV/nm of cantilever deflection), 2) the speed requirement for the AFM, 

and 3) circuit construction experience of the builder.  Analog signal processing should be 

done carefully for sensitive and accurate detection otherwise unnecessary noise will 

corrupt the deflection signal.  Independent of the method chosen, before any signals are 

sampled with a DAQ, they must pass through an analog anti-aliasing filter to remove any 

high frequency content above the Nyquist frequency (equal to 0.5 times DAQ sampling 

frequency).  This information can not be legitimately sampled and will convolute the data 

in an irreversible way.   

 When recording monitoring cantilever position over longer times (minutes to 

hours), the difference voltage, RL VV −  (LEPD) or BA VV −  (SPD), should always be 

normalized by the total amount of light incident on the detector.  Thus for the X position 

of the beam: 
BA

BA
pos VV

VVX
+
−

=  for SPDs and 
RL

RL
pos VV

VVX
+
−

=  for LEPDs.  This 

normalization accounts for any temporal power fluctuations and slow drift in the laser 

power, which become a significant problem for long time-scale measurements.  A beam 

power fluctuation during an experiment will change the raw difference voltage by a 

factor α, which would correspond to a different cantilever deflection based on difference 

voltage alone, even though the cantilever deflection has not changed.  The normalization 

shown above negates this issue because both the sum and difference voltages will be 

changed by α so the normalized difference will not change.  Normalization can be 

performed in the analog or digital domain depending on preference.  More information on 
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TIA circuits and other electrical tutorials are available in the Art of Electronics by 

Horowitz and Hill (118). 

 Current product lines from Pacific Silicon Sensor offer on-board TIAs and 

normalization circuitry for two-dimensional position detection (X and Y) in both SPDs 

and LEPDs.  These products are offered in a compact package and require only soldering 

a connector in order to access the voltages.  Optical component distributors such as 

Thorlabs, Newport, and New Focus offer plug-and-play PSDs where the voltage outputs 

can be directly digitized from the unit, but the package is significantly larger.  More 

information regarding PSDs can be found on the UDT website (115).   

 

2.2.3 Nanopositioning systems 

 Quite possibly the most important part of all scanning probe microscopes is the 

nanopositioner because these devices move the sample relative to the cantilever and all 

calibrations are based on their performance.  By far the most common nanopositioners 

are piezoelectric actuators (piezos).  Piezos essentially change their length in proportion 

to an applied voltage (Figure  2.5) and the minimum incremental movement is ultimately 

determined by the noise in the driving electronics – not by the piezo itself.    
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Figure  2.5 Basic piezo expansion principle. 

Piezos used in AFM applications expand with applied voltage where ΔL α Vapplied .  In principle ΔL can be 

arbitrarily small because there is no friction or stiction during movement, and the minimum incremental 

movement is only limited by the SNR of Vapplied. 

 

The ability to execute well-controlled, repeatable nanometer-scale motion is imperative 

for measurement of molecular forces important in biology.  Single actin filaments 

measure 6 nm in diameter and produce pN propulsive forces so it is absolutely necessary 

that to have high resolution movement of the sample relative to the cantilever. 

 Closed-loop piezos are the ideal choice for AFM applications.  Raw piezo stacks 

are not well suited for high-resolution and stable use because of the following limitations:  

non-linear expansion, hysteresis, backlash, creep, and poor bidirectional repeatability.  

Significant technological advancement in position sensor technology and guiding 

flexures has resulted in closed-loop piezos that exhibit very precise movements and 

unprecedented bidirectional repeatability over large travel ranges.  Piezos operating in 

closed-loop mode with high resolution capacitive, strain gauge, and linear voltage 

differential transformer sensors and guided with precision designed flexures to linearize 

motion offer sub-angstrom incremental movement and bi-directional repeatability of less 
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than 1 nm over 100 μm of linear travel.  In addition creep, hysteresis, and backlash are all 

virtually eliminated under closed-loop control.  In general, all modern AFM biophysical 

applications demand closed-loop performance, but it should be noted that this inherently 

reduces position resolution because of electrical noise in the feedback circuit while also 

increasing the response time of positioning system (119). 

 The appropriate piezo for an AFM is highly dependent on the intended application 

(imaging, force spectroscopy, etc).  For example, if fast (1 kHz), high resolution (1 nm), 

and repeatable sample scanning is desired over a limited range (less than 10 x 10 x 10 μm 

in X, Y, and Z), then one should use a direct-drive piezo with a sufficiently high 

resonance frequency and accuracy.  In a direct-drive system, piezo expansion directly 

moves the payload (1:1 ratio of piezo to load movement).  In general, direct-drive 

systems are more accurate, exhibit significantly faster settling time (and a higher 

resonance frequency), exert considerably more force, support greater torque, and are 

much stiffer. However, these systems also cost more and often occupy more physical 

space because they must house large piezo stacks.  For example, a 20 mm piezo stack has 

a nominal expansion of ~ 20 μm so one would need a ~ 100 mm piezo stack to create ~ 

100 μm of direct-drive motion.  This can be a significant limitation in certain situations 

where space is at a premium. 

 On the other hand, if an application calls for significant range (100μm of Z 

motion) and high resolution (1 nm precision and accuracy), but high speed is not a 

requirement, then one may opt for a lever-arm amplified system to save space and 

money.  Lever-arm amplified systems move the payload by lever action over some 

distance from actual piezo movement.  An important note that is often overlooked for 
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lever-arm amplified systems is the location of the position sensor.  In these systems, the 

sensor is often on the piezo stack NOT the moving payload, which can result in 

systematic errors with larger loads.  In direct drive systems, this is not an issue since 

piezo motion directly couples to payload motion.  A nice (and slightly biased) overview 

of the piezo technology and physics is provided on the Physik Instrumente website (120). 

 

2.2.4 Macroscopic alignment 

 When building an instrument from scratch, one should have at least two one-

dimensional translation stages (Thorlabs MT1 – 0.5” motion), one for moving the 

cantilevers into the focus of the incoming laser and another for positioning the PSD 

relative to the reflected laser.  In addition, standard beam steering kinematic mirror 

mounts (Thorlabs KS1 – 1” optic kinematic mounts) and mirrors (Thorlabs PF10-03-G01 

– 1” inch mirrors) will be useful steer the laser onto the cantilever surface.  Finally, a 

basic imaging system:  a simple finite tube length objective, a basic light source, and 

CCD sensor (Edmund Optics) (if one is not using a microscope base) is invaluable for 

locating the focus of the laser and positioning the beam onto a cantilever.  Once the beam 

looks positioned in the imaging system, the alignment should be checked by inspecting 

the reflected beam quality.  If the appropriate laser and focusing optic have been chosen 

such that the focused spot is well contained on the cantilever surface, then the reflected 

and incident beams should look qualitatively similar at one focal length away from the 

cantilever surface because the undeflected cantilever is essentially a mirror.  Any beam 

clipping or speckle pattern is not acceptable.  Lastly, it is important to align the laser near 

the free end of the cantilever.  An empirical method for determining the appropriate beam 
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position is to observe the reflected beam vanish and appear as the incident beam is moved 

in X and Y on-and-off the cantilever surface.  The reflection of a well focused and 

aligned beam will vanish and appear very cleanly and quickly as the incident beam is 

scanned over the cantilever surface.     

 

2.3 Optical imaging 

 Combining AFM with wide-field epifluorescence imaging is straightforward and 

leverages fluorescent labeling techniques attractive in cell biology applications and 

biomolecule imaging.  More advanced imaging techniques such as total internal 

reflection fluorescence microscopy (99) and two-photon microscopy (121) were recently 

shown to work well with AFM.  However, it wasn’t until the release of the BioScope II 

AFM from Veeco that commercial AFMs allowed use of any specific brightfield imaging 

techniques such as differential interference contrast, Hoffman contrast, and phase 

contrast.  These developments increase both the utility of AFM for cell biology 

applications and reduce the time/effort for laser spot alignment onto the end of the 

cantilever thereby making AFMs more attractable for non-experts users.  

 

2.4 Noise and calibration 

2.4.1 Noise 

 Four primary sources of noise must be minimized when constructing a high-

resolution AFM:  acoustic, electrical, mechanical, and optical noise.  The easiest method 

for diagnosing noise-related issues is acquiring power spectra of the thermal fluctuations 
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of the cantilever.  Each type of noise has specific frequency signatures that make noise 

diagnosis and reduction much easier in the spectral domain.   

 Acoustic enclosures offered by Technical Manufacturing Corporation provide 

well-manufactured solutions specifically designed to house sensitive instrumentation.  

These units provide a stainless steel platter inside of an acoustically insulated enclosure 

with an optional pneumatic isolation system.  In the frequency domain, acoustic noise can 

excite resonances in the AFM and these peaks are generally located between 20 Hz and 

20 kHz.  The peaks are reasonably broad and do not exhibit the sharp signature associated 

with electrical noise.  If an acoustic enclosure is not available, then an acrylic box lined 

with sound insulating foam can be used to minimize acoustic coupling from ambient 

noise.   

 Electrical isolation can be achieved by assuring that no ground loops are present 

in the entire instrumentation system; there should only be one analog and one digital 

ground.  Providing power to the entire system through a universal power supply (UPS) 

unit reduces the power fluctuations and protects expensive equipment from potential 

harm in the event of a power outage.  If a UPS is not available, surge protectors 

(TrippLite or other brands) with filter banks should be used to reduce 60 Hz electrical 

noise.  Besides the 60 Hz noise, electrical noise sources generally appear as sharp peaks 

at frequencies beyond of a few kHz in the power spectrum.  Because most other sources 

of noise do not manifest as extremely narrow bandwidth spikes, these sources are 

diagnosed in a fairly straightforward manner compared to the other sources.    

 Optical noise, i.e. ambient light should be reduced as much as possible to avoid 

the significant 120 Hz noise associated with most room incandescent and fluorescent 
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lamps.  This is usually accomplished in one of the following ways:  1) turning off the 

lights, 2) enclosing the PSD with a black box only allowing a hole for the laser light to 

enter, or 3) using an interference filter that allows only the laser wavelength to impinge 

on the detector.   

 Mechanical noise is by far the most common culprit of noise sources in AFM 

instruments.  Insecure mounting of any component:  the laser, piezo, detector, lens, 

mirrors, etc. can give rise to peaks in the power spectrum similar in appearance to 

acoustic peaks.  The AFM should be constructed on a pneumatically-isolated optical table 

if possible to mechanically uncouple the AFM from building and ground vibrations.  The 

basic idea for mechanical isolation in an AFM is to use the “floated” table as a low-pass 

filter and stiff construction materials for the AFM as a high-pass filter such that the net 

result is a band-reject filter over the frequency band of interest.  In addition to pneumatic 

isolation, stresses due to very stiff, taught cables should be avoided and cables should be 

stress relived as close to the AFM as possible.  This minimizes external coupling (by 

accidentally touching remote portions of the cables).  Mechanical noise peaks generally 

have noticeable bandwidth compared to electrical peaks and are seen over a similar range 

as acoustic peaks.  The noise levels in the AFM environment should be optimized and 

removed commensurate with the level of performance desired.  A review by Neuman and 

Block discusses similar noise issues for optical traps and serves as a good reference 

(122).  
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2.4.2 Stiffness calibration 

 Stiffness calibration of AFM cantilevers is a well studied topic and a recent article 

by Lévy and Maaloum provides a nice summary (123) of the different computational and 

experimental methods.  It is essential to calibrate cantilevers before use because without a 

reliable stiffness, it is impossible to know the amount of force applied to a sample.  The 

thermal spectrum method pioneered by Hutter and Bechhoefer (124) is common non-

destructive method for obtaining cantilever spring constants.  This calibration method fits 

the power spectrum of the thermal fluctuations of the cantilever with a model of a 

damped, thermally-driven harmonic oscillator.  This model can be derived by writing the 

equation of motion (1) of a thermally driven mass m with drag coefficient γ attached to 

the end of a cantilever spring with stiffness kcant   
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where FR(t) is the thermal driving force and z(t) is position of the mass at the end of the 

cantilever.  After taking the Fourier transform of (1), multiplying by the conjugate 

quantities, and some algebraic manipulation, one obtains the power spectrum for the 

fluctuations as 
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where ω is the angular frequency in radians/s.  In practice, one obtains the power 

spectrum and fits (2) to the first resonance of peak to obtain an estimate of kcant because 

higher modes are assumed to contribute very little to thermal fluctuations (124).   

 A second calibration method for AFM cantilevers that also uses power spectral 

data takes advantage of the equipartition theorem that states that each harmonic potential 
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in the Hamiltonian contributes (1/2)kBT of energy on average, where kB BB is Boltzmann’s 

constant and T is temperature in Kelvin.  The Hamiltonian for a thermally vibrating 

cantilever can be written as (124) 

2
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pE cant+=     (3) 

where the first term on the right describes the kinetic energy and the second term 

describes the potential energy for a cantilever with mass m, momentum p, stiffness kcant,  

and tip position z.  Thus, the equipartition theorem states that the potential energy in (3)  
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1

2
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In order to obtain the <z2> of the cantilever tip, the first cantilever resonance mode in 

power spectrum is fit with a Lorentzian, and the resulting fit is integrated over frequency 

to obtain <z2> and subsequently calculate kcant. The accuracy of these two models is 

within 20-30% of actual value (123) (see Figure 3.2), possibly due to the complicated 

shape of a thermally vibrating cantilever (125).  It is extremely important that the 

sampling rate of the DAQ system is sufficiently high to capture at least the first 

resonance of the cantilever vibration when acquiring thermal data.  Otherwise it is 

impossible to fit the power spectrum with a Lorentzian and obtain an estimate for kcant 

with these methods. 

 

2.5 Conclusion 

 I have participated in construction of three custom AFMs with each system 

offering unique functionality.  The differential AFM (discussed in Chapter 3), which 

monitors position of two cantilevers simultaneously (Figure  2.1B), was the first 
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instrument that I built.  The motivation for this instrument was to use one cantilever as a 

sensor for the glass surface to improve the positional stability of the cantilever-surface 

distance over long times.  Because actin network growth occurs over hours and thermal 

drift is on the same order as network growth, this improvement was necessary to make 

long these time-scale measurements possible.  This instrument is well-suited for 

measurements of dynamic processes that can be localized to a cantilever where no 

scanning or sample positioning is required. 

 The next AFM that I worked on was a sideview imaging AFM, which 

incorporated a side-profile imaging path that allows imaging of the sample along the 

direction of applied force without the complexity of an optical sectioning system and 

computational reconstruction (3).  This AFM combines pN level sensitivity with high 

resolution optical imaging to visualize deformations along the loading direction.  Because 

of this unique combination, this system is well-suited for cell mechanics and adhesion 

measurements where it is unclear how cell deformability and internal cellular features 

respond under different loading conditions.   

 Finally, I have recently begun construction of a system that permits independent, 

nanometer-scale spatial control of two cantilevers simultaneously.  Information 

processing through a cell or among many cells is typically investigated with fluorescent 

microscopy.  Recent developments in our lab have allowed measurements of mechanical 

coupling within a single cell, but these measurements do not have nanometer level 

accuracy and millisecond time resolution.  This latest AFM will allow for arbitrary 

spatial positioning of each cantilever with respect to the sample and with respect to the 

other cantilever, providing the ability to monitor information transfer in a high bandwidth 
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over length scales from 10 nm to 100 μm in response to a variety of mechanical inputs.  

Each instrument has presented a different set of design challenges, but common metrics 

such as the power spectrum of cantilever fluctuations, cantilever-surface drift, piezo 

linearity, laser power stability, control system response time, and many others have 

proven very useful for optimizing performance. 
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CHAPTER 3: DIFFERENTIAL FORCE 

MICROSCOPE FOR LONG-TIMESCALE 

BIOPHYSICAL MEASUREMENTS 

 

 

Reprinted with permission the American Institute of Physics from article “Differential 

force microscope for long-timescale biophysical measurements” by Jason L. Choy  Sapun 

H. Parekh, Ovijit Chaudhuri, Allen P. Liu, Matthew J. Footer, Julie A. Theriot, Carlos 

Bustamante, and Daniel A. Fletcher in Review of Scientific Instruments 78(4), April 2007. 

Copyright © 2007 by the American Institute of Physics  
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3.1  Abstract 

Force microscopy techniques including optical trapping, magnetic tweezers, and 

atomic force microscopy (AFM) have facilitated quantification of forces and distances on 

the molecular scale.  However, sensitivity and stability limitations have prevented the 

application of these techniques to biophysical systems that generate large forces over 

long times, such as actin filament networks.  Growth of actin networks drives cellular 

shape change and generates nano-Newtons of force over timescales of minutes to hours, 

and consequently network growth properties have been difficult to study.  Here we 

present an AFM-based differential force microscope with integrated epi-fluorescence 

imaging in which two adjacent cantilevers on the same rigid support are used to provide 

increased measurement stability.  We demonstrate 14 nm displacement control over 

measurement times of 3 hours and apply the instrument to quantify actin network growth 

in vitro under controlled loads.  By measuring both network length and total network 

fluorescence simultaneously, we show that the average cross-sectional density of the 

growing network remains constant under static loads.  The differential force microscope 

presented here provides a sensitive method for quantifying force and displacement with 

long-timescale stability that is useful for measurements of slow biophysical processes in 

whole cells or in reconstituted molecular systems in vitro. 
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3.2 Introduction 

Cells possess an array of highly specialized protein machines that orchestrate and 

perform essential cellular functions such as division and motility.  In recent years, force 

microscopy techniques including optical trapping, magnetic tweezers, and atomic force 

microscopy (AFM) have provided insight into the importance of physical forces and 

mechanical properties in the functioning of biological systems at the molecular level 

(126). 

A common limitation of these techniques is thermal drift of the probe (a bead in 

case of optical and magnetic tweezers and a cantilever in the case of AFMs), as well as 

drift of the surrounding microscope components.  If the drift rate is similar to the 

mechanochemical timescale for the biological system of interest, then it is impossible to 

obtain high fidelity force and position data.  This limitation has recently been addressed 

for high-resolution tracking of molecular motors, such as RNA polymerase, through the 

use of a levitated optical trapping geometry (127).  Other attempts to reduce the influence 

of thermal effects include differential back focal plane detection for optical traps and 

differential cantilever or interferometric detection in single-molecule and imaging AFM 

applications (128-132). However, these techniques have been demonstrated to probe 

systems that produce small forces (~ nN) over short times (~ seconds). 

Here we present the design and verification of an AFM-based differential force 

microscope that can achieve 14 nm absolute stability between the cantilever and surface 

for at least 3 hours.  The instrument, which has recently been used in studies of actin 

network force generation and mechanics (37, 74), is integrated with an epi-fluorescence 

microscope and used here to obtain new measurements showing that average network 
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density (as measured by total fluorescence divided by network length) is constant under a 

controlled load.   

 

3.3 Atomic force microscopy for biophysical 

measurements 

Coordinated multi-molecule biological processes, such as actin polymerization, 

generate and respond to large forces over long times, and single-molecule force 

microscopy techniques are generally not appropriate for studying these processes.  Actin 

filament networks, which generate protrusions during cell crawling and shape changes 

during phagocytosis, can generate nano-Newtons of force over timescales of minutes to 

hours through the addition of nanometer-scale actin monomers (65, 74).  Study of their 

force generation capabilities has been hindered by the lack of suitable techniques for 

probing them while at the same time imaging spatial and temporal changes in the 

organization of fluorescently labeled proteins. 

AFMs are attractive tools for investigating biophysical processes in cells like 

actin network growth since they are capable of measuring nanometer-scale displacements 

and a wide range of forces.  Typical AFMs can measure forces well into the nano-

Newton range, the scale of forces believed to be generated by cellular processes such as 

pseudopod formation (133).  Furthermore, AFMs are easily integrated with fluorescence 

microscopes.  In an ideal AFM force-distance measurement, the position of the surface is 

fixed, and changes in deflection of the cantilever’s tip are equal to changes in the end-to-
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end distance of the sample under study and are related to the force exerted on the sample 

by Hooke’s law.  

In practice however, drift caused by temperature fluctuations in the surrounding 

environment can cause spontaneous cantilever bending and unpredictable drift between 

the cantilever and surface.  Cantilevers bend as temperature fluctuates, even in the 

absence of an externally applied force, which can result in a shift of the zero-force 

position of the cantilever (134).  Treatments such as thermal annealing, use of cantilevers 

without reflective or other asymmetric coatings, or torsional cantilevers can be used to 

reduce this effect (134-136).  

Over long times, temperature fluctuations and gradients can cause drift of the 

entire microscope apparatus, resulting in unwanted changes in the distance between the 

cantilever and surface that are much larger than cantilever bending and preclude accurate 

measurements of sample length (129).  Conventional AFM measurements with single 

cantilevers cannot distinguish between this cantilever-surface drift and actual sample 

length changes since both may result in cantilever deflection.  Drift in commercial 

systems can exceed 20 nm/min, which is on the same order as actin network growth rates 

and can therefore mask changes in network length (data not shown).  Cantilever-surface 

drift is a recognized limitation of AFM and has been addressed in a variety of ways for 

imaging, electrochemical, and single-molecule force spectroscopy applications (129, 131, 

137, 138).  Our differential force microscopy technique with integrated epi-fluorescence 

addresses cantilever-surface drift for molecular systems that generate large forces over 

long times.   
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3.4 Instrument design and performance 

3.4.1 Design principles 

The instrument consists of an epi-fluorescence-equipped AFM modified to 

measure the deflection of two cantilevers simultaneously.  In our system, two cantilevers 

– a “reference” and a “measurement” cantilever – attached to the same rigid support are 

mounted above a surface at a 10° angle (Figure  3.1, inset) similar to the experimental 

geometry described previously in Altmann et al (129).  When undeflected (Figure  3.1, 

inset gray dotted lines), the reference cantilever is closer to the surface than the 

undeflected measurement cantilever by a distance Do and is the first to make contact 

when the surface is raised.   

 

Figure  3.1 Optical schematic of the differential force microscope.   

Two similarly polarized diode lasers (λ1,λ2) are steered by mirrors (M1, M2,M3), combined by a dichroic 

mirror (DM1), and focused through a microscope objective (OBJ1) onto the two cantilevers.  The reflected 
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beams are collected by the same objective, reflected by a polarization beam splitter (PoBS), and separated 

by a dichroic mirror (DM2) onto two position sensitive detectors (PSD).  The cantilevers and sample can be 

illuminated with a broad band LED source (LS1)  via a pellicle beams splitter (PBS2) and OBJ1, enabling 

both reflection (OBJ1, PBS1, L1, CCD1) and transmission (OBJ2, L2, CCD2) imaging.  Epi-fluorescence 

imaging of the sample (OBJ2, L2, CCD2) is obtained by fluorescence illumination with a mercury arc lamp 

(LS2) via OBJ2 through an excitation-emission cube (ExF, DM3, EmF).  A feedback-controlled 

piezoelectric stage is used to control surface position.  (Inset), Diagram showing the two-cantilever 

geometry of the differential AFM technique and drift correction principle.  Actin network (red lines) length 

(D) can be accurately quantified over long times without the influence of cantilever-sample drift by 

monitoring deflection of a measurement (dSm) and reference cantilever (dSr) simultaneously.  Because the 

reference cantilever is in contact with the surface at all times, any common-mode cantilever-surface 

movement will be directly quantified as a change in dSr  making it possible to eliminate this error from 

measurements of actin network growth.  Dotted lines (gray) depict the original position of the surface 

position and undeflected cantilevers. 

 

If dSr is the deflection of the reference cantilever when in contact with the surface and 

dSm is the deflection of the measurement cantilever when in contact with the sample, the 

distance D between the tip of the measurement cantilever and the surface is 

)()()( tdStdSDtD mro +−=     (1) 

Any drift in the position of the surface with respect to the measurement cantilever is 

detected by a change in dSr.  Feedback on dSr or dSm can be used to create three different 

modes of operation: 

(1)  Drift clamp:  Surface position is adjusted to keep dSr constant, thus minimizing 

common-mode cantilever-surface drift from measurements of sample length and force  

over time. 
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(2)  Force clamp:  Surface position is adjusted to keep dSm constant, thus maintaining a 

constant force applied by the measurement cantilever over time, regardless of cantilever-

surface drift.  With dSm fixed, changes in length are directly measured by changes in 

deflection of the reference cantilever (ΔdSr).   

(3)  Position clamp:  Surface position is adjusted to keep (dSm - dSr) constant, thus 

maintaining a constant separation between the measurement cantilever and the surface 

over time, compensating for all cantilever-surface movement. 

 

3.4.2 Optical lever detection 

Deflections of the two cantilevers are monitored simultaneously with an 

objective-based optical lever system similar to that used by Wikramasinghe et al. and 

Schaffer et al. to monitor one cantilever (139, 140) (Figure  3.1, see Methods for a list of 

components).  In our system, the cantilevers are positioned in the focal plane of a single 

infinity-corrected objective lens, and two independent lasers with different wavelengths 

are focused through the objective onto the two cantilevers.  The beams reflected by the 

cantilevers are collected by the same objective and separated by a polarization-dependent 

beam splitter and dichroic mirrors onto two independent position sensitive 

photodetectors.  Application of an external force to either cantilever causes that cantilever 

to bend, changing the angle of its reflecting surface.  This change in angle is converted by 

the objective lens into a lateral shift in the position of the reflected beam on the position 

sensitive photodetector (Figure  3.2A,B).  For a given change in cantilever angle α, the 

angle of the reflected beam with respect to the optical axis changes by 2α.  The 
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corresponding shift in the position Δh of the beam on the detector can then be expressed 

as  

( ) ( )[ ]αθθ 2tantan +−=Δ fh    (2) 

where f is the focal length of the objective lens and θ is the angle of incidence of the laser 

on the cantilever relative to the optical axis.  The bending angle of the cantilever can 

further be related to the displacement of the cantilever’s tip, y, using the relation 

( )ly 2/3tan 1−=α     (3) 

where l is the length of the cantilever(97).  The sensitivity of this detection scheme is 

similar to that of traditional optical lever designs as demonstrated by the instrument’s 

ability to resolve thermally-limited deflections of the cantilever during cantilever 

calibration (Figure  3.2C) (95, 124, 141). 
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Figure  3.2 Ray optics diagram of the objective-based optical lever and power spectrum of cantilever 

noise, both shown for a single cantilever.   

(A) Light incident on the undeflected cantilever reflects at an angle θ and is displaced from the optical axis 

upon reflection by a distance h = f tan(θ) at the principal plane of the objective (shown here as a single 

lens).  (B) Upon bending, the cantilever reflecting surface changes by an angle α, shifting the angle of the 

reflected beam by an amount 2α and changing the lateral displacement of the beam at the principal plane of 

the objective to h = f tan(θ+2α).  Thus, the cantilever bending angle α is detected as a lateral displacement 

Δh = f [tan(θ) - tan(θ + 2α)].  (C) Power spectrum of a freely suspended cantilever in Xenopus buffer (see 

Methods).  The first resonance of the raw power spectrum (black dots) is fit by a Lorentzian function (red 

line), which is characteristic of a damped, driven harmonic oscillator, demonstrating that our differential 

AFM setup is thermally limited.  Data was acquired at 100 kHz and anti-aliased to 50 kHz.  Spring 
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constants were extrapolated from the fitted power spectrums using the equipartition theorem and ranged 

from 29-33 pN/nm, which is within 20% of the manufacturer’s value of 30 pN/nm (124). 

 

The use of an objective lens to both focus the incident beams and collect the 

reflected beams provides several advantages over a free-space design for monitoring two 

cantilevers and interferometer-optical lever combination (129, 130, 132).  First, the lasers 

share a beam path over much of their trajectories, simplifying the optical path and 

enabling additional lasers to be added with minimal perturbation (110).  Second, our 

system is compatible with smaller cantilevers that offer improved force resolution (110, 

142).  An objective lens with a higher numerical aperture could be used to focus the 

lasers more tightly onto the reduced dimensions of the small cantilevers.  Finally, use of 

an objective lens enables reflection and transmission imaging (Figure  3.1) of the 

cantilevers and sample for easy alignment.  We note that this instrument is designed to 

measure sample displacement and force and is not intended for topographical imaging 

applications in its current form. 

 

3.4.3 Spatial stability characterization 

As a demonstration of the utility of our differential force microscope, we present 

its ability to control cantilever-surface separation over long times.  This was done by 

monitoring how the distance between the measurement cantilever and the surface 

changed with time immediately after the cantilevers were immersed in a standard 

biological buffer.  We compared the cantilever-surface drift when the instrument was 

operated as a position clamp to when no differential feedback was used (Figure  3.3).  

During the test, the measurement cantilever was freely suspended above the surface, and 
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the reference cantilever was held in contact to monitor the surface the position.  At 

regular intervals, cantilever-surface separation was measured by bringing the surface into 

contact with the measurement cantilever. 

When the position clamp (feedback) was active (Figure  3.3A, inset), the root-

mean-square (RMS) deviation in the cantilever-surface separation with respect to the 

initial value was fewer than 14 nm over 3 hours (n=8, Figure  3.3A) and showed no clear 

time dependence.  This is in sharp contrast to the results obtained when the clamp was 

not used where position error accumulated with time and was often more than 2000 nm at 

the end of a measurement (n=8, Figure  3.3B).  This two order of magnitude reduction in 

drift demonstrates the ability of our AFM-based differential force microscope to 

dramatically minimize unwanted cantilever-surface drift for long-timescale experiments.  

While these results illustrate the advantage of this differential AFM technique, we note 

that even better performance may be obtained by using two cantilevers with the same 

physical dimensions and adjusting the angle of the sample surface to impose an 

asymmetry in the cantilever-surface distance between the cantilevers.  In principle, this 

approach could reduce differential cantilever drift, which may be responsible for the 

residual 14 nm error in our spatial stability measurements with the position clamp active.    
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Figure  3.3 Cantilever-surface drift, ∆z, with position clamp active.   

In all experiments, data acquisition (100 Hz) was initiated 2-4 minutes after the cantilevers were immersed 

in Xenopus buffer, and the measurement cantilever was freely suspended while the reference cantilever was 

held in contact with the surface.  To quantify drift, the cantilever-surface separation was sampled at 10 

minute intervals by moving the surface into contact with the measurement cantilever.  Individual data 

points (open triangles in both panels) are connected with line segments, and different colors indicate 

different experiments.  (A) Graph showing ∆z vs. time for position clamp experiments where differential 

feedback was used to keep cantilever-surface separation, D, constant (inset).  The RMS ∆z was always less 

than 14 nm over an individual 3 hour measurement period, and the absolute ∆z never exceeded 22 nm (n = 

8).  (B) Experiments where the position clamp was inactive showed an absolute ∆z often greater than 2000 

nm after 3 hours (n = 8).  Experiments where the position clamp was active demonstrate the operational 

advantage of this differential AFM technique to improve positional stability by better than 2 orders of 

magnitude. 

 

3.5 Application to actin network growth 

As an application of this instrument to probe force-generating biophysical 

systems, we used the differential force microscope in force-clamp mode to monitor actin 

network growth between the measurement cantilever and surface.  We detected changes 
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in the actin network length with the reference cantilever and held a force of 36 nN on the 

network with the measurement cantilever (Figure  3.4, upper inset).  Actin network 

growth was localized to the measurement cantilever by nonspecifically adsorbing the 

bacterial nucleation promoting factor, ActA, directly onto the measurement cantilever’s 

surface (see Methods).  No ActA was adsorbed onto the reference cantilever.  Both 

cantilevers were then immersed in Xenopus laevis cytoplasmic extract, in which ActA 

activates the Arp2/3 complex to stimulate growth of a branched actin filament network 

(68, 74).   

A low concentration of rhodamine-actin was added to the extract and incorporated 

into the network, allowing network growth to be visualized through the integrated epi-

fluorescence microscope.  Cantilever deflection was recorded continuously while 

fluorescence images were taken at 10 minute intervals to quantify the amount of 

polymerized actin at the cantilever’s surface (Figure  3.4, lower inset).  The measured 

network length was found to directly correlate with increasing fluorescence intensity 

(Figure  3.4, solid line and crosses).  The ratio of fluorescence intensity to length varied 

little over the experiment with a standard deviation less than 2.7% of the mean, 

demonstrating that the average cross-sectional network density did not change noticeably 

as the network elongated under a constant force.   
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Figure  3.4 Simultaneous force and fluorescence microscopy of actin network growth in a force 

clamp.   

Length vs. time (solid line) plot of actin network growth under a constant force F = 36 nN load applied by 

the measurement cantilever (upper inset).  Length changes were measured continuously by the reference 

cantilever, and fluorescence images of rhodamine-actin (lower inset) in the network were taken at 10 

minute intervals.  Total fluorescence intensity (crosses) directly correlated with network length as the 

network elongated, indicating that the average cross-sectional density of the network did not change as the 

network grew against the applied force. 

 

This finding suggests that network density is independent of extrinsic variables such as 

network length and depends solely on opposing force, which sheds light onto the 

dynamics of the actin cytoskeleton in motile cells experiencing stable loading conditions.  

This combination of length, force, and fluorescence measurement capabilities provides a 

platform for quantifying how average network density changes as a function of force and 

as a function of time when the network is subjected to various loading conditions. 
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3.6 Discussion & conclusions 

 The instrument presented here employs a differential cantilever geometry in 

which two cantilevers on a single substrate were used to stabilize AFM measurements of 

force and distance.  The stabilization geometry we describe is conceptually similar to that 

used in Altmann et al. (129), though we measure beam-bounce deflection through a 

single objective lens that can be used for simultaneous imaging and alignment of the 

cantilevers.  Furthermore, our instrument is targeted at biological processes that operate 

over significantly longer times (at larger forces) than the ~10 second stability necessary 

for force spectroscopy measurements of protein unfolding (129).  In the stability 

demonstrations from Altmann et al. the authors utilize a feedback loop in which the 

reference cantilever alone provides the feedback signal for drift stabilization over short 

timescales, which neglects spontaneous differential cantilever drift between the two 

cantilever sensors over longer timescales.  We show that both sources of drift can be 

addressed by employing a position clamp using differential feedback, achieving a 2 order 

of magnitude improvement in precision over the case without differential feedback.  To 

our knowledge, this is the first direct demonstration of drift control between the 

cantilever substrate and surface over timescales of several hours.   

In summary, we have developed an AFM-based differential force microscope for 

probing coordinated, time-dependent multi-molecule systems with a position stability of 

14 nm over 3 hours.  In the case of actin network growth, this stability corresponds to 

measurement uncertainty of less than 4 actin monomers.  The ability to measure precise 

displacements combined with simultaneous time-lapse fluorescence imaging and existing 

strategies for localization of molecules to the cantilever make this instrument useful for 
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measuring mechanical and spatial biophysical changes in multi-molecule systems over 

long times (143-145).  In addition to the actin network growth measurements that we 

present here, the differential force microscope could be used to quantify forces and 

nanometer-scale displacement during other cellular processes such as filopodia extension, 

phagocytosis, cytokinesis, and mitotic spindle formation. 

 

3.7 Methods 

3.7.1 Differential force microscope components 

An optical schematic of the the differential force microscope is shown in Figure 

 3.1.  The entire microscope is constructed horizontally on an optical breadboard housed 

in an acoustic enclosure (Technical Manufacturing Corporation) and vibrationally 

isolated with pneumatic support (Newport, Inc.).  The main components in the schematic 

are the lasers, λ1 (λ = 670 nm, Point Source, Ltd.) and λ2 (λ  = 635 nm, Thorlabs, Inc.), 

the closed-loop Z-axis piezoelectric stage (range = 12 μm, accuracy = 0.05 nm, Physik 

Instrumente, LP), commercial cantilevers (Veeco Metrology, Inc.), position sensitive 

detectors (PSDs) (Pacific Silicon Sensors, Inc.), and the objectives, OBJ1 (Mitutoyo, 10x, 

0.28 NA) and OBJ2 (Zeiss, 32x, 0.4 NA).  All other components were purchased from 

standard optics suppliers (Thorlabs, Inc. and Edmund Optics, Inc.) or custom made.  The 

entire instrument is controlled with custom written software in LabView (National 

Instruments, Inc.) 

 

 

 

 72



3.7.2 Protein preparation 

Actin was purified from rabbit skeletal muscle (146), labeled on random lysines 

with NHS-rhodamine (Pierce Biotechnology, Inc.), and cycled repeatedly to ensure 

polymerization competency.  Xenopus laevis extract was prepared as previously 

described (43).  Following isolation, crude extract was ultracentrifuged for clarification, 

aliquoted, and stored at -80°C.  Extract mix was prepared by diluting the extract to 50% 

with Xenopus buffer (100 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, 10 mM 

HEPES pH 7.7), spin-filtering through 100 nm pores (Millipore) to remove large 

particulates, and adding 37.5 μl of 50% extract to 1.7 μl of energy mix (150 mM creating 

phosphate, 2mM EGTA, 20 mM MgCl2, 20 mM ATP pH 7.4) and 2 μl of rhodamine-

actin (2 mg/ml). 

   

3.7.3 Actin network force-clamp measurements 

 The measurement cantilever had a stiffness of 20 pN/nm and the reference 

cantilever had a stiffness of 30 pN/nm based on the manufacturer value and confirmed 

with thermal noise measurements (Figure  3.2C) (124).  The cantilever was functionalized 

by dipping the end into a solution of ActA (0.4 mg/ml) for 30 seconds, placed in a fluid 

cell, and immersed in Xenopus laevis extract after the surface was moved within ~100 μm 

of the cantilevers.  Subsequently, cantilever deflection was calibrated, and the surface 

was finely adjusted with the piezoelectric stage until the desired force was reached on the 

measurement cantilever, after which data acquisition, force-feedback, and time-lapse 

fluorescence microscopy commenced.  Data was anti-aliased at 50 Hz (Krohn-hite, Inc.), 

recorded at 100 Hz using a PCI-6036E data acquisition board (National Instruments, 
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Inc.), used for real-time software-feedback, and saved for offline processing in Igor Pro 5 

(Wavemetrics, Inc.). 
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CHAPTER 4: LOADING HISTORY 

DETERMINES THE VELOCITY OF ACTIN 

NETWORK GROWTH 

 

 

Reprinted with permission Nature Publishing Group from article “Loading History 

Determines the Velocity of Actin Network Growth” by Sapun H. Parekh, Ovijit 

Chaudhuri, and Daniel A. Fletcher in Nature Cell Biology 7(12):  1219-1223, December 

2005. 
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4.1  Abstract 

Directional polymerization of actin filaments in branched networks is one of the 

most powerful force-generating systems in eukaryotic cells (30).  Growth of densely 

cross-linked actin networks drives cell crawling (16), intracellular transport of vesicles 

and organelles (147, 148), and movement of intracellular pathogens such as Listeria 

monocytogenes (149).  Using a modified atomic force microscope (AFM), we obtained 

force-velocity (f-v) measurements of in vitro growing actin networks through stall.  We 

found that the growth velocity of a branched actin network against increasing forces is 

load independent over a wide range of forces prior to a convex decline to stall.  

Surprisingly, when force was decreased on a growing network, the velocity increased to a 

value greater than the previous velocity, such that two or more stable growth velocities 

can exist at a single load.  These results demonstrate that a single f-v relationship does 

not capture the complete behavior of this system, unlike other molecular motors in cells, 

because the growth velocity depends on loading history rather than solely on the 

instantaneous load. 

 

4.2 Introduction 

Over the past decade, in vitro reconstitution of actin-based motility using bacteria 

and functionalized micron-sized beads (43) has led to the characterization and 

identification of proteins essential for directed movement (150).  However, the physical 

basis and regulation of force generation by branched actin networks is still under debate 

(151).  Conversion of chemical energy into mechanical work by molecular motors or 
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filament polymerization is typically characterized by  f-v relationships, which describe 

velocity in a given biochemical system as a function of only the instantaneous applied 

force (152),(153).  Multiple theoretical models posit such f-v relationships for growing 

actin networks (60, 61, 66, 67, 154), but the predictions of these models vary widely 

because of different assumptions about the effects of filament branching and capping, 

network elasticity, and network-load tethering.  McGrath et al. (71) and Wiesner et al. 

(72) have reported f-v relationships using reconstituted motility assays of Listeria and 

beads, respectively, in which the viscoelasticity of the medium was varied to control the 

drag force.  More recently, Marcy et al. directly measured a f-v relationship for actin 

network growth using a glass microneedle force probe (65).  Both the Listeria (71) and 

glass microneedle (65) experiments show a concave decline in velocity with increasing 

force as predicted by the tethered Brownian ratchet (61) and elastic gel (66) models.  

However, no previous work has stalled actin network growth.  Consequently, the extent 

to which the full force-velocity landscape has been measured is unknown, making the 

interpretation of these results difficult and raising questions about the behavior of actin 

networks under higher loads approaching stall.  

Here we present measurements of actin network growth through stall against a 

flexible cantilever in a differential AFM assay that uses two cantilevers to measure 

displacement over long times.  In each experiment, the nucleation promotion factor ActA 

was nonspecifically adsorbed onto one cantilever (see Methods), initiating formation of a 

localized, branched actin network between the cantilever and a nearby surface (68) 

(Figure  4.1A).  The second cantilever is used to compensate for unpredictable drift 
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between the surface and cantilevers to ensure spatial stability throughout the experiment 

(see Methods, Figure  I.1).   

 

Figure  4.1 Growth of an actin network from an AFM cantilever. 

(A) Illustration of the experimental geometry.  (i)  A cantilever functionalized with ActA is mounted in a 

fluid cell and positioned near a glass surface.  (ii)  Xenopus laevis cytoplasmic extract mix is delivered to 

the fluid cell and forms a liquid chamber in which the cantilever is immersed.  Upon immersion, ActA 

activates the Arp2/3 complex, which initiates formation of a branched actin network.  Actin polymerizes at 

the cantilever surface pushing the existing network towards glass surface.  (iii)  After the network reaches 

the glass surface, further growth deflects the cantilever, xΔ , which is monitored by an optical lever (not 

shown).  The deflected cantilever behaves like a spring, exerting a restoring force proportional to its 

displacement, or , where k is the stiffness of the cantilever.  (B) Images of a cantilever before and 

during polymerization.  (i)  Brightfield image showing the triangular end of the cantilever.  (ii) Fluorescent 

image of rhodamine labeled actin growing from the cantilever during the initial stages of actin network 

growth.  (iii) Fluorescent image of the actin network at a later time. Scale bar is 10 µm. 

xkF Δ=
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4.3 Results and Discussion 

We measured actin network growth from the actin-associated cantilever 

deflection, using an optical lever design sensitive to nanometer-scale displacements.  

While actin polymerization resulted in both cantilever deflection and compression of the 

existing network, compression is expected to be small and is not considered in further 

analysis ( APPENDIX I:).  Network growth was monitored simultaneously with epi-

fluorescence imaging of labeled actin (Figure  4.1B).  This force microscopy technique 

offers several key features: (i) capability of exerting forces up to several hundred nN, (ii) 

active adjustment of the load on the actin network during an experiment, (iii) a flat 

nucleating surface to avoid ambiguities caused by surface curvature (155). 

First, we measured the f-v relationship by allowing the growing actin network to 

naturally deflect the cantilever.  Because a cantilever exerts a restoring force proportional 

to its deflection, the actin network grew against increasing forces until growth stopped at 

the stall force, similar to single molecule studies with optical traps (156-158).  A typical 

result is shown in Figure  4.2A where the actin network exhibited three different growth 

phases.  Initially, there was a developmental phase where the network growth velocity 

increased against increasing forces (Figure  4.2A, I).  This developmental phase was also 

seen in constant force experiments, indicating that it is a transient phenomenon, and it 

was excluded from further analysis ( APPENDIX I:, Figure  I.2).  Following this was a 

load-independent phase where the network length increased linearly with time against an 

increasing force (Figure  4.2A, II).  The actin network in Figure  4.2 grew at a velocity of 

~72 nm/min over a 50-160 nN range.  Finally, the network entered a stall phase, where 

the rate of network elongation slowed until it stalled at a force of 294 nN corresponding 
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to a pressure of ~1 nN/μm2 (Figure  4.2A, III).  In order to demonstrate that the observed 

stall was indeed force-dependent and not due to depletion of protein components, we 

reduced the force on the stalled network after which the network resumed elongation 

( APPENDIX I:, Figure  I.3). 

 

Figure  4.2 Force-velocity relationship of actin network growth under increasing forces.  

(A) Length-force-time plot from a single experiment.  Network length includes an extra 3 μm in addition to 

cantilever deflection to account for the cantilever tip spacing.  The entire force-time trace is shown in red 

with the vertical dotted lines marking the transitions between phases I, II, and III.  The black dotted line 

superimposed on the red trace in phase II is a linear fit (R2 = 0.999) to highlight the load-independence of 

this phase.  (B) Force-velocity relationship for the experiment in (A) showing the load-independent (II) and 

stall (III) phases.  The transient developmental phase (I) is not included ( APPENDIX I:, Figure  I.2).  
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Briefly, the growth velocity is obtained by differentiating the deflection-time curve using a Savitzky-Golay 

filter and plotted versus a Boxcar-smoothed force axis.  (C) Average normalized force-velocity plot from n 

= 10 experiments, showing an essentially constant velocity spanning more than a third of the total force 

range.  Individual runs were normalized by VL and F1/2, and averaged at the indicated F/F1/2 values.  

Individual normalized velocity values are shown as mean ± s.e.m. (see Methods). 

   

From measurements of length and force over time, we computed the f-v 

relationship by differentiating length records to obtain growth velocity.  A single f-v 

trace, based on the experiment in Figure  4.2A, is shown in Figure  4.2B.  As indicated by 

the dashed line in Figure  4.2A, the network growth velocity remained essentially load-

independent for more than a third of the force range.  This load-independent phase is 

followed by a convex decline in velocity until stall.  Stall forces (150 ± 120 nN, mean ± 

s.d., n = 10) and load-independent velocities (85 ± 68 nm/min, mean ± s.d., n = 10) varied 

significantly among trials primarily due to variations in ActA density and coverage area.  

However, after normalizing the velocity and force for each individual record, all f-v 

curves collapsed onto each other.  This suggests that the average normalized f-v trace 

(Figure  4.2C) represents a characteristic behavior for actin networks growing against 

increasing loads, which is independent of network area as well as cantilever stiffness.  

This curve illustrates both the load-independent growth and convex stalling behavior. 

Several models of actin-based motility might explain the load-independent 

behavior seen in Figure  4.2C.  One explanation is that network growth is limited not by 

the applied force but rather by force-independent processes such as the inherent time 

required for polymerization of actin or nucleation of new filaments (54, 154, 156).  

Alternatively, it is possible that remodeling of the actin network during growth by 
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increased branching, for example, is responsible for the load-independent regime.  The 

autocatalytic model for actin growth posits a mechanism whereby the density of filaments 

increases with force to keep the velocity constant (67).  An increase in force causes a 

transient decrease in network growth velocity thus allowing more time for filament 

branching at the load surface. This enhanced branching increases the density of filaments 

at the load surface so that the force per filament remains constant with increasing load 

resulting in a constant velocity. 

In order to differentiate between these explanations we performed the following 

force-reduction experiment (Figure  4.3A).  The network was allowed to grow until it 

reached a force of 145 nN with a load-independent velocity of ~129 nm/min.  We then 

reduced the applied load to 120 nN – still within the load-independent regime – by 

gradually retracting the surface with a piezoelectric stage (see Methods).  Following the 

force-reduction, the load was clamped at 120 nN, and the growth velocity was measured.  

If force-independent kinetics determined the growth velocity from 120 up to 145 nN, then 

the velocity at 120 nN should not change following a force reduction.  On the other hand, 

if the network has undergone structural remodeling as in the autocatalytic model, then the 

growth velocity would be greater after the force is reduced, but only for a short time.  For 

the experiment shown in Figure  4.3A, a force decrease of 17% led to a 2.1 fold increase 

in velocity to 275 nm/min.  Surprisingly, this velocity persisted for more than 10 minutes 

(or almost 3 μm of growth).  In all force-reduction experiments the growth velocity after 

a 17 –  98% (n = 8) force reduction was found to stabilize at a value 1.75 – 10.9 (mean = 

3.7) fold higher than the original velocity and persist for as long as data was recorded, 1-4 

μm and up to 30 minutes. 
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Figure  4.3 Force-reduction experiments showing two stable velocities at a single force. 

(A) Actin network growth proceeded until the load-independent phase was reached, during which the 

growth velocity (blue) was ~129 nm/min.  At t = 100 minutes the force (red) on the network was reduced 

from 145 nN to 120 nN, and the force was clamped at 120 nN.  The average growth velocity (grey dotted 

line) following the force reduction increased to approximately 275 nm/min, which is ~2.1 fold greater than 

the velocity of network growth previously at 120 nN.  This growth velocity persisted for more than 10 

minutes (3 µm).  Inset, Histogram of growth velocity in load-independent phase (black bars) and after force 

reduction (open bars).  (B) Same color legends as in (A).  Force exerted on the network was initially held 

constant at 68 nN, then allowed to increase naturally at t = 73 minutes (slight decrease in velocity).  When 

the force reached 83 nN at t = 79 minutes, the force was reduced back to 68 nN and clamped.  Following a 

brief decay in velocity, the average growth velocity stabilized at 270 nm/min, which is a 1.6 fold increase 

over the previous velocity of 170 nm/min.  Inset, Histogram of growth velocity in force-clamp mode 

before (black bars) and after (open bars) the force reduction.  The experiments shown in (A) and (B) 

demonstrate multiple stable growth velocities for a single force.   
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When actin network growth naturally deflects the cantilever in the load-

independent phase and experiences an increasing force, kinetic processes such as 

molecular diffusion and increasing compression at higher forces may influence the 

velocity of growth in a transient manner.  Under a constant force, however, 

concentrations are stable so that steady-state velocities are measured.  To verify the 

existence of two growth velocities against the same force, we conducted force-clamp-

reduction experiments.  In these experiments, the force exerted on the network was 

initially held constant, and the resulting velocity was quantified.  The force clamp was 

then removed and subsequent network growth resulted in increased cantilever deflection 

and increased force on the network, just as in the previous force-reduction experiments.  

After this period of increasing force, the force on the network was reduced to the initial 

value and clamped, and the resulting velocity was quantified.  An example of this 

experiment is shown as Figure  4.3B.  In this trial, the velocity during the second force 

clamp was 1.6 fold greater than the velocity during the first force clamp following a 19% 

reduction in force.  In all force-clamp-reduction experiments (n = 8), the growth velocity 

was found to increase by a factor of 1.22 to 3.63 (mean = 2.3) following a 20 – 95% 

reduction in force.  Additional control experiments showed that this phenomenon is not 

dependent on network length (data not shown).  These force-clamp-reduction 

experiments confirm the existence of two steady-state growth velocities against the same 

load in the same experiment, demonstrating hysteresis in the f-v relationship.  

Consequently, the velocity of actin network growth at a given force depends on its 

loading history, and a single f-v relationship can not capture the behavior of this system.  
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In the autocatalytic model, filament density is governed by the load velocity and 

adjusts to prevent changes in velocity as force increases or decreases (67).  This model is 

consistent with a load-independent growth velocity (Figure  4.2C) as well as with the 

increased velocity immediately after a force-reduction (Figure  4.3).  However, the 

autocatalytic model predicts that an instantaneous increase in velocity after force-

reduction will be followed by an exponential return to the previous velocity at that force.  

Rather, we find that an increased velocity after force-reduction continues indefinitely. 

 

4.4 Conclusions 

While the predicted return to the previous velocity, V1, does not occur, increasing 

filament density with force is a plausible explanation for our observations.  In this 

scenario, the density of filaments increases to sustain a constant force per filament 

leading to a constant velocity during the load-independent phase as force increases.  

Following a force-reduction, the density of filaments stabilizes so that a velocity, V2, 

greater than V1 is maintained, rather than exponentially reduced to V1.  At forces above 

the load-independent regime, the growth velocity begins to roll off as the network 

approaches a saturating density of filaments, and growth is stalled soon after.  This would 

suggest a crucial role for actin filament nucleation in force production.  Previous studies 

(65, 71, 72) have reported increases in actin density with load through fluorescence or 

phase imaging of actin, which is consistent with our interpretation.  Several molecular 

mechanisms may be responsible for regulating the number of filaments in the network, 

such as force-dependent branching or capping rates.  If the branching or capping rate 

depends on the force per filament, then increasing the total force on the network could 
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stimulate a net increase in the filament density.  However, simple kinetic models cannot 

capture the hereditary nature of this system, and other biochemical processes in the 

extract may influence network organization.  Further experiments will be required to 

elucidate the specific molecular mechanisms involved in remodeling and hysteresis.    

Our work shows that under an increasing load, actin network growth is load-

independent prior to stall, which is explained by structural remodeling of the actin 

network, likely due to an increase in the number of working filaments pushing the load.   

From force-reduction experiments, we find that the f-v relationship for a growing actin 

network depends on its loading history, unlike the f-v relationships of molecular motors 

or individual filaments.  In moving cells, remodeling of the actin network as result of 

load may enable immediate cytoskeletal responses to physical obstacles, independent of 

chemical signaling.  The observed load-independent growth regime also suggests that an 

optimum force range exists in which crawling cells may operate for robust, stable 

movement. 

 

4.5 Methods 

4.5.1 Protein preparation 

Actin was purified from rabbit skeletal muscle (146), labeled on random lysines 

with NHS-rhodamine (159)  (Pierce Biotechnology), and cycled repeatedly to ensure 

polymerization competency.  Xenopus laevis extract was prepared as previously 

described (43).  Following isolation, crude extract was ultracentrifuged for clarification, 

aliquoted, and stored at -80°C.  Extract mix was prepared by diluting the clarified extract 

to 50% with Xenopus buffer (XB) (100 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 5 mM 
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EGTA, 10 mM HEPES pH 7.7), spin-filtering through 100 nm pores (Millipore) to 

remove large particulates, and adding 37.5 μl of 50% extract to 1.7 μl of energy mix (150 

mM creating phosphate, 2mM EGTA, 20 mM MgCl2, 20 mM ATP pH 7.4) and 2 μl of 

rhodamine-actin (2 mg/ml). 

   

4.5.2 Differential AFM 

The differential AFM was developed to increase stability of long time-scale force 

measurements (160).  Briefly, two silicon nitride cantilevers (Veeco Metrology, Inc) were 

monitored simultaneously with an optical lever design using separate position sensitive 

detectors (PSD) (Pacific Silicon Sensors, Inc.).  The deflection of each cantilever was 

calibrated with a piezoelectric nanopositioning stage (Physik Instrumente, L.P.).  The 

instrument was controlled using custom software written in LabView 7 (National 

Instruments).  Both cantilever position signals were recorded at 100 Hz (National 

Instruments), anti-aliased to 50 Hz with an 8-pole Butterworth (Krohn-Hite, Inc.), and 

saved for offline processing.  Software feedback, also at 100 Hz, was used to control the 

piezoelectric stage and operate the AFM in different modes.  Epi-fluorescence imaging 

was performed using mercury arc-lamp illumination and cooled CCD camera imaging 

(Qimaging).   

 The instrument was operated in either drift-clamp or force-clamp mode.  In drift-

clamp experiments, the actin network was allowed to freely deflect one cantilever while 

the second cantilever position was held constant by actively controlling the glass surface, 

thereby negating the effect of thermal drift and other uncontrolled influences.  In force-

reduction experiments, once the load-independent phase was reached, the glass surface 
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was gradually retracted at ~100 nm/s.  After force reduction, the AFM was operated as a 

force-clamp by actively controlling the glass surface to maintain a constant force on the 

actin-associated cantilever.  In this mode, the growth velocity is reported by the second 

cantilever, as it is in contact with the surface and reflects displacement under the actin-

associated cantilever. 

 

4.5.3 Force measurements 

 Force measurements were conducted with a cantilever having a stiffness of either 

20 or 30 pN/nm based on the manufacturer value and confirmed with thermal noise 

measurements (124).  The cantilever was functionalized by dipping the end into a 

solution of ActA (0.4 mg/ml) for 30 seconds.  After functionalization, the cantilever was 

placed in a fluid cell and immersed in Xenopus laevis extract mix after a brief positioning 

period.  Subsequently, cantilever deflection was calibrated, and the surface was adjusted 

to a distance of 200 nm from the cantilever after which data acquisition and time-lapse 

fluorescence microscopy commenced.  Network growth was usually detected after ~ 5- 

50 minutes.  We note that our load-independent velocities were significantly slower than 

those of motility assays, most likely due to the application of larger forces. 

 

4.5.4 Data analysis 

 The cantilever voltage signals were converted to deflection using a deflection map 

and downsampled to 5 Hz for further processing in Igor Pro 5 (Wavemetrics, Inc).  

Length of the actin network was calculated as the distance between the two cantilevers 

plus an additional 3 μm due to the size of the tip.  Force was determined by multiplying 
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cantilever deflection by the stiffness.  Occasionally (~1-2 times/trial) particulates in the 

extract mix temporarily obscured the laser signal and the total laser power decreased. 

These segments were deleted from the data and replaced with values from a 7th order 

polynomial fitted to the remaining trace.  Velocities were obtained from length-time 

curves by using a Savitzky-Golay filter with a window size corresponding to 6% of the 

time for each trial (156).  Force data used in f-v traces was boxcar-smoothed with a 6.67 

minute window.  Each f-v trace was normalized by the load-independent velocity, VL, and 

force where V = VL/2, which we refer to as F1/2, as calculated from a sigmoid fit (156).  

All normalized f-v curves were averaged to arrive at the average normalized f-v trace. 
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CHAPTER 5: REVERSIBLE STRESS 

SOFTENING OF ACTIN NETWORKS  

 

 

Reprinted with permission Nature Publishing Group from article “Reversible stress 

softening of actin networks” by Ovijit Chaudhuri, Sapun H. Parekh, and Daniel A. 

Fletcher in Nature 445(7125):  295-298, January 2007. 

Copyright © 2007 by Nature Publishing Group  
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5.1  Abstract 

The mechanical properties of cells play an essential role in numerous 

physiological processes.  Organized networks of semiflexible actin filaments determine 

cell stiffness and transmit force during mechanotransduction, cytokinesis, cell motility, 

and other cellular shape changes (30, 79, 161).  While numerous actin binding proteins 

have been identified that organize networks, the mechanical properties of actin networks 

with physiological architectures and concentrations have been difficult to measure 

quantitatively.  Studies of mechanical properties in vitro have found that crosslinked 

networks of actin filaments formed in solution exhibit stress stiffening arising from the 

entropic elasticity of individual filaments or crosslinkers resisting extension (83, 87, 90, 

162)  Here we report reversible stress softening behavior in actin networks reconstituted 

in vitro that suggests a critical role for filaments resisting compression.  Using a modified 

atomic force microscope to probe dendritic actin networks, like those formed in the 

lamellipodia of motile cells, we observe stress stiffening followed by a regime of 

reversible stress softening at higher loads.  This softening behavior can be explained by 

elastic buckling of individual filaments under compression that avoids catastrophic 

fracture of the network.  The observation of both stress stiffening and softening suggests 

a complex interplay between entropic and enthalpic elasticity in determining the 

mechanical properties of actin networks. 
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5.2 Introduction 

Monomers of actin assemble into polar filaments that are organized by various 

actin binding proteins into branched, bundled, and/or crosslinked networks essential for 

basic cellular functions (30).  In crawling cells, growth of actin filament networks 

characterized by a dendritic architecture – highly branched structures with short filaments 

(~0.1 – 1 μm) oriented in the direction of migration – generates force at the cell periphery 

for membrane protrusions (30, 38, 41).   

Actin filaments, as well as other biological and synthetic polymers, are 

categorized by the relationship between their persistence length, Lp, and contour length, 

Lc.  The persistence length is defined as the average length over which the filament 

orientation changes due to thermal fluctuations, and the contour length is the length of the 

completely extended filament.  For flexible polymers (Lc » Lp) the resistance to extension 

and compression is determined by the conformational entropy of the chain, which is 

described as entropic elasticity.  Near full extension they exhibit increasing elasticity with 

extension, or stress stiffening, because extension reduces the conformational entropy of 

the chain (77).  In contrast, the elasticity of stiff polymers (Lc « Lp) arises from resistance 

to bending, stretching, and compression due to straining of molecular links from 

equilibrium, which is quantified by the bending modulus and termed enthalpic elasticity.  

Under compressional forces, stiff polymers buckle at the Euler buckling force, 

2

2

c
b L

F κπ
= , where κ is the bending modulus (75), whereas there is no equivalent buckling 

instability for flexible polymers because random thermal forces exceed the Euler 

buckling force.  Actin filaments are considered to be semiflexible polymers because their 
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persistence length (~ 10-17 μm) (75, 162) is comparable to their physiological contour 

length (~ 0.1 to 10 μm) (38).  At physiological temperatures, individual filaments are 

expected to exhibit a combination of both entropic and enthalpic elasticity that is 

sensitive to the ratio of Lc to Lp (163). 

The mechanical properties of actin networks have been studied extensively using 

rheology of random networks formed by mixing purified actin and various actin binding 

proteins in solution (79, 83, 87, 90).  Recent studies have demonstrated stress stiffening 

of crosslinked actin networks in vitro under shear and explained this behavior as arising 

from the inherent stress stiffening of individual filaments or flexible crosslinkers between 

filaments under extension, suggesting the elasticity of these networks is entropic (83, 87, 

88).  Filaments resisting compression have not been found to be important (87).  

However, as filament length decreases from lengths seen in these in vitro assays (~2-70 

μm) to physiological values, filaments are expected to support more significant bending 

and compressional forces (163).  Indeed, the increasing importance of enthalpic elasticity 

has been predicted for high concentrations of actin and crosslinkers when the distance 

between crosslinks becomes small (83, 164).  Here we report that dendritic actin 

networks reconstituted in vitro exhibit a regime of reversible stress softening.  This stress 

softening can be explained by the elastic buckling of individual filaments, providing 

evidence for an elastic response of dendritic actin networks that is enthalpic under large 

compressional forces and dominated by resistance of individual filaments to 

compression. 
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5.3 Results and Discussion 

We studied the mechanical properties of growing dendritic actin networks in vitro 

using a recently developed dual-cantilever atomic force microscope (AFM) that uses a 

second cantilever to improve instrument stability (see  APPENDIX II:) (74).  Dendritic 

networks, like those formed during cell motility, must be assembled hierarchically from a 

nucleating surface and cannot be formed randomly in equilibrium solutions of component 

proteins.  In our assay, the nucleation promotion factor ActA, from the bacterial pathogen 

Listeria monocytogenes, was nonspecifically adhered to the end of an AFM cantilever 

prior to immersion in cytoplasmic extract from Xenopus laevis eggs.  Upon immersion, 

ActA activates the Arp2/3 complex, which nucleates growing filaments as 70o branches 

off of existing filaments, catalyzing the formation of a growing dendritic actin network 

between the cantilever and a nearby glass surface (Figure  5.1A,B) (30, 38, 165).  

Surfaces coated with ActA and other nucleation promotion factors have been shown to 

grow dendritic actin networks in cytoplasmic extract (43, 165).  The AFM cantilever 

behaves like a Hookean spring for small deflections (for which ), allowing 

measurement and application of compressional forces to the growing network.  

xkF Δ=
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Figure  5.1 AFM-based microrheology of growing dendritic actin networks.   

(A) Cartoon illustrating the measurement geometry in which the surface is driven sinusoidally (blue 

sinusoid/ arrowheads), and the force transmitted through the network (red mesh) is transduced by the 

cantilever (magenta sinusoid/arrowheads).  (B) Fluorescence micrograph of the actin network, which is 

used to calculate network area, A.  Scale bar is 10 µm.  (C) Surface and cantilever displacement graph 

showing surface drive and cantilever response signal as a function of time for a 5 Hz  measurement (colors 

are same as in (A).  Note the cantilever response is damped with respect to the drive signal indicating 

compression of the network.  This technique has the effect of applying a sinusoidal stress on the network 

where hydrodynamic coupling was found to be negligible (see  APPENDIX II:).  (D) Stress and strain 

graph calculated from measurement in (C) showing stress (black) and strain (red) as a function of time (see 

Methods). 

 

Using AFM-based microrheology (Figure  5.1C,D, Methods), we measured 

frequency-dependent elastic, or storage, and viscous, or loss, moduli.  After 

normalization at a reference frequency (see  APPENDIX II:), we find that the frequency 

dependence of the elastic modulus, E’, is consistent with power law rheology, , xfE ∝'
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with x = 0.13 (Figure  5.2).  This falls within the range of exponents measured from cells 

(x = 0.12 - 0.25) (80, 166, 167).   

 

Figure  5.2 Frequency dependence of elastic (filled triangles, E’) and viscous (open triangles, E’’) 

moduli.   

The traces were constructed by averaging normalized data from 11 separate experiments and 21 different 

measurements.  Each measurement of the elastic and viscous moduli was normalized by the average elastic 

modulus at 5 Hz taken before and after the measurement (see  APPENDIX II:).  The best fit power law 

exponent for E’(f) was determined to be x = 0.13 (dotted line), and the average elastic modulus at 5 Hz was 

985 ± 655 Pa (mean ± s.d.), which are consistent with previous studies on cells.  In addition to the power 

law behavior, the viscous modulus has a similar shape to those seen previously.  Error bars on both curves 

are normalized s.d. 

 

The average linear elasticity of the dendritic actin networks, 985 Pa ± 655 Pa 

(mean ± s.d.) at 5 Hz, is similar to the elastic modulus measured on various cell types 

(80, 81, 166, 167) and in a previous reconstitution of actin based motility (65).  Dendritic 

actin network elasticity is significantly higher than the elasticity of actin networks 
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reconstituted in solution containing the Arp2/3 complex (~1 Pa), though differences in 

concentration and components could account for this disparity (85, 168).  The average 

elasticity of the actin networks studied here was found to be independent of prestressing 

by myosin II motors (see  APPENDIX II:).   

In order to further understand the mechanical properties of growing dendritic 

actin networks, we probed the stress dependence of the elastic modulus (83, 88) (see 

Methods).  A typical experiment is shown in Figure  5.3A (black trace) where stress was 

increased on the network incrementally, and the elasticity at each value of applied stress 

was measured.  For stresses up to ~ 15 Pa the elasticity remained constant, indicating a 

linear elastic regime.  Then the elasticity increased with stress in a stress-stiffening 

regime, as has been seen previously (83, 87, 90), for stresses up to a critical stress, σc ~ 

270 Pa.  Above the critical stress, we found that the elasticity of the network gradually 

decreased with stress in a stress-softening regime.   

Stress softening has been previously explained by network rupture or crosslinker 

rearrangement.  In rigidly crosslinked actin networks, stress softening has been attributed 

to the fracture of extended filaments or crosslinking/branch points at σc, after which 

elasticity drastically decreased (83, 87, 90).  Alternatively, softening was proposed to 

occur due to unbinding of flexible crosslinkers above σc, which either remain unbound or 

re-bind to form crosslinks at different positions (88).  Under either of these explanations, 

stress softening reflects permanent alterations in the network that would lead to 

irreversibility in the elasticity of the network.  That is, higher elasticities could not be 

recovered by reducing network loading from stresses above σc (83, 87, 88, 90).  However 

in dendritic actin networks, the stress softening behavior was reversible, as the elasticity 
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measured as the stress was reduced to σc matched that seen for increasing stress (Figure 

 5.3A, red trace).  This was seen in all experiments (Figure  5.3B), requiring that stress 

softening in the dendritic actin network must arise from a reversible mechanism.   

 

Figure  5.3 Dendritic actin networks exhibit stress stiffening and reversible stress softening.  

(A) In a typical nonlinear elasticity measurement, the stress on the network is first increased incrementally 

(black trace) to and then decreased incrementally from a maximum stress (red trace) of ~600 Pa, with the 

elasticity measured at each stress at 5 Hz.  The elasticity remains constant for stresses up to ~15 Pa and 

then increases in a stress-stiffening regime.  For stresses above the critical stress, σc, of ~270 Pa the 

elasticity decreases in a stress-softening regime that is reversible as indicated by the overlay of the black 

and red traces.  (B) Averaged and normalized trace of the nonlinear elasticity of actin networks (see 

 APPENDIX II:).  Each individual measurement was normalized by the difference between the elasticity 

before the measurement, Emin, and the maximum elasticity for increasing stresses, Emax, and the stress, σc, at 

which the maximum elasticity was achieved for increasing stresses.  The results of 28 different 

measurements from 12 separate experiments were averaged together (mean +/- s.d. shown) and found to 

exhibit three distinct regimes of elasticity: linear, stress stiffening, and stress softening.  The stress 

softening is shown to be reversible.  Note that the elasticity in b is shown on a linear scale while the 

elasticity in a is shown on a log scale.  Inset: Histogram of σc, for which the average was 233 Pa. 

 98



 

 A plausible explanation for reversible stress softening is through elastic buckling 

of individual filaments under compression.  A population of filaments in the dendritic 

network, based on their length and orientation, will begin to buckle at a threshold stress.  

Upon buckling, these filaments are infinitely compliant while still supporting Fb (169).  

As a result, the number of load-bearing elements decreases for higher stresses, resulting 

in a decrease in the effective stiffness of the network.  As the stress is increased, more 

filaments buckle, reducing the elasticity of the network further.  Because filaments are 

assembled into an interconnected dendritic network, buckled filaments do not collapse 

completely, and they can unbuckle when the force is reduced making the process of 

buckling reversible with load.  Stress softening has been predicted from simulations of 

athermal crosslinked actin networks due to filament buckling and in an elastic element 

model of the cytoskeleton (170, 171), though these models do not predict stress stiffening 

before softening.  Interestingly, reversible elastic buckling of component elements is 

observed under high compressional forces in some types of foams (172).  Electron 

micrographs have shown the actin cytoskeleton ultrastructure to exhibit similarities with 

open lattice foams, so that this buckling behavior might be expected (161).  

Buckling of individual filaments can occur at forces consistent with the observed 

stress softening, based on a simple calculation.  Using published electron micrographs of 

dendritic actin networks reconstituted in vitro in a similar biochemical system, we 

estimate filament lengths Lc to be from 0.1 µm to 1 µm (165).  We calculate an expected 

buckling force Fb of 0.5 – 50 pN per filament using these lengths and assuming Euler 

buckling, though the behavior in a constrained environment can lead to higher buckling 
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forces (173).  In our experiments, the average force per filament at σc (233 Pa, mean from 

Figure  5.3B, Inset), using an average filament spacing of 50 – 100 nm (165), is 

calculated to be 0.45 – 2 pN, which lies within the lower range of predicted buckling 

forces.  We note that the buckling instability is smoothed entropically for a semiflexible 

polymer at finite temperature, so that individual polymers will undergo stress softening as 

the compressional force approaches the Euler buckling force.  The overlap in the lower 

range of predicted buckling forces with the range of calculated applied force per filament 

at σc supports the idea that buckling explains stress softening, as σc represents the 

threshold force at which filament buckling dominates nonlinear elasticity.  As the stress is 

increased, up to 3 σc in our experiments, shorter filaments buckle, and the elasticity 

decreases further. 

 

5.4  Conclusions 

Our measurements of nonlinear elasticity in dendritic actin networks are 

consistent with a model in which a combination of compression, bending, and extension 

gives rise to network mechanical properties (Figure  5.4).   
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Figure  5.4 Stress stiffening and stress softening can arise in dendritic networks due to filaments 

resisting extension and buckling of filaments resisting compression.   

(A-B) When the stress on the network (σ, indicated by black arrows) is increased from σ = 0, a population 

of filaments or crosslinkers is stretched (as indicated by green arrows) as the material expands laterally, and 

the resistance to extension of filaments increases due to entropic elasticity, leading to a stress stiffening 

regime.  (C) However, when the stress is increased above σc, some filaments resisting compression  buckle 

when the compressional force (green arrows) exceeds the Euler buckling force.  Buckled filaments exhibit 

infinite compliance so that they no longer contribute to the elasticity, but they do not collapse due to 

connections with the network and thus still support the buckling force.  (D) As the stress is further 

increased, more filaments buckle and the elasticity of the network is decreased further, leading to the stress 

softening regime.  In principle, this process is completely reversible because buckled filaments will 

unbuckle once the stress is reduced. 

 

As stress is initially applied to the network, the elasticity increases as a result of entropic 

resistance to filament and flexible crosslinker extension normal to the direction of 

compression, in addition to possible effects from nonlinear compliance of the Arp2/3 

complex (Figure  5.4A-B).  As stress on the network is further increased, filaments 

oriented in the direction of compression begin to buckle, reducing the elasticity of the 

network at higher stresses (Figure  5.4C-D).  Since buckling occurs only after filaments 

have already been supporting a load, the enthalpic resistance of filaments to compression 

is likely to play a significant role in the linear and stress stiffening regimes.   
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The difference in the elasticity of dendritic networks grown from surfaces and 

crosslinked networks formed in solution can be partly explained by the actin 

concentration in the network.  The modulus of elasticity is expected to scale as 2
5

~' ACE  

(ref 8) for isotropically crosslinked actin networks, where CA is the concentration of actin 

in the network and the crosslinks are assumed to be rigid.  The concentration of actin in 

dendritic networks has been estimated to be ~1 mM (33) while the concentration of 

networks studied in vitro was of order ~10 μM (85, 168) suggesting that the magnitude of 

elasticities for dendritic networks should be significantly higher.  Component 

concentration alone is sufficient to describe network properties in flexible polymer 

networks (Lc » Lp), where Lp is much less than the distance between crosslinks, because 

initial orientation and lengths of the filaments do not matter.  However, for semiflexible 

polymer networks, filament length can be important when Lp is greater than the distance 

between crosslinks (164).  Additionally, the particular orientation of a filament in the 

network determines whether the filament deforms by compression, bending, or extension.  

Our finding of an elastic response in which filaments resisting extension and compression 

are both significant, suggests that architecture – filament length and orientation – 

influences the elastic behavior of actin networks.   

The reversible elastic behavior and large elastic modulus of dendritic actin 

networks indicate that these networks have an architecture that is geared towards bearing 

high compressive loads.  Since the leading edge of crawling cells is normally under 

compression during motility, we expect these measurements to be relevant to the 

mechanics of lamellipodial protrusions.  Dynamic remodeling of dendritic actin network 
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architecture may provide a mechanism for altering network elasticity in response to 

changing external loads. 

  

5.5 Methods 

5.5.1 AFM-based microrheology 

In AFM based microrheology, the deformation of the material is measured in 

response to a small sinusoidal stress at a given frequency, f  (80, 81).  The elastic 

modulus, E’, and the viscous modulus, E’’,  are then calculated as 

( ) ( ) )(~/)(~ fffEifE εσ=′′+′ , where σ~  and ε~  are the Fourier transforms of the stress, σ, 

and the strain, ε, respectively (Figure  5.1D).  This method is necessary for growing actin 

networks because only the response at the drive frequency is analyzed, thereby 

decoupling mechanical property measurements from network growth.  Changes in 

network length due to growth over measurement timescales (~ 5 minutes) would obscure 

the true strain values needed for traditional stress-strain measurements.   

After the network length reached ~ 6 µm while growing under a small constant 

force, the force clamp (see  APPENDIX II:) was released and the bottom surface was 

sinusoidally oscillated with an amplitude of 20 nm at 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 Hz 

using the piezoelectric positioner.  This applies a sinusoidal stress to the network where 

hydrodynamic coupling was found to be negligible (see  APPENDIX II:). At each 

frequency, the surface was oscillated 10 times and the cantilever deflection data was used 

to calculate both the σ and ε on the network, which are shown in Figure  5.1 (80, 81). 
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5.5.2 Stress dependence measurements 

We adapted a technique to quantify the stress dependence of elasticity used by 

Gardel et al. on crosslinked random actin networks to our AFM-based system (83, 88).  

Because the relaxation processes are very slow (x ~ 0.13), the elasticity at a given stress 

changes very slowly, and this technique provides a well defined stress-elasticity relation.  

In this technique, the bottom surface was incrementally stepped into (or away from) the 

network, and a rheology test at 5 Hz was performed to obtain the elastic modulus as a 

function of stress on the network.  At the beginning of a nonlinear elasticity 

measurement, the stress on the network was reduced to nearly zero, and a 5 Hz rheology 

test was conducted.  We incrementally increased the force on the network, and obtained 

the elastic modulus at each incremental stress.  The stress on the network was increased 

until ~ 600 Pa, after which we incrementally decreased the stress on the network by 

moving the bottom surface away from the cantilever, continuing to conduct 5 Hz 

rheology tests after each step.  Subsequent tests on the same network were started at a 

stress of zero. 

 

5.5.3 Data Analysis 

 In each measurement, the cantilever voltage signals were converted to deflection 

in Igor Pro 5 (Wavemetrics, Inc) using a voltage-deflection calibration constant that was 

determined at the beginning of each experiment.  Length of the actin network was 

calculated as the distance between the two cantilevers plus an additional 3 μm due to the 

size of the tip.  Force was determined by multiplying cantilever deflection by the stiffness 

(100 pN/nm).  Network area was determined by thresholding the image at a grayscale 
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value in midway between the highest and lowest value along the cantilever in ImageJ 

(NIH).  There is a 0.1% error in this measurement due to the diffraction limited resolution 

of the fluorescence imaging.   

 To obtain the elastic and viscous moduli, the best fit line was initially subtracted 

from the measurement cantilever deflection to eliminate the effect of slow timescale 

growth.  The elastic (E’) and viscous (E’’) moduli are calculated as 

)(~/)(~)('')(' fffiEfE εσ=+  , where σ~  is the Fourier transform of the stress, ε~  is the 

Fourier transform of the strain of the material, and f is the frequency of oscillation.  We 

approximate the geometry of the system as a network sandwiched between two parallel 

plates so that AF /=σ  and LL /Δ=ε , where F is the force exerted on the network by the 

cantilever, A is the cross sectional area of the network and L is the length of the network.  

The parallel plate approximation ignores the effect of the pyramidal geometry of the tip 

because the tip typically represents less than 2.5% of the network area. 

 

 APPENDIX II:. Additional methods are described in 
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CHAPTER 6: CONCLUSION 

 

 

6.1 Overview 

 This dissertation presents experimental results from the majority of my PhD 

research in Dan Fletcher’s lab UC Berkeley.  I spent the better part of 3 years 

constructing a unique differential force microscope and developing an experimental 

platform for analysis of growing actin networks (Chapters 2 and 3).  This platform was 

used during years 4-6 to perform a set of experiments on growing dendritic actin 

networks with nanometer-scale precision (Chapters 4 and 5).  Cell crawling and force 

generation by motile and adherent cells has been the subject of many previous studies, 

and it will continue to present intriguing questions to future cell biologists, biophysicists, 

and bioengineers.  Actin network force generation occurs during many physiological 

processes, and along with the work presented in this dissertation, the scientific 

community has just scratched the surface of understanding the biophysics of this process.  

Steady progress on the biochemical front and continued innovation in metrology 

techniques will enable us to better understand “how biology happens” in addition to 

watching it happen.  Cell crawling is a perfect example of this successful partnership; 

after more than 50 years of biochemical research, we now understand that crawling cells 
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generate nN forces during motility (174) and that dendritic actin network growth is the 

driving force during lamellipodial protrusion (65, 74).   

 

6.2 Summary of findings 

 In this dissertation, Chapters 3, 4, and 5 present original engineering/scientific 

advancement in our understanding of cellular motility and force generation by growing 

dendritic actin networks.  Chapter 3 describes the construction of a differential AFM 

instrument that overcomes the sensitivity and stability limitations of other force 

microscopy techniques for probing biophysical systems that generate large forces over 

long times, such as actin filament networks.  Our instrument presented a significant 

advancement in AFM stability by demonstrating 14 nm absolute position control over 

measurement times of at least 3 hours.  The experimental result in this paper showed 

actin network growth under constant load results in a network with a constant average 

actin density. 

 In Chapter 4, we used this experimental system to investigate the force generating 

mechanism of overall network growth.  That is, our aim was to understand how 

individual force-generating filaments in the network cooperatively displace increasing 

loads.  Our report was the first to demonstrate mechanical stall of actin network 

displacement and provide a figure, 1 nN/μm2, for the amount of mechanical work that 

network growth can perform.  Furthermore, our results showed that actin networks 

structurally remodel as they grow under increasing loads, consistent with the 

autocatalytic model for network growth.  While this finding was new, this “adaptive” 

property is not entirely unexpected because the network is a non-equilibrium system that 
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is growing and because filament creation depends on the interaction of filaments with the 

Arp2/3 complex and an NPF.  Increased loads could presumably increase the time that 

filaments spend in the “branching zone” where they are in proximity to surface-bound 

NPF molecules to increase the rate of filament branching (67).  The finding that loading 

history affects network growth such that multiple stable growth velocities exist at a single 

load is very surprising because this behavior is different than for other molecular motors 

or individual filaments and is not predicted by any theoretical model.  

 While Chapter 4 presented the ability for the network to generate significant force 

and remodel under opposing loads, Chapter 5 presents the other side of productive actin 

network growth.  As mentioned in Chapter 1, in order to generate productive 

displacement of a load, the network must be:  1) capable of generating force and 2) 

generate force against a sufficiently rigid base so that growth is transduced into 

productive movement of the load rather than compression of the existing network.  In 

Chapter 5, we demonstrated that dendritic actin networks have significantly different 

mechanical properties than random, equilibrium mixtures of actin filaments and 

crosslinking proteins.  This idea can be understood by considering the organization of I-

beams in a building frame.  Their length, interconnectivity, and orientation with respect 

to the load will undoubtedly influence the ability for the frame to resist identical 

compressive loads.  In the same way, short, stiff filaments will resist deformation in a 

different manner than longer filaments because of the relative contributions of thermal 

energy and resistance to filament bending.  We showed that dendritic actin networks 

composed of short, inter-connected filaments oriented towards the load exhibit reversible 

stress softening, which can be explained by buckling of individual filaments in the 
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network.  This was the first demonstration of an actin network mechanical response 

dominated by bending and buckling in addition to entropic extension. 

 

6.3 Ongoing experimental work and future 

directions 

  Understanding the physical forces involved eukaryotic cell motility is a very 

complex problem.  In this dissertation, I have focused only on protrusion and specifically 

actin network growth during protrusion.  While the results presented here shed light onto 

the physical behaviors and mechanisms at work during protrusive network growth, 

questions remain about the coupling between biochemical inputs and biophysical output.  

All actin network experiments described in this dissertation used complex Xenopus 

extract as the protein medium, which offered very little control over biochemical 

components.  A straightforward variation would be to perform very similar experiments 

in a purified medium.   

 

6.3.1 Force generation 

 I have begun performing actin force generation experiments in purified proteins 

with only actin, Arp2/3, capping protein, and profilin in the medium.  This mix generates 

significant force (~100 nN) and grows with a similar velocity to that seen from networks 

formed from extract media.  Besides assessing the raw force generating ability of 

networks formed from purified proteins, which is very interesting by itself, one could 

imagine a number of potential experiments.  For example, I am currently trying to 

 109



understand the mechanistic details that allow dendritic networks to grow at constant 

velocity against increasing loads.  Recall that Chapter 4 presented data showing that 

network growth against increasing loads results in network remodeling to sustain a 

constant growth rate.  Using position-clamp and force-clamp experiments along with 

fluorescence imaging of actin and Arp2/3 in a purified protein medium, we have obtained 

data that shows that actin density may increase with increasing load.  Our preliminary 

data also shows a corresponding increase in the Arp2/3 density, which suggests that the 

mechanism for network remodeling offered in the autocatalytic model may indeed 

regulate growth velocity.   

 Ovijit Chaudhuri and I have successfully constructed a side-view imaging AFM 

and obtained preliminary data on testing our hypothesis for the loading history dependent 

growth of dendritic actin networks.  Preliminary results from Xenopus extract networks 

show that loading history dependence is coincident with a sustained increase in the 

density of actin at the load surface, which is consistent with the hypothesis presented in 

Chapter 4.  In future experiments, we have discussed changing the unloading rate and/or 

amount of force reduction to see how these parameters affect the loading history 

dependence.  Does the velocity increase even when the load is slowly released?  How 

does the absolute force reduction affect the change in network growth velocity?   

 

6.3.2 Mechanics 

 Additional experiments aimed at understanding how the elastic response (both 

linear and non-linear elasticity) changes with different degrees of crosslinking and 

branching will provide new insight into the nature of elasticity in dendritic actin 
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networks.  Gardel et al. performed a similar study where they varied the amount of 

crosslinking, entanglement, and bundling in random networks (83), and we envision that 

a similar study on purified dendritic actin networks may uncover the architectural 

qualities that lead to the high elasticity and reversible stress softening behavior seen in 

Chapter 5 (37).  Initially, measuring the elasticity of Arp2/3-branched networks and 

titrating physiological crosslinking proteins such as filamin, α-actinin, or fascin will be 

interesting experiments that will uncover scaling laws of ])/[]([' crossbranchfE = similar 

to that described by Shin et al (91).   

 Does branching alone generate networks that possess reversible stress softening?  

Previous work by Marcy et al. suggests that branching may be sufficient to produce large 

elastic moduli, but doesn’t speak to nonlinear elasticity.  What will happen if we let 

filaments in the network get longer by reducing the capping protein?  Will the buckling 

behavior become undetectable?  How much will crosslinking change the mechanics?   

 A parallel set of experiments with these AFM studies would be performing 

electron microscopy on dendritic networks formed in both purified proteins and Xenopus 

extract.  A critical difference between random networks and dendritic networks is the 

interconnectivity, mesh size, filament length, and orientation with respect to the loading 

direction.  However, our lab has yet to image the ultrastructure of dendritic actin 

networks grown from cantilever surfaces so we don’t actually know what the network 

looks like.  Scanning electron microscopy will confirm whether actin networks nucleated 

from cantilevers have similar architectural features to dendritic networks in cells and 

provide measurable quantitative metrics for comparison at different [branch]:[cross] 

ratios. 
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 Another interesting direction that we briefly considered was to measure network 

mechanics under varying loads.  In Chapter 5, we measured the linear elasticity for 

networks grown under constant low loads and non-linear elasticity for the same networks.  

If network growth under increasing load does change the network structure (as 

hypothesized in Chapter 4), then shouldn’t the mechanics also change with load?   

 

6.4 Long term outlook  

 With nanotechnology receiving significant attention for its potential application in 

biomedicine, understanding how nanoscale biological machines perform physical tasks 

should help guide and inspire our engineering pursuits for innovation in nanomedicine.  

As shown in this dissertation, and by others, dendritic actin networks are robust 

nanomachines that produce physical work when nucleated in a variety of geometries such 

as on highly curved Listeria or on flat AFM cantilevers.  In this way, this system can be 

considered a module and can be used as one would use a drive train or transmission when 

designing a car.  A possible biomedical application of dendritic network growth is 

creation of synthetic immune particles to assist platelets during blood clot formation.  The 

basic functionality required for a platelet is the ability to activate and incorporate into a 

clot upon sensing environmental cues.  Activation involves significant morphological 

changes, and combining the appropriate sensory network with dendritic actin network 

growth inside a biomimetic capsule could be a promising technology.  Sensing an 

external signal could trigger actin network growth that could deform the particle to allow 

incorporation into a nearby clot.  Current work by Dave Richmond, Ross Rounsevell, 

Thomas Li, and Jeanne Stachowiak in the Fletcher Lab is focused on encapsulating the 
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actin force generating system inside biomimetic lipid vesicles to evaluate the feasibility 

of this and other similar ideas.    

 In addition to biomedicine, another application for actin networks is their use as 

etching masks and nanowires for semiconductor processing (175).  With 

photolithography reaching physical limits set by diffraction, biopolymers such as actin 

filaments can be used to generate patterns with significantly smaller features.  Work by 

Allen Liu showed that actin filaments can be selectively patterned by shining UV light to 

uncage actin monomers at distinct spatial locations (176).  A variation of this technique 

could potentially be used for creating nanoscale patterns during a fabrication process.   

 The potential realization of these and other more applied goals will finally resolve 

the inner struggle that has never left my mind since August 2003:  “How can we apply 

this basic science actin research?”  Perhaps I was a bit short sighted 5 years ago, but now 

I see that the future of actin research, from basic science exploration to application driven 

technology development, is very exciting.  It’s funny how things seem to come together 

in the end, but I suppose that is the reason why we take the journey.  I suppose that means 

it’s time for me to dive into the next unknown.  Want to go for a swim?   
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APPENDIX I: SUPPLEMENTARY 

INFORMATION FOR CHAPTER 4 

 

 

A. Differential AFM actin measurements 

 

Figure  I.1 Cartoon illustration showing the side view of dual cantilever AFM setup.   

The reference cantilever is in hard contact with the surface and is used to compensate for unpredictable 

drift (up to 50 nm/min) over the entire length of the experiment.  Actin polymerizes from and deflects the 

measurement cantilever.  This differential approach yields accurate measurements that are not affected by 

uncontrolled movement between the surface and cantilevers. 

 

B.  Elasticity of the actin network 

Actin networks are elastic materials and therefore polymerization at the cantilever 

(nucleating) surface results in both compression of the supporting network and deflection 

of the cantilevers1,s2.  Treating the network as compressible spring, the fractional amount 

of growth transduced by the cantilever is: 
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where δ  is the deflection of the cantilever,  is the increase in length of the actin 

network due to polymerization,  is the stiffness of the actin network, and  is stiffness 

of the cantilever.  Assuming the network is a homogeneous elastic body with an elastic 

modulus, 

D

ak ck

E , the stiffness of the network is: 

L
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where A  is the area of the network and L  is the length of the network.  For example, if 

E  = 3.7 kPa (average from ref. s2), A  = 381 μm2, and L  = 8 μm, then = 0.17 nN/nm.  

In this case, 

ak

D
δ = 0.90 and 

D
δ = 0.85 for our cantilevers of stiffness = 0.02 nN/nm and 

= 0.03 nN/nm, respectively.  In other words, 90% or 85% of actin polymerization is 

transduced into cantilever deflection.  For both cantilevers, we observe the same 

characteristics of load-independent growth, convex stall, and increase in velocity 

following a force-reduction, suggesting that cantilever deflection measurements reflect 

the behavior of actin network polymerization. 

ck

ck

One possible explanation for the observed history dependence in Figure  4.3 is 

that the network stiffens (ka increases) with increasing force.  In this case, the increased 

velocity seen after a force reduction is solely due to an increase in cantilever transduction 

of actin network growth as described above.  Taking the extreme case that E = 700 Pa 

(the lower bound from ref. s2), A = 381 µm2, and L = 5 µm (average network length 

during initial force clamp) gives ka ~ 0.054 nN/nm.  For a cantilever stiffness of kc = 0.02 

nN/nm (as used in force-clamp-reduction experiments), the amount of actin growth 
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transduced throughout the experiment is greater than 73% (Eq.1). Therefore the 

maximum increase in velocity due to network hardening following a force reduction is 

1.37 fold, which is contingent upon the network becoming completely rigid under 

increasing forces before the force reduction.   This factor of 1.37 is smaller than most 

velocity increases (7 out of 8 trials: 1.26-3.5, mean = 2.3) observed in force-clamp-

reduction experiments.  Thus network hardening alone cannot explain the observed 

history dependence.  

 

B.  Constant force experiment 

In a constant force experiment, the cantilever is preloaded by moving the glass 

surface into contact until the desired force is reached.  During the experiment, the surface 

is actively controlled to keep the cantilever deflection constant.  In Figure  I.2, the 

cantilever is preloaded and clamped at 38.35 nN.  After ~115 minutes, the actin network 

begins to deflect the cantilever.  Because the force on the network is not changing in this 

experiment, we expect a constant growth velocity.  However, the developmental phase 

described in the text (Figure  4.2A), in which length increases exponentially with time, 

also exists in this experiment.  The presence of the developmental phase in force-clamp 

experiments indicates that it is a transient phenomenon that is independent of the applied 

force. 
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Figure  I.2 Constant force experiment.   

The cantilever force is set to 38.35 nN as shown in the top trace.  The bottom trace shows the actin network 

length. The network begins to deflect the cantilever after about 115 minutes (black), and the network length 

increases super-linearly initially before growing linearly.  The presence of the developmental phase in 

constant force experiments demonstrates that it is independent of force and transient. 

 

A reasonable explanation of this behavior is that it is due to the initial formation 

of actin filaments.  Machesky et al. found that Arp2/3 nucleation of branches involved 

the formation of a quaternary complex consisting of F-actin, G-actin, ActA, and the 

Arp2/3 complexs3.  Essentially all actin in the extract mix was in the G-actin form due to 

ultracentrifugation of the crude extract.  Thus, the lack of nascent F-actin may be rate 

limiting for initial actin network growth until the Arp 2/3 complex nucleates enough 

filaments to provide a stable structure for steady growth.  
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C.  Mechanical stall 

To verify that a force-dependent stall is observed, we reduced the force on a 

stalled network, and the network resumed elongation (Figure  I.3). 

 

 

Figure  I.3 Mechanical stall of dendritic actin network growth. 

Force (red) and length (blue) versus time for actin growth during a mechanical stall test following the 

experiment illustrated in Figure  4.2A.  Actin network growth was stalled for the first five minutes of this 

experiment.  After the force was reduced from 295 nN to 254 nN, the actin network resumes growth.  This 

demonstrates that stall was force-induced, and not due to depletion of actin or other factors. 
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APPENDIX II: SUPPLEMENTARY 

INFORMATION FOR CHAPTER 5 

 

 

A. Additional methods 

 

Protein preparation 

Actin was purified from rabbit skeletal muscle acetone powder (Pelfreez, Inc.) s1, 

labeled on random lysines with NHS-rhodamine (Pierce Biotechnology, Inc.), and cycled 

repeatedly to ensure polymerization competency.  Xenopus laevis extract was prepared as 

previously described s1.  Following isolation, crude extract was aliquoted and stored at -

80°C.  Extract mix was prepared by diluting crude extract to 50% with Xenopus buffer 

(XB) (100 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, 10 mM HEPES pH 

7.7), spinning through Durapore® 100 nm centrifugation filters (Millipore) to remove 

large particulates, and adding 37.5 μl of 50% extract to 1.7 μl of energy mix (150 mM 

creating phosphate, 2mM EGTA, 20 mM MgCl2, 20 mM ATP pH 7.4) and 1.7 μl of 

rhodamine-actin (1.7 mg/ml). 
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Dual-cantilever AFM 

A dual-cantilever AFM has been developed to provide increased long-term 

stability for actin network measurements s2.  Briefly, two silicon nitride cantilevers, 

supported by the same rigid support (Veeco Metrology, Inc.), are monitored with separate 

optical levers and position sensitive detectors (PSD, Pacific Silicon Sensor, Inc.) to allow 

accurate long timescale measurements of actin network growth.  The PSD signals were 

calibrated before each experiment by incrementally driving the glass (bottom) surface 

into the cantilevers with an extremely accurate (resolution better than 0.05 nm) 

piezoelectric positioner (Physik Instrumente, GmBH) and subsequent fitting of the 

resulting PSD signal-position curve.  Calibration data were used for real-time software 

feedback while experimental data signals from each PSD were anti-alias filtered with an 

8-pole Butterworth filter (Krohn-hite, Inc.), recorded at 100 Hz with a PCI-6053E data 

acquisition board (National Instruments, Inc.), and saved for offline processing.  Custom 

software written in LabView 7 (National Instruments, Inc.) was used to control data 

acquisition, calibration, cantilever feedback, and piezoelectric stage position for the 

instrument.  Epi-fluorescence imaging was accomplished using a 32X 0.4NA objective 

(Carl Zeiss, Corp.) and a low-light cooled charge coupled device (CCD) (QImaging, 

Corp.). 

During each experiment, the instrument was operated as a force-clamp and 

microrheometer.  In a force-clamp, one cantilever was used as a reference to the bottom 

surface while the other cantilever was functionalized to nucleate actin network growth.  

Software feedback was used to hold the actin-associated cantilever’s deflection, and 

therefore force, constant while the signal from the other cantilever reflects drift-corrected 
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changes in network length under the specified load.  As a microrheometer, the force-

clamp was disengaged, and the bottom surface was sinusoidally driven at specified 

frequencies while both cantilever positions were recorded at 1 kHz and saved for offline 

processing. 

 

Experimental setup 

Mechanical property experiments were performed with a cantilever having a 

mean stiffness of 100 pN/nm.  This cantilever was dipped into a solution of 0.4 mg/ml 

ActA as described previously s2 followed by immersion in 10 mg/ml bovine serum 

albumin (BSA) to prevent nonspecific adsorption of proteins from the extract mix during 

the experiments.  No other cantilever was dipped in ActA.  The cantilever was then 

loaded into the fluid cell, placed in the AFM, positioned near a piezoelectric-driven glass 

surface and immersed in extract mix.  The surface was then finely adjusted, the PSD 

signals were calibrated, and a force-clamp was engaged to hold the network under a 

constant stress (~ 6 Pa) at the outset of each experiment. 

 

Cantilever preparation 

Uncoated silicon nitride cantilevers (Veeco Metrology, Inc.) were cleaned of 

organic contaminants using Piranha (3:1 sulphuric acid: hydrogen peroxide), rinsed in 

deionized water, and dried.  Drying was followed by chemical vapor deposition (CVD) of 

amino-propyl-trimethoxy-silane (APTMS, Sigma Aldrich, Inc.) onto the cantilevers, after 

which cantilevers were stored under vacuum and used in experiments within 3 days.  
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Data Analysis for Figure  5.3B 

 For the averaged normalized nonlinear elasticity trace shown in Figure  5.3B of 

the text, the normalization parameters Emin, Emax, and cσ  for each individual set of 

measurements (corresponding to one nonlinear elasticity trace) was first determined from 

a sliding 5-point boxcar window for increasing stress. Then the traces (both for increasing 

and decreasing stresses) were normalized by these parameters.  Each set of measurements 

was binned into 40 log-spaced bins between 0.005 cσ  and 3 cσ .  All individual data sets 

for increasing stresses were then averaged together to produce the final averaged 

normalized (black) trace shown in Figure  5.3B of the manuscript, as were all data sets for 

decreasing stresses (Figure  5.3B, red trace).  Each point represents data from at least 4 

measurements though most represent data from more than 10 measurements. 

 

B. Cantilever-surface interaction 

To account for hydrodynamic influences between the oscillating surface and 

cantilever, we performed control measurements in which the surface was held at specific 

distances from the cantilever and oscillated at all frequencies.  Our controls show that the 

interaction due to hydrodynamic effects is at most a 2 nm oscillation of the cantilever 

when the standoff distance is 0.5 µm, which is a spacing that was rarely achieved in any 

microrheology/nonlinear elasticity experiments (Figure  II.1).  The typical minimum 

spacing between the cantilever and surface in our experiments is ~ 1.5 µm, a spacing at 

which the cantilever amplitude of oscillation is less than 1 nm and is approaching the 

inherent Brownian fluctuations of the cantilever itself.  Furthermore, this interaction 
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shows no clear frequency dependence at any standoff distance measured, which would be 

expected for a hydrodynamic coupling between the surface and cantilever s3. 

 

Figure  II.1 Cantilever-surface coupling as a function of standoff distance from surface.   

Open circles correspond to standoff distance of 0.500 µm (black), 1.5 µm (red), 2.5 µm (blue), 3.5 µm 

(green), 4.5 µm (magenta), and 5.5 µm (orange).  Filled circles show cantilever deflection when in contact 

with the bottom surface, which matches the drive amplitude of 20 nm within experimental error.  

Cantilever oscillation is always less than 1 nm over relevant distances in our experiments when there is no 

actin network (1.5 µm and greater). 

 

 Another possible source of error in our measurements is time-dependent changes 

in the extract mix.  It has been shown that cytoskeletal proteins in Xenopus extract will 

polymerize over time, which may change the mechanical properties s4.  Control 

measurements where the cantilever was held 3 µm away from the surface showed little to 

no change in coupling after 100 minutes of immersion (Figure  II.2).  
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Figure  II.2 Cantilever-surface coupling in extract mix does not change with time.   

Black circles show coupling at t = 0 minutes after extract immersion and red circles show coupling at t = 

100 minutes.  The standoff distance used in this experiment was 3 µm. 

 

C. Normalization method to determine power law 

One particular measurement challenge had to be overcome before mechanical 

property data could be interpreted.  Actin networks exhibit nonlinear elasticity, in which 

the elastic modulus increases with applied stresses beyond a critical value.  We found that 

network growth during the rheology measurements slowly deflected the cantilever during 

the frequency sweep measurement thus affecting elasticity measurements due to the 

nonlinear elasticity of the network.  To account for this, we performed the following 

normalization procedure: each measurement at a particular frequency was preceded and 

followed by a measurement at 5 Hz.  The viscous and elastic moduli obtained for that 

measurement were then normalized by the average elastic modulus from the two 5 Hz 

measurements.  This method yields relative viscous and elastic moduli that are always 
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compared to the 5 Hz elasticity, and is valid provided that the power law does not change 

significantly over the range of stresses traversed during one frequency sweep.  We found 

this to be true (Figure  II.3).  In each frequency sweep, measurements were first done 

from 20 Hz to .1 Hz and then repeated from 1 Hz to 20 Hz.  The power law obtained 

from the first segment of the sweep (20 Hz – 1 Hz) with an average stress of 11 Pa was 

found to be x = 0.108 (Figure  II.3 red dotted line), while the power law over the second 

segment of the sweep (1 Hz – 20 Hz) was found to be x = 0.104 (Figure  II.3, black dotted 

line) over an average stress of 24 Pa.  This validates the application of this normalization 

procedure in determining the overall power law behavior. 
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Figure  II.3 Power law does not change significantly during a frequency sweep due to growth of the 

network.  

Power law for measurements taken over an average stress of 11 Pa (n = 22, red triangles) is x = 0.108 (red 

dotted line) while the power law for measurements taken over an average stress of 24 Pa (n = 22, black 

squares) is x = 0.104 (black dotted line). 
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D. Myosin inhibition experiments 

To determine whether there was any myosin dependent prestressing of the 

networks in these experiments, we performed frequency dependent microrheology 

experiments in the presence of 50 µM of blebbistatin (Sigma Aldrich, Inc.).  Blebbistatin 

is a known myosin II inhibitors5.  The average elasticity at 5 Hz of these networks was 

1.6 kPa (n = 2 trials, 20 measurements), among the higher range of elasticities seen 

without blebbistatin, demonstrating that myosin dependent prestress does not play a role 

in the elasticity of the dendritic actin networks studied here. 
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