
Distribution Agreement 
 
In presenting this thesis or dissertation as a partial fulfillment of the requirements for an advanced 
degree from Emory University, I hereby grant to Emory University and its agents the non-exclusive 
license to archive, make accessible, and display my thesis or dissertation in whole or in part in all 
forms of media, now or hereafter known, including display on the world wide web. I understand 
that I may select some access restrictions as part of the online submission of this thesis or 
dissertation. I retain all ownership rights to the copyright of the thesis or dissertation. I also retain 
the right to use in future works (such as articles or books) all or part of this thesis or dissertation. 
 
 
Signature: 
 
 
 
Name                                                               Date 
 
  

���������������������������
�������������
	���	��
�
������

��� �#���%��( ����������.���
�	�������



 

 
 
 
 
 
 
 
Approved by the Committee  
  

 
 
  

 
 
  

 
 
  

 
 
  

 
 
  

 
 
Accepted by the Laney Graduate School 
  

 
 

���������������������������
�������������
	���	��
�
������

�����



 �$!)*(-

���
��
��� �#���%��(

�&�*&(�&��� !#&)&' -

�,'�%�!%��* ��$&#��+#�(�*&&#"!*
��(&$�)����&#��)-%* �)!)�*&�$��)+(!%��
$�� �%&*(�%)�+�*!&%

����������
�����

�	�
�

�
��
��

�������

� �#!����#�!*�

�(!�%��-�(

���$���(�+)

����������
�����

�!$��(#-����&���((!&#���� ������
��
����
�������	
����������������
��
����������



 

 

EXPANDING THE MOLECULAR TOOLKIT TO MEASURE CELL FORCE: FROM 

SCAFFOLD SYNTHESIS TO MEASURING MECHANOTRANSDUTION 

 

 

By 
 
 

Rachel Lynn Bender 
B.A., Capital University, 2017 

 
 
 

Advisor: Khalid Salaita, Ph.D. 
 

 

 

 

 

 

 

 

 

 

 

An abstract of a  
dissertation submitted to the Faculty of the  

James T. Laney School of Graduate Studies of Emory University  
in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy in Chemistry 
2023 



 

ABSTRACT 
 

EXPANDING THE MOLECULAR TOOLKIT TO MEASURE CELL FORCE: FROM 

SCAFFOLD SYNTHESIS TO MEASURING MECHANOTRANSDUTION 
 

By 

Rachel Lynn Bender 

 
Mechanical communication is a concept central to all life. Cells transmit and transduce piconewton level 
forces with the extracellular matrix and it is these forces that guide cell function. Through a process known 
as mechanotransduction, cells use the receptors that coat their cell membrane to convert mechanical cues 
from their surroundings into biochemical responses that control the force generating machinery inside the 
cell. Foundational work focused on studying the forces generated by entire cells by measuring the amount 
of deformation they caused on different substrates. Indeed, the techniques used in these studies are still 
widely used today; however, the focus of this dissertation is on another, more refined, class of techniques 
known as molecular force sensors which provide information on the forces mediated through discrete 
interactions. One class of these sensors are those that are immobilized onto a scaffold and measure the 
forces generated by external cell receptors. In Chapter 2, we describe the characterization of the trans-
cyclooctene/tetrazine reaction for producing scaffolds to immobilize biomolecules such as molecular force 
sensor. We demonstrate that these scaffolds are degradation resistant and can be homogenously 
functionalized with molecular sensors for measuring the integrin generated forces of fibroblasts. In Chapter 
3, we use these scaffolds to immobilize a new class of force probes constructed of peptide nucleic acids 
(PNA), a synthetic nucleic acid that is resistant to enzyme degradation and binds with a high affinity to 
other oligonucleotides. We demonstrate that PNA-based force sensors improve the resolution of tension 
imaging in aggressive cancer cell lines, and likely report on the upper levels of integrin mediated cell force. 
Finally, in Chapter 4, we describe the synthesis of a new reversible shearing DNA probe to study the effect 
that molecular force extension curves have on mechanotransduction. We demonstrate that integrins are 
sensitive to the geometries of their ligands and are capable of detecting abrupt changes in resistive force 
that occur throughout the extracellular matrix. In summary, this work contributes new tools for studying 
cell mechanical forces over extended time and force ranges and expands our understanding of the role 
ligand geometry plays in receptor mediated mechanotransduction.  
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CHAPTER 1 INTRODUCTION 
Adapted from Bender, R. L., Salaita, K. “Molecular Force Sensors”, 2022, ACS In Focus 

 

It is well known that cells possess a “sense of taste.” A cell’s “sense of taste” can be used to 

sense changes in analyte concentration or pH and modulate a biochemical response to receptor 

binding. However, cells also possess a “sense of touch” that allows them to detect and respond 

to their physical environment. Right now, every cell in your body is pushing and pulling as part 

of its normal function. When you breathe, cells in your airway generate the forces required for 

lung expansion and fluid clearance. Every heartbeat causes expansion and contraction of blood 

vessels and associated cells and tissues. T cells generate mechanical forces as they move around 

to identify and kill invasive cells, cancer cells generate forces to migrate and metastasize to other 

areas of the body, and stem cells rely on mechanical cues to differentiate during development.  

 

The idea that cells generate force and that these forces can regulate cell behavior was first noted 

in the 1800’s.(2) However, nearly 100 years passed before the scientific community began 

developing the tools necessary to study such phenomena. Early studies demonstrated simply 

that individual cells could generate forces at measurable magnitudes. The first report of such a 

finding occurred in 1980 when the Harris lab measured mechanical forces generated by 

locomoting fibroblasts cultured on a layer of silicon that wrinkled when a cell generated force 

(Fig. 1).(3) 
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This revolutionary finding catalyzed the field of mechanobiology and the desire to measure 

mechanical forces in cells led to the development of techniques such as traction force 

microscopy (TFM) and micropillar functionalized substrates, which rely on measuring the 

displacement of the substrate to determine the amount of stress exerted by cells.(4-6) These 

techniques are valuable tools for measuring the overall force generated by a population of cells, 

along with the force produced when cells migrate or divide. However, a cell’s mechanical 

behavior is dynamic and involves a number of biochemical processes mediated by receptor-

ligand interactions that cannot be captured using such bulk force measurements. 

 

1.1 Cell structure and mechanotransduction 

Receptor-ligand interactions that mediate the translation of mechanical information into 

biochemical information occur across the phospholipid membrane. In eukaryotic cells, the 

Figure 1. Cells physically deform their substrates. Fibroblasts cultured on a layer of 
silicon physically deformed the substrate as they were migrating. The wrinkles observed on 
the substrate demonstrated that cells are capable of mechanically altering their environment 
and served as a foundation for the field of molecular tension sensor development. Reprinted 
with permission from Molecular Force Sensors; Copyright 2022 American Chemical 
Society 
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phospholipid membrane is embedded with receptor molecules, ion channels, cholesterol, and 

an assortment of proteins and surrounds the cytoplasm containing proteins, nucleic acids, and 

organelles (Fig. 2). 

 

 

The cell is surrounded by the extracellular matrix (ECM), a collection of proteins, proteoglycans, 

and adhesive glycoproteins. Receptors, such as integrins, on the surfaces of the phospholipid 

membrane recognize these proteins and convert the mechanical signal into biochemical pathways 

that guide cell function and control focal adhesion formation, actin distribution, nuclear pore 

opening, gene expression, and protein production through a process known as 

mechanotransduction (Fig. 3). (7-9) 

Figure 2. Structure of a cell membrane. The cell membrane serves as a barrier through 
which communication between the cytoplasmic components of a cell and the environment 
surrounding the cell occurs. The membrane is a complex arrangement of phospholipids, 
cholesterol, proteins, ion channels, and receptor molecules. Receptor molecules, such as 
integrins, sense mechanical input from the cell’s surrounding environment, and transduce the 
mechanical signal into biochemical signals that guide cell fate. Reprinted with permission 

from Molecular Force Sensors; Copyright 2022 American Chemical Society 
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During cell adhesion to the ECM, integrins undergo a conformational change that shifts the 

integrin from a low- affinity to high-affinity state for ligand binding (10, 11). When the integrin 

binds a ligand in the ECM, it activates a signaling cascade that results in the formation of focal 

adhesions and cell-surface attachment (Fig. 4). 

 

 

 

 

 

 

 

 

Figure 3. Overview of the mechanotransduction mechanism. Reprinted 
with permission from Molecular Force Sensors; Copyright 2022 American 
Chemical Society 

Figure 4. Mechanism of integrin activation. Reprinted with permission from Molecular Force 
Sensors; Copyright 2022 American Chemical Society 
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Based on structural data, integrins have been observed to occupy three main conformations – 

bent closed, extended closed, and extended open.(10, 11) When integrins are in the bent-closed 

state, they show greater mobility in the membrane. The activation of integrins and their 

switching from the bent closed state to the extended open state can be triggered through inside-

out signaling such as talin binding to the cytoplasmic tail of the receptor, or outside-in signaling 

by receptors binding clustered and mechanically active ECM ligands. In the case of 

mechanotransduction, upon binding of a ligand, the integrin undergoes a conformational change 

and FAK and talin are recruited. As the cell exerts force through the ligand-bound integrin, 

multiple integrins begin to cluster and cytoskeletal components such as vinculin and actin are 

recruited, leading to formation of mature focal adhesions. Clustering of integrins along with the 

recruitment of vinculin and actin allow the cell to generate the forces needed to spread, migrate, 

and divide, and cause a biochemical response in the form of a downstream signaling cascade. 

 

This signaling cascade begins with the recruitment of nascent adhesion markers such as FAK, 

talin, and paxillin. In addition to upregulating cell adhesion proteins such as N-cadherin and 

desmoplakin, FAK binds talin, a protein that links integrins with the actin cytoskeleton and 

promotes integrin activation.(12, 13) When talin binds it undergoes a conformational change, 

exposing a site for vinculin binding.(14) Vinculin then binds to actin filaments, which make up 

the cell’s cytoskeleton and generate the forces needed for cell adhesion, spreading, and 

migration. Therefore, the simultaneous binding of vinculin to talin and actin effectively links 

the cell’s internal actin cytoskeleton with the external surface receptors. Hence, the cell’s actin-

mediated physical response is controlled by the forces associated with receptor-ligand 

interactions on the cell surface. 
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It is important to note that these forces typically occur on the piconewton (pN) scale – a scale one 

billion times smaller than the force you feel when holding a paper clip in your hand. For additional 

context, the motor protein kinesin applies a force of approximately 6 pN when carrying a 

vesicle.(15, 16) Studying the role of mechanotransduction in cell function is critical to gaining a 

full understanding of cell biology, as well as understanding processes such as stem cell 

differentiation, cancer progression, and immune cell function. 

 

1.2 Measuring cell forces using synthetic tension sensors 

The development of synthetic tension sensors created a new pathway of discovery for measuring 

cellular forces (Fig. 5). As previously mentioned, techniques such as TFM and micropillar 

arrays give insight into total force that a cell is exerting. However, more refined tension sensors 

were needed to elucidate the roles of individual membrane receptors such as integrins. To 

address this need, the Salaita group developed surface-anchored tension sensors almost one 

decade ago.(17, 18)  Tension sensors are modular and can be engineered using different 

molecular springs including peptides, polymers, and nucleic acids, and typically rely on 

fluorescence readout as an indicator of cell force. 
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1.2.1 Fluorescence in synthetic tension sensors 

Very generally, fluorescence is the process by which a substance absorbs light, and then re-emits 

this energy as a photon, typically at a longer wavelength (lower energy). A donor absorbs light 

and transitions to a higher energy state (excited electronic state). From there, it donates its energy 

Figure 5. Timeline of tension sensor development. Note that this list is not comprehensive, 
but that each example is the first report of each sensor in a peer-reviewed publication. 
Reprinted with permission from Molecular Force Sensors; Copyright 2022 American 
Chemical Society 
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to an acceptor that either fluoresces or phosphoresces as it decays back to its ground state energy 

conformation. In contrast to fluorescence, in which the chromophore relaxes down to the ground 

state from its excited singlet state, phosphorescence occurs when the chromophore undergoes 

intersystem crossing into a triplet state before decaying down to its ground state. It is important 

to note that only the excited state of a donor can undergo FRET. 

 

Fluorescence requires the excitation of a chromophore from a ground electronic state to an 

excited singlet electronic state. This excitation is driven when the chromophore absorbs a 

photon that is matched in energy with the energy needed for the transition. The nature of the 

transition from the excited state to the ground state is dependent on the molecular structure of 

the fluorophore. In certain molecules that tend to be highly conjugated and rigid, the excited 

state (S1) relaxes back down to the ground electronic state (S0) and emits the excess energy in 

the form a photon, which is fluorescence (Fig. 6). 

 

 

 

 

 

 

 

 

 

Figure 6. Jablonski diagram of fluorescence. Reprinted with permission from Molecular 
Force Sensors; Copyright 2022 American Chemical Society 
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The timescale for fluorescence is typically ~nanoseconds, meaning that the molecules will 

spend several nanoseconds in the excited electronic state prior to generating fluorescence. 

Because vibrational relaxations are rapid (~picosecond time scale), the molecule will typically 

relax down to the ground vibrational level (ν’= 0) of the excited electronic state (S1) and then 

fluorescence from this state to any one of the vibrational levels of the ground electronic state 

(S0). As a result of this relaxation, fluorescence is typically stokes shifted (shifted to longer 

wavelengths) compared to the absorbance wavelength. 

 

Because fluorescence is sensitive to environmental conditions such as temperature, buffer, metal 

ions, and small molecules, it is often used as a sensor, but requires care when using fluorescence 

for chemical analysis (61, 62). Fluorescence as a readout requires careful analysis but is a 

valuable tool in molecular sensor research. Because of this rapid response, fluorescence can be 

used to detect conformational changes that occur at the nanometer length scale. Additionally, 

since the technique is performed optically, researchers can study systems in relatively non-

invasive ways, which is a valuable feature for live-cell studies (63).  

 

Molecular force sensors rely on fluorescence as a readout method. Consequently, microscopy 

forms the basis for the majority of readout methods. One of the simplest microscopy-based 

readout methods is intensity-based. This method involves measuring the fluorescent signal 

generated as a cell exerts force on the tension sensors. This method requires minimal equipment 

and measurements can be made using a standard fluorescence microscope. As a result, 

intensity-based measurements have been widely used in molecular tension sensor studies and 

will be the readout method used for the majority of this work.  
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1.2.2 Force response behavior of synthetic tension sensors 

Tension sensors have two general force response functions: analog or digital (Fig. 7). Analog 

sensors respond to external forces by gradually extending and hence the applied force is inferred 

based on the average extension of sensors, which can be imaged as ensembles of molecules or 

as single molecules. These analog sensors behave more like a macroscopic spring; force is 

proportional to extension, which is in turn proportional to fluorescent signal.  

 

 

 

 

 

 

 

 

 

In contrast to analog tension sensors, digital sensors are two-state sensors that are in a folded or 

unfolded state that is dependent on the applied force. Therefore, digital sensors adopt an on/off 

response and abruptly switch between states within a narrow range of applied force. Digital sensors 

provide more specific molecular quantification of cellular forces, precisely because of the 

threshold response that allows one to determine the absolute number of unfolded sensors in an 

ensemble. This seems counter-intuitive but is already a well-known phenomenon to physical 

chemists. For example, the temperature in an experiment can be determined simply by measuring 

Figure 7. Molecular sensor classifications. Reprinted with permission from Molecular Force Sensors; 
Copyright 2022 American Chemical Society 
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the ratio of molecules occupying an excited state in a two-state system with a known energy gap 

between the two states. In the absence of applied force, digital sensors are quenched and there is 

no observable fluorescent signal. However, each sensor that experiences force exceeding the 

threshold for unfolding leads to a constant amount of signal that is linearly proportional to the 

number of mechanical unfolding events. This allows one to perform ensemble fluorescence 

measurements and to use these measurements to determine the number of receptors applying a 

threshold force.  

 

1.2.3 Analog surface immobilized tension sensors 

One class of synthetic tension sensor is the entropic spring-like sensor. These sensors consist of 

a ligand attached to a “spring” that is anchored to the surface. The spring is flanked by a FRET 

acceptor and donor and can report on integrin-mediated forces across the cell surface. Polymer 

extension is related to the magnitude of external force and FRET efficiency is proportional to 

the distance between the donor and acceptor. Taking advantage of these relationships, these 

sensors provide what is known as an analog response - extension and therefore fluorescence 

increase as a function of the magnitude of the externally applied forces. In other words, the 

more force a cell exerts, the brighter the signal. 

 

While the later generations of theses molecular tension force microscopy (MTFM) sensors can 

be classified as digital the first MTFM sensor was considered analog.(18) This sensor was used 

to map forces associated with uptake of the EGFR upon binding to its ligand and initially 

consisted of a PEG spring flanked by a FRET pair and functionalized with biotin for 

immobilization to a streptavidin surface (Fig. 8a). Using the WLC and the estimated extension 
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of the PEG linker from the FRET relationship, researchers were able to determine that EGF 

receptors apply peak forces of approximately 4 pN. 

 

A second iteration of MTFM PEG sensors utilized gold nanoparticles for immobilization and 

quenching and investigated the integrin force ranges associated with cell adhesion (Fig. 8b).(19) 

The quenching of gold nanoparticles follows nanometal surface energy transfer (NSET), 

improving the sensitivity of fluorescence measurements as compared to traditional FRET pairs. 

Combining the WLC relationship with NSET, this iteration of the MTFM PEG sensor was 

estimated to respond to 25 pN of force, extending the dynamic range of the original MTFM PEG 

sensor. 
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1.2.4 Digital surface immobilized tension sensors 

Other classes of synthetic tension sensors can be classified as digital. Unlike analog sensors in 

which fluorescence increases with force, digital sensors have switch-like behavior and report on 

tension with an on-off mechanism. In other words, if a cell receptor exerts enough force to open 

the sensor, the fluorophore and quenchers are separated, resulting in an increase in fluorescence. 

This signal is not proportional to the amount of force being applied, however. Instead, the force 

tolerance of the probes can be tuned to provide more quantitative information on the amount of 

force being applied. 

 

Nucleic acids have been used to construct digital molecular tension sensors such as the DNA 

hairpin sensor and the irreversible DNA sensors. The relatively low cost and ease of 

functionalization make DNA a highly attractive biomolecule for constructing these sensors and 

therefore there are several generations of these sensors. Duplexed and folded DNA and RNA 

oligonucleotide structures are also well-characterized and there is a substantial amount of work 

Figure 8. Schemes of analog MTFM PEG sensors. a. Streptavidin immobilized sensor used 
to measure forces associated with EGFR. A PEG spring is flanked by a fluorophore and 
quencher FRET pair, and is functionalized with EGF, a ligand for EGFR, and biotin for 
immobilization to a streptavidin functionalized glass surface. Following ligand binding, the 
cell exerts mechanical tension, extending the PEG linker, separating the fluorophore and 
quencher, resulting in an increase in fluorescence. b. Gold nanoparticle immobilized MTFM 
PEG sensors. A PEG spring is functionalized with a fluorophore, cRGDfK(C) peptide for cell 
ligand binding, and then immobilized to a gold nanoparticle coated surface. Gold nanoparticles 
quench fluorescence through NSET as opposed to FRET, resulting in a larger change in 
quenching efficiency as the probe is extended under force. As a result, gold nanoparticle 
immobilization improved the dynamic range of MTFM PEG sensors to 25 pN. Reprinted with 
permission from Molecular Force Sensors; Copyright 2022 American Chemical Society 
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characterizing the unfolding transitions of nucleic acids under mechanical load.  

 

1.2.4.1 DNA Hairpin Sensors 

The digital DNA hairpin sensor pioneered by the Salaita lab consists of three DNA strands: 

anchor, ligand, and hairpin (Fig. 9). The anchor strand is immobilized to the surface and is 

functionalized with a quencher. The ligand strand is functionalized with a fluorophore and 

peptide or protein ligand specific to cell surface receptors. The hairpin strand is complementary 

to both the anchor and ligand strands and controls the F1/2 – the force that leads to a 50% 

probability of hairpin unfolding at equilibrium. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Structure of DNA hairpin tension sensor. a. The DNA hairpin is a reversible 

sensor anchored to a surface and functionalized with a ligand for cell adhesion. Upon a cell 

exerting force that exceeds the F1/2 of the sensor (the force that leads to a 50% probability of 
hairpin unfolding at equilibrium), the fluorophore and quencher are separated, resulting in an 
increase in fluorescence. b. The hairpin consists of an anchor strand for surface 
immobilization, a ligand strand for functionalization of a cell adhesive peptide, and the 
hairpin strand comprised of a stem and polyT loop. Reprinted with permission from 
Molecular Force Sensors; Copyright 2022 American Chemical Society 
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The F1/2 of hairpin sensors is tuned by the Guanine/Cytosine (G/C) nucleobase composition, 

length of the stem, and also by the size of the hairpin loop.(20) Specifically, ΔGunfolded is the 

free energy of hairpin folding, which is controlled by the length and the G/C content of the stem. 

Therefore, increasing the G/C content in the stem of the hairpin while keeping all other 

parameters constant will increase the F1/2 of the sensor because of the increased free energy of 

folding (ΔGunfolded). Increasing the length of the loop will also modulate the F1/2 of the 

sensor. As previously mentioned, when ssDNA is stretched, it behaves as an entropic spring 

and can be modeled as a worm-like chain. Therefore, as the length of the loop is increased, the 

energetic cost of stretching is increased and the F1/2 decreases (Fig. 10). Using these principles, 

the F1/2 of hairpin sensors can be tuned spanning a measurable force range between ~ 5 and 

20 pN.(21) 

 

Figure 10. Effects of G/C nucleobase content and loop size on the predicted F1/2 of hairpin 
tension sensors. Reprinted with permission from Molecular Force Sensors; Copyright 2022 

American Chemical Society 
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The DNA hairpin sensor engages single molecular receptors and therefore the signal intensity is 

linearly proportional to the number of molecules that exceed the unfolding force of the sensor. As 

a result, one can determine single receptor forces from within an ensemble measurement. Since 

these tension sensors incorporate only a single fluorophore per sensor, resolution is limited only 

by microscope optics, a vast improvement over traditional methods that have micrometer 

resolution. These sensors are surface immobilized using either non- covalent interactions such as 

biotin-streptavidin or using covalent attachment strategies such as copper click chemistry or thiol 

to gold. The desired fluorophore is attached typically by using an NHS ester and the ligand is 

covalently linked to the sensor using copper-mediated click chemistry. 

 

In the first study using these sensors, the Salaita lab investigated how force is distributed within 

focal adhesions and found that in general, most engaged integrins exerted forces greater than or 

equal to 13.1 pN, and that focal adhesions near the cell edge preferentially open sensors with a 

higher F1/2, suggesting that cells spread by sensing the stiffness of the substrate at the cell edge 

(Fig. 11). Subsequent studies by the Salaita lab have used these sensors to investigate platelet 

forces, the role of T-cell receptors in the immune system and podosome formation.(22) 
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Coincident with the report of the three-strand design of the Salaita group was the report by Chen 

and colleagues describing a single polynucleic acid DNA hairpin tension sensor.(23) Similar to 

the original hairpin design, the strand has a fluorophore and quencher at the termini and is 

functionalized with a peptide for cell adhesion (Fig. 12). Using optical trapping, the labs of 

Steven Block, David Liu, and Christopher Chen calibrated the unfolding force of their sensors 

to range from 5.7 to 16.5 pN and studied the distribution of vinculin in mouse embryonic 

fibroblast cells. While this initial report provided insight into the different patterns of vinculin 

distribution in cells, there have been no known follow-up reports using this sensor. This is likely 

because of the synthetic challenge of generating this oligonucleotide with four chemical 

Figure 11. Initial DNA hairpin design and use. a. In the initial DNA hairpin design, the 
sensor consisted of three DNA strands: the anchor, ligand, and hairpin, and is functionalized 
with a biotin for surface immobilization and a peptide for cell adhesion. In this initial study, 
researchers used the sensor to study the role of integrin force in cell adhesion. b. By culturing 
cells on surfaces functionalized with hairpins with different F1/2 values (4.7 and 13.1 pN), 

the researchers determined that cells tend to exert more force at the cell edge, preferring to 
open the higher force sensor when given the choice between the 13.1 and 4.7 pN sensors. 
Reprinted with permission from Molecular Force Sensors; Copyright 2022 American 
Chemical Society 
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modifications and strong secondary structure. 

 

1.2.4.2 DNA Rupture Sensors 

Another form of nucleic acid sensor is a DNA duplex that irreversibly ruptures in response to 

mechanical force. Mechanically induced rupture of DNA duplexes can be induced by 

“shearing” the sensor or “unzipping” the sensor (Fig. 13). Shearing occurs by stretching the 

duplex along its axis in order to induce dissociation. This is a high-force event compared to 

sensor unzipping, which occurs by stretching the sensor perpendicular to its axis. 

 

 

 

 

 

 

 

Figure 12. Schematic of a single oligonucleotide hairpin. Reprinted with permission from 

Molecular Force Sensors; Copyright 2022 American Chemical Society 

Figure 13. Conformations of DNA rupture. Reprinted with permission from Molecular 
Force Sensors; Copyright 2022 American Chemical Society 
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While shearing forces are correlated to length of the duplex, unzipping forces are relatively 

independent and primarily depend on the first few bases in the duplex. Importantly, one feature 

of DNA duplex rupture is the thermodynamic independence. The rupture force of DNA duplexes 

is dependent on the orientation of rupture rather than its melting temperature; therefore, two 

identical sequences can have drastically different rupture forces although they have identical 

melting temperatures and ΔG values. 

 

The rupture of these sensors has been measured by both force clamp experiments and force 

ramp experiments, and their behavior has been modelled extensively.(24-26) A widely used 

model is the deGennes model, in which the DNA duplex is modelled as a ladder.(27) Within a 

strand, springs hold the individual bases together while hydrogen bonding maintains the 

interaction between the two strands. This model assumes that when shearing force is applied to 

both ends of the duplex, the force is only propagated along the first few base pairs. Unlike the 

hairpin sensor where force is defined as the F1/2, or the probability of the structure unfolding, 

the rupture force of duplexes is defined by their tension tolerance (Ttol), the force required to 

mechanically melt 50% of the duplexes. Ttol can be expressed as: 

 

!!"# = "#$	[%!" !"#& (x#$) + 1] 

 

The x term is used to describe the elasticity within a duplex and is defined as the square root of 

R, the spring constant of stretching the hydrogen bonds between base pairs in the duplex, over 

Q, the spring constant between bases within a strand. N is the number of base pairs that form 
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between the strand and fc is defined as 3.9 pN, the force required to break a single base pair. 

Following this model, it is estimated that identical 21 base pair duplexes have a Ttol of 

approximately 56 pN in the shearing conformation, and 12 pN in the unzipping 

conformation.(17) 

 

While this model can predict the relative rupture force of duplexes, it is worth noting that it 

considers neither sequence composition nor time of mechanical melting. Therefore, it does not 

consider variables such as G/C content or loading rate. However, although these models are an 

oversimplification of the biophysics of DNA rupture, experimental results have largely 

confirmed their validity as a useful approximation tool. Specifically, these approximations have 

been experimentally confirmed using magnetic tweezers and force ramping, in which 

researchers applied a constant force to the duplex and observed whether a rupture event occurred 

within 2 seconds.(28) If no rupture event took place, the force was increased and again, 

researchers observed whether the duplex ruptured. Therefore, the experimental results can be 

defined as the lowest constant force that ruptures the duplex within 2 seconds. Therefore, both 

the modeling and experimental data provide valuable insight into the biophysics of DNA duplex 

rupture and can be used to generate force estimates when designing molecular sensors. 

 

The tension gauge tether (TGT) is a  DNA rupture-based sensor that caps integrin forces at a 

particular threshold. The basic design of the TGT is a surface immobilized DNA duplex that is 

equipped with a peptide for cell recognition. This sensor exists in the low-force unzipping 

conformation and the high-force shearing conformation. The unzipping sensor ruptures when a 

cell exerts a TTol of 12 pN or greater on the sensor while the shearing sensor ruptures when a 
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cell exerts a TTol of 56 pN or greater on the sensor. These values were determined using 

magnetic tweezers and the force it took to rupture the duplexes after 2 seconds. In the initial 

experiments, TGT was used to investigate the Notch receptor, one of the most commonly 

activated signaling pathways in cancer.(29) The Notch receptor was not activated if the tension 

applied by the cell was greater than the TTol of the sensor, causing the duplex to rupture (Fig. 

14a). However, if the cell exerted enough tension to pull, but not rupture the duplex, the receptor 

was activated, demonstrating the mechanosensitivity of the receptor (Fig. 14b). 

 

 

 

 

 

 

 

 

 

In another attempt to investigate the force requirement for Notch activation, the Ha lab modified 

their existing TGT into a “low tension gauge tether” (LTGT), also known as the Nano Yoyo.(30) 

In this design, the unzipping conformation of the TGT contained a long single-stranded region 

that was wound around the E. coli single-stranded binding protein (SSB) and unspooled at a 

force of approximately 4.2 pN at a loading rate of 500 nm/sec. Using this sensor, the researchers 

determined that greater than 4 pN of force is required for Notch activation, confirming their 

Figure 14. Schematic of Tension Gauge Tether (TGT). Reprinted with permission from 
Molecular Force Sensors; Copyright 2022 American Chemical Society 
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previous results with the TGT that mechanical force is required for Notch activation and 

expanding the utility of the conventional TGT. 

 

The TGT was later evolved into the integrative tension sensor (ITS).(31) The ITS is 

functionally identical to the TGT, but unlike the TGT, is functionalized with a fluorophore 

and quencher pair such that it can fluorescently report on cell tension. Specifically, when a 

cell exerts a tension exceeding the TTol of the sensor, the duplex is ruptured, separating the 

fluorophore and quencher, resulting in a measurable increase in fluorescence. Like the 

previously mentioned TGT and hairpin probes, the ITS engages individual cell receptors. 

However, unlike the hairpin probes, rupture of these probes is irreversible. Therefore, 

fluorescence signal is accumulated over time and does not necessarily reflect “real-time” cell 

tension. Nevertheless, these sensors provide valuable information on the upper magnitude of 

forces generated by a cell. Using this sensor, researchers studied platelets and mapped their 

forces, ultimately finding that between 12 and 54 pN of force is required for initial adhesion 

and >54 pN of force is required for maturation and platelet contraction. 

 

1.3 Limitations of existing force sensors 

Current force sensors are primarily constructed our of DNA and proteins, leaving them susceptible 

to degradation in the biological media and temperatures required for most biological assays. 

Specifically, studies have reported that the half-life of DNA is between 20-30 minutes when used 

in cell and tissue culture while the half-life of proteins in the presence of proteases is typically on 

the time scale of hours.(32) The stability of these biomolecules becomes even more relevant in the 

study of aggressive cell lines such as the study of cancer mechanics due to the high number of 
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degrading enzymes secreted by cancer cells.(33) 

 

1.3.1 Biostability 

While significant advances have been made in nucleic acid technology for force sensing, there 

are several limitations that must be addressed. One limitation of most nucleic acid tension 

sensors, along with all DNA- or protein-based sensors, is their susceptibility to degradation in 

a cellular environment. This degradation presents a challenge when attempting to measure 

mechanical events over an extended time frame, and degradation can result in an increase in 

background fluorescence that obscures the tension signal. The Wang group has sought to 

overcome these limitations by incorporating peptide nucleic acids (PNA) into the ITS 

design.(34) PNA is a synthetic nucleic acid analog with a pseudo-peptide-like backbone.(35, 

36) The oligo retains the ability to Franklin-Watson-Crick base- pair with other nucleic acids 

and is resistant to degradation by all known enzymes. Taking advantage of this feature, the 

Wang group created nuclease-resistant tension sensors in the form of PNA:DNA 

heteroduplexes. Using these sensors, the researchers were able to measure cellular traction 

forces with greater sensitivity due to the biostability of the sensors. 

 

1.3.2 Real-time monitoring of integrin mediated forces > 19 pN 

Broadly surveying the two primary classes of synthetic tension probes, one is faced with distinct 

limitations. While reversible sensors report on real-time cell tension, they can only report on 

receptor forces ≤ 19 pN. Conversely, sensors that report on receptor forces as high as 56 pN 

irreversibly rupture, terminating cell mechanotransduction and providing a history of a cell’s 

tension. In an attempt to address these individual limitations and create a “real-time” sensor 
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capable of reporting on receptor forces greater than 19 pN, the Liu lab synthesized a reversible 

shearing DNA-based tension probe (RSDTP).(37) These probes consist of two DNA strands 

that, when hybridized, form a stem-loop-like structure that unfolds in the shearing 

conformation, but is capable of refolding (Fig. 15). Using single molecule magnetic tweezers, 

the group found that in the shearing conformation, their probe had an unfolding force of 56 pN, 

expanding the measurable force range of “real-time” tension sensing. An important 

consideration with this probe however is the possibility for peeling of the quencher strand. 

Under force, the loop-containing strand is stretched to its contour length, disrupting the base 

stacking interactions and causing the quencher labeled strand to dehybridize. Once this 

dehybridization occurs, the probe is once again limited to a maximum force range of less than 

19 pN. 

 

 

 

  

Figure 15. Schematic of reversible shearing probe. Reprinted with permission from Molecular 
Force Sensors; Copyright 2022 American Chemical Society 
 



 
 

25 

1.4 Dissertation scope and outline 

DNA and peptide-based sensors are powerful tools for studying the role of integrin-mediated force 

in cell function. However, they face key limitations in their applications primarily due to the limits 

of their force thresholds, and their stability in biological settings. For example, to date, DNA-based 

probes have maximum force thresholds of ~ 60 pN while peptide-based probes have maximum 

forces thresholds of ~110 pN. Furthermore, both the scaffolds on which these probes are 

immobilized and the probes themselves are not thermostable and are susceptible to degradation by 

nucleases and proteases.  

 

Limitations in force sensing technologies directly impact the questions one can ask regarding 

mechanobiology. For example, without robust immobilization scaffolds that are both chemically 

and biologically stable, it is impossible to measure cell forces over extended periods of time as 

scaffolds are either degraded by the biological medium and temperatures necessary for such 

analyses. Existing techniques to produce more robust scaffolds face other limitations such as poor 

functionalization densities or the introduction of exogenous reagents that impact biological 

processes. In Chapter 2, I describe characterizing the trans-cyclooctene and tetrazine iEDDA 

reaction for functionalization of glass substrates to measure cell tension. This iteration of a copper-

free “click” reaction has a high on-rate, and produces densely functionalized, homogenous, and 

covalent substrates suitable for biological analyses.  

 

Beyond immobilization strategies, current tension sensors are limited in their biostability and 

measurable force range. The majority of tension sensors are constructed from DNA or proteins, 

leaving them susceptible to nuclease and protease degradation. Furthermore, these sensors are 
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limited to measuring forces below ~ 100 pN. In Chapter 3, I describe the synthesis and use of a 

new generation of tension probes constructed from peptide nucleic acids (PNA). PNA is a synthetic 

nucleic acid analogue that is resistant to enzyme degradation and has high thermostability. Using 

PNA:DNA and PNA:PNA duplexes, I have created force sensors that report on the upper level of 

integrin forces over several hours, revealing that cells exert forces in regimes not accessible using 

conventional DNA and protein based sensors. 

 

Finally, in Chapter 4, I describe going beyond force threshold and measuring the ability of integrins 

to detect the molecular force extension curve of these ligands. Building a new generation of 

reversible molecular sensors, I demonstrate that integrins are not only responsive to differences in 

force thresholds but can detect the unique force-extension curves of their ligands. Specifically, cell 

adhesion receptors are sensitive to sudden perturbations in the resistive force required for forming 

cell adhesions. These perturbations result in downstream signaling effects, affecting 

mechanotransduction levels and overall cell function. Hence, these findings provide an additional 

level of characterization to the role integrins play in outside-in/inside-out signaling, revealing that 

in addition to actively detecting force threshold, integrins also detect and respond to the geometry 

of their ligands.  

 

This body of work utilizes the principles of chemistry, physics, biology, and engineering and builds 

on the prior work in the fields of mechanochemistry and mechanobiology, adding to the molecular 

scale toolkits used by researchers to investigate the role of force in cell function.  
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CHAPTER 2: SURFACE TETHERING OF BIOMOLECULES USING THE REACTION 
BETWEEN TRANS-CYCLOOCTENE AND TETRAZINE 

 
 

2.1 Abstract 

Robust surface functionalization of biomolecules is critical to studying biological interfaces. 

Techniques must produce homogenous surfaces that withstand degradation at the elevated 

temperatures and medias required for biological assays. Today, one of the most commonly used 

techniques for surface tethering of biomolecules is the biotin/streptavidin interaction. However, 

this interaction is non-covalent, susceptible to degradation in biological media, and dissociates at 

elevated temperatures and under high force. Covalent methods of surface immobilization of 

biomolecules suffer from slow reaction rates or require the addition of reagents that are 

incompatible with biological measurements. Here, we describe the use of the trans-

cyclooctene/tetrazine reaction to generate surfaces for tethering biomolecules. This reaction is in 

the family of “click reactions”, but is strain promoted and achieves a high on-rate without the 

addition of additional reagents. We demonstrate that this reaction produces homogenous and 

covalent surfaces at a rate similar to the rate of biotin/streptavidin functionalization. These surfaces 

have low levels of non-specific binding and are resistant to thermal dissociation and protease 

degradation. Finally, we demonstrate that because there is no degradation of the surface, the trans-

cyclooctene/tetrazine reaction can be used to immobilize DNA force probes, increasing the time 

scales of cell force measurements compared to scale achievable using biotin/streptavidin surfaces. 
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2.2 Introduction 

Functionalizing surfaces to study biological interfaces is essential to basic research. Surface 

tethering of biomolecules is necessary for a variety of assays including ELISA’s, DNA and protein 

arrays, and biophysical studies. In ELISA’S, antibodies must be immobilized onto a solid support 

that is homogenously functionalized and readout is dramatically affected by inconsistent 

immobilization. Specifically, non-specific binding of the antigen to the surface can lead to false 

positive or negative results.(38) The effect of surface immobilization strategies is also well 

documented in work involving DNA and protein arrays with the optimal strategies involving 

covalent immobilization of the biomolecule to glass using click chemistry.(39, 40) Biophysical 

studies include creating scaffolds to study the role of force in cell function. These scaffolds are 

functionalized with nucleic acid-based sensors capable of reporting on the integrin mediated force 

fundamental to the understanding of forces relevant to cell biology.(22, 41-46) Surface 

immobilization strategies used in such applications must be able to withstand biologically relevant 

conditions such as a the presence of degrading enzymes and increased assay temperatures. Thus, 

there is a need to characterize surface functionalization strategies to ensure that they produce 

homogenous surfaces at time scales relevant for the assay being conducted and are robust in 

biologically relevant environments.(47-50) 

 

While there are many functionalization techniques available, common methods for immobilizing 

biomolecules to solid supports include using non-covalent biotin/streptavidin (Biotin/STVD) or 

gold/thiol interactions, forming covalent bonds using copper-mediated, copper-free DBCO, or the 

reaction between maleimide and thiol (Fig. 16a, b).(17, 51-55) While each of these techniques 

confers some advantages in surface chemistry, there are several limitations that are problematic, 
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particularly in biological settings. For example, while the biotin-streptavidin interaction is one of 

the strongest non-covalent bonds known, it is susceptible to degradation by proteases and its off-

rate is accelerated by the increased temperatures often required for biological studies.(56-58) 

Covalent bonds formed through techniques such as the copper-mediated click overcome the 

challenges associated with the off-rate of non-covalent bonds; however, the required copper 

catalyst can interact with or destroy the biomolecule of interest.(59) Other methods of covalent 

attachment such as the DBCO reaction suffer from on-rates of binding as slow as 10-3 M-1 sec-1, 

and bonds formed by the gold/thiol interaction are susceptible to force-induced dissociation as well 

as nucleophilic exchange with thiols.(60, 61) Hence, there are several variables one must address 

when designing surface immobilization strategies that can be used in a biological setting and there 

is a gap in the tools available to undertake robust biological studies that require surface 

functionalization. 

 

The “ideal surface functionalization” would meet several criteria. The immobilization strategy 

would be covalent and use a reaction with a high kon and low koff  (Fig. 16c). Specifically, the 

reaction rate would need to be sufficient to proceed at reasonable physiological conditions and 

with the low concentrations of reagents often used in biological measurements. The reaction would 

not employ catalysts or reagents that would perturb biological systems and would reliably produce 

homogenous surfaces. Additionally, one must consider the bioorthogonality of the molecule to 

ensure specific coupling to the surface, and minimal cross-reactivity with other biomolecules 

within the system. Finally, the surface immobilization strategy would not be susceptible to 

degradation by biologically relevant conditions that often include external force generation, 

enzymatic attack, and increased temperatures. 
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Figure 16. Common techniques for surface immobilization of biomolecules. a. Rate constants, 
advantages, and disadvantages of common surface immobilization strategies. i.(49, 50) particle size = 
3.2 ± 0.7 nm, T ≅ 25 °C; ii.(62) physiological conditions (T ≅ 25 °C, pH ≅ 7.6); iii.(63) 50 µM Cu(I), 5 
mM NaAsc, T = 25 ± 1 °C, pH = 7.6 ± 0.02; iv.(64) T = 25 °C, pH = 7.4; v.(65) T = 25 ± 0.5 °C; vi.(58, 
66) pH = 8.0, T ≅ 25 °C) ten-fold excess of dienophile b. Reaction schemes for common surface 
immobilization strategies for biomolecules. c. Rate constants vs koff rates for common techniques used 

for surfaces immobilization for biomolecules. 
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To overcome the limitations of the aforementioned immobilization strategies, we characterize the 

use of the tetrazine (Tz) and trans-Cyclooctene (TCO) reaction for immobilization of biomolecules 

onto a solid support. First reported in 2008, the reaction has become more widely used in recent 

years due to increased accessibility and advances in reagent synthesis.(67) The inverse electron 

demand Diels-Alder (iEDDA) reaction between Tz and TCO falls in the class of copper-free “click 

reactions”. The reaction between TCO and Tz reaction is unique in that it has a reported on-rate of 

103 – 106 M-1 sec-1 without the addition of exogenous reagents, and produces a stable covalent 

bond.(68, 69)  Notably, the TCO/Tz iEDDA reaction has been used to tether biomolecules to 

surfaces, notably improving the sensitivity of ELISA techniques, and improving the kinetics and 

chemoselectivity of DNA microarrays.(70, 71)  

 

Here, we characterize the use of the TCO and Tz iEDDA reaction for tethering oligonucleotides 

to a glass scaffold. We use TCO modified surfaces and Tz modified ligands to produce TCO/Tz 

iEDDA surfaces and compared our findings to streptaivin modified surfaces for immobilizing 

biotinylated ligands (Biotin/STVD surfaces). The biotin streptavidin linkeage is one of the most 

commonly used surface tethering technique in the field and therefore a useful benchmark to 

compare the TCO/Tz iEDDA surfaces with.(72, 73) We found that Tz-modified oligonucleotides 

can be successfully immoblized onto TCO-modified surfaces with higher density and lower non-

specific binding than is achieved with Biotin/STVD surfaces. We demonstrate that biotin labeled 

DNA and Tz labeled DNA bind to solid substrates with similar on-rates and that biomolecules 

immobilized onto Biotin/STVD surfaces are subject to protease and thermal induced dissociation 

while biomolecules immobilized onto TCO/Tz iEDDA surfaces are stable in biologically relevent 

conditions. Finally, we show that while both techniques can be used to immoblize DNA to a 
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surface used for visualizing the forces exerted by a cell, TCO/Tz iEDDA surfaces can be used to 

report on cell tension for > 4 hours while biotin/STVD surfaces begin to lose S:N resolution due 

to dissociation of fluorescent DNA from the surface, increasing background fluorescence and 

obscuring meaningful fluorescent signal. 

 

2.3 Results 

2.3.1 TCO/Tz iEDDA surfaces are more homogenous than Biotin/STVD surfaces 

Similar protocols are used to prepare biotin and TCO modified glass surfaces (Fig. 17a). Glass 

slides are first washed and hydroxylated using a mixture of H2SO4  and H2O2, known as piranha 

solution. Slides are then aminated with the addition of (3-Aminopropyl)triethoxysilane (APTES). 

Here, either a biotin-NHS reagent or a TCO-NHS reagent is added and allowed to incubated 

overnight, producing the functionalized surfaces. Following incubation in the NHS reagent biotin 

surfaces must first be blocked with a solution of bovine serum albumin (BSA) and incubated in 

streptavidin to allow a biotinylated molecule to bind. Surfaces functionalized with TCO do not 

require BSA blocking and Tz functionalized molecules can be directly conjugated to the surface.  

Figure 17. Characterization of biotin and TCO coated glass surfaces. Scheme detailing preparation 
of Biotin/STVD and TCO/Tz iEDDA surfaces. Glass slides are etched with piranha acid before being 
aminated and functionalized with either biotin or TCO via an NHS reagent. Before use, Biotin/STVD 
surfaces are blocked with BSA to prevent non-specific adhesion and functionalized with streptavidin, 
allowing the biotinylated biomolecule to bind. TCO/Tz iEDDA surfaces can be immediately 
functionalized with a Tz labelled biomolecule following functionalization with TCO.  
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We first validated that Biotin/STVD and TCO/Tz iEDDA surfaces had similar degrees of 

functionalization by adding Cy3B labeled DNA functionalized with either Tz or biotin and 

measuring the resulting fluorescence intensity of the surfaces (Fig. 18a, A1, A2, Table A1). We 

found that the 50% effective concentration (Ceff at 50%) of TCO/Tz iEDDA surfaces was 9.26 ± 

0.9 nM compared to the equilibrium constant (Keq) of 10.48 ± 1.0 nM measured for biotin surfaces, 

suggesting that both Biotin/STVD and TCO/Tz iEDDA surfaces can be functionalized with 

biomolecules to a similar degree (Fig. 2c). Note also that TCO/Tz iEDDA surfaces are more 

homogenous and have a significantly lower coefficient of variation than Biotin/STVD surfaces 

(Fig. 18b, A3). Note also that TCO/Tz iEDDA surfaces are nearly 10-times more homogenous 

than biotin/STVD surfaces (Fig. 18c).  

 

Figure 18. TCO/Tz iEDDA surfaces are more densely functionalized and more homogenous that 
biotin/STVD surfaces. a. Fluorescence images of biotin and TCO functionalized glass surfaces coated 
in Cy3B labelled DNA. Scale bar = 20 µm. b. Binding curves of DNA binding to biotin/STVD and 
TCO/Tz iEDDA surfaces. Fluorescence and number of DNA/µm2 are reported as a function of DNA 

concentration. The measured equilibrium constant (Keq) for Biotin/STVD surfaces is 10.49 ± 1.0 nM 

and the Ceff  at 50% (the concentration at which 50% of the surfaces is saturated) is 9.26 ± 0.9 nM for 

TCO/Tz iEDDA surfaces. Biotin/STVD surfaces can be functionalized with 1614 ± 77 Cy3B labelled 

DNA probes per µm2 while TCO/Tz iEDDA surfaces can be functionalized with 1723 ± 63 Cy3B 
labelled DNA probes per µm2 n=3 surfaces, 10 regions per surface. c. Coefficient of variation of 
Biotin/STVD and TCO/Tz iEDDA surfaces reveals that Biotin/STVD surfaces are more heterogeneous 
that TCO/Tz iEDDA surfaces. Coefficient of variation was determined by dividing the standard 
deviation of a fluorescent ROI by the average fluorescence of the ROI. n = 3 surfaces, 10 regions per 
surface, p < 0.0001.  
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We next measured the degree of non-specific binding that occurs on both surfaces by adding DNA 

with and without ligand to STVD and TCO functionalized glass slides and measuring the resulting 

fluorescence (Fig. 19 a, b). We found that even when BSA blocking is used, Biotin/STVD surfaces 

have nearly twice as much non-specific binding of biomolecules as TCO/Tz iEDDA. (Fig. 19c).  

 

 

Next, we measured the on-rate of both the biotin/STVD and TCO/Tz iEDDA surfaces. Cy3B 

labeled with DNA functionalized with a biotin moiety was added to the Biotin/STVD surface in 

concentrations ranging from 0.1 to 10 nM (Fig. 20a). Images were collected over 90 minutes and 

corrected for background fluorescence and photobleaching (Fig. 20b). The linear regions of the 

fluorescence curves were plotted as a function of DNA molecules per µm2 (Fig. 20c, Fig. A3). 

Using pseudo-first-order kinetics, we calculated the kreaction of DNA binding to biotin/STVD 

surfaces to be 6.3 x 106 M-1 sec-1, consistent with previous literature reports (Fig. 20d).(58)  Similar 

Figure 19. TCO/Tz iEDDA surfaces have reduced levels of non-specific binding of biomolecules 
than biotin/STVD surfaces. a. Scheme of measuring non-specific binding to biotin and TCO surfaces. 
Fluorescent DNA with and without biotin ligand is added to streptavidin coated biotin surfaces to 
measure specific binding to biotin surfaces. Fluorescent DNA with and without Tz ligand is added to 
TCO coated surfaces to measure specific binding to TCO surfaces. b. Fluorescence images of 10 nM 
Cy3B labelled DNA with and without ligand added to biotin and TCO surfaces. c. Quantification of 
non-specific binding of DNA to biotin and TCO surfaces. There is a significantly higher amount of non-
specific binding of DNA to biotin coated surfaces than to TCO coated surfaces. n = 3 surfaces, 10 
regions imaged per surface. p = 0.001. 
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protocols were followed for measuring the kreaction of DNA binding to TCO/Tz iEDDA surfaces. 

DNA functionalized with a Tz moiety was added to the TCO/TZ iEDDA surface in concentrations 

ranging from 0.1 to 10 nM and images were collected over 90 minutes and corrected for 

background fluorescence and photobleaching (Fig. 20e, f). The linear regions of the fluorescence 

curves were plotted as a function of DNA molecules per µm2 and using pseudo-first-order kinetics, 

we calculated the kreaction of DNA binding to TCO/Tz iEDDA surfaces as 5.8 x 106 M-1 sec-1, 

consistent with previous literature reports (Fig. 20g, h).(69, 74) These similar on-rates highlight 

that when using the TCO/Tz iEDDA surfaces, one does not sacrifice the rapid kinetics of binding 

that can be achieved when using biotin/STVD surfaces.  
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2.3.2 TCO surfaces are more resistant to degradation than biotin surfaces 

We next demonstrated that our surfaces are both biologically and thermally stable, filling a critical 

gap in common immobilization techniques. We first measured the stability of both biotin/STVD 

and TCO/Tz iEDDA surfaces at physiological temperatures relevant to biological applications. 

TCO-Tz is a covalent bond and therefore has a negligible off rate that is not accelerated by 

increased temperature. The biotin streptavidin interaction is non-covalent, and its off rate can be 

accelerated with increasing temperatures. To test the effect temperature would have on surface 

functionalization, we immobilized identical concentrations of fluorescently labeled DNA to both 

biotin/STVD and TCO/Tz iEDDA surfaces (Fig. 21a). We then measured the initial fluorescence 

intensity of the surfaces, as well as the intensity of the surfaces after being warmed to 37 °C 

overnight, mimicking standard cell culture conditions (Fig. 21b). Indeed, we found that there was 

nearly a 70% decrease in fluorescence intensity of the non-covalent Biotin/STVD surfaces after 

24 hours while there was not a significant difference in the fluorescence of the TCO/Tz iEDDA 

Figure 20. Kinetics of DNA binding to Biotin/STVD and TCO/Tz iEDDA surfaces. a. Fluorophore 
labeled DNA functionalized with biotin is added to Biotin/STVD surfaces and its binding recorded over 
time by measuring the increase in fluorescence of the surface. b. Fluorescence binding curves of 0.1, 
1.0, and 10 nM Fluorophore labeled DNA functionalized with biotin to Biotin/STVD surfaces. 
Fluorescence was recorded for 90 minutes, and fluorescent images taken every 6 minutes. Reported 
values have been background subtracted and corrected for photobleaching. n = 3 surfaces, 3 regions per 
surface. c. Linear region of fluorescence curves converted to DNA molecules bound per µm2  

(Fig. A3a, 
b). d. The plot of kobs vs concentration of DNA is used to calculate a kreaction of 6.3 x 10-6 M-1 sec-1 

for 

DNA binding to Biotin/STVD surfaces. e. Fluorophore labeled DNA functionalized with Tz is added to 
TCO/Tz iEDDA surfaces and its binding recorded over time by measuring the increase in fluorescence 
of the surface. f. Fluorescence binding curves of 0.1, 1.0, and 10 nM Fluorophore labeled DNA 
functionalized with Tz to TCO/Tz iEDDA surfaces. Fluorescence was recorded for 90 minutes, and 
fluorescent images taken every 6 minutes. Reported values have been background subtracted and 
corrected for photobleaching. n = 3 surfaces, 3 regions per surface. g. Linear region of fluorescence 
curves converted to DNA molecules bound per µm2 

(Fig. A3c). h. The plot of kobs vs concentration of 

DNA is used to calculate a kreaction of 5.8 x 10-6 M-1 sec-1 
for DNA binding to TCO/Tz iEDDA surfaces. 
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surfaces, highlighting the thermal stability that TCO surfaces offer over biotin surfaces (Fig. 21c). 

 

Next, we tested the biological stability of Biotin/STVD surfaces compared to TCO/Tz iEDDA 

surfaces by measuring their susceptibility to protease degradation. Proteases are commonly 

secreted by cells and are enzymes which are responsible breaking peptide bonds in proteins, 

therefore the DNA should be left intact and any change in fluorescent signal can be attributed to 

cleavage of the bond between the DNA and surface. We again immobilized fluorescently labeled 

single stranded DNA to both biotin/STVD and TCO/Tz iEDDA surfaces before incubating the 

surfaces in trypsin, an enzyme that breaks down proteins (Fig. 22a). Following fluorescence 

measurements for 90 minutes, we observed that there was a 26% loss of fluorescent signal on the 

biotin/STVD surfaces compared to only 4% on the TCO/Tz iEDDA surfaces, demonstrating that 

the biotin/STVD interaction is unstable at the temperatures required for biological studies (Fig. 

Figure 21. TCO/Tz iEDDA surfaces are resistant to thermal degradation. a. Experimental setup to 
measure thermal degradation resistance of Biotin/STVD and TCO/Tz iEDDA surfaces. Fluorophore 
labelled DNA is immobilized to either biotin or TCO coated surfaces and incubated at 37 °C for 24 
hours. b. Fluorescence images of Biotin/STVD and TCO/Tz surfaces coated with fluorophore labelled 
DNA before and after 24 hour incubation at 37 °C. c. Quantification of fluorescence of Biotin/STVD 
and TCO/Tz iEDDA surfaces coated with fluorophore labelled DNA before and after 24 hour incubation 
at 37 °C. Fluorescence of Biotin/STVD surfaces significantly decreased after incubation while there was 
no significant change in fluorescence of TCO/Tz iEDDA surfaces. n = 3 surfaces, 10 regions per surface. 
Biotin/STVD surfaces: p < 0.0001, TCO/Tz iEDDA surfaces: p = 0.2133.  
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22b, c). 

 

 

2.3.3 TCO surfaces are superior scaffolds for studying mechanotransduction 

Highlighting the importance of degradation resistance of surfaces, we next used the Biotin/STVD 

and TCO/Tz iEDDA surfaces as scaffolds to measure the forces exerted by mouse embryonic 

fibroblasts (MEFs). MEFs were plated on surfaces coated with a DNA duplex force probe that 

reports on the accumulated force generated by a cell.(17, 31) The force probe consists of a DNA 

duplex immobilized to either a biotin/STVD or TCO/Tz iEDDA glass surface. The duplex is 

equipped with a cyclic RGDfK (cRGD) peptide specific for cell adhesion and a fluorophore and 

quencher pair. When sufficient cell force is applied by an integrin to the cRGD peptide, the duplex 

is ruptured separating the fluorophore and quencher, resulting in an increase in fluorescence that 

can be measured using conventional fluorescence microscopy (Fig. 23a). MEFs were cultured on 

Biotin/STVD and TCO/Tz iEDDA surfaces coated with fluorescent TGT’S and tension was 

measured after one and four hours (Fig. 23b). After both one and four hours, we did not observe a 

Figure 22. TCO/Tz iEDDA surfaces are resistant to protease degradation. a. Experimental setup to 
measure Biotin/STVD and TCO/Tz iEDDA surface resistance to protease degradation. Fluorophore 
labelled DNA is immobilized to either biotin or TCO coated surfaces and incubated in trypsin. b. 
Fluorescence images of Biotin/STVD and TCO/Tz iEDDA surfaces coated with fluorophore labelled 
DNA and incubated in trypsin for 90 minutes. c. Quantification of fluorescence over time of 
Biotin/STVD and TCO/Tz iEDDA surfaces coated with fluorophore labeled DNA and incubated in 
trypsin. n = 3 surfaces, 10 regions per surface. p < 0.0001. 
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significant difference in the spread area of MEFs on either Biotin/STVD or TCO/Tz iEDDA 

surfaces (Fig. 23c). After one hour, we observed that the signal: noise (S:N) of tension signal 

generated by MEFs on TCO/Tz iEDDA surfaces was significantly higher than the S:N of tension 

signal generated by MEFs on biotin/STVD surfaces (Fig. 23d). This difference was further 

amplified after four hours due to the dissociation of duplexes from the biotin/STVD surfaces at 37 

°C, resulting in an increase in background fluorescence. DNA duplex force probes report on 

accumulated tension over time, therefore S:N increases on TCO/Tz iEDDA surfaces due to an 

increase in fluorescent tension signal generated by the cells that is not accompanied by an increase 

in background fluorescence. 

 

 

 



 
 

41 

 

2.4 Discussion 

Here, we have described using the TCO/Tz iEDDA reaction for functionalizing solid scaffolds and 

have highlighted several advantages of this functionalization strategy, particularly in a biological 

context. Using this reaction, one can functionalize glass surfaces with a homogenous layer of 

biomolecules that can be used in biological assays. Importantly, the kreaction of immobilization of 

biomolecules to both Biotin/STVD and TCO/Tz iEDDA is nearly identical, and therefore there is 

not difference of efficiency in functionalizing TCO/Tz iEDDA surfaces relative to kinetics. 

However, it is important to note that the level of non-specific binding of biomolecules to TCO/Tz 

iEDDA surfaces is lower than the level of non-specific binding of biomolecules to Biotin/STVD 

surfaces. Therefore, the TCO/Tz iEDDA reaction produces surfaces that can be densely 

functionalized with a lower level of non-specific binding than Biotin/STVD surfaces. 

 

Figure 23. Biotin/STVD and TCO/Tz iEDDA surfaces as scaffolds for measuring cell force. a. 
Scheme of DNA fluorescent TGT’s used for reporting on cell force exertion. In this study, fluorescent 
TGT’s consist of a duplex in which the anchor strand is functionalized with a Cy3B fluorophore and 
either biotin or Tz. The ligand strand is functionalized with a BHQ2 quencher and cRGD peptide for 
cell adhesion. This duplex is then immobilized onto either Biotin/STVD or TCO/Tz iEDDA surfaces. 
Upon a cell exerting sufficient integrin mediated force through the cRGD peptide, the duplex is ruptured, 
separating the fluorophore and quencher, resulting in a measurable increase in fluorescence. b. 
Fluorescent tension signal generated by mouse embryonic fibroblasts (MEFs) cultured on TGT coated 
Biotin/STVD or TCO/Tz iEDDA surfaces for 1 hour. c. Spread area of MEFs on RS and RU probes. 
Spread area was measured by drawing a region of interest around platelets in the RICM channel. n = 3 
experiments, Biotin/STVD 1 hour: 58 cells, Biotin/STVD 4 hours: 52 cells, TCO/Tz iEDDA 1 hour: 53 
cells, TCO/Tz iEDDA 4 hours: 58 cells, Biotin/STVD 1 hour:Biotin/STVD 4 hours p = 0.9192  , 
Biotin/STVD 1 hour:TCO/Tz iEDDA 1 hour p = 0.0708 , Biotin/STVD 4 hourS:TCO/Tz iEDDA 4 
hours p = 0.9192, TCO/Tz iEDDA 1 hour:TCO/Tz iEDDA 4 hours p = 0.0708 d. Signal to noise (S:N) 
of tension signal generated by cells cultured for 1 hour on fluorescent TGT’s immobilized to 
biotin/STVD and TCO/Tz iEDDA surfaces defined as the fluorescence of tension signal (FLtension) 
divided by the local background fluorescence (FLbackground). S:N was significantly higher on TCO/Tz 
iEDDA surfaces compared to Biotin/STVD surfaces. n = 3 experiments, Biotin/STVD 1 hour: 58 cells, 
Biotin/STVD 4 hours: 52 cells, TCO/Tz iEDDA 1 hour: 53 cells, TCO/Tz iEDDA 4 hours: 58 cells, p 
< 0.0001. 
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Surfaces functionalized using the TCO/Tz iEDDA reaction are also more resistant to degradation 

than surfaces produced using the Biotin/STVD interaction. Specifically, unlike Biotin/STVD 

surfaces, surfaces functionalized using TCO/Tz iEDDA are resistant to thermal degradation and 

enzyme degradation that can occur at the conditions used for biologically relevant experiments. 

Finally, we demonstrate that TCO/Tz iEDDA surfaces are superior to Biotin/STVD surfaces when 

completing studies that rely on fluorescence. Specifically, MEFs cultured on fluorescent TGT’s 

immobilized to TCO/Tz iEDDA surfaces generate have higher S:N than when cultured on 

fluorescent TGT’s immobilized to Biotin/STVD surfaces, due to the degradation of the 

Biotin/STVD interaction at higher temperatures, and by the proteases secreted by the cells. 

 

Taken together, we have demonstrated that the TCO/Tz iEDDA reaction is a superior method for 

producing substates used to study biological phenomena. The primary limitation that must be 

considered when using the TCO/Tz iEDDA reaction is stability of the reagents. Stability of Tz can 

be achieved by using methyltetrazine without sacrificing reaction rates or specificity of binding.It 

is possible for TCO to isomerize into the less reactive cis conformation, particularly when exposed 

to aqueous conditions. Therefore, it is important to store TCO functionalized scaffolds in an 

organic solvent such as DMSO until use. One final consideration when using the tetrazine is its 

solubility. Tz is very hydrophobic and therefore special care must be taken when functionalizing 

biomolecules to ensure that there is a sufficient amount of organic solvent present in the reaction 

buffer to maintain the solubility of the reagent. However, in our hands, upon functionalization of 

Tz to a biomolecule such as DNA, we did not observe any decrease in water solubility of the 

functionalized molecule. In summary, we have demonstrated that the TCO/Tz iEDDA reaction is 

a suitable addition to the toolkit of techniques used for surface tethering of biomolecules. Our 
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findings can be extended to other areas of surface chemistry, highlighting the strength of the 

TCO/Tz iEDDA reaction and the importance of considering the effect surface chemistry can have 

on data acquisition and analysis in biological and non-biological systems.   
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CHAPTER 3. PNA TENSION PROBES EXPAND THE MEASURABLE FORCE RANGE 

OF NUCLEIC ACID INTEGRIN FORCE SENSING TECHNOLOGY 

3.1 Abstract 

Cells physically interact with their environment and respond to these stimuli through 

mechanotransduction, converting physical tension into biochemical signals that guide cell 

function. Mechanotransduction is critical for a variety of cell processes and has been implicated in 

the pathology and progression of a number of diseases. DNA and protein sensors that rupture or 

extend under force are widely used to measure cellular mechanoforces, offering high sensitivity 

and throughput without external perturbation of the cell. However, the composition of these probes 

make them susceptible to nuclease and protease degradation, significantly limiting the time scales 

they can report over. Furthermore, the inherent anionic structure of DNA polymers limits the 

mechanical rupture threshold of these probes. Peptide nucleic acids (PNAs) are an attractive 

alternative to address these problems. PNA is a synthetic DNA analog that retains its ability to 

form Watson-Crick-Franklin interactions, but is resistant to nuclease and protease degradation, 

and has a high affinity for its oligonucleotide binding partners, leading to increased mechanical 

stability. We demonstrate that by constructing nucleic acid rupture sensors our of PNA, we are 

able to measure integrin mediated forces in time and force regimes inaccessible using traditional 

DNA and protein-based sensors. Using PNA rupture sensors, we also improve the resolution of 

tension generated by aggressive cancer cell lines. Taken together, our results highlight a new class 

of molecular force sensors that expand the time and force range over which cell mechanics can be 

measured. 
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3.2 Introduction 

As highlighted in Chapter 1, a major limitation of existing force sensing technologies is the 

threshold of forces on which they can report (Fig. 24). Genetically encoded tension sensors 

(GETS) and the PEG entropic spring report on forces < 20 pN while DNA 2o structure and b sheet 

protein sensors are limited to upper thresholds of ~ 70 – 80 pN. Specifically, the commonly used 

DNA-based tension gauge tether (TGT) is limited to an upper threshold of ~ 60 pN of force.(17, 

31) Importantly, there are currently no tools available to measure forces between 100 pN and 10 

nN without external perturbation of the cell. This limitation is significant considering that 

mammalian cells have been reported to exert week-long traction forces in the nanonewton 

range.(75) Furthermore, many of these techniques are susceptible to degradation in biologically 

relevant environments. Both protein-based and DNA-based sensors are susceptible to enzymatic 

and thermal degradation and are therefore unsuitable for measuring cell mechanics over extended 

time frames. Together, these limitations present a significant barrier towards more comprehensive 

understanding of cell mechanics and mechanotransduction events, and new tools are needed to 

quantify higher cellular forces and resolve cell force in extended time frames. 
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3.2.1 Protein-based force sensors 

Protein-based sensors are widely used in the study of mechanobiology in the form of genetically 

encoded tension sensors. There has been a long-standing interest in measuring the forces 

experienced by proteins within living cells, as it is known that cells can sense and transmit forces 

at molecular pN scales. Early studies of motor proteins using single molecule force spectroscopy 

showed that molecules such as kinesin, myosin, and dynein generate forces in the range of 1-10 

pN, and hence it was suspected that force-sensing proteins experience forces in this pN magnitude 

regime.  

 
Molecular forces on the order of 2-10 pN can drive conformational changes within proteins and 

hence regulate a bost of biological processes including cytoskeletal rearrangement, protein 

binding, and integrin activation. (80-82). These molecular forces are critical to cellular function, 

yet measuring thesm remained a challenge prior to the development of genetically encoded tension 

sensors (GETS). GETS are protein-based and take advantage of the relationship between force-

Figure 14. Probe-based methods to measure cellular mechanotransduction events. Current methods 
used to measure mechanotransduction events that do not involve an external perturbation of the cell are 
limited not only in their biostability, but in the range of forces they are able to reliably report on. As a 
result, there is not a reliable method to measure mechanical events with forces between 100 pN and 10 
nN without applying a disruptive external force to the system. The force values represented here assume 
average bond lifetime of integrins. 
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extension and FRET. While a number of sensors that have been designed, each consists of the 

same basic construct. Fluorescent donor and acceptor proteins are designed to flank a flexible 

linker domain. Together, this construct servers as a tension sensing module and stretches and 

relaxes in response to changes in tension (Fig. 25). The construct is inserted into a protein of 

interest such that when the protein experiences tension, the linker extends, separating the 

fluorescent proteins, resulting in a change in FRET that can be measured by fluorescent 

microscopy.   

 

 

 

 

 

 

 

 

Challenges associated with this technique include identifying a flexible domain that can function 

as a spring and does not lead to misfolding and degradation of the protein of interest. Additionally, 

this spring domain must also match the FRET distances between the donor and acceptor. In other 

words, the flexible domain must bring the donor and acceptor in close proximity at rest but with 

the application of pN range forces, the domain must stretch to place the donor and acceptor at 

distances that exceed the FRET radius (often greater than 5 nm). Given that the magnitude of 

forces within cells is unknown, it is difficult to design appropriate probes without significant 

Figure 25. Basic design of protein-based Genetically Encoded Tension Sensors (GETS). 
Fluorescent protein FRET pairs are linked by a flexible linker that can stretch and relax in response 
to external tension. Reprinted with permission from Molecular Force Sensors; Copyright 2022 
American Chemical Society 
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amounts of empirical trial and error.  The generation and subsequent characterization of GETS 

revolutionized the way one could measure intercellular tension. However, these protein-based 

sensors are limited to measuring intercellular forces below 10 pN and are not suitable for 

measuring integrin mediated forces modulated by the extracellular matrix.  

 
 

Expanding the use of proteins in tension sensing beyond the genetically encoded tension sensor 

and into a sensor capable of reporting , the Salaita lab developed a sensor consisting of the I27 

domain of titin (Fig. 26).(76) The sensor was flanked by a fluorophore and immobilized onto a 

gold nanoparticle that quenched fluorescence when the sensor was in its folded state. Using 

disulfide linkages and the known rates of disulfide reduction, the team calibrated the unfolding 

force of the sensor to 110 ± 15 pN. Hence, these sensors were capable on reporting on high 

magnitude integrin-mediated forces. However, like all proteins, these sensors are susceptible to 

degradation in biological media. Furthermore the immobilization of these sensors to gold 

nanoparticles leaves them prone to force-induced dissociation as discussed in Chapter 2, 

limiting the force range that they can reliably report on. 
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3.2.2 Peptide nucleic acids (PNA) 

Unnatural nucleic acids are alternatives to natural RNA and DNA that retain the ability to form 

Watson-Crick base pairs and store genetic information. These typically have modified backbone 

structures, altering their biophysical properties for biomaterial and nanotechnology applications. 

Several nucleic acid analogs have been developed, including locked and unlocked nucleic acids, 

threose nucleic acids, glycol nucleic acids, and peptide nucleic acids (Fig. 27). These modified 

structures often confer advantages on the nucleic acid structure such as increased thermostability 

and resistance to degradation in biological media.  

 

 

 

 

 

 

Peptide nucleic acids (PNA) are synthetic DNA analogs comprised of an unnatural amide 

backbone, endowing it with high nuclease and protease resistance. Additionally, the nonionic 

Figure 26.  Structure of the titin protein tension sensor. The titin sensor, constructed from 

the I27 domain of the titin protein, was used to measure forces in focal adhesions and estimated 

to report on forces exceeding 110 pN. The force threshold of the sensor was determined by the 

rate at which the disulfide bridge in the sensor was reduced, resulting in unfolding of the sensor 

and increased fluorescence. Reprinted with permission from Molecular Force Sensors; 

Copyright 2022 American Chemical Society 
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Figure 27. Structures of synthetic nucleic acids.  
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backbone increases stability when hybridizing with itself or another oligonucleotide.(77) These 

unique properties position PNA as a promising candidate for use in therapeutics and diagnostic 

assays.(78)  

 

3.2.3 Characterization of PNA 

The structural properties of PNA have been extensively explored. The PNA amide backbone 

results in duplexes with unique hybridization patterns. While PNA forms Watson-Crick base pairs, 

the resulting helices are P-like, rather than traditional A and B form. (Figure 28a).(79)  

Additionally, the high specificity and unique hybridization properties of PNA enable unique 

binding mechanisms, including triplex formation and invasion.(80) The hybridization patterns, 

along with the unique binding modes results in duplexes with slightly different structural properties 

than DNA duplexes (Figure 28b).(81, 82) 

 

 

 

Figure 28. Structural properties of peptide nucleic acids (PNA). a. While PNA retains the 
ability to form Watson-Crick base pairs, the resulting duplexes have slightly different 
characteristics than natural DNA:DNA duplexes. b.  Structural characteristics of PNA compared 
to DNA.   
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The relative stability of PNA has also been explored through melting temperature analysis, 

particularly when PNA is hybridized with DNA. On average, 10-mer PNA:DNA duplexes with 

40% G/C content exhibit melting temperatures near 50 °C while 15-mer duplexes have melting 

temperatures near 70 °C.(83, 84) This is in contrast to DNA:DNA counterparts which have 

calculated melting temperatures of 22 °C and 43 °C under the same conditions. While PNA:PNA 

duplexes have been less characterized, one study found that 8-mer PNA:PNA with nearly 40% 

G/C content displayed melting temperatures of approximately 55 °C, while calculated DNA:DNA 

duplexes had a calculated melting temperature of 16°C.(85) Importantly, the affinity of PNA for 

its binding complements is higher than that of DNA, due to the lack of a backbone charge which 

can cause repulsion, and the pre-organized structure of PNA in solution.(86) Specifically, the 

binding constants of PNA of often on the order of magnitude of 107 while identical DNA 

counterparts have a binding constant on the order of 105.(87) 

 

Despite these analyses, characterization of PNA rupture force remains largely unexplored. 

Previous work has been limited to PNA:DNA and there are currently no reports of PNA:PNA 

duplex rupture forces. One report indicated that by AFM, a force of 148 pN was needed to rupture 

a poly-T 6-mer PNA with its complementary DNA. Corresponding DNA:DNA duplexes had a 

measured rupture force of only 35 pN.(88) In another study which probed miniPEGγ-PNA-DNA 

using AFM, researchers found that the modified 10-mer PNA, when hybridized to a long DNA 

strand immobilized to a surface and AFM tip through a PEG linker, had a mean rupture force of 

65 ± 15 pN while the corresponding DNA:DNA setup had a mean rupture force of 47 ± 15 pN.(89)  
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PNA:DNA duplexes have also been used as tension probes for measuring cell integrin forces. A 

previous study from the Wang lab successfully used PNA:DNA duplexes as tension probes, 

measuring the forces exerted by platelets, 3T3’s, CHO-K1, HeLa, and MTC cells.(34) However, 

the scope of this work was limited to highlighting the biological stability of PNA:DNA duplexes, 

and the researchers did not explore the use of PNA:PNA for measuring the upper levels of integrin 

mediated force in cells.  

 

Overall, while PNA:DNA duplexes have been moderately investigated, PNA:PNA duplexes 

remain only sparsely explored and to our knowledge, there are no reports of using PNA:PNA 

duplexes to study cellular mechanics. Here, we describe the synthesis and use of PNA:DNA and 

PNA:PNA rupture force sensors. We have generated these sensors in both shearing and unzipping 

conformations with the goal of extending the measurable force range of nucleic acid tension 

sensors beyond 60 pN. Using thermodynamic analysis, we demonstrate that PNA:DNA and 

PNA:PNA duplexes have lower values of DG than DNA:DNA duplexes. We also demonstrate that 

unlike DNA- and protein-based force sensors, PNA forces sensors are resistant to nuclease and 

protease degradation, enabling them as tools to report on cell forces over extended time frames. 

Importantly, PNA force sensors can report on forces generated by a variety of cell types as 

demonstrated here with fibroblasts, muscle cells, and cancer cells. Evidencing that PNA probes 

report on the upper levels of integrin forces, we show that while fibroblasts are not capable of 

opening a PNA:PNA force sensor in the shearing conformation, muscle cells are capable of 

rupturing the sensor after ~3 hours, suggesting that the sensors take a high magnitude force to be 

ruptured. Finally, we demonstrate the utility of PNA tension sensors in cancer cell force imaging. 

While DNA sensors are degraded rapidly by MDA-MB-231 cells, PNA force sensors remain intact 
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for longer than 5 hours, enabling force measurements over extended time frames. 

3.3 Results 
 
3.3.1 Synthesis and design of PNA force sensors 
 
PNA is a synthetic nucleic acid analogue with a pseudo-peptide like backbone (Fig. 29a). The 

PNA:DNA and PNA:PNA probes are comprised of 10-mer sequences with 40% G/C nucleobase 

content (Table A2, Fig. A4 – A6). The duplexes are synthesized in the high-force shearing and 

low-force unzipping conformations (Fig. 29b, Fig. A7 – A14) The shearing conformation is 

achieved by immobilizing the duplex onto the surface at the terminal opposite the cell adhesive 

peptide. As discussed in Chapter 1, shearing occurs by stretching the duplex along its axis in order 

to induce dissociation. This is a high-force event compared to probe unzipping, which occurs by 

stretching the sensor perpendicular to its axis. The probes are covalently functionalized with a 

Cy3B fluorophore and BHQ2 quencher, enabling the use of fluorescence as a readout for cell-

mediated PNA unfolding and traction force. This force is applied through a cyclic RGD(fK) 

peptide covalently linked to the duplex using copper-mediated click chemistry. Furthermore, the 

probes are immobilized to the surfaces using the TCO/Tz iEDDA strategy discussed in Chapter 

2. Hence, the probes are covalently anchored to the surfaces and only mechanical separation 

exceeding the TTol of the duplex leads to an increase in fluorescence. As a control, our PNA sensors 

were compared to conventional TGT force sensors. These sensors are comprised of 21-mer 

DNA:DNA duplexes and have a calibrated unzipping force of ~12 pN and a calibrated shearing 

force of ~ 56 pN. Hence, they serve as a useful control to compare our PNA-based sensors to when 
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estimating TTol.  

 

 
 
 

 
 
 
 
 
 
 

 

3.3.1 Characterization of PNA force sensors  

We first measured the DH, DS, and DG for the DNA:DNA, PNA:DNA, and PNA:PNA probes. In 

this study, the temperature-dependent fluorescence of Cy3B was measured from 25 to 100 ºC, 

allowing us to detect probe dehybridization driven by increasing temperatures (Fig. 30a). The 

melting curves were used to generate a van’t Hoff plot (Fig. 30b, SI Note A1).  

 

Figure 29. Chemical structure of PNA and scheme of PNA force sensors. a. Chemical structure of 
PNA. b. Scheme of shearing and unzipping constructs. Both the shearing and unzipping duplexes are 
covalently linked to a glass slide using the TCO/Tz iEDDA reaction. The shearing conformation is 
achieved by immobilizing the duplex onto the surface at the terminal opposite the cell adhesive 
peptide. Shearing occurs by stretching the duplex along its axis in order to induce dissociation. This is 
a high-force event compared to probe unzipping, which occurs by stretching the sensor perpendicular 
to its axis. The probes are covalently functionalized with a Cy3B fluorophore, BHQ2 quencher, and 
cyclic RGD(fK) peptide (cRGD). When a cell binds to the cRGD ligand and exerts a force exceeding 
the force tolerance of the duplex (when T > TTol), the duplex is irreversibly ruptured, leading to a 
measurable increase in fluorescence.   
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The DG (T = 298 K) values for the DNA:DNA, PNA:DNA, and PNA:PNA were -20.7 ± 2.1, -26.5 

± 3.7, and -25.5 ± 2.8 kcal mol-1, respectively (Fig. 30c).  

 
 

 
 

We next analyzed the stability of PNA force sensors in biologically relevant conditions. 

Specifically, we studied the resistance of PNA:DNA and PNA:PNA duplexes to enzyme 

degradation compared to commonly used DNA:DNA probes. DNA:DNA, PNA:DNA, and 

PNA:PNA duplexes were immobilized to a glass surface using the TCO/Tz iEDDA 

immobilization strategy discussed in Chapter 2. This immobilization strategy is covalent and 

Figure 30. Thermodynamic characterization of PNA- and DNA-based force sensors. a. 
Temperature dependent DNA dehybridization analysis adapted from fluorescent melting curve for 
DNA:DNA, PNA:DNA, and PNA:PNA force sensors in 1X PBS solution. b. van’t Hoff plot of 
DNA:DNA, PNA:DNA, and PNA:PNA generated from (a). c. Thermodynamic properties of 
DNA:DNA, PNA:DNA, and PNA:PNA force sensors as calculated from (b). Values were calculated 
for T = 298 K.  
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unsusceptible to thermal, chemical, and biological degradation. Therefore, any changes observed 

in functionalization of the surface is due to degradation of the duplexes. Probes were fluorescently 

labeled and therefore degradation could be measured by a decrease in fluorescence as probes are 

destroyed, releasing the fluorophore into solution (Fig. 31a, b, c). As expected, we observed rapid 

degradation of surfaces coated in DNA:DNA duplexes when the surfaces were exposed to the 

nuclease DNaseI and nearly 75% of fluorescent signal was lost within the first 30 minutes of 

analysis (Fig. 31d). Conversely, neither PNA:DNA nor PNA:PNA duplexes were destroyed by 

the enzyme and surfaces retained nearly 100% of their fluorescent signal over the course of the 

experiment. Importantly, although they possess an amide backbone, PNA:PNA duplexes were also 

found to be resistant to protease degradation with surfaces retaining nearly 100% of their 

fluorescent signal over three hours (Fig. 31e, f).  
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3.3.2 PNA sensors report on forces generated by fibroblasts 

As an initial model, studied the behavior of NIH/3T3 fibroblasts on surfaces coated with 

DNA:DNA, PNA:DNA, and PNA:PNA sensors in the shearing and unzipping conformations. 

Fibroblasts are one of the best studied models for integrin mechanotransduction and their ability 

to generate large traction forces to mechanosense the ECM is well documented.(90, 91) 3T3s were 

cultured on DNA:DNA, PNA:DNA, and PNA:PNA sensors in the unzipping conformation 

(uDNA:DNA, uPNA:DNA, uPNA:PNA, respectively) and imaged 1, 3, and 5 hours after seeding 

to evaluate cell spread area and tension signal. (Fig. 32a). At 1, 3 and 5 hours, there were not 

significant differences in cell spread area (Fig. 32b). However, there was a significant difference 

in tension signal produced by 3T3s on all probes over all time points.  Specifically, 3T3s on 

uDNA:DNA sensors produced higher tension signal than 3T3s on uPNA:DNA and uPNA:PNA 

sensors at all time points. Interestingly, the tension signal generated by 3T3s on uPNA:DNA and 

PNA:PNA sensors is significantly lower than the signal generated on DNA:DNA sensors, 

suggesting that PNA provides a level of mechanical stability to the sensors, increasing the TTol 

Figure 31. PNA force sensors are resistant to nuclease and protease degradation. a. Fluorescently 
labeled DNA:DNA duplexes were immobilized to a glass slide and exposed to DNaseI. The enzyme 
cleaved the duplexes, releasing the fluorophore from the surface, and there was an observable drop in 
fluorescence. b. Fluorescently labeled PNA:DNA duplexes were immobilized to a glass slide and 
exposed to DNaseI. The enzyme did not cleave the duplexes, and there was no observable drop in 
fluorescence. c. Fluorescently labeled PNA:PNA duplexes were immobilized to a glass slide and 
exposed to DNaseI. The enzyme did not cleave the duplexes, and there was no observable drop in 
fluorescence. d. Fluorophore and quencher labeled PNA:PNA duplexes were immobilized to a glass 
slide and exposed to the protease trypsin. The enzyme did not cleave the duplexes, and there was no 
observable increase in fluorescence. e. Quantification of DNA:DNA, PNA:DNA, and PNA:PNA 
fluorescence over time when exposed to DNase1. There was a significant drop in fluorescence on 
DNA:DNA surfaces after 30 minutes but no significant decrease in fluorescence on PNA:DNA and 
PNA:PNA surfaces. n = 3 surfaces, 10 regions per surface. f. Quantification of PNA:PNA fluorescence 
over time when exposed to trypsin. There was no significant increase in fluorescence over time 
indicating that the PNA:PNA duplexes were not degraded, keeping the fluorophore and quencher in 
close contact. n = 3 surfaces, 10 regions per surface. 
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required to rupture the sensor (Fig. 32c).  

 

 

Figure 32. PNA force sensors report on the forces generated by fibroblasts a. RICM and 
fluorescent tension images of 3T3 cells cultured on uDNA:DNA, uPNA:DNA, and uPNA:PNA force 

sensors for 1, 3, and 5 hours. Scale bar, 100 µm. b. Spread area of 3T3 cells cultured on uDNA:DNA, 
uPNA:DNA, and uPNA:PNA force sensors. Spread area was measured by drawing a region of interest 
around 3T3 cells in the RICM channel. (n = 3 experiments, 60 cells, uDNA:DNA:uPNA:DNA 1 hour 
p = 0.1946, 3 hours p = 0.0617, 5 hours p = 0.2998, uDNA:DNA:uPNA:PNA 1 hour p = 0.8199, 3 
hours p = 0.2548, 5 hours p = 0.0591, uPNA:DNA:uPNA:PNA 1 hour p = 0.2968, 3 hours p = 0.7654, 
5 hours p = 0.4863 c. Average fluorescence intensity generated by 3T3 cells cultured on uDNA:DNA, 
uPNA:DNA, and uPNA:PNA force sensors. Average fluorescence was determined by drawing a 
region of interest around the fluorescent signal in the TRITC channel. (n = 3 experiments, 60 cells, p 
< 0.0001 for all comparisons.  
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The difference is TTol of PNA and DNA force sensors particularly striking when 3T3s are cultured 

on sensors in the shearing conformation (sDNA:DNA, sPNA:DNA, sPNA:PNA). 3T3s were again 

cultured for 1, 3, and 5 hours on surfaces coated with sDNA:DNA, sPNA:DNA, and sPNA:PNA 

sensors. We did not observe a significant difference in cell spread area at any of the time points, 

indicating that the cells were well adhered to all surfaces (Fig. 33a, b). However, there was a 

significant difference in the tension signal generated by cells cultured on sPNA:PNA sensors 

compared to sDNA:DNA and sPNA:DNA sensors (Fig. 33c). Lack of fluorescent tension signal 

generated by 3T3s on sPNA:PNA probes provides further evidence that PNA:PNA duplexes are 

more mechanically stable than DNA duplexes and can therefore be used to study the upper levelsof 

integrin force.  
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3.3.4 PNA sensors report on the upper levels of integrin force generated by muscle cells 
 

To further test the hypothesis that sPNA:PNA sensors report in the upper level of integrin force in 

cells, we next cultured Human Airway Smooth Muscle Cells (HASMCs) on sDNA:DNA, 

sPNA:DNA, and sPNA:PNA sensors for 1, 3, and 5 hours. HASMCs are known to exert integrin 

mediated forces exceeding 100 pN, exceeding the range of 3T3s and making them a useful model 

to test the hypothesis that sPNA:PNA sensors report on a range of integrin forces inaccessible by 

sDNA:DNA sensors.  

 

HASMCs were cultured on sDNA:DNA, sPNA:DNA, and sPNA:PNA sensors for 1, 3, and 5 

hours (Fig. 34a). There were no significant differences in cell spread area, indicating that 

HASMCs were well adhered and spread on each of the three surfaces (Fig. 34b). Tension signal 

generated by 3T3s cultured on sDNA:DNA and sPNA:DNA sensors was again significantly higher 

than signal generated by 3T3s cultured on sPNA:PNA sensors (Fig. 34c).. However, unlike 

surfaces in which 3T3s were cultured on shearing probes, HASMCs generated observable tension 

signal on sPNA:PNA probes after 3 hours, further evidencing that sPNA:PNA sensors can only be 

ruptured by high levels of force, and likely require a great force to open than 3T3s are capable of 

Figure 33. Fibroblasts do not exert a TTol large enough to rupture sPNA:PNA force sensors.  a. 
RICM and fluorescent tension images of 3T3 cells cultured on sDNA:DNA, sPNA:DNA, and 

sPNA:PNA force sensors for 1, 3, and 5 hours. Scale bar, 100 µm. b. Spread area of 3T3 cells cultured 
on sDNA:DNA, sPNA:DNA, and sPNA:PNA force sensors. Spread area was measured by drawing a 
region of interest around 3T3 cells in the RICM channel. (n = 3 experiments, 60 cells, 
sDNA:DNA:sPNA:DNA 1 hour p = 0.8684, 3 hours p = 0.6781, 5 hours p = 0.9942, 
sDNA:DNA:sPNA:PNA 1 hour p = 0.6286, 3 hours p = 0.9899, 5 hours p = 0.0847, 
sPNA:DNA:sPNA:PNA 1 hour p = 0.0756, 3 hours p = 0.7563, 5 hours p = 0.0554 c. Average 
fluorescence intensity generated by 3T3 cells cultured on sDNA:DNA, sPNA:DNA, and sPNA:PNA 
force sensors. Average fluorescence was determined by drawing a region of interest around the 
fluorescent signal in the TRITC channel. (n = 3 experiments, 60 cells, p < 0.0001 for all comparisons.  
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exerting through their integrin receptors. 

 

Figure 34. PNA force sensors report on the upper levels of cell integrin force in muscle cells.  a. 
RICM and fluorescent tension images of HASMC’s cultured on sDNA:DNA, sPNA:DNA, and 

sPNA:PNA force sensors for 1, 3, and 5 hours. Scale bar, 100 µm. b. Spread area of HASMC’s cultured 
on sDNA:DNA, sPNA:DNA, and sPNA:PNA force sensors. Spread area was measured by drawing a 
region of interest around HASMC’s in the RICM channel. (n = 3 experiments, 60 cells, 
sDNA:DNA:sPNA:DNA 1 hour p = 0.5742, 3 hours p = 0.1096, 5 hours p = 0.6013, 
sDNA:DNA:sPNA:PNA 1 hour p = 0.4678, 3 hours p = 0.6859, 5 hours p = 0.1963, 
sPNA:DNA:sPNA:PNA 1 hour p = 0.0552, 3 hours p = 0.0513, 5 hours p = 0.9720) c. Average 
fluorescence intensity generated by HASMC’s cultured on sDNA:DNA, sPNA:DNA, and sPNA:PNA 
force sensors. Average fluorescence was determined by drawing a region of interest around the 
fluorescent signal in the TRITC channel. (n = 3 experiments, 60 cells, sDNA:DNA:sPNA:DNA 1 hour 
p = 0.8402, 3 hours p = 0.0011, 5 hours p = 0.4694, sDNA:DNA:sPNA:PNA 1 hour p < 0.0001, 3 
hours p < 0.0001, 5 hours p = 0.0567, sPNA:DNA:sPNA:PNA 1 hour p < 0.0001, 3 hours p < 0.0001, 
5 hours p < 0.0001) 
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3.3.5 PNA sensors report on cancer cell mechanics with improved resolution over DNA sensors 
 
Finally, we next demonstrated the utility of degradation resistant force sensors by measuring the 

forces of the cancerous MDA-MB-231 cell line. Cancer cells are known to secrete proteases and 

nucleases within their environment, making their forces difficult to measure over extended time 

frames using conventional DNA and protein-based sensor designs. We cultured MDA-MB-231 

cells on uDNA:DNA, uPNA:DNA, and uPNA:PNA sensors for 1, 3, and 5 hours and measured 

the spread area of the cells resulting fluorescent signal. As previously mentioned, significant 

degradation of DNA by nucleases happens in as little as 30 minutes.  This presents a serious 

limitation in cancer cell imaging. Indeed, after 3 hours, it is evident that cells on uDNA:DNA 

surfaces have degraded the sensors on the surface, obscuring the tension signal (Fig. 35a). 

Interestingly, while the spread area of cells cultured on PNA duplexes increased over time, the 

spread area of cells cultured on DNA probes decreased, indicating that they had rapidly depleted 

their available ligand not only through mechanical dissociation, but also through degradation by 

nucleases (Fig. 35b). In contrast, cells cultured on uPNA:DNA and uPNA:PNA sensors could not 

destroy the duplexes, and therefore the cells increased in spread area over time due to their ability 

to continue to form adhesions to the surface. Notably, although the fluorescent tension signal 

generated by cells cultured on uPNA:DNA sensors is significantly higher than the signal generated 

on uDNA:DNA and uPNA:PNA sensors, it is difficult to discern if the fluorescent signal generated 

on uDNA:DNA sensors is due to mechanical separation of the duplex, or biological degradation 

(Fig. 35c).  
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Figure 35. PNA force sensors improve signal resolution of forces generated by cancer cells.   a. 
RICM and fluorescent tension images of MDA-MB-231 cells cultured on sDNA:DNA, sPNA:DNA, 

and sPNA:PNA force sensors for 1, 3, and 5 hours. Scale bar, 100 µm. b. Spread area of MDA-MB-
231 cells cultured on sDNA:DNA, sPNA:DNA, and sPNA:PNA force sensors. Spread area was 
measured by drawing a region of interest around MDA-MB-231 cells cells in the RICM channel. (n = 
3 experiments, 45 cells, sDNA:DNA:sPNA:DNA 1 hour p < 0.0001, 3 hours p = 0.3105, 5 hours p = 
0.0006, sDNA:DNA:sPNA:PNA 1 hour p < 0.0001, 3 hours p = 0.0765, 5 hours p < 0.0001, 
sPNA:DNA:sPNA:PNA 1 hour p = 0.0142, 3 hours p = 0.7860, 5 hours p = 0.0009) c. Average 
fluorescence intensity generated by MDA-MB-231 cells cultured on sDNA:DNA, sPNA:DNA, and 
sPNA:PNA force sensors. Average fluorescence was determined by drawing a region of interest 
around the fluorescent signal in the TRITC channel. (n = 3 experiments, 45 cells, 
sDNA:DNA:sPNA:DNA 1 hour p = 0.0178, 3 hours p = 0.0242, 5 hours p = 0.9243, 
sDNA:DNA:sPNA:PNA 1 hour p = 0.0002, 3 hours p < 0.0001, 5 hours p < 0.0001, 
sPNA:DNA:sPNA:PNA 1 hour p < 0.3625, 3 hours p = 0.0243, 5 hours p < 0.0001) 
 



 
 

65 

3.4 Discussion 

We have synthesized a new generation of PNA-based force sensors that are resistant to biological 

and thermal degradation and likely report on the upper levels of integrin forces. Previously 

reported protein- and DNA-based probes have two primary limitations. One is that they are 

susceptible to biological degradation in conditions relevant for cell imaging. Specifically, protein-

based sensors are susceptible to degradation by proteases while DNA-based sensors are degraded 

by nucleases. This presents a significant limitation in imaging forces of cancer cells which are 

known to secrete proteases and nucleases into their environment. A second limitation of current 

force probing sensors is the force range on which they can measure. Current DNA-based probes 

can only report on forces < 60 pN. However, the high association rate of PNA for other 

oligonucleotides combined with its thermostability make it a promising candidate for producing 

force sensors that report on the upper limits of cell integrin force. Importantly, in our design, PNA 

probes are covalently linked to the surface using the TCO/Tz iEDDA reaction. Hence, our ability 

to measure high magnitude forces is not limited by possible dissociation of the probes from the 

surface.  

We have generated PNA:DNA and PNA:PNA force sensors in the unzipping and shearing 

conformations. PNA:DNA duplexes have a TM of 53.8 ± 0.6 °C and a DG of -26.5 ± 3.7 kcal mol-

1 while PNA:PNA duplexes have a TM of 68.1 ± 2.1 °C and a DG of -25.5 ± 2.8 kcal mol-1. As a 

control, these duplexes were compared to DNA:DNA duplexes that have a TM of 60.6 ± 1.0 °C 

and a DG of -20.7 ± 2.1 kcal mol-1. We demonstrate that PNA probes are resistant to nuclease and 

protease degradation and therefore can be used in cell imaging applications over extended time 
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frames.  

 

Using PNA force sensors, we have demonstrated that cell integrins likely exert peak forces > > 60 

pN, and steady state forces > 60 pN. 3T3 cells were capable of exerting forces greater than the TTol 

of the uPNA:DNA, uPNA:PNA, and sPNA:DNA force sensors. However, they were incapable of 

exerting forces exceeding the TTol of the sPNA:PNA duplexes, suggesting that these sensors report 

on an upper level of integrin force that 3T3s cannot achieve. HASMCs, a cell line known to exert 

forces > 100 pN were capable of exerting forces greater than the TTol of both sPNA:DNA and 

sPNA:PNA sensors, providing further evidence that the TTol of PNA-based force sensors is greater 

than the TTol of DNA-based force sensors.  

Ongoing work is underway to model the exact shearing and unfolding behavior of PNA-based 

sensors to determine the TTol of the sensors discussed here. However, we can arrive at our 

estimation of TTol using prior calibration data of the TGT. The TTol of the DNA:DNA duplexes 

used in this work has been calibrated in previous works. The uDNA:DNA sensor is known to have 

an unzipping force of ~ 12 pN while the sDNA:DNA sensor is known to have a rupture force of ~ 

56 pN. It is important to note that calibration of sensors and the force threshold values they reveal 

are not absolute. Such measurements are time and loading rate dependent and therefore will vary 

based on experimental conditions. However, the values presented here are calculated using an 

average bond lifetime of integrins and are therefore relevant to the work described. Hence, these 

values of TGT unzipping and shearing provide useful context when estimating the force threshold 

of our PNA force sensors. 

Finally, we demonstrated the utility of a biostable force sensor by measuring the tension signal 
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generated by the cancer cell line MDA-MB-231 on DNA- vs PNA-based force sensors. As 

expected, signal resolution was lost on the DNA-based sensors in as little as 3 hours and was 

indistinguishable from the fluorescence resulting from degradation of the probes after 5 hours. The 

degradation of the probe also impacted cell adhesion, and spread area of MDA-MB-231 cells on 

uDNA:DNA sensors significantly decreased over time due to degradation of ligand. However, 

tension signal remained discernable on both uPNA:DNA and uPNA:PNA force sensors, 

highlighting the importance of using such sensors to measure tension of aggressive and destructive 

cell lines.    
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CHAPTER 4. CELL ADHESION RECEPTORS DETECT THE MOLECULAR FORCE 

EXTENSION CURVE OF THEIR LIGANDS 

Adapted from Bender, R. L., Ogasawara, H., et al. “Cell adhesion receptors detect the molecular 

force extension curve of their ligands”  

4.1 Abstract 

Integrin receptors transduce the mechanical properties of the extracellular matrix. Past studies 

using DNA probes showed that integrins sense the magnitude of ligand forces with pN resolution. 

An open question is whether integrin receptors not only sense force magnitude, but also sense the 

force-extension trajectory of their ligands. The challenge in addressing this question pertains to 

the lack of molecular probes that can control force-extension trajectories independently of initial 

and final states of the probe. To address this limitation, we synthesized two DNA probes that are 

thermodynamically identical in their initial folded and final unfolded states but follow different 

force-extension trajectories to reach their final unfolded ssDNA states. As fibroblasts mechanically 

open the RS probe, they experience an abrupt disruption in their mechanical input upon shearing 

of the probe, and do not regain substantial mechanical input until the probe has been fully extended. 

This is reflected in their markers of mechanotransduction such as reduced stress fiber formation, 

reduced nuclear YAP localization, increased focal adhesion turnover, and reduced integrin 

activation. In contrast, when presented with RU probes, fibroblasts do not experience an abrupt 

change in their mechanical input and therefore have elevated markers of mechanotransduction. 

Simulations support our experimental data and suggest that integrins form a molecular clutch that 

is sensitive to the geometry of the ligand. This demonstrates that integrin receptors within focal 

adhesions sense the molecular force-extension trajectory of their ligands and are sensitive to abrupt 

changes in these trajectories. 



 
 

69 

4.2 Introduction 

4.2.1 Design of Molecular Sensors 

In addition to rupture sensors that were discussed in Chapter 3, another class of sensors relies 

on the unfolding, rather than rupture of nucleic acids. These sensors unfold and re-fold in 

response to cell force and measure the “real-time” force generated by a cell. When designing 

such sensors, it is important to consider the force-extension behavior of the sensor, both in how 

it affects readout, and in how the extensibility may be used to modulate cell response. 

 

The extension of molecules and polymers under force is radically different from the 

extendibility of macroscale springs. Indeed, some molecules will display switch-like behavior 

(such as DNA or folded proteins) and will only extend within a narrow range of forces. In other 

words, they remain folded until undergoing a sharp transition into their extended or unfolded 

state. However, other molecules, (such as polymers of ethylene glycol) will gradually extend as 

the applied force increases until the polymer nears its full length.  

 

Design of molecular force sensors draws heavily on the principles of polymer force extension, 

and the behavior of fluorescent molecules. Polymer force extension describes the behavior of 

macromolecules at rest and when an external force is applied. Application of force allows 

polymers to exist outside of their optimal energy conformations. Hence, when designing 

molecular tension sensors, it is important to know the optimal energy conformations of the 

polymer being used and whether the force generated by the receptor of interest is sufficient to 

drive the necessary conformational change (extension) of the probe. 

 



 
 

70 

Force sensors for mechanobiology are designed to detect conformational changes in 

macromolecules rather than covalent bond rupture. Synthetic and biological polymers have all 

been employed as the “spring element” in molecular tension sensors. In this context, the word 

“spring” does not suggest that sensors behave as ideal Hookean springs that linearly extend as 

the force increases, but rather conveys the qualitative notion that the two ends of the molecule 

will become separated with force. 

 

Like a rubber band, polymers are subject to tension as they are stretched. Polymer stretching 

and the accompanying forces can also be thought of in terms of the energy associated with their 

conformational changes (Fig. 36) (22). The relationship between the extensibility of a polymer 

and the force it experiences depends on how the polymer finds balance between its entropy and 

the molecule’s optimal energy conformation (23). Entropy implies inherent disorder; therefore, 

in irreversible processes, entropy is always increasing. However, reversible systems aim to 

reduce their entropy by existing in the lowest possible energy conformations. This is 

counterintuitive to the second law of thermodynamics, which states that entropy can never 

decrease. Hence, reversible systems must maintain “zero-sum” entropy. 
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Similar concepts exist in reversible molecular force sensors. The lowest energy conformations 

are achieved when force sensors are in their folded states. However, the application of force from 

a cell is sufficient to overcome the entropic barrier to unfolding, making these sensors highly 

effective tools for reporting on the receptor-mediated forces exerted by the cell. The principles 

of polymer force extension also have implications when designing the readout for molecular 

force sensors. Understanding the properties of polymer extension is critical to developing 

sensors that maximize this observable fluorescent signal. 

 

4.2.2 Modeling Polymer Behavior: Force-Extension Graphs 

Force-extension graphs are used to describe the behavior of the polymer under tension and arise 

from the loss of entropy that a polymer experiences as it is extended (24). These graphs plot the 

force versus extension, and therefore the slope of the linear region of the curve represents the 

Figure 36. Converting between force and energy. Reprinted with permission from Molecular 
Force Sensors; Copyright 2022 American Chemical Society 
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stiffness of a polymer in the form of the spring constant. The lower the slope, the lower the 

spring constant and therefore the lower the stiffness of the polymer. Hence, under low levels of 

force, a polymer behaves similarly to an entropic spring - as the chain is stretched, the number 

of conformations a polymer can assume decreases and thus, entropy decreases (25). The external 

mechanical work that is applied to the sensor is stored in the polymer in the form of reduced 

entropic freedom. 

 

In addition to providing information regarding the stiffness of a polymer, force extension curves 

can be used to estimate the energy stored in a polymer as it undergoes extension (Fig. 37). Just 

as when one stretches a rubber band, as more force is applied, it stretches further, and the energy 

stored in the rubber band increases until it can’t be stretched any further. Continuing to stretch 

the rubber band will result in it becoming fully extended, or in the case of a molecule, reaching 

its full contour length. As previously mentioned, as the polymer is stretched, the conformations 

it can adopt or degrees of freedom the individual bonds have decreases. Therefore, the driving 

force of polymer behavior changes from entropy to enthalpy. 
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4.2.3 Polymer Force-Extension Behaviors 

The shape of the force-extension plot for any given macromolecule can be very complex and 

difficult to predict a priori. Tension sensors that use different types of spring elements, like 

proteins, peptides, nucleic acids, and synthetic polymers, will extend or rupture in response to 

the force differently according to their chemical and physical structure. Despite the complexity 

of trying to predict and measure the force-extension plot for any given macromolecule, there 

are some general classes of behaviors for idealized polymer systems that are useful to frame 

the discussion. 

For example, consider a well-solvated polymer with minimal intramolecular interactions (no 

secondary structure). At rest, the polymer will adopt random conformations in solution – akin 

to cooked spaghetti in boiling water. The energetic cost of mechanically stretching this polymer 

will be relatively low, and the applied forces simply limit the entropic freedom of the polymer. 

Hence, this type of polymer is described as an entropic spring. In fact, entropic-spring behavior 

was the inspiration for the earliest synthetic molecular tension sensors used to study 

mechanobiology and the first example of a calibrated genetically encoded tension sensor 

(TSMod) developed by Martin Schwartz and colleagues (27). This tension sensor consisted of 

a flagelliform linker sequence polymer flanked by fluorophores. As a cell exerted mechanical 

force on this sensor, the linker was extended, and the fluorophore was moved out of the 

Figure 37. Model of a force extension curve. As polymers are stretched, they travel through 
several transitions. First, a well-solvated polymer at rest exists in its lowest energy conformation. 
Upon application of force, the polymer is pulled out of its lowest energy conformation and begins 
to stretch. As the polymer approaches its full contour length the number of conformations it can 
assume is reduced as the degrees of freedom each bond has become more limited. As a result, its 
extension becomes controlled by enthalpy rather than entropy. Reprinted with permission from 
Molecular Force Sensors; Copyright 2022 American Chemical Society 
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proximity of the quencher, resulting in a measurable increase in fluorescence. 

 

A second class of polymer force-extension is one that is again well solvated but now has 

significant intramolecular interactions that drive the formation of secondary (and sometimes 

tertiary) structure. Examples of these types of polymers are DNA duplexes and hairpins as well 

as proteins. Because these structures are folded in defined 3D structures and their unfolding is 

highly cooperative, the force-extension plots tend to show abrupt changes in extension in 

response to a narrow range of externally applied forces. However, and perhaps 

counterintuitively, this switch-like extension behavior is very useful for constructing tension 

sensors. 

 

A final class of polymer force extension behavior is one for polymers that are not well solvated 

and are therefore difficult to extend, such as polystyrene in an aqueous solution. Interactions 

between the hydrophobic backbone and aromatic groups with the water solvent are highly 

unfavorable, so the force to extend the polymer is very large. While the synthesis of tension 

sensors engineered using hydrophobic polymers is feasible, such sensors would be impractical 

for studying force in living systems, as the forces required for extension exceed the molecular 

forces employed in biology and the hydrophobicity of the polymer may also perturb the cell 

membrane. 

 

4.2.4 Worm-like chain model  

The worm-like chain (WLC) model describes deformations of relatively stiff biological 

macromolecules including proteins and DNA and is therefore the model most relevant to designing 
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and understanding the behavior of molecular tension sensors (Fig. 38) (34-37).  

 

 

 

 

 

 

 

 

The WLC represents an inextensible polymer, a polymer that has uniform distribution of 

stiffness along its entire length, and whose behavior is driven by thermal fluctuations. Unlike 

the freely jointed chain model, which divides the polymer chain into defined linear segments 

and determines mean end-to-end distance of the polymer as a sum of freely rotating vectors 

(Fig. 39a), the WLC models the curvature of the chain and integrates the tangent along the 

length of the polymer to account for the polymer’s inherent flexibility (Fig. 39b). More simply 

put, in contrast to an ideal chain, which is only flexible between defined rigid segments, this 

model assumes a continuously flexible rod that is stiff over short distances and flexible over 

longer distances. 

Figure 38 Extension behavior of protein and DNA. a. Force extension behavior of the spider silk 

protein used in the genetically encoded tension sensors. Force increases exponentially as spider silk 

protein is extended. The “saw-tooth” patterns, as indicated by the red and blue asterisks, indicate the 

bond rupture events that occur as the peptide is elongated. As the bonds are broken, new peptide 

length is revealed, reducing the overall tension on the peptide (hence the repeated drops in force). b. 

Force extension behavior of single-stranded DNA. Force increases as the DNA is stretched towards 

its contour length. Reprinted with permission from Molecular Force Sensors; Copyright 2022 

American Chemical Society 
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At low forces, the standard extension and force relationship described by Hooke’s law is observed. 

However, as the polymer approaches its full contour length, the extension is no longer linear and 

the difference between the end-to-end extension and total contour length approaches zero. This 

behavior can be modeled using force-extension graphs and is important to consider when designing 

tension sensors and analyzing a cell’s response to the unfolding trajectory of the probe. 

 

4.2.5 Molecular Springs with Secondary Structure 

Molecular tension sensors using entropic spring polymers that are well described by the WLC 

model are very sensitive to low values of mechanical forces. This statement would seem obvious 

as the resistive forces to extension are driven by entropy and are therefore very low (less than 10 

pN) for well-solvated polymers. Interestingly, multiple reports, including work by the Salaita and 

Ha labs, demonstrated that forces transmitted through adhesion receptors, such as integrins, exceed 

10 pN, sparking broad interest in generating tension sensors that can report on forces of greater 

Figure 39. Models of ideal chains and worm-like chains. a. Model of ideal chain. b. Model of 
worm-like chain. Reprinted with permission from Molecular Force Sensors; Copyright 2022 
American Chemical Society 
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magnitudes (42, 43). This desire to employ molecular springs with a greater effective stiffness led 

to the development of polymer spring elements that include a stable secondary structure. Examples 

include proteins, DNA hairpin loops, and molecular sensors that irreversibly dissociate upon 

experiencing thresholds of force.  

 

As previously mentioned, molecular sensors are defined by their force-extension curves and can 

be classified as reversible or irreversible, as well as analog or digital. Reversible sensors, such as 

DNA hairpin and protein-based sensors, are polymers that can return to their original shape and 

length after being extended. Irreversible sensors, such as the tension gauge tether (TGT), do not 

return to their original structure after rupture. Reversible and irreversible sensors can be further 

categorized into analog or digital sensors. Analog techniques produce a signal that increases with 

the amount of force being applied. In contrast, digital sensors such as the hairpin sensor or TGT 

use an “on or off” mechanism. Once a sufficient amount of force is applied, a signal is turned on. 

In the case of the reversible hairpin sensor, this signal can be turned off once the force is removed; 

however, in irreversible sensors such as the TGT, the signal cannot be turned off. 

 

4.2.6 How Forces Influence the Kinetics and Thermodynamics of Unfolding 

The mechanical properties of peptides and DNA nanostructures have been extensively studied 

(44, 45). Figure 40 shows a highly idealized two-state representation of the unfolding energy 

landscape for a given biomolecule such as a protein or nucleic acid. At equilibrium with no 

externally applied force (orange line), the folded state A is lower in energy compared to the 

unfolded state B. These two states are separated by an energy barrier '‡ that must be overcome 

in order for the molecule to reach the unfolded state B (46). The application of a constant 
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external force (F) modifies this idealized free energy diagram by a value proportional to its 

extension (Δx). One way to describe how the energy diagram changes under force is to say that 

external F “tilts” the energy diagram by a linear value of FΔx that stabilizes the extended 

unfolded conformation of the molecule. 

 

 

 

 

 

 

 

 

 

 

The free energy change increases linearly as a function of Δx. Thus, the equilibrium free energy 

at any given reaction coordinate and the equilibrium distribution (Keq) between state A and B 

will be modified, by the applied F as follows: 

 

ΔG° - FΔx = − (!)*(+&'(,)) 

Figure 40. Reaction coordinate diagram of two-state model of polymer unfolding. Polymers adopt 
their lowest energy conformation at rest (State A). Unfolding of a polymer is energetically unfavorable, 
hence the increase in energy required for the polymer to transition between State A and the unfolded 
State B. Application of an external force lowers the energy barrier needed for this transition to occur 
and lowers the energy of the polymer in its unfolded state, making the unfolded structure the more 
energetically favorable conformation. Without external force, State B is higher energy than State A, 
and therefore an energetically unfavorable conformation. Reprinted with permission from Molecular 
Force Sensors; Copyright 2022 American Chemical Society 
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Therefore, the applied force will exponentially increase the equilibrium population of unfolded 

molecules. Interestingly, based on this thermodynamic relation, one can use this relation to 

estimate the applied force by measuring the distribution of tension sensors that are unfolded and 

assuming equilibrium conditions. Notably, because the structures do not re-fold, one cannot 

simply use this relation to estimate the applied force for irreversible processes such as the 

denaturation of a DNA duplex that occurs in the TGT or for situations where the system is not 

at equilibrium. 

 

In terms of unfolding rates (kinetics), the free energy of the transition state (G‡) will also be 

modified and hence will accelerate the rate of unfolding the molecule into state B. Almost four 

decades ago, George Bell derived a simple relation to predict the acceleration in reaction kinetics 

under the application of external F, which is described as the Bell model: 

 

-%&'()'*(,)= -%&'()'*	(,/0).%/
!D"
#$% 

where 0forward (F = 0) represents the rate of the forward reaction when F = 0 and Δx is the distance 

to the transition state. In principle, external forces exponentially accelerate the rates of reactions, 

as well as the equilibrium position of the unfolded species, and this is in part why MTFM sensors 

comprised of folded nucleic acids and proteins display a digital-like response to forces where 

unfolding is observed within a narrow range of ~2-3 pN values. 

 

In practice however, unfolding of the vast majority of biomolecules cannot be described using 

an ideal two-state model. Instead, most biomolecules show much more complex energy 
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landscapes for folding and extensive efforts both in theory and experimentation have been 

devoted to predicting and, in some cases, directly measuring these processes. Often, single 

molecule force spectroscopy technologies such as atomic force microscopy (AFM), magnetic 

tweezers, and optical tweezers are used to achieve this goal (47-49). These foundational studies 

are the metaphorical “shoulders of giants” that the mechanochemistry and mechanobiology 

areas are standing on, which allow us to calibrate and estimate the applied forces using 

molecular tension sensors. 

 

4.2.7 Mechanotransduction depends on outside-in and inside-out signaling 

As discussed in Chapter, 1, integrin receptors are heterodimeric transmembrane proteins 

responsible for linking the internal cytoskeleton of the cell with the outside extracellular matrix 

(ECM).(92, 93) Because integrins transmit cell-generated forces to the ECM, it is not surprising 

that this class of receptors are mechanotransducers. For example, binding of talin to the 

cytoplasmic tail of integrins leads to “inside-out”  activation and involves a conformational shift 

of the integrin to the open extended state that has a ~ 1000 fold enhancement in affinity toward the 

ECM.(94-97) Conversely, “outside-in” signaling requires that integrins bind clustered and 

mechanically stable ECM ligands that resist traction forces of tens of piconewtons (pNs) per 

molecule to trigger activation.(98) Integrins also adjust the applied forces transmitted by the cell 

to the ECM ligands in response to the mechanical properties of the ECM itself. (99-102) This is 

illustrated by experiments showing that cells cultured on stiff polyacrylamide gels generate greater 

traction forces than cells cultured on soft gels.(103, 104) Cells also test ECM rigidity with high 

spatial resolution as evidenced by their transient deflection of 500 nm PDMS micropillars.(105) 

Integrin mechanosensing at molecular scales has been studied using a suite of nucleic acid probes 
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that include DNA duplexes that rupture at specific mechanical thresholds.(106) These probes can 

be designed in unzipping and shearing conformations with differential force thresholds of rupture, 

estimated at ~ 12 and ~ 56 pN, respectively, assuming a 2 second force duration. These probes are 

useful in manipulating the maximum integrin tension and recording the ensuing cell signaling 

state.(107-111) Indeed, previous studies indicated that > 43 pN forces are required for initial cell 

adhesion.(106, 112) Because DNA duplex probes rupture, mechanotransduction is terminated and 

hence such probes are poorly suited for measurement of forces. Recently, the Liu group 

constructed a DNA-based reversible shearing probe in an attempt to overcome this limitation.(113) 

Using this reversible probe and other innovative tension sensor designs a more clear description 

of the forces associated with integrin activation have emerged indicating that F > 56 pN are central 

to focal adhesion maturation. (102, 114-116)  

 

4.2.8 Integrins detect the force-extension curve of their ligands 

Interestingly, other studies have suggested that mechanosensor proteins not only detect and 

transduce force magnitude but also the force-extension history upon engaging the ligand.(117, 

118) For example, mechanical strain of integrin-ligand bonds leads to their reinforcement which 

is described as catch-bond behavior.(119-121) Integrin-ligand bonds also respond to pN 

mechanical cycling by transitioning to a long-lived binding state to their ligands.(122) Therefore, 

an emerging fundamental question in the field is whether integrins detect the molecular force-

extension behavior of ECM ligands in addition to the magnitude of resistive force applied by the 

ECM. Addressing this question poses an experimental challenge as it requires developing a set of 

DNA probes that are thermodynamically identical in their initial folded and final unfolded states 

but follow different force-extension pathways to reach their fully extended ssDNA states. In other 
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words, current probes only measure and manipulate force magnitude and cannot manipulate the 

force-extension trajectory of the adhesion ligand. (115, 123, 124)  

 

To address this challenge, we generated two DNA probes that have identical nucleobase 

composition but fold into unique secondary structures. The reversible unzipping (RU) probe adopts 

a classic stem-loop hairpin while the reversible shearing (RS) probe was synthesized to fold into a 

knotted structure using a 3’-3’ linkage (Fig. 41a). Because the nucleobase composition is identical, 

both DNA probes display identical values of DGunfolding and therefore identical Feq values (the 

equilibrium force that leads to a 50% probability of unfolding) (Fig. 41b). Yet, under mechanical 

force, the probes follow different pathways to unfold to their fully extended states, allowing us to 

use them to manipulate the force-extension trajectory of adhesion ligands. Specifically, these 

probes were designed to test if adhesion receptors are sensitive to sudden drops in resistive force 

when pulling on their ligands. Cells cultured on RU probes will not form focal adhesions until the 

probe is fully extended while cells cultured on RS probes can form focal adhesions prior to 

rupturing the probe. However, upon rupture of the probe, the resistive forces required for cells to 

maintain stable adhesions is disrupted. We were curious if this abrupt change in resistive force 
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could be detected by cell adhesion molecules.  

 

 

Following synthesis, we performed van’t Hoff analysis and confirmed that RS and RU probes have 

similar thermodynamic parameters for thermal melting, indicating that the Feq is identical for both 

probes at 7.2 pN, in good agreement with the NUPAK estimation of 6.4 pN. In contrast, the force 

tolerance (Ftol), which we define as the peak force required to overcome the barrier to unfolding, 

was 59 pN and 14 pN for RS and RU probes, respectively, as determined by coarse grain (oxDNA) 

modeling. We found that mouse platelet integrins mechanically unfold the RU probes but do not 

open the RS probes, confirming the different Ftol values of the probes. In contrast, fibroblast 

integrins unfolded both the RS and RU probes to similar levels after 1 hour of being seeded on the 

probes. Interestingly however, fibroblasts on the RS and RU probes had dramatically different 

levels of mechanotransduction. Counterintuitively, compared to fibroblasts on RS probes, 

fibroblasts on RU probes displayed an increase in mechanotransduction markers such as nuclear 

YAP localization, actin stress fiber formation, fibronectin secretion, and integrin activation. 

Measurement of focal adhesion turnover further confirmed these findings, revealing that 

Figure 41. Design and characterization of RS and RU probes. a. Scheme depicting RS and RU 
probes immobilized on a glass surface. b. Probability of RS and RU probe unfolding at increasing 
force. The FTol of the RS and RU probe is 59 pN and 14 pN, respectively. 
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fibroblasts cultured on RU probes have less focal adhesion turnover than fibroblasts cultured on 

RS probes, demonstrating that fibroblasts on RU probes form more stable focal adhesions. We 

hypothesized that our findings were due to the abrupt drop in force that occurs during shearing of 

the RS probe, perturbing mechanotransduction. To confirm this hypothesis, we generated probes 

that follow identical force extension curve of the RS probe but prevent the abrupt drop in force. 

We observed that when this abrupt change in force is prevented, fibroblasts on RS probes have 

similar mechanotransduction levels as fibroblasts on RU probes, suggesting that the previously 

observed difference were due to this abrupt change in force upon probe shearing. These results are 

further supported by molecular clutch model simulations which suggest that integrin ligand 

binding is dependent on the molecular force extension curve of ligands. These simulations are 

further supported by our experimental data which demonstrates that integrins bound to RU probes 

more readily access the fully extended probe and the force regimes necessary for enhanced 

mechanotransduction. Taken together, our experimental results combined with our simulations 

show that integrin adhesion receptors transduce the molecular force-extension curves of their 

ligands and the abrupt drop in force during extension of RS probes hinders mechanotransduction.  

 

4.3 Results 
 
4.3.1 Synthesis and design of reversible probes 

The RS and RU probes are comprised of self-complementary DNA sequences linked by a 30 nt 

polyT spacer and covalently anchored to a surface. The RU probe is a conventional 3’–5’ 

polynucleic acid that forms a hairpin, while the RS probe is designed with an identical sequence 

but incorporating a 3’–3’ linkage. We covalently functionalized the RS and RU probes with a 

Cy3B fluorophore and BHQ2 quencher, enabling the use of fluorescence as a readout for cell-
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mediated DNA unfolding and traction force. Given that the probe design is completely covalent in 

nature, only mechanical separation exceeding the Ftol of the probe leads to an increase in 

fluorescence. 

 

The RS and RU probes required the introduction of two chromophores, a peptide, and a tetrazine 

moiety to drive an inverse electron demand Diels-Alder reaction for surface immobilization. 

Moreover, the 3’-3’ linkage of the RS probe is not accessible by enzymatic or solid-phase 

synthesis. Hence, a multistep strategy was required to generate the constructs which were 

synthesized as shown in Fig. 42 and Scheme A1. The RU probe and the top strand of the RS probe 

were first covalently conjugated to the fluorophore labelled ligand using a copper-mediated click 

reaction (CUAAC), then functionalized with an azide using an NHS ester reaction. Similarly, 

CUAAC was used to functionalize the quencher-labelled bottom strand with a tetrazine moiety 

used for surface attachment to the trans-cyclooctene surface, and then functionalized with an azide 

using an NHS ester reaction. The azide on the unzipping probe was used to functionalize the DNA 

with the quencher-tetrazine moiety via CUAAC. The azide-functionalized 3’ ends of the top and 

bottom strands of the RS probe were covalently attached to each other using subsequent strain-

promoted click reactions with a homobifunctional DBCO linker. The final products were purified 

using HPLC and validated by ESI-MS (Fig. A16 and A17). 
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4.3.2 RU and RS probes have identical DG’s of unfolding but differ in their molecular extension 

curves 

We next measured the DG of folding for the RU and RS probes. In this study, the temperature-

dependent fluorescence of Cy3B was measured from 37 to 95 ºC, allowing us to detect probe 

unfolding driven by increasing temperatures. The melting curves were used to generate a van’t 

Hoff plot (Fig. A18, Table A3, A4, SI Note A2).(125) As we expected, the thermodynamic 

Figure 42. Synthesis of RS and RU probes. Scheme depicting synthesis of RS and RU probes. i) 
methyltetrazine-PEG4-azide, CuSO4, THPTA, sodium ascorbate in 40% of DMSO and 60% of water 
at 50ºC for one hour. ii) Azido-NHS ester in aqueous solution of 0.1M sodium bicarbonate and 1X 
PBS with 20% DMSO at room temperature (r.t.) for one hour. iii) DBCO-PEG5-DBCO in 50% of 
water and 50% of DMSO at r.t. for 1 hour. iv) cRGD-Cy3B-N3, CuSO4, THPTA, sodium ascorbate 
in 40% of DMSO and 60% of water at 50ºC for one hour. v) MeTz-BHQ2-alkyne, CuSO4, THPTA, 
sodium ascorbate in 60% of DMSO and 40% of water at 50ºC for one hour. vi) RS-bottom-DBCO 
in water at r.t. for 4 hours. 
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parameters of the RS and RU probes were similar. Specifically, the DGfolding (T = 37 ºC) for the 

RS and RU probes were -17.2 ± 0.4 and -17.3 ± 0.6 kcal mol-1, respectively (Fig. 43a). These 

values were then used to infer the Feq for the RS and RU probes.(126, 127)  

Next, using a detailed coarse-grained DNA model (oxDNA) we simulated force extension curves 

for the reversible probes (Fig. 43b). The dissociation behavior observed for the probes was similar 

to the behavior observed for corresponding DNA duplex unzipping and shearing (Fig. A19). While 

the RU probe required low levels of force to unfold (Ftol ~ 14 pN), the RS probe required ~ 59 pN 

of force to dissociate. In both the RU and RS probes, we observed a “two-state” mechanism of 

unfolding in which the probe’s Ftol is required for initial unzipping or shearing and is followed by 

an approximately 25 nm extension of the probe which occurs at a significantly lower force than 

the probe’s Ftol. As the probes reach full extension, the amount of force the probes can withstand 

increases into the nN range due to their covalent linkage which prevents rupture.  
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4.3.3 Platelet integrin forces unfold RU but not RS probes 

As an initial model, we first cultured platelets on RS and RU probes functionalized with the ligand 

cyclic RGDfK, a cell adhesive peptide (denoted as RScRGD and RUcRGD). Platelets are a useful 

model to experimentally support our Ftol simulation because of their inability to generate the forces 

required to open the RScRGD probe. (126, 128-132) Platelets were cultured on RScRGD and RUcRGD 

probes for 1 hour before activation with 10 µM ADP for 10 minutes (Fig. 44a). Upon activation, 

platelets rapidly adhered to the surface and generated molecular traction forces. The spread area 

of platelets cultured on RUcRGD and RScRGD probes was similar; however, platelets cultured on 

RUcRGD probes generated nearly 50-times the amount of fluorescent tension signal compared to 

platelets cultured on RScRGD probes. (Fig. 44b, c). Consistent with the data obtained from oxDNA 

modeling, this result demonstrates that higher forces are required to unfold RScRGD than the RUcRGD 

Figure 43. Thermodynamic parameters of RS and RU probes. a. Thermodynamic properties, 
equilibrium force, and force tolerance of RS and RU probes. i. Tm were measured experimentally in 
1X PBS at 10 nM> ii. ΔG values were calculated from fluorescent melting curve (see SI note 1) iii. 
Feq values were calculated based on ΔG. (ref) iv. Ftol values were simulated using oxDNA software 
(see SI note 2)  b. Force-extension curve of RS and RU probes superimposed on the force extension 
curve of a 72 nucleotide polyT DNA strand. Arrows on the graph indicate force induced dissociation 
of the duplexes, either by shearing or unzipping. The graph also indicates the force threshold required 
for initial cell adhesion (> 43 pN) and focal adhesion formation (>> 54 pN). 
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probes.  

 

4.3.4 Fibroblast integrins unfold RS and RU probes in a time-dependent fashion 

We next studied the behavior of mouse embryonic fibroblasts (MEFs) stably expressing GFP 

vinculin (MEF-GFP-vinculin) on surfaces coated with RScRGD and RUcRGD probes. Fibroblasts are 

one of the best studied models for integrin mechanotransduction and their ability to generate large 

traction forces to mechanosense the ECM is well documented.(133) MEFs were imaged 1 hour 

after seeding to evaluate cell spread area, tension signal, and GFP-vinculin signal (Fig. 445a, A20). 

At 1 hour, there was not a significant difference in tension signal produced by cells on RScRGD and 

RUcRGD probes (Fig. 45b). Unlike platelets, MEFs open both the RScRGD and RUcRGD probes, 

which indicates that integrin-RGD forces transmitted within focal adhesions are sufficient to 

mediate shearing of the RScRGD probes (Fig).  We next confirmed that probes are reversible and 

rapidly refold (~ 1-2 min) upon termination of the cytoskeleton generated forces by treating cells 

Figure 44. Mouse platelets exert sufficient force to open RUcRGD probes. a. RICM and fluorescent 
tension images of mouse platelets plated on RS and RU probes. Scale bar, 2 µm. b. Spread area of 
mouse platelets on RS and RU probes. Spread area was measured by drawing a region of interest 
around platelets in the RICM channel. (n = 3 experiments, RS = 90 cells, RU = 81 cells; p = 0.5889). 
c. Percent of RS and RU probes opened by mouse platelets. Percent of probes open was determined 
by dividing the fluorescent tension signal by the fluorescence value of an unquenched surface. (n = 
3 experiments, RS = 72 cells, RU = 77 cells;  p < 0.0001). 
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with Latrunculin B, a disruptor of actin polymerization (Fig. A21).(134) Interestingly, fibroblasts 

on RScRGD probes had a smaller spread area than fibroblasts on RUcRGD probes, implying that the 

different probe extension pathways had an effect on cell adhesion (Fig. 45c). It is important to note 

that while there are differences in adhesion area in MEFs cultured on RScRGD and RUcRGD probes, 

there is no difference in adhesion area in MEFs cultured on RUcRGD probes and a fibronectin coated 

surface, suggesting that simply culturing cells on a probe coated surfaces do not alter cell biology 

(Fig. A22). To further explore the effects RScRGD and RUcRGD probes have on fibroblast biology, 

we next analyzed several key mechanotransduction markers. 

 

 

 

Figure 45. Mouse embryonic fibroblasts (MEFs) respond to RScRGD and RUcRGD probes 
differently. a. RICM and fluorescent tension images of MEFs plated on RScRGD and RUcRGD probes. 
b. Plots showing %probes open for RScRGD and RUcRGD surfaces. Probes open % was determined by 
normalizing the tension signal against that of an unquenched surface (n = 3 experiments, 1 hour: 
RScRGD = 52 cells, RUcRGD = 53 cells, p = 0.2106, 3 hours: RScRGD = 52 cells, RUcRGD = 50 cells, p 
< 0.0001). c. Spread area of MEFs on RScRGD and RUcRGD probes (n = 3 experiments, 1 hour: RScRGD 
= 80 cells, RUcRGD = 68 cells, p = 0.2106, 3 hours: RScRGD = 100 cells, RUcRGD = 85 cells, p < 
0.0001). 



 
 

91 

4.3.5 Fibroblasts show enhanced mechanical signal when cultured on RUcRGD probes compared 

to RScRGD probes 

We investigated Yes-associated protein (YAP) nuclear translocation, actin stress fiber formation, 

fibronectin production, and integrin activation levels as validated markers of cellular 

mechanotransduction.(135, 136) YAP, a transcription co-activator, localizes to the nucleus of cells 

in response to mechanical signaling (Fig. 46a). Cells were allowed to spread for 1 hour on RScRGD 

and RUcRGD surfaces before fixing and immunostaining for YAP (Fig. 46b). We found that after 

1 hour, there was a significantly higher amount of YAP localized to the nucleus of cells cultured 

on RUcRGD probes (Fig. 46c). These results are further validated by the observed formation of actin 

stress fibers. Circular actin is associated with early cell adhesion while the progression through 

radial to linear actin patterns develops as a cell forms stable adhesions to its substrate (Fig. A23a). 

Cells were cultured on RScRGD and RUcRGD probes for 1 hour before being stained with SiR-actin. 

Subsequent image analysis revealed that cells cultured on RUcRGD probes formed greater levels of 

actin stress fibers compared to cells cultured on RScRGD probes (Fig. A23b). Actin patterns were 

further classified as either circular, radial, or linear. Actin in cells cultured on RScRGD probes tended 

to be in the radial form while actin in cells cultured on RUcRGD probes was in the linear form (Fig. 

A23c). As a control, we cultured fibroblasts on conventional > 56 pN DNA rupture probes that 

terminate the mechanical signaling pathways upon rupture. Indeed, cells on these surfaces showed 

lower levels of nuclear YAP and minimal stress fiber formation (Fig. A23d). These findings 

demonstrate that cells cultured on RUcRGD probes are more mechanically active than cells cultured 

on RScRGD probes. Importantly, results with conventional DNA rupture probes highlight that our 

observations are not due to the differences in force tolerance of the probes, but rather the 
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differences in the molecular force extension curves. 

 

Fibronectin is one of the primary components of the ECM and fibronectin secretion is associated 

with increased mechanotransduction (Fig. 47).(137) We next immunostained fibronectin secreted 

by fibroblasts on RScRGD and RUcRGD surfaces (Fig. 47). Consistent with our observations of stress 

fiber formation and nuclear YAP localization, we found that cells cultured on RUcRGD probes 

produced a greater amount of fibronectin than cells on RScRGD probes further confirming that 

fibroblasts on RUcRGD surfaces are more mechanically active than cells on RScRGD surfaces (Fig. 

47).  

Figure 46. Nuclear:cytoplasmic YAP is greater in MEFs cultured on RUcRGD probes. a. Scheme 
showing that as cell mechanotransduction increases, nuclear levels of YAP increase. b. RICM, YAP, 
and nuclear staining (DAPI) images for MEF cultured on RScRGD and RUcRGD probes for 1 hour. c. 
Ratio of nuclear to cytoplasmic YAP in MEFs plated on RScRGD and RUcRGD probes at 1 hour (n = 3 
experiments, RS = 59 cells, RU = 42 cells, p = 0.0036). 
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Finally, we quantified active integrins on cells cultured on RScRGD and RUcRGD probes using 

immunostaining methods (Fig. 48a, b, c). Specifically, we immunostained integrin b1 in the active 

conformation using the 9EG7 antibody.(138) Indeed, we found that cells cultured on RUcRGD 

probes had a significantly higher number of integrins in the active conformation, aligning with our 

earlier results and providing evidence that the observed increases in mechanotransduction were 

driven by the unique force extension curves of the RScRGD and RUcRGD probes. Further evidencing 

these results, MEFs cultured on RUcRGD probes also retrieved significantly more fibronectin from 

solution (Fig. 48 d, e, f). As a control, we confirmed that the increase in integrin activation levels 

was not simply due to an increase in the total number of integrins in cells on RUcRGD probes vs 

RScRGD probes (Fig. A25). These results confirmed that the relative total number of integrins on 

cells on RUcRGD and RScRGD probes is the same; further validating the conclusion that the level of 

Figure 47. Fibronectin production is greater in MEFs cultured on RUcRGD probes. a. Scheme 
showing that as mechanotransduction increases the amount of fibronectin produced by cells 
increases. b. RICM and fibronectin staining images for MEFs seeded on RScRGD and RUcRGD surfaces 
for 1 hour. Fibronectin was immunostained and measured using epifluorescence. c. Plot quantifying 
fibronectin generated by cells and deposited onto the surface at 1 hour (n = 3 experiments, RScRGD 
= 61 cells, RUcRGD = 51 cells, p < 0.0001). 
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mechanotransduction is higher in fibroblasts cultured on RUcRGD probes than RScRGD probes. 

 

4.3.6 Focal adhesions have lower turnover rates in fibroblasts cultured on RUcRGD probes 

compared to RScRGD probes 

Previous literature demonstrates that as integrin activation levels increase, integrin turnover rates 

decrease.(139) To test if the observed increase of mechanotransduction markers in fibroblasts on 

RUcRGD probes was accompanied by a decrease in focal adhesion turnover rates, we measured 

recovery of tension signal, paxillin, and integrin b3. To measure the recovery of tension signal, we 

Figure 48. Integrin activation is greater in MEFs cultured on RUcRGD probes. a. Scheme 
showing that as mechanotransduction increases, integrin activation increases. b. RICM and 

immunostained integrin b1 in the active conformation of MEF cells cultured on RS and RU probes 

for 1 hour. c. Plot quantifying integrin b1 in the active conformation at 1 hour. (n = 3 experiments, 
66 cells, p < 0.0001) d. Scheme showing that as mechanotransduction increases, fibronectin 
deposition increases. e. RICM and fluorescently labeled fibronectin deposited by MEF cells cultured 
on RScRGD and RUcRGD probes for 1 hour. f. Plot quantifying fibronectin retrieved from solution and 
deposited onto the surface by MEF cells. (n = 3 experiments, 59 cells, p < 0.0001) 
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photobleached open probes under the fibroblasts and measured the time it took for fluorescence to 

recover. In this experiment we selectively photobleached probes unfolded under tension, as the 

fluorophores in the folded probes are quenched and photo-protected from bleaching. Thus, the 

recovery of tension signal indicates integrin turnover - either through recruitment of new integrins 

or rebinding of existing integrins to fresh probe sites. Cells cultured on RScRGD probes began to 

recover their fluorescent signal in < 2 minutes while cells cultured on RUcRGD probes took ³ 10 

minutes to begin to recover their fluorescent signal (Fig. 49).  

 

We next quantified turnover of paxillin and integrin b3. Following transfection with either GFP-

paxillin or GFP-integrin b3, fibroblasts were allowed to spread on RScRGD or RUcRGD surfaces for 

1 hour. GFP signal that was accompanied by tension signal was photobleached and signal recovery 

was measured for 10 minutes. In line with our tension recovery results, we observed that both 

paxillin and integrin b3 signal recovered to a higher degree in fibroblasts on RScRGD probes than 

RUcRGD probes. Fibroblasts cultured on RScRGD surfaces recovered 81% of their paxillin signal 

Figure 49. Tension turnover is higher in MEFs cultured on RScRGD probes. a. Time dependent 
fluorescent tension signal recovery. b. Following bleaching of observable fluorescent signal, recovery 
of signal was determined by measuring the fluorescent signal within a region of interest over time. 
There was a significant difference in the fluorescent tension signal recovered on RS and RU probes. 
Fibroblasts cultured on RScRGD probes recovered 65% of their initial fluorescence while fibroblasts 
cultured on RUcRGD probes recovered 21% of their fluorescence (n = 3 experiments, 15 cells, 30 regions 
of interest, p < 0.0001) 
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while fibroblasts cultured on RUcRGD surfaces recovered only 59% of their paxillin signal (Fig. 50 

a, b). Similarly, fibroblasts cultured on RScRGD surfaces recovered 55% of their integrin b3 signal 

while fibroblasts cultured on RUcRGD surfaces recovered only 37% of their integrin b3 signal (Fig. 

50 c, d). These results demonstrate that focal adhesion turnover rate is higher in fibroblasts cultured 

on RScRGD probes, corroborates the conclusion that integrin mechanotransduction is enhanced on 

RUcRGD probes compared to that of RScRGD probes. 

 
Figure 50. Focal adhesion turnover is higher in MEFs cultured on RScRGD probes. a. Time 
dependent fluorescent paxillin recovery. b. Following bleaching of observable fluorescent signal, 
recovery of signal was determined by measuring the fluorescent signal within a region of interest 
over time. There was a significant difference in the fluorescent paxillin signal recovered on RScRGD 
and RUcRGD probes. Fibroblasts plated on RScRGD probes recovered 81% of their initial paxillin 
fluorescence while fibroblasts plated on RUcRGD probes recovered 59% of their initial paxillin 
fluorescence. (n = 3 experiments, RScRGD = 15 cells, 36 regions of interest, RUcRGD = 16 cells, 34 

regions of interest, p < 0.0001) c. Time dependent fluorescent integrin b3 recovery. d. Following 
bleaching of observable fluorescent signal, recovery of signal was determined by measuring the 
fluorescent signal within a region of interest over time. There was a significant difference in the 

fluorescent integrin b3 signal recovered on RScRGD and RUcRGD probes. Fibroblasts plated on RScRGD 

probes recovered 55% of their initial fluorescent integrin b3 signal while fibroblasts plated on RU 

probes recovered 37% of their initial fluorescent integrin b3 signal. (n = 3 experiments, RScRGD = 
17 cells, 51 regions of interest, RUcRGD = 15 cells, 44 regions of interest p < 0.0001). Fluorescent 
regions were determined in a using the ROI generated in the RICM channel. Fluorescent regions in 
c and e were selected in the fluorescent channel (3 regions per cell). Scale bars, 5 µm. 
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4.4 Discussion  

It is important to note that the differences we observed in the platelets cultured on RScRGD and 

RUcRGD probes were not caused by the density or the accessibility of the ligand on the surface. We 

validated that the RScRGD and RUcRGD probe surface density was similar by confirming that the 

fluorescence of unquenched surfaces was the same, indicating that a similar amount of ligand is 

immobilized (Fig A26). Furthermore, as estimated by the duplex length and degree of freedom 

around the ligand, the radius of gyration of the ligand on the RScRGD probes is ~ 7 nm, while the 

radius of ligand gyration on the RUcRGD probes is ~ 2 nm, given the different location of ligand 

with respect to the location of surface attachment. Therefore, the ligand on the RScRGD probe is not 

less accessible than the ligand on the RUcRGD probe.  

We have synthesized two completely covalent DNA-based probes capable of reporting on cell 

traction forces in real-time and measuring cell response to unique force extension curves of their 

ligands. Previously reported DNA-based probes have two primary limitations. One is that they rely 

on non-covalent interactions, such as biotin-streptavidin, and labile bonds such as thiol-maleimide 

and thiol-Au interactions, to anchor the probe to the surface which can lead to spontaneous probe 

dissociation.(140, 141) Both thiol-maleimide and thiol-Au bonds are particularly labile in cell 

media which contains mM concentrations of thiols and reducing agents that drive exchange 

reactions. Our probes are covalently anchored to the surface using a non-exchangeable TCO-Tz 

bond and are synthesized using covalent chemical conjugation. Second, DNA hairpin probes 

cannot measure real-time cell mechanical events with peak forces exceeding 19 pN. While the 

reversible shearing probes reported by Liu et al. address this limitation, these probes use 

hybridization to introduce the quencher, and hence under sufficient force the quencher labelled 

strand will undergo irreversible “peeling” or denaturation (Fig. A27).(142, 143) We have 
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synthesized these probes in the unzipping and shearing conformation, with the shearing 

conformation containing a novel 3’-3’ linkage that is not accessible using enzymatic or 

conventional solid-phase phosphoramidite chemistry. Our probes are thermodynamically identical 

but have unique force thresholds and pathways of unfolding which we have demonstrated with 

modeling and experimental data.  

The RS probe reversibly unfolds at ~ 59 pN while the RU probe reversibly unfolds at ~ 14 pN. 

Following the unfolding of each duplex, the probes follow the worm-like chain (WLC) model as 

they are extended. Thus, given the force thresholds of the probes and their previously identified 

relationship to cell adhesion, the cells cultured on the shearing probe form initial adhesions before 

dissociating the duplex while cells cultured on the unzipping probe must dissociate their duplex 

prior to forming initial adhesions. Full extension of both the RS and RU probe structures results in 

a mechanically robust ligand with a force rupture threshold in the nN range and thus facilitating 

maturation of focal adhesions to similar levels. It is important to note that the RS and RU probe 

each follow a unique force-extension curve as they approach full extension. Therefore, we 

investigated if the pathways of ligand-force-extension affect the pathways of mechanotransduction 

in fibroblasts and, if in the absence of thermodynamic differences, the geometry and subsequent 

kinetic behavior of a probe controls cell response.  

 

MEF cells were capable of exerting forces greater than the Feq of both the RS and RU probes. 

However, between 1 and 3 hours, the average tension signal generated by cells on RU probes 

decreased by nearly 60%, a surprising result considering there was no measurable decrease in their 

focal adhesion formation. This was accompanied by increases in other markers of 

mechanotransduction, specifically, an increase in actin stress fiber formation, nuclear YAP 
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localization, and fibronectin production. Cells cultured on RU probes also had a significantly 

higher number of b1 integrins in the active conformation, as well as lower integrin turnover 

compared to cells cultured on RS probes. As we described earlier, the differences we observed in 

the cells cultured on RS and RU probes were not caused by either the density or the accessibility 

of the ligand on the surface.  

Using RS and RU probes, we have uncovered a unique biological feature of adhesion receptors. 

Our results suggest that adhesion receptors are not only able to detect the relative force thresholds 

of their ligands but also their unique force-extension curves. Indeed, prior work has demonstrated 

that integrins are sensitive to more than just the magnitude of force being applied.(144) For 

example, it is known that integrin activation is also sensitive to the force loading history and the 

direction of force.(145, 146) Furthermore, integrin activation is known to mediate 

mechanotransduction within the cell, which in turn influences integrin activation on the outside of 

the cell, highlighting the relationship between extracellular and intracellular signaling.(121, 147, 

148)  

Previous work has demonstrated that cells require ~ 43 pN of force to form initial adhesions and 

greater than 56 pN of force to form stable focal adhesions. Due to the nature of unfolding of the 

RS and RU probes, cells cultured on these probes reach these force thresholds by different 

mechanisms. The Ftol of the RS probe is ~ 59 pN while the Ftol of the RU probe is ~ 14 pN, 

assuming a loading rate consistent with that used for modeling. Hence, cells can form initial 

adhesions on the RS probe before the DNA duplex is sheared (Fig. 51a). However, after the probe 

is sheared, the probe unfolds, dropping the force to zero and causing a disruption in 

mechanotransduction that significantly affects focal adhesion maturation. Conversely, cells on RU 
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probes cannot form initial adhesions until the probe is fully extended (Fig. 51b). Therefore, there 

is no disruption in mechanotransduction as the adhesions mature, possibly explaining the increased 

markers of mechanotransduction.  

 

To confirm that our findings were due to the difference in probe unfolding pathways, rather than 

the ramping rate of resistive force between the integrin and peptide, we cultured fibroblasts on 

surfaces functionalized with a 9-mer poly-T DNA strand functionalized with a cRGD peptide 

(T9cRGD) (Fig. 52a). oxDNA simulations revealed that the initial force ramping rate of T9cRGD was 

similar to that of RScRGD. However, the probe has no secondary structure and therefore does not 

Figure 51. The force extension trajectory of RS probes perturbs mechanotransduction. a. 
Force extension behavior of RS probes as it relates to focal adhesion complex formation. The 
rupture of the DNA duplex in the RS probe requires > 59 pN of force therefore cells on RS probes 
form initial adhesions as they begin to pull on the probe. Following rupture of the duplex, the 
resistive force from the probe on the integrin drops to zero, terminating mechanical input. The 
integrin then fully extends the probe to its contour length, at which point the resistive force is >> 
56 pN, and therefore sufficient force for the cell to form stable focal adhesions. b. Force extension 
behavior of RU probes as it relates to focal adhesion complex formation. The rupture of the DNA 
duplex in the RU probe requires only 14 pN of force therefore cells on RU probes cannot form 
initial adhesions until the integrin has fully extended the probe to its contour length. Therefore, 
there is no disruption in mechanical input as the probe is unfolded. 
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cause an abrupt change in resistive force. We observed that cell spread area, nuclear YAP 

translocation and active integrin levels were significantly higher in fibroblasts cultured on T9cRGD 

compared to RScRGD but similar to fibroblasts cultured on RUcRGD probes (Fig. 52b, c, A29).  

 

Previous work suggests that integrin focal adhesion complexes work as a molecular clutch. This 

is defined as a coupling between actin retrograde flow and forward movement of the cell mediated 

by integrins and the focal adhesion complex.(149) This is a useful model for analyzing the role of 

external stimuli in cell response.(150) We have adapted this model to simulate the response of 

molecular clutches to ligands with different force extension curves (Fig. 53a). As we hypothesized 

using the model in Fig. 51a, the integrins that bind to RUcRGD probes experience forces > 60 pN 

nearly 3-times as often as integrins that bind to the RScRGD probes (Fig. 53b). Validating this 

model, integrins that bind to the T9 probe experience forces > 60 pN much more often than 

integrins on both the RScRGD and RUcRGD probes. This model was also used to predict molecular 

Figure 52. Integrin activation is greatest in MEFs cultured on T9cRGD probes. a. Scheme of 9 
nucleotide thymine DNA strand immobilized to the surface and functionalized with cRGD. b. 
Immunostained integrin b1 in the active conformation of MEF cells cultured on RScRGD, RUcRGD, 

and polyT ssDNAcRGD probes for 1 hour. c. Plot quantifying integrin b1 in the active conformation 
at 1 hour. (n = 3 experiments, RScRGD = 50 cells, RUcRGD = 47 cells, T9cRGD = 55 cells, 
RScRGD:RUcRGD : p = 0.001, RScRGD:T9cRGD : p < 0.0001, RUcRGD:T9cRGD p = 0.0539) n. Plot 
quantifying cell spread area at 1 hour. (n = 3 experiments, RScRGD = 52 cells, RUcRGD = 47 cells, 
T9cRGD =  50 cells, RScRGD:RUcRGD : p = 0.00197, RScRGD:T9cRGD p = 0.0002, RUcRGD:T9cRGD p = 
0.0861) 
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clutches between integrins and linear RGD (GRGDS). GRGDS has an affinity for integrin avb3 

that is 10-times lower than the affinity that cRGD has for the integrin. As a result of this low 

affinity, the molecular clutches between integrins and GRGDS are capped at a lower magnitude 

(~20 pN) (Fig. 53c). 

 

To confirm the clutch model, we synthesized RSGRGDS and RUGRGDS probes that eliminated the 

drop in resistive force and therefore perturbation of mechanical input experienced by cells cultured 

on RScRGD probes (Fig. 54a, b). While common techniques to dampen the forces exerted by cells 

include adding cytoskeletal inhibitors or drug treatments, we wanted to explore the role of force 

in modulating mechanotransduction and therefore wanted to avoid exogenous changes to the cell 

biology. Unlike on the RUGRGDS probe, integrins cannot exert a large enough force on the GRGDS 

peptide to unfold the RSGRGDS probe (Fig. 54c, d). Because there is no abrupt drop in resistive 

force, one would expect that there would be no difference in mechanotransduction markers 

observed in fibroblasts cultured on both the RSGRGDS and RUGRGDS probes. Indeed, we observed 

Figure 53. Molecular clutch modeling reveals cells form more active clutches on RUcRGD 
probes than RScRGD probes. a. Scheme of the molecular clutch. b. Simulations reveal that cells 
cultured on RUcRGD probes form more clutches exceeding 60 pN than cells cultured on RScRGD 
probes. c. Simulations reveal that cells cultured on RSGRGDS probes form more clutches 
exceeding 20 pN than cells cultured on RUGRGDS probes.  
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that there was not a significant difference in cell spread area or active integrin b1 levels in 

fibroblasts cultured on RSGRGDS and RUGRGDS probes (Fig. 54e, f, A28). Additionally, we observed 

nuclear localization of YAP in fibroblasts cultured on RSGRGDS was slightly higher than in 

fibroblasts cultured on RUGRGDS, a reversal of the trend observed in fibroblasts cultured on RScRGD 

and RUcRGD probes (Fig. A30). This demonstrates that when unfolding of, but not binding to the 

RSGRGDS probe is prevented, there is no dampening of mechanotransduction since there is no 

abrupt change in resistive force perturbing mechanical input. 
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In conclusion, we have shown that adhesion receptors detect abrupt changes in resistive force and 

are sensitive to the molecular force extension curves of their ligands. Although the current probe 

design does not provide an absolute measure of force lifetimes, future iterations of these probes 

may address this area. Moreover, we show that cell adhesion receptors can detect the molecular 

force extension curve of their ligand. Previous work focused on cell adhesion receptor sensitivity 

to only the force threshold of their ligands. Our work indicates that it is not only the force threshold 

of ligands that controls cell mechanics, but also the unique force-extension curves that these 

ligands follow. Therefore, further work is necessary to elucidate the exact nature of the receptor-

ligand interaction. 

  

Figure 54. Changes in mechanotransduction are not due to a difference in force ramping 
rate on RS and RU probes. a. Scheme of RS and RU probes functionalized with linear RGD 
(GRGDS), denoted as RSGRGDS and RUGRGDS. b. Force extension behavior of RScRGD and RUcRGD 
probes compared with force extension behavior of RSGRGDS and RUGRGDS probes. Integrin 
affinity for GRGDS is much lower than for cRGD. Hence the integrin does not stay bound to the 
peptide long enough to generate the force required to rupture the RS probe, preventing 
perturbation of mechanical input. c. RICM and fluorescent tension images of MEF cells cultured 
on RSGRGDS and RUGRGDS probes for 1 hour. d. Plot quantifying % probes open for RSGRGDS and 
RUGRGDS surfaces. Probes open % was determined by normalizing the tension signal against that 
of an unquenched surface (n = 3 experiments, RSGRGDS = 48 cells, RUGRGDS = 45 cells, p < 
0.0001). e. Immunostained integrin b1 in the active conformation of MEF cells cultured on 
RScRGD and RUcRGD probes for 1 hour. f. Plot quantifying integrin b1 in the active conformation 
at 1 hour. (n = 3 experiments, RS = 70 cells, RU = 68 cells, p = 0.4592)  
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CHAPTER 5. CONCLUSIONS AND FUTURE OUTLOOK 
Adapted from Bender, R. L., Salaita, K. “Molecular Force Sensors”, 2022, ACS In Focus 

 

5.1 Summary of Advances 

 
The field of molecular force sensor development lies at the intersection of chemistry, physics, 

and biology. As discussed in Chapter 1, there is a complex relationship between the internal 

workings of a cell and the extracellular environment. External mechanical cues are mediated by 

receptors in the cell membrane which guide intercellular response and cell function. Throughout 

this thesis, I have summarized work encompassing the development of scaffolds and tension 

sensors for reporting on cell mechanotransduction. I have also provided an overview of the 

foundational principles of molecular force sensor development and have highlighted examples 

of how these sensors are used in the study of cell mechanics. Chapter 2 discussed the role that 

scaffolds play in the study of cell mechanotransduction and detailed work surrounding 

characterizing and utilizing the TCO/Tz iEDDA reaction to produce robust scaffolds for 

measuring cell mechanotransduction events. These scaffolds have several advantages over the 

commonly used Biotin/STVD scaffolds, primarily that they are completely covalent and 

resistant to degradation in conditions used for biological analyses. These findings are 

particularly relevant when designing general strategies to immobilize biomolecules and have 

particular relevance when designing studies using molecular force sensors. Indeed, our TCO/Tz 

iEDDA surfaces provide a scaffold in which molecular force sensors can be used to measure 

integrin-mediated forces in time and force regimes that were previously inaccessible.  
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Utilizing the new surfaces described in Chapter 2, Chapter 3 discussed a new generation of 

PNA-based tension sensors for measuring cell forces that are high in magnitude and occur over 

extended time frames. PNA is highly thermostable and resistant to enzymatic degradation. 

Interestingly, PNA also has a high affinity for its binding complement and our hypothesis was 

that these variables would enable PNA with higher mechanical stability than DNA, and 

therefore require a higher force to undergo mechanical separation. We demonstrated successful 

synthesis of PNA rupture force sensors in both the low force unzipping and high force shearing 

conformations. These force sensors were resistant to nuclease and protease degradation, and 

therefore increased the S:N of tension imaging of aggressive cancer cells that secrete nucleases 

and proteases into their environment.  We also demonstrated that PNA:PNA duplexes in the 

shearing conformation (sPNA:PNA) likely report on the upper levels of integrin forces and may 

provide insight to the upper magnitudes of force that cell adhesion receptors can exert. Future 

work with these sensors would include simulating the rupture of such duplexes in order to 

estimate the forces required for mechanical separation. In addition, the sensors described in this 

work are irreversible and therefore only provide a history of a cell’s mechanical activity. 

However, by using PNA to construct “real time” hairpin sensors, one could also extend the time 

range over which integrin mediated force can be measured. 

 

Finally, previous work has largely been focused on the effect force threshold and substrate 

stiffness has on cell function. However, we hypothesized that in addition to force threshold, 

cells are capable of Chapter 4 discussed the principles of force-extension behavior of polymers 

and our hypothesis that this behavior can be transduced by adhesion receptors, leading to our 

generation of a class of sensors capable of measuring the response of cell adhesion receptors to 
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not only force threshold, but the unique force extension curves of their ligands. We developed 

these sensors to test our hypothesis that in addition to force threshold, cell integrins also detect 

the molecular force extension curve of their ligands. Our work revealed that 

mechanotransduction levels were reduced in cells cultured on reversible shearing probes due to 

the sudden drop in resistive force that occurs as the sensors are sheared prior to extension. 

Clutch model simulations support our experimental findings  and further experiments confirmed 

that our findings were due to a difference in extension trajectories of shearing and unzipping 

probes rather than a force ramp rate between the integrin and ligand, demonstrating that cells 

are capable of detecting and transducing the force extension curve of their ligands. These 

findings have wide reaching applications in the study of how cells interact with the extracellular 

matrix, particularly when considering the role fibronectin fibril extension plays in the role of 

cell adhesion and function.(151, 152) 

 

5.1.1 Discussion of biological limitations 

 
While our work describes the development of new tools to measure adhesion forces of cells, it is 

worth noting that these biological systems have some limitations. The primary limitation of the 

work described here is that our observations are made on studies completed on solid glass 

scaffolds. While the tension probe interface provides some level of responsiveness of the surface 

compared to the glass substrate alone, the actual extracellular matrix is much less rigid and much 

more biophysically complex. In addition, our work largely relies on the use of the cRGD ligands, 

biasing our sensors to β3 integrins. Finally, it is also worth noting that one marker of 

mechanotransduction is increased fibronectin production and fibronectin retrieval from solution. 

As fibronectin is deposited onto our surfaces, it directly competes with tension probes for integrin 
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access, obscuring tension signal, and increasing mechanotransduction of the cells binding to the 

fibronectin coated surface. Therefore, it is important to consider the role fibronectin may play in 

the mechanotransduction levels of cells cultured on force sensor coated substrates.  

 

5.2 Outstanding questions and directions in developing nucleic acid nanotechnology for 

mechanobiology applications 

 
Advances in force sensing technologies have helped elucidate many features of integrin mediated 

mechanotransduction. Specifically, our work has added to the knowledge surrounding force 

threshold and force extension sensitivity of integrins. However, there are several outstanding 

questions that require further investigation. For example, while our results suggest that PNA force 

sensors can report on the upper levels of integrin generated force, the actual force threshold is 

unknown. Previous studies on rupture force have been limited to PNA:DNA duplexes and to our 

knowledge there are no reports regarding the rupture force of PNA:PNA duplexes. Previous 

studies on the rupture force of a 10-mer PNA:DNA duplex report a rupture force of 65 ± 15 pN 

(loading rate = 4641 pN/sec) while another study reports the rupture of a 6-mer PNA:DNA duplex 

to occur at 148 pN (loading rate = 105 pN/sec).(88, 89) It is important to note that these values are 

loading rate dependent, accounting for their differences. Current limitations in single molecule 

force spectroscopy such as the need for DNA handles or the use of non-covalent immobilization 

strategies make it difficult to experimentally determine the rupture force of PNA:PNA duplexes, 

particularly in the shearing conformation. However, ongoing work in the Salaita lab is focused on 

producing simulated values that appropriately estimate the rupture force of PNA:PNA in the 

context of integrin mediated force. 
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Further investigation is also needed to better understand the role force extension curves play in 

integrin mediated mechanotransduction and there are several questions remaining. For example, 

previous studies have shown that fibronectin unfolding in the cell matrix is regulated by 

cytoskeletal tension, suggesting that cell-generated force maintains the conformation of 

fibronectin.(153) However, further studies are needed to better understand the cellular components 

that regulate this sensitivity to molecular force extension. Using the force sensors described in the 

work along with single molecule imaging techniques, it would be possible to screen subcellular 

structures to help elucidate their individual responses to changes in molecular force extension. For 

example, what are the differences in roles of integrins b1 and b3 in transducing molecular force 

extension? It is known that increases in mechanotransduction activate integrin b1 but not integrin 

b3.(154) As previously mentioned, our studies use the cRGD ligand and are therefore biased 

towards the b3 ligand. Therefore, further work is needed to better elucidate the role of b1 in 

response to sudden perturbation of mechanical activation and one could employ single molecule 

imaging to visualize the turnover and exchange between integrins b1 and b3. Furthermore, it is 

worth noting that our experiments in Chapter 4 were completed with fibroblasts. The response of 

cells to unique force extension curves likely varies between cell types, and further investigation is 

needed to understand if our findings are universal, or if each class of cell has their own unique 

response pathway to transduce force extension curves. 

 

5.3 Areas of exploration in mechanobiology 

 
There are many unanswered questions that remain in the field of mechanobiology. Outside of the 

focus of this specific work but broadly in the field of mechanobiology, a number of biological 

questions remain unanswered, including the role of mechanics in intercellular interactions, disease 
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progression, and immune system response. For example, how to ultra-high resistive forces affect 

cell development and function? And could our findings regarding the role of force extension 

behavior in mechanotransduction be used to better understand the role of fibronectin in cell 

adhesion? The number of outstanding questions grows even more considering that the current work 

is largely focused on studying mammalian cells. There is growing evidence to suggest that other 

kingdoms of life also respond to mechanical forces. For example, plants respond to force that 

drives root and stem growth and the opening of stomata in leaves, yet the way these mechanical 

signals are processed is unknown (163, 164). Bacteria also rely on mechanics for movement and 

biofilms are known to withstand nN levels of force (165, 166). Interestingly, adhesion of bacteria 

often increases in the presence of shear flow, suggesting that their adhesion is dependent on force 

(167). Yet the mechanisms for such behavior are still not entirely understood, particularly given 

the differences observed in different species of bacteria. Understanding the molecular factors 

responsible for this behavior would aid in our understanding and prevention of bacterial resistance. 

Furthermore, it is important to note that the examples provided throughout this e-book are done 

largely on planar substrates and measure cell interactions on solid substrates. In reality, cells exist 

in soft environments and experience force in all directions. Therefore, there is an ongoing need to 

develop systems capable of accurately mimicking a cell’s natural environment. 

 

Perhaps the ultimate goal for these sensors is to apply them in a clinical setting. Similar to the 

use of biopsies and blood tests, is it possible to analyze a cell’s mechanical profile to diagnose 

disease? For example, one of the most commonly used methods for cancer screening involves 

detecting the presence of a tumor with different physical properties than the surrounding soft 

tissue. Hence, using the different mechanical properties of tumor cells for molecular diagnostics 
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may be powerful in diagnosing cancer earlier. Following diagnosis, could the cell’s mechanics 

then be used to guide targeted drug therapy? In other words, if diseased cells have a unique 

mechanical profile, can we design drug delivery systems that are only activated by that profile? 

 

As researchers attempt to answer these questions, the field of molecular force sensors will 

continue to evolve and researchers will continue to develop sensors to reach higher force 

thresholds with greater sensitivity, design new microscopy- and non-microscopy-based readout 

methods and create new scaffolds to better mimic the cellular environment.  
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APPENDEX A: SUPPORTING INFORMATION 

 

A.1 Surface tethering of biomolecules using the reaction between trans-cyclooctene and 

tetrazine  

A.1.1 Materials 

Oligonucleotides 

All custom synthesized oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA). Table A1 and Figure A1 includes the sequences and information of chemical 

modifications for all purchased oligonucleotides used in this work. 

 

Reagents 

Cy3B-NHS ester (PA63101) was acquired from GE Healthcare Life Sciences. Cyclo[Arg-Gly-

Asp-d-Phe-Lys(PEG-PEG)] (PCI-3696-PI), elsewhere abbreviated as cRGD, was acquired from 

Vivitide. (3-Aminopropyl)triethoxysilane (APTES, 440140, 99% purity), (+)-sodium L-ascorbate 

(A4034-100G), anhydrous methylsulfoxide (DMSO, MX1457-7) methanol (34860-4L-R), and 

trifluoroacetic acid (TFA, TX1276-7) were purchased from  Millipore Sigma. Methyltetrazine-

PEG4-azide (1012, >95% purity) and tris-hydroxypropyltriazolylmethylamine (THPTA, 1010-

100) was purchased from Click Chemistry Tools. BHQ-2 succinimidyl ester (BHQ2-NHS BHQ-

2000S-5) was purchased from Biosearch™ Technologies. Azido-NHS (BP-22467, 95% purity) 

and TCO-NHS (BP-22417, 95% purity) were purchased from BroadPharm. Triethylamine Acetate 

(TEAA, 2.0 M) solution was purchased from Glen Research. All other chemicals (unless otherwise 

stated) were purchased from Millipore Sigma and used without purification. All buffers were 

prepared with 18.2 MΩ MilliQ water. 
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A.1.2 Equipment 

The major equipment that was used in this study includes Barnstead nanopure water purifying 

system (Thermo Fisher), high-performance liquid chromatography 1100 (Agilent) with 

AdvanceBio Oligonucleotide C18 column (653950-702, 4.6 x 150 mm, 2.7 µm) (Agilent), 

Electrospray ionization mass spectrometer (ESI-MS) (LTQ Orbitrap Velos, Thermo Fischer 

Scientific), LightCycler 96 qPCR instrument (Roche), Nikon Eclipse Ti microscope (Nikon), and 

a T100 thermocycler (Bio-Rad). 

 

A.1.3 Methods 

 

A.1.3.1 Synthesis of tension probes 

Dye and tetrazine labeled bottom strand: Amine and alkyne modified bottom strand (20 nmol) 

was mixed with excess Cy3B NHS ester (50 μg) in DMSO and allowed to react in an aqueous 

solution containing 10 % 10X PBS overnight at room temperature to generate Product 1. The 

mixture was purified using P2 gel filtration and reverse-phase HPLC (AdvancedBio 

Oligonucleotides, Agilent, 4.6 Å~ 150 mm, solvent A: 0.1 M TEAA, solvent B: acetonitrile; 

starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 mL/min, (Fig. A2a). 

Following concentration, the alkyne and Cy3B labeled DNA was reacted with methyltetrazine-

PEG4-azide using CuAAC to generate Product 2. Briefly, 1 mg of methyltetrazine-PEG4-azide 

was dissolved in 20 μl of 1:4 dimethylsulfoxide/H2O and warmed to 50 °C. The copper catalyst 

solution was prepared in a separate tube by combining, in the following order, 20 mM CuSO4 (2 

μL), 50 mM THPTA (4 μL), and 50 mM ascorbic acid (2 μL). The reaction mixture was added to 
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the Cy3B labeled DNA in 10 μL 18.2 MΩ MilliQ water and warmed to 50 °C. Once warmed, the 

solution was added to the methyltetrazine-PEG4-azide with dropwise addition of 

dimethylsulfoxide to maintain solubility. The reaction proceeded at 50 °C for 1.5 h, and the 

resulting product was purified using P2 gel filtration and reverse-phase HPLC (AdvancedBio 

Oligonucleotides, Agilent, 4.6 Å~ 150 mm, solvent A: 0.1 M TEAA, solvent B: acetonitrile; 

starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 mL/min (Fig A2b.). 

 

Dye and biotin labeled bottom strand: Amine and biotin modified bottom strand (20 nmol) was 

mixed with excess Cy3B NHS ester (50 μg) in DMSO and allowed to react in an aqueous solution 

containing 10 % 10X PBS overnight at room temperature to generate Product 3. The mixture was 

purified using P2 gel filtration and reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 

4.6 Å~ 150 mm, solvent A: 0.1 M TEAA, solvent B: acetonitrile; starting condition: 90% A + 10% 

B, 1% per min gradient B, flow rate: 0.5 mL/min (Fig. A2c).  

Ligand labeled top strand: 100 nmol of c(RGDfK)-PEG2-PEG2-NH2 was reacted with an excess 

amount of NHS-azide in DMSO overnight to generate Product 4. cRGD-N3 was purified via 

reverse-phase HPLC (Grace Alltech column, 4.6 Å~ 250 mm, solvent A: 0.05% TFA in 18.2 MΩ 

MilliQ water, solvent B: 0.05% TFA in acetonitrile; starting condition: 90% A + 10% B, 1% per 

min gradient B, flow rate 1 mL/min (Fig. A2d). Following concentration, the resulting azide 

functionalized cRGD was ligated to the alkyne and BHQ2 modified top strand using CuAAC to 

generate Product 21. Briefly, 10 nmol alkyne-labeled DNA in 18.2 MΩ MilliQ water was added 

to azide labelled c(RGDfK)-PEG2-PEG2-NH2)). The copper catalyst solution was prepared in a 

separate tube by combining, in the following order, 20 mM CuSO4 (2 μL), 50 mM THPTA (4 μL), 

and 50 mM ascorbic acid (2 μL). The mixture was then added to the solution containing DNA and 
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peptide and reacted at room temperature for 2 hours. The resulting product was purified using P2 

gel filtration and reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 Å~ 150 mm, 

9 solvent A: 0.1 M TEAA, solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per 

min gradient B, flow rate: 0.5 mL/min (Fig. A2e). 

 

A.1.3.2 Surface Preparation 

Glass coverslips (#2 thickness, 25 mm diameter) were sequentially sonicated for 5 minutes in 18.2 

MΩ MilliQ water and 200 proof ethanol. The coverslips were then dried in an oven (~110 °C) 

before immersing in freshly prepared piranha solution (3:1 H2SO4 : H2O2) for 25 minutes.  

(CAUTION: Piranha solution is highly reactive and explodes upon contact with organic 

solutions.) Surfaces were then washed in 6 washes MilliQ water, followed by 3 washes ethanol. 

Surfaces were placed in a fourth wash of ethanol to which 3% of APTES was added for a 40-

minute incubation. Following incubation, surfaces were washed in 3 washes ethanol and then 

baked in an oven (~110 °C) for 1 hour. A 4 mg/mL solution of trans Cyclooctene NHS ester in 

DMSO was then added to each surface and incubated for ³ 12 hours. Surfaces were stored at room 

temperature and used within 6 weeks of preparation. Prior to usage, surfaces were washed in one 

wash ethanol before being placed into chambers. 

 

A.1.3.4 DNA Hybridization 

DNA oligonucleotides were hybridized at 200 nM in a 0.2 mL Thermowell tube. DNA was heated 

to 90 °C and then cooled at a rate of 1.3 °C min−1 to 25 °C. 
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A.1.3.5 Imaging Chamber Assembly 

Before imaging, coverslips were placed into imaging chambers and washed with 5 mL 1X PBS. 

Surfaces were then incubated with 20 nM DNA probe solutions in 1X PBS (1 mL) for 1 hour and 

washed with 5 mL 1X PBS. In experiments that did not use cells, surfaces were imaged in 1X PBS 

(1 mL). In experiments using cells, slides were washed and imaged in cell media (DMEM Media, 

A1896701, Thermo-Fisher). 

 

A.1.3.6 Cell Culture 

MEF WT cells were cultured according to American Type Culture Collection (ATCC) guidelines. 

Briefly, cells were cultured in DMEM supplemented with penicillin/streptomycin and 10% fetal 

bovine serum (v/v). Cells were passaged every 3 days as required. 

 

A.1.3.7 Image Acquisition and Analysis 

Fluorescent images were acquired using TRITC epifluorescence. CCD background fluorescence 

was subtracted from images and all analysis was completed in ImageJ. 

 

Functionalization characterization: 50 µL of solutions of Cy3B labeled DNA functionalized with 

either biotin or Tz and ranging in concentrations from 1.25 nM to 20 nM was added to surfaces 

immobilized in imaging chambers containing 950 µL 1X PBS. DNA was allowed to incubate on 

the surface at room temperature for 1 hour. Surfaces were then rinsed with 5 mL 1X PBS before 

imaging (surfaces were left in 1 mL of 1X PBS for imaging). Coefficient of variation was 

determined by dividing the standard deviation of the fluorescence of a region of a surface by the 

average fluorescence of the region.  
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Specific binding analysis: 50 µL of a 20 nM solution of Cy3B labeled DNA either unfunctionalized 

or functionalized with a biotin or Tz added to surfaces immobilized in imaging chambers 

containing 950 µL 1X PBS. DNA was allowed to incubate on the surface at room temperature for 

1 hour. Surfaces were then rinsed with 5 mL 1X PBS before imaging (surfaces were left in 1 mL 

of 1X PBS for imaging). Fluorescence images were taken after 1 hour and degree of non-specific 

binding was determined by dividing the surface fluorescence of non-specific binding (Cy3B 

labeled DNA without a biotin or Tz ligand) by the surface fluorescence of specific binding (Cy3B 

labeled DNA functionalized with a biotin or Tz ligand). 

 

Thermal stability: 50 µL of a 20 nM solution of Cy3B labeled DNA functionalized with either 

biotin or Tz was added to surfaces immobilized in imaging chambers containing 950 µL 1X PBS. 

DNA was allowed to incubate on the surface at room temperature for 1 hour. Surfaces were then 

rinsed with 5 mL 1X PBS before taking initial images (surfaces were left in 1 mL of 1X PBS for 

imaging). Surfaces were incubated at 37 °C overnight and fluorescence images were taken after 

24 hours. 

Protease resistance: 50 µL of a 20 nM solution of Cy3B labeled DNA functionalized with either 

biotin or Tz was added to surfaces immobilized in imaging chambers containing 950  µL 1X PBS. 

DNA was allowed to incubate on the surface at room temperature for 1 hour. Surfaces were then 

rinsed with 5 mL 1X PBS before taking initial images (surfaces were left in 1 mL of 1X PBS for 

imaging). 100 µL of a pre-warmed solution of trypsin was then added to each surface and 

fluorescent images were acquired every 6 minutes for 90 minutes.  
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On-rate: Cy3B labeled DNA was added to surfaces in increasing concentrations ranging from 0.10 

nM to 10 nM. Imaging exposure time was modified for each concentration to allow for signal 

detection and no gain was used. Exposure times for the varying concentrations of DNA were as 

follows: 0.1 nM = 1 sec exposure, 1 nM = 100 msec exposure, 10 nM = 10 msec exposure. Prior 

to measuring the kon of Biotin/STVD surfaces, chambers were blocked in a saturated solution of 

BSA to prevent non-specific adhesion of biotin functionalized DNA to the sides of the chamber. 

Following image acquisitions, regions of the surface that had not been imaged during data 

acquisitions were imaged and quantified to correct for photobleaching.  

Fluorescence plots were normalized for photobleaching and exposure time and converted to probes 

of DNA bound per µm2 and the linear regions of each curve was plotted over time. The slopes of 

the resulting linear fits were then used to determine the kreaction for Biotin/STVD and TCO/Tz 

surfaces. 

 

Cell imaging: Before imaging, coverslips were placed into imaging chambers and washed with 5 

mL 1X PBS. Surfaces were then incubated with 20 nM DNA probe solutions in 1X PBS (1 mL) 

for 1 hour and washed with 5 mL 1X PBS. Slides were then washed with cell imaging media 

(DMEM Media, A1896701, Thermo-Fisher) and left in a remaining 1 mL of media for cell imaging 

experiments. 20,000 MEFs were added to each surface and allowed to incubate at 37 °C for 1 hour 

prior to imaging. Cells were imaged in RICM to confirm cell adhesion, and TRITC to determine 

fluorescent signal. Average fluorescence is measured by drawing a region of interest (ROI) around 

the fluorescent signal in the TRITC channel. Cell fluorescence is reported as S:N which is 

determined by dividing the fluorescence generated by the cell by the average background 

fluorescence.  
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A.1.5 Figures, tables, and schemes 
 

 

 

 

 

 

 

 

 

 

Table A1: Oligonucleotide sequences and chemical structures of modifications used in  

Chapter 2. 

Figure A1. Chemical structures of modifications used in Chapter 2. 
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Figure A2: HPLC characterization of DNA used in Chapter 2. a. Schematic and HPLC 
chromatogram showing coupling of Cy3B-NHS to DNA to generate Product 1. b. Schematic and HPLC 
chromatogram showing alkyne-azide cycloaddition reaction to conjugate tetrazine to Product 1, 
generating Product 2. c. Schematic and HPLC chromatogram showing coupling of Cy3B to biotin 
labeled DNA to generate Product 3. d. Schematic and HPLC chromatogram showing the coupling 
between NHS-N3 and cRGD-PEG-PEG-NH2 to form cRGD-PEG-PEG-N3 (Product 4). e. Schematic 

and HPLC chromatogram showing alkyne-azide cycloaddition to conjugate product 4 to BHQ2 labeled 
DNA, generating Product 5. DNA purification: 0.5 mL/min flow rate; Solvent A: 0.1M TEAA, Solvent 
B: acetonitrile; starting condition: 90% A + 10 % B, 0.5%/min gradient B. Peptide purification: 
1mL/min flow rate: Solvent A: nanopure water + 0.05% TFA, Solvent B: acetonitrile + 0.05% TFA; 
starting condition: 90% A + 10 % B, 1%/min gradient.  
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Figure A3: Calibration curve used for determining molecular density of probes. a. Calibration curve 
relating the fluorescence intensity of TRITC-DHPE – doped bilayers as a function of TRITC-DHPE 
density. b. Fluorescence calibration curves for Cy3B DNA and TRITC-DHPE as a function of 
concentration. c. An F factor, used to relate the fluorescence of TRITC-DHPE to Cy3B labeled DNA, was 
calculated by comparing the slope of the calibration curve for TRITC-DHPE against the slope of the 
calibration curve for the Cy3B labeled DNA. Using the F factor, we determined the molecular density of 

Cy3B/biotin labeled DNA and Cy3B/Tz labeled DNA to be 1614 ± 77 and 1723 ± 63 DNA strands per 
µm2. Error signifies the SD (standard deviation) from three individual replicates. 
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A.2 PNA tension probes expand the measurable force range of nucleic acid integrin force 

sensing technology 

 
 

A.2.1 Materials 

Oligonucleotides 

All custom synthesized DNA oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, IA) and then transformed into tension probes. PNA oligonucleotides 

were synthesized from commercially available monomers. Table A2 and Figure A4 includes the 

sequences and information of chemical modifications for all oligonucleotides used in this work.  

 

Reagents 

Cy3B-NHS ester (PA63101) was acquired from GE Healthcare Life Sciences. Cyclo[Arg-Gly-

Asp-d-Phe-Lys(PEG-PEG)] (PCI-3696-PI), elsewhere abbreviated as cRGD, was acquired from 

Vivitide. (3-Aminopropyl)triethoxysilane (APTES, 440140, 99% purity), sulfuric acid (SX1244), 

N,N-diisopropylethylamine (iPr2EtN, 387649-100ML), sodium bicarbonate (S6014-500G), (+)-

sodium L-ascorbate (A4034-100G), anhydrous methylsulfoxide (DMSO, MX1457-7), 

trifluoroacetic acid (TFA, TX1276-7) was purchased from  Millipore Sigma. Fmoc-protected-L-

amino acids and nucleobases were purchased from ChemImpex. N(ε)-BHQ2-FMOC Lys OH, 

BHQ2-5042-100 was purchased from Biosearch Technologies. Methyltetrazine-PEG4-Amine 

(1012, >95% purity) and tris-hydroxypropyltriazolylmethylamine (THPTA, 1010-100) was 

purchased from Click Chemistry Tools. TCO-NHS (BP-22417, 95% purity) was purchased from 

BroadPharm. Dichloromethane (DCM, D143-4) was purchased from Fisher Chemicals. Cupric 

sulfate, 5-hydrate (CuSO4•5H2O, 4844) was purchased from Mallinckrodt chemicals. All other 
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chemicals (unless otherwise stated) were purchased from Millipore Sigma and used without 

purification. All buffers were prepared with 18.2 MΩ MilliQ water. 

 

A.2.2 Equipment 

The major equipment that was used in this study includes Biotage SP Wave semiautomatic peptide 

synthesizer, Barnstead nanopure water purifying system (Thermo Fisher), high-performance liquid 

chromatography 1100 (Agilent) with AdvanceBio Oligonucleotide C18 column (653950-702, 4.6 

x 150 mm, 2.7 µm) (Agilent), Electrospray ionization mass spectrometer (ESI-MS) (LTQ Orbitrap 

Velos, Thermo Fischer Scientific), LightCycler 96 qPCR instrument (Roche), and a Nikon Eclipse 

Ti microscope (Nikon), T100 thermocycler (Bio-Rad). 

 

A.2.3 Methods 
 
 
A.2.3.1 PNA oligomer synthesis 
 

Synthesis began by downloading 50 mg of a rink amide MBHA resin (0.52 mmol/g) with 5 μmol 

of the first Fmoc PNA monomer or Fmoc-Glu(Boc)-OH using HATU (1.2 equiv), DIPEA (1.2 

equiv), and 2,6-lutidine (1.2 equiv) in 200 μL dry NMP for 1 h at room temperature followed by 

1 h of capping using a solution of 9% acetic anhydride/13% 2,6-lutidine in DMF. Successive 

couplings were performed using microwave assistance at 75 °C for 6 min with Fmoc PNA 

monomer (5 equiv), HATU (5eq), DIPEA (5 equiv), and 2,6-lutidine (5 equiv) in 400 μL dry NMP. 

After coupling, capping (2 × 5 min with 1 mL capping solution), washing (3 × 1.1 mL DMF, 3 × 

1.1 mL DCM, then 3 × 1.1 mL DMF), deprotection (3 × 2 min with 1 mL 25% piperidine/ DMF), 

and washing (same as previous) completed a coupling cycle. Upon completion of synthesis, 
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cleavage was performed twice using 500 μL of cleavage solution (95% TFA/2.5% 

triisopropylsilane/2.5% H2O) for 1 h.  

 

Crude oligomers were collected by ether precipitation and purified by reverse-phase HPLC using 

an Agilent Eclipse XDB-C18 5 μm, 9.4 × 250 mm column at 60 °C with a flow rate of 2 mL/min, 

monitored at 260 nm using a linear gradient (10−40%) of 0.1% TFA/acetonitrile in 0.1% 

TFA/water. Identity was confirmed by ESI-TOF mass spectrometry.  

 

A.2.3.2. Tension probe synthesis 

100 nmol of c(RGDfK)-PEG2-PEG2-NH2 was reacted with an excess amount of NHS-azide in 

DMSO overnight to generate Product 1. cRGD-N3 was purified via reverse-phase HPLC (Grace 

Alltech column, 4.6 × 250 mm, solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 0.05% 

TFA in acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate 1 

mL/min, Fig. A7). Following concentration, using CuAAC chemistry, the resulting azide 

functionalized cRGD was either functionalized with methyltetrazine to generate Product 2, or 

ligated to DNA to generate Products 3 and 4. Briefly, 10 nmol alkyne-labeled tetrazine/ DNA in 

18.2 MΩ MilliQ water was added to azide labelled c(RGDfK)-PEG2-PEG2-NH2)). The copper 

catalyst solution was prepared in a separate tube by combining, in the following order, 20 mM 

CuSO4 (2 µL), 50 mM THPTA (4 µL), and 50 mM ascorbic acid (2 µL). The mixture was then 

added to the solution containing DNA and peptide and reacted at room temperature for 2 hours. 

The resulting oligonucleotide products were purified using P2 gel filtration and reverse-phase 

HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 M TEAA, solvent 

B: acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 mL/min, 
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Fig. A9).  

 

Amine and alkyne modified PNA and DNA bottom strands (20 nmol) were mixed with excess 

Cy3B NHS ester (50 µg) in DMSO and allowed to react in an aqueous solution containing 10 % 

10X PBS overnight at room temperature to generate Product 5 and the precursors to Product 9 

and Product 10. The mixture was purified using P2 gel filtration and reverse-phase HPLC 

(AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 M TEAA, solvent B: 

acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 mL/min,). 

Following concentration, the alkyne and Cy3B labeled PNA and DNA were reacted with 

methyltetrazine-PEG4-azide using CuAAC to generate Product 6, Product 9, and Product 10 . 

Briefly, 1 mg of methyltetrazine-PEG4-azide was dissolved in 20 µl of 1:4 dimethylsulfoxide/H2O 

and warmed to 50 °C. The copper catalyst solution was prepared in a separate tube by combining, 

in the following order, 20 mM CuSO4 (2 µL), 50 mM THPTA (4 µL), and 50 mM ascorbic acid 

(2 µL). The reaction mixture was added to the Cy3B labeled DNA in 10 µL 18.2 MΩ MilliQ water 

and warmed to 50 °C. Once warmed, the solution was added to the methyltetrazine-PEG4-azide 

with dropwise addition of dimethylsulfoxide to maintain solubility. The reaction proceeded at 50 

°C for 1.5 h, and the resulting product was purified using P2 gel filtration and reverse-phase HPLC 

(AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 M TEAA, solvent B: 

acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 mL/min, 

Fig. A9, A13, A14). 

 

Amine and BHQ2 labeled PNA top strands were reacted overnight with an excess of TCO NHS 

ester to generate Product 7. The resulting product was purified using P2 gel filtration and reverse-
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phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 M TEAA, 

solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 

mL/min, Fig. A11). Following concentration, Product 7 was then reacted with Product 2 in 

DMSO overnight to generate Product 8. The resulting product was purified using P2 gel filtration 

and reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 

M TEAA, solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow 

rate: 0.5 mL/min, Fig. A11, A12). 

 

A.2.3.3 Surface preparation 

Surface preparation was modified from previously published protocols. Glass coverslips (#2 

thickness, 25 mm diameter) were sequentially sonicated for 5 minutes in 18.2 MΩ MilliQ water 

and 200 proof ethanol. The coverslips were then dried in an oven  (~110 ºC) before immersing in 

freshly prepared piranha solution (3:1 H2SO4 : H2O2) for 25 minutes. (CAUTION: Piranha 

solution is highly reactive and explodes upon contact with organic solutions.) Surfaces were 

then washed in 6 washes MilliQ water, followed by 3 washes ethanol. Surfaces were placed in a 

fourth wash of ethanol to which 3% of APTES was added for a 40-minute incubation. Following 

incubation, surfaces were washed in 3 washes ethanol and then baked in an oven (~ 110 ºC) for 1 

hour. A 4 mg/mL solution of trans-Cyclooctene NHS ester in DMSO was then added to each 

surface and incubated for ³ 12 hours. Surfaces were stored at room temperature and used within 6 

weeks of preparation. 
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A.2.3.4 DNA hybridization  

Oligonucleotides were hybridized at 200 nM in a 0.2 mL Thermowell tube. DNA was heated to 

90 °C and then cooled at a rate of 1.3 °C min−1 to 25 °C.  

 

A.2.3.5 Imaging chamber assembly 

Before imaging, functionalized coverslips were placed into imaging chambers and washed with 5 

mL 1X PBS. Surfaces were then incubated with 20 nM DNA probe solutions in 1X PBS (1 mL) 

for 1 hour and washed with 5 mL 1X PBS. Slides were then washed with cell imaging media 

(Tyrode’s buffer for platelets, FluoroBrite DMEM Media, A1896701, Thermo-Fisher for 

fibroblast experiments) before plating cells.  

 

A.2.3.6 Cell culture  

3T3, HASM, and MDA-MB-231 cells were cultured according to American Type Culture 

Collection (ATCC) guidelines. Briefly, cells were cultured in DMEM supplemented with 

penicillin/ streptomycin and 10% fetal bovine serum (v/v). Media for HASMC’s also included 

non-essential amino acids. Cells were passaged every 2–3 days as required. 

 

A.2.3.7 Image acquisition and analysis               

Fluorescent images were acquired using TRITC epifluorescence (tension. Epifluorescence images 

were locally background subtracted and all analysis was completed in ImageJ. Average 

fluorescence is measured by drawing a region of interest (ROI) around the fluorescent signal in 

the TRITC channel.  
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A.2.8 Note 1– van’t hoff analysis of PNA duplexes 

Thermal melting curves were done using 100 µL solutions of DNA:DNA, PNA:DNA, and 

PNA:PNA duplexes at 25, 40, 65, 80, and 100 nM in 1X PBS.  The probe solutions were heated 

to 95 °C  for 3 minutes and then cooled at a rate of 1.3 °C min−1 to 25 °C to hybridize. The solutions 

were then transferred to the 12 wells of a qPCR plate in 20 µL each for three individual 

measurements for a condition. Using a qPCR instrument (LightCycler 96), the plate was incubated 

at 25 ºC for 5 min and then heated to 95 ºC over 1900 seconds with Cy3B fluorescent 

measurements.  

 

Because the thermodynamic equilibrium of DNA folded structure is an intramolecular transition, 

their thermodynamic parameters, including ΔG, ΔH, and ΔS, are concentration-independent.(125) 

Thus, the probe’s van’t Hoff equation for thermodynamic analysis can be adopt from the definition 

of Gibbs free energy equation. 

∆G = 	∆H	– T∆S = RT	ln<1  (eq1) 

Where Ka is the equilibrium constant of probe transition, R is gas constant (1.9872 cal/K•mol), and 

T is the temperature in Kelvin (0 ºC = 273.15 K). 

As a result of the equation transformation, 

ln =2 =	
∆4
5
6
7 −	

∆8
5   (eq 2) 

. 
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A.2.9. Figures, tables, and schemes 

 

 

Table A2. Oligonucleotides used in Chapter 3. 

Figure A4. Chemical structures of oligo modifications used in Chapter 3. 

Figure A5. General synthetic scheme for PNA oligomers. 
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Figure A8. Tetrazine cRGD azide characterization a. ESI MS spectra b. HPLC trace 

Figure A7. cRGD azide characterization a. ESI MS spectra b. HPLC trace 

Figure A6. Synthesis of PNA and DNA force sensors.  a. Schematic showing the coupling between NHS-N3 and 
cRGD-PEG-PEG-NH2 to form cRGD-PEG-PEG-N3 (Product 1). b. Schematic showing the alkyne-azide cycloaddition 
reaction to conjugate tetrazine to Product 1, generating Product 2. between NHS-N3 and cRGD-PEG-PEG-NH2 to 
form cRGD-PEG-PEG-N3 (Product 2). c. Schematic showing the coupling of Product 1 to DNA 3’internal alkyne 
3’BHQ2 to generate sDNA top (Product 3). d. Schematic showing the coupling of Product 1 to DNA 5’alkyne 
3’BHQ2 to generate uDNA top (Product 4). e. Schematic showing coupling of Cy3B-NHS to DNA to generate 
Product 5. f. Schematic showing alkyne-azide cycloaddition reaction to conjugate tetrazine to Product 5, generating 
u/sDNA bottom (Product 6). g. Schematic showing the coupling between NHS-TCO and PNA (N/alkyne C/amine) to 
generate u/sPNA top TCO (Product 7). h. Schematic showing the alkyne-azide cycloaddition reaction to conjugate 
cRGD to generate u/sPNA top (Product 8). i. Schematic showing the coupling between Cy3B-NHS and 
methyltetrazine-azide to PNA to generate sPNA bottom (Product 9). j. Schematic showing the coupling between 
Cy3B-NHS and methyltetrazine-azide to PNA to generate uPNA bottom (Product 10).  
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Figure A9. Chapter 3 DNA characterization a. HPLC trace of Product 3. b. HPLC trace of 
Product 4. c. HPLC trace of Product 6. 
 

Figure A10. sPNA top characterization a. ESI MS spectra b. HPLC trace 

Figure A11. HPLC trace of sPNA top C terminal TCO 



 
 

134 

  
Figure A12.  sPNA top C terminal cRGD characterization a. ESI MS spectra b. HPLC trace 

Figure A13.  sPNA bottom N terminal Cy3B, N terminal methyltetrazine characterization a. 
ESI MS spectra b. HPLC trace 

Figure A14.  HPLC trace of uPNA bottom N terminal Cy3B, C terminal methyltetrazine 
characterization 
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A.3 Cell adhesion receptors detect the force-extension curve of their ligands 

 

A.3.1 Materials 

Oligonucleotides 

All custom synthesized oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA) and then transformed into tension probes. Table A3 and Figure A15 includes the 

sequences and information of chemical modifications for all purchased oligonucleotides used in 

this work. 

 

Reagents 

Cy3B-NHS ester (PA63101) was acquired from GE Healthcare Life Sciences. Cyclo[Arg-Gly-

Asp-d-Phe-Lys(PEG-PEG)] (PCI-3696-PI), elsewhere abbreviated as cRGD, was acquired from 

Vivitide. (3-Aminopropyl)triethoxysilane (APTES, 440140, 99% purity), Latrunculin B (LatB, 

L5288-1MG, ≧80% purity), sulfuric acid (SX1244), N,N-diisopropylethylamine (iPr2EtN, 

387649-100ML), sodium sulfate (238597-500G), sodium bicarbonate (S6014-500G), (+)-sodium 

L-ascorbate (A4034-100G), phosphate buffer saline tablet (P4417-50TAB), anhydrous 

methylsulfoxide (DMSO, MX1457-7) methanol (34860-4L-R), trifluoroacetic acid (TFA, 

TX1276-7), and TLC silica-gel 60 F254 (1.05554.0001) were purchased from  Millipore Sigma. 6-

Azido-N-Boc-L-Norleucine (Boc-Lys(N3)-OH, A4543) was purchased from Acrotein. (S)-2-

((tert-Butoxycarbonyl)amino)pent-4-ynoic acid (Boc-propargyl-Gly-OH, A201426, 97% purity) 

was purchased from Ambeed. N,N,N’,N’-Tetramethyl-O-(N-succinimidyl)uronium 

tetrafluoroborate (TSTU,024891) was purchased from Oakwood Chemical. Methyltetrazine-

PEG4-Amine (1012, >95% purity) and tris-hydroxypropyltriazolylmethylamine (THPTA, 1010-
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100) was purchased from Click Chemistry Tools. BHQ-2 succinimidyl ester (BHQ2-NHS BHQ-

2000S-5) was purchased from Biosearch™ Technologies. Azido-NHS (BP-22467, 95% purity) 

and TCO-NHS (BP-22417, 95% purity) were purchased from BroadPharm. Dichloromethane 

(DCM, D143-4), hexanes (H292-4), and ethyl acetate (E195-4) were purchased from Fisher 

Chemicals. Cupric sulfate, 5-hydrate (CuSO4•5H2O, 4844) was purchased from Mallinckrodt 

chemicals. Citric acid, monohydrate was purchased from Macron fine chemicals. Silica-gel 

(40930-25) was purchased from Sorbent Technologies. Triethylamine Acetate (TEAA, 2.0 M) 

solution was purchased from Glen Research. All other chemicals (unless otherwise stated) were 

purchased from Millipore Sigma and used without purification. All buffers were prepared with 

18.2 MΩ MilliQ water. 

 

A.3.2 Equipment 

The major equipment that was used in this study includes Barnstead nanopure water purifying 

system (Thermo Fisher), high-performance liquid chromatography 1100 (Agilent) with 

AdvanceBio Oligonucleotide C18 column (653950-702, 4.6 x 150 mm, 2.7 µm) (Agilent), 

Electrospray ionization mass spectrometer (ESI-MS) (LTQ Orbitrap Velos, Thermo Fischer 

Scientific), LightCycler 96 qPCR instrument (Roche), and a Nikon Eclipse Ti microscope (Nikon), 

T100 thermocycler (Bio-Rad). 
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A.3.3 Methods 

 

A.3.3.1 Synthesis of substructures for tension probes 

Boc-Lys(N3)-NHS (1) 

 

To a colorless solution of Boc-Lys(N3)-OH (107 mg, 0.392 mmol) and TSTU (287 mg, 0.953 

mmol) in anhydrous dichloromethane (5 mL) was added iPr2NEt (120 µL, 0.596 mmol) at room 

temperature under nitrogen atmosphere. The resulting dark-red solution was stirred for 20 hours 

at the same condition. Then, the solution was added 20 mL of dichloromethane, washed three times 

with an aqueous solution of 4%(w/v) citric acid and once with brine, dried over sodium sulfate, 

filtered, and concentrated under reduced pressure. The concentrated mixture was subjected to silica 

gel column (φ = 3 cm, 20 mL of silica gel) eluted with a 1:1 mixture of hexanes and ethyl acetate 

(Rf = 0.54) to obtain Boc-Lys(N3)-NHS (product 1, 91.0 mg, 0.246 mmol, 63%) as a viscous 

yellow oil. 1H NMR (CDCl3, 400 MHz) δ 5.03–5.00 (m, 1H), 4.71–4.68 (m, 1H), 3.31 (t, J = 6.8 

Hz, 2H), 2.85 (s, 4H), 2.04–1.95 (m, 1H), 1.90–1.78 (m, 1H), 1.71–1.60 (m, 4H), 1.46 (s, 9H). 

HRMS (ESI) m/z calcd. for C15H27N6O6 [M+NH4]+: 387.1992; found: 387.1980 (Fig. A31). 
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To a solution of cRGD-(PEG2)2-NH2 (5.0 mg, 5.6 µmol) and iPr2NEt (5.0 µL, 29 µmol) in 

anhydrous DMSO (50 µL) was added Boc-Lys(N3)-NHS (12 mg, 34 µmol) in anhydrous DMSO 

(50 µL). After stirring for 30 min at room temperature, the reaction mixture was added to an 8:2 

mixture of 18.2 MΩ MilliQ water and acetonitrile (400 µL) and filtered through a microcentrifuge 

filter (0.22 µm). The filtrate was subjected to reversed-phase HPLC (Alltima C18 5u, Alltech, 4.6 

× 250 mm, 1.0 mL min−1 flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 

0.05% TFA in acetonitrile; starting condition: 80% A + 20% B, 2% per min gradient B for 14 min) 

to obtain 5.2 mg of cRGD-Lys(N3)-Boc (product 2, 4.5 µmol, 81%) as a colorless solid. HRMS 

(ESI) m/z calcd. for C50H82N15O16 [M+H]+: 1148.6058; found: 1148.6056 (Fig. A32). 

 

cRGD-Lys(N3)-NH2 (3) 

 

cRGD-Lys(N3)-Boc (5.2 mg, 4.5 µmol) was dissolved in trifluoroacetic acid (TFA, 20 µL) and 

dichloromethane (80 µL) and stirred for 1 hour at room temperature. The resulting mixture was 

diluted with 900 µL of acetonitrile, and the solution was concentrated to 100 µL. The mixture was 

added to 18.2 MΩ MilliQ water (400 µL) and filtered through a microcentrifuge filter (0.22 µm). 

The filtrate was subjected to reversed-phase HPLC (Alltima C18 5u, Alltech, 4.6 × 250 mm, 

1.0 mL min−1 flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 0.05% TFA 

in acetonitrile; starting condition: 85% A + 15% B, 1% per min gradient B for 15 min) to obtain 

3.8 mg of cRGD-Lys(N3)-NH2 (product 3, 3.6 µmol, 80%) as a colorless solid. HRMS (ESI) m/z 

calcd. for C45H74N15O14 [M+2H]2+: 524.7804; found: 524.7784 (Fig. A33). 
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cRGD-Lys(N3)-Cy3B (4) 

 

To a solution of cRGD-Lys(N3)-NH2 (1.5 mg, 1.4 µmol) and iPr2NEt (5.0 µL, 29 µmol) in 

anhydrous DMSO (40 µL) was added Cy3B-NHS (1.0 mg, 1.52 µmol) in anhydrous DMSO (20 

µL). After stirring for 30 min at room temperature, the resulting mixture was diluted with 18.2 

MΩ MilliQ water (440 µL) and filtered through a microcentrifuge filter (0.22 µm). The filtrate 

was subjected to reversed-phase HPLC (Alltima C18 5u, Alltech, 4.6 × 250 mm, 1.0 mL min−1 

flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 0.05% TFA in acetonitrile; 

starting condition: 77% A + 23% B, 1% per min gradient B for 20 min) to obtain 1.2 mg of cRGD-

Lys(N3)-Cy3B (product 4, 0.75 µmol, 54%) as a dark red solid. HRMS (ESI) m/z calcd. for 

C76H105N17O19S [M+H]2+: 795.8741; found: 795.8762 (Fig. A34). 

 

Boc-propargyl-Gly-NHS (5) 

 

To a colorless solution of Boc-propargyl-Gly-OH (213 mg, 1.00 mmol) and TSTU (602 mg, 2.00 

mmol) in anhydrous dichloromethane (5 mL) was added iPr2NEt (200 µL, 2.00 mmol) at room 

temperature under nitrogen atmosphere. The resulting pale-yellow solution was stirred for 20 hours 
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at the same condition. Then, the obtained dark-red solution was added 20 mL of dichloromethane, 

washed three times with an aqueous solution of 4%(w/v) citric acid and once with brine, dried over 

sodium sulfate, filtered, and concentrated under reduced pressure. The concentrated mixture was 

dissolved in 2 mL of dichloromethane and then slowly added 5 mL of hexanes. The supernatant 

was subjected to a silica gel column (φ = 3 cm, 20 mL of silica gel) eluted with a 10:7 mixture of 

hexanes and ethyl acetate (Rf = 0.27) to obtain Boc-propargyl-Gly-NHS (product 5, 262 mg, 0.844 

mmol, 84%) as a colorless solid. 1H NMR (CDCl3, 400 MHz) δ 5.36–5.28 (m, 1H), 4.89–4.85 (m, 

1H), 2.90–2.78 (m, 6H), 2.04 (s, 1H), 1.46 (s, 9H). HRMS (ESI) m/z calcd. for C14H19N2O6Na 

[M+Na]+: 333.1063; found: 333.1048 (Fig. A35). 

 

 

Boc-propargyl-Gly-PEG4-MeTz (6) 

 

To a solution of Methyltetrazin-PEG4-NH2 (200 µg, 0.55 µmol) and iPr2NEt (1 µL, 6.8 µmol) in 

anhydrous DMSO (10 µL) was added Boc-propargyl-Gly-NHS (300 µg, 0.97 µmol) in anhydrous 

DMSO (5 µL). After stirring for 2 hours at room temperature, the resulting mixture was diluted 

with a 1:1 solution of acetonitrile/18.2 MΩ MilliQ water (120 µL) and filtered through a 

microcentrifuge filter. The filtrate was subjected to reversed-phase HPLC (Alltima C18 5u, 

Alltech, 4.6 × 250 mm, 1.2 mL min−1 flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, 

solvent B: 0.05% TFA in acetonitrile; starting condition: 70% A + 30% B, 2% per min gradient B 

for 14.5 min) to obtain 250 µg of Boc-propargyl-Gly-PEG4-MeTz (product 6, 0.45 µmol, 46%) as 
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a red solid. HRMS (ESI) m/z calcd. for C27H39N6O7 [M+H]+: 559.2875; found: 559.2872 (Fig. 

A36) 

 

NH2-propargyl-Gly-PEG4-MeTz (7) 

 

Boc-propargyl-Gly-PEG4-MeTz (250 µg, 0.45 µmol) was dissolved in trifluoroacetic acid (TFA, 

20 µL) and dichloromethane (80 µL) and stirred for 1 hour at room temperature. The resulting 

mixture was diluted with 900 µL of acetonitrile, and the solution was concentrated to 100 µL. The 

mixture was added 1:4 mixture of acetonitrile/18.2 MΩ MilliQ water (400 µL) and filtered through 

a microcentrifuge filter. The filtrate was subjected to reversed-phase HPLC (Alltima C18 5u, 

Alltech, 4.6 × 250 mm, 1.2 mL min−1 flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, 

solvent B: 0.05% TFA in acetonitrile; starting condition: 90% A + 10% B, 2.3% per min gradient 

B for 16 min) to obtain 175 µg of NH2-propargyl-Gly-PEG4-MeTz (product 7, 0.38 µmol, 85%) 

as a red solid. HRMS (ESI) m/z calcd. For C22H31N6O5 [M+H]+: 459.2350; found: 459.2347 (Fig. 

A37) 
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BHQ2-propargyl-Gly-PEG4-MeTz (8) 

 

To a solution of NH2-propargyl-Gly-PEG4-MeTz (1.5 mg, 3.2 µmol) and iPr2Net (1 µL) in 

anhydrous DMSO (40 µL) was added BHQ2-NHS (1.0 mg, 1.6 µmol) in anhydrous DMSO (20 

µL). After stirring for 30 min at room temperature, the resulting mixture was diluted with a 3:1 

mixture of acetonitrile/18.2 MΩ MilliQ water (120 µL) and filtered through a microcentrifuge 

filter. The filtrate was subjected to reversed-phase HPLC (Alltima C18 5u, Alltech, 4.6 × 250 mm, 

1.2 mL min−1 flow rate; solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 0.05% TFA 

in acetonitrile; starting condition: 40% A + 60% B, 1% per min gradient B for 10 min) to obtain 

1.2 mg of BHQ2-propargyl-Gly-PEG4-MeTz (product 8, 1.3 µmol, 79%) as a dark purple solid. 

HRMS (ESI) m/z calcd. For C47H55N12O10 [M+H]+: 947.4159; found: 947.4155 (Fig. A38) 

 

A.3.3.2 Synthesis of DNA tension probes 

Tension probes were synthesized by the sequential copper mediated azide-alkyne cyclization 

reaction (CuAAC), NHS-Amine coupling reaction, and strain promoted azide-alkyne 

cycloaddition reaction (SPAAC) or CuAAC. Synthetic scheme is described in the Scheme S1. 

  

cRGD-Lys(N3)-Cy3B (cRGD/Cy3B-N3) or methyltetrazine-PEG4-N3 was ligated to the 

corresponding alkyne modified strand (IDT) via 1,3-dipolar cycloaddition reaction. Briefly, a 

solution of 10 nmol of alkyne modified strand was reacted 1 hour at 50 ºC with 40 nmol of azido 

reagents in the presence of sodium ascorbate (0.50 µmol), CuSO4 (0.20 µmol), and THPTA (0.25 
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µmol) in 35 µL (1: 2 = DMSO: 18.2 MΩ MilliQ water). The product was filtered through a 

microcentrifuge filter (0.22 µm). The filtrate was subjected to reverse-phase HPLC (AdvancedBio 

Oligonucleotides, Agilent, 4.6 × 150 mm, 0.5 mL min−1 flow rate; solvent A: 0.1 M 

triethylammonium acetate (TEAA), solvent B: acetonitrile) to desired products. Product 9, 

shearing bottom (5’- methyltetrazine, internal- NH2, 3’- BHQ2): HPLC starting condition: 90% 

A + 10% B, 1% per min gradient B for 45 min, MS (ESI) calcd. For [M]+: 8663.9; found: 8662.7 

(Fig. A39). Product 10, shearing top (5’- cRGD/Cy3B, 3’- NH2): HPLC starting condition: 90% 

A + 10% B, 1% per min gradient B for 20 min and then 2% per min gradient B for 5 min, MS 

(ESI) calcd. for [M]+: 17508.2; found: 17507.5 (Fig. A40). Product 11, unzipping (5’- 

cRGD/Cy3B, 3’- NH2): HPLC starting condition: 100% C (50 mM EDTA, 100 mM triethylamine, 

hydrochloric acid was used to adjust pH 7.2, 80% 18.2 MΩ MilliQ water/ 20% methanol) for 8 

min to remove excess Cu ion, 90% A + 10% B for 3 min, and then 1% per min gradient B for 16 

min, MS (ESI) calcd. For [M]+: 24006.3; found: 24004.3 (Fig. A41). 

 

A solution of amine-modified oligonucleotide in 18.2 MΩ MilliQ water (6 µL) was added 2 µL of 

10X PBS and 2 µL of an aqueous solution of 1 M NaHCO3. The solution was then added NHS-N3 

(300 µg) in DMSO (10 µL) and left for 1 hour. The product was filtered through a microcentrifuge 

filter (0.22 µm) with 30 µL of an aqueous solution of 0.1 M TEAA. The filtrate was subjected to 

reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 0.5 mL min−1 flow 

rate; solvent A: 0.1 M triethylammonium acetate (TEAA), solvent B: acetonitrile; starting 

condition: 90% A + 10% B, 0.5% per min gradient B) to desired products. Product 12, shearing 

bottom (5’- methyltetrazine, internal- N3, 3’- BHQ2): HPLC starting condition: 71% A + 29% B, 

0.5% per min gradient B for 14 min, MS (ESI) calcd. For [M]+: 8746.0; found: 8745.7 (Fig. A42). 
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Product 13, shearing top (5’- cRGD/Cy3B, 3’- N3): HPLC starting condition: 87% A + 13% B, 

0.5% per min gradient B for 20 min, MS (ESI) calcd. for [M]+: 17591.3; found: 17590.5 (Fig. 

A43). Product 14, unzipping (5’- cRGD/Cy3B, 3’- N3): HPLC starting condition: 90% A + 10% 

B, 1% per min gradient B for 20 min at 65 ºC (Fig. A444). Because of the minimum change of 

HPLC retention time, unzipping (5’- cRGD/Cy3B, 3’- NH2) and unzipping (5’- cRGD/Cy3B, 3’- 

N3) strands were inseparable, and thus the obtained mixture was directly used for the following 

reaction. 

 

To a solution of azide modified unzipping probe strand was reacted 1 hour at 50 ºC with an excess 

amount of BHQ2-propargyl-Gly-PEG4-MeTz in the presence of sodium ascorbate (0.50 µmol), 

CuSO4 (0.20 µmol), and THPTA (0.25 µmol) in 40 µL (1: 1 = DMSO: 18.2 MΩ MilliQ water). 

The product was filtered through a microcentrifuge filter (0.22 µm). The filtrate was subjected to 

reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 0.5 mL min−1 flow 

rate; solvent A: 0.1 M triethylammonium acetate (TEAA), solvent B: acetonitrile; starting 

condition: 90% A + 10% B, 0.5% per min gradient B) to obtain the mixture of the desired product. 

Product 15, reversible unzipping probe (5’- cRGD/Cy3B, 3’- BHQ2/MeTz): HPLC starting 

condition: 90% A + 10% B, 1% per min gradient B for 35 min at 65 ºC, MS (ESI) calcd. for [M]+: 

25036.4; found: 25035.8 (Fig. A16). 

 

To a solution of azide modified reversible shearing top strand in 18.2 MΩ MilliQ water (10 µL) 

was added large excess amount of DBCO-PEG5-DBCO linker in DMSO (10 µL) and left for 1 

hour. The resulting solution was filtered through a microcentrifuge filter (0.22 µm). The filtrate 

was subjected to reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 
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0.5 mL min−1 flow rate; solvent A: 0.1 M triethylammonium acetate (TEAA), solvent B: 

acetonitrile; starting condition: 90% A + 10% B, 0.5% per min gradient B) to DBCO modified 

reversible shearing top strand. Product 16, shearing top (5’- cRGD/Cy3B, 3’- DBCO): HPLC 

starting condition: 71% A + 29% B, 1% per min gradient B for 30 min, MS (ESI) calcd. for [M]+: 

9600.9; found: 9601.0 (Fig. A45). 

 

To a solution of DBCO modified reversible shearing top strand in 18.2 MΩ MilliQ water (10 µL) 

was added azide modified reversible shearing bottom strand and left for overnight at four ºC. The 

resulting solution was filtered through a microcentrifuge filter (0.22 µm). The filtrate was 

subjected to reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 

0.5 mL min−1 flow rate; solvent A: 0.1 M triethylammonium acetate (TEAA), solvent B: 

acetonitrile; starting condition: 90% A + 10% B, 0.5% per min gradient B) to the reversible 

shearing probe. Product 17, reversible shearing probe: HPLC starting condition: 90% A + 10% B, 

1% per min gradient B for 40 min at 65 ºC, MS (ESI) calcd. for [M]+: 27192.2; found:  27190.4 

(Fig. A17). 

 

Amine and alkyne modified TGT bottom strand (20 nmol) was mixed with excess Cy3B NHS 

ester (50 µg) in DMSO and allowed to react in an aqueous solution containing 10 % 10X PBS 

overnight at room temperature to generate Product 18. The mixture was purified using P2 gel 

filtration and reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 

solvent A: 0.1 M TEAA, solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per min 

gradient B, flow rate: 0.5 mL/min, Fig. A46a). Following concentration, the alkyne and Cy3B 

labeled DNA was reacted with methyltetrazine-PEG4-azide using CuAAC to generate Product 
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19. Briefly, 1 mg of methyltetrazine-PEG4-azide was dissolved in 20 µl of 1:4 

dimethylsulfoxide/H2O and warmed to 50 °C. The copper catalyst solution was prepared in a 

separate tube by combining, in the following order, 20 mM CuSO4 (2 µL), 50 mM THPTA (4 µL),  

and 50 mM ascorbic acid (2 µL). The reaction mixture was added to the Cy3B labeled DNA in 10 

µL 18.2 MΩ MilliQ water and warmed to 50 °C. Once warmed, the solution was added to the 

methyltetrazine-PEG4-azide with dropwise addition of dimethylsulfoxide to maintain solubility. 

The reaction proceeded at 50 °C for 1.5 h, and the resulting product was purified using P2 gel 

filtration and reverse-phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, 

solvent A: 0.1 M TEAA, solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per min 

gradient B, flow rate: 0.5 mL/min, Fig. A46b). 

 

100 nmol of c(RGDfK)-PEG2-PEG2-NH2 was reacted with an excess amount of NHS-azide in 

DMSO overnight to generate Product 20. cRGD-N3 was purified via reverse-phase HPLC (Grace 

Alltech column, 4.6 × 250 mm, solvent A: 0.05% TFA in 18.2 MΩ MilliQ water, solvent B: 0.05% 

TFA in acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate 1 

mL/min , Fig. A46c). Following concentration, the resulting azide functionalized cRGD was 

ligated to the alkyne and BHQ2 modified top strand using CuAAC to generate Product 21. Briefly, 

10 nmol alkyne-labeled DNA in 18.2 MΩ MilliQ water was added to azide labelled c(RGDfK)-

PEG2-PEG2-NH2)). The copper catalyst solution was prepared in a separate tube by combining, in 

the following order, 20 mM CuSO4 (2 µL), 50 mM THPTA (4 µL),  and 50 mM ascorbic acid (2 

µL). The mixture was then added to the solution containing DNA and peptide and reacted at room 

temperature for 2 hours. The resulting product was purified using P2 gel filtration and reverse-

phase HPLC (AdvancedBio Oligonucleotides, Agilent, 4.6 × 150 mm, solvent A: 0.1 M TEAA, 
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solvent B: acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient B, flow rate: 0.5 

mL/min. 

 

A.3.3.3 Synthesis of fluorescently labeled human fibronectin  

To a solution of Human fibronectin (Corning #354008, 60 µL, 1 mg/mL in 1X PBS), aqueous 

solution of 1M NaHCO3 (10 µL), and 10X PBS (10 µL) was added a solution of Alexa Fluor 488 

NHS ester (50 µg) in DMSO (10 µL) at 0 ºC. The solution was kept at 0 ºC for an hour, and then 

diluted with 450 µL of 1X PBS. The unreacted Alexa Fluor 488 was removed by the centrifugal 

filtration through Amicon® ultra filter (3K). Briefly, the solution was transferred to the filter, and 

centrifuged at 13,000 rpm for 10 min. Then, the solution was diluted with 400 µL of 1X PBS. 

After repeating the filtration procedure for five time, the supernatant was collected. Based on UV-

vis measurement of Alexa-488 absorption, the Degree of Labeling (DOL) was determined as 5.2. 

 

A.3.3.4 Electron Spray Ionization (ESI) mass spectroscopy 

The molecular weight of the products was evaluated with an electron spray ionization (ESI) 

method using a Thermo Fisher Scientific Orbitrap. Small molecule samples were prepared in 18.2 

MΩ MilliQ water and the spectra recorded in positive charge mode eluted with a mixture of 60% 

of 18.2 MΩ MilliQ water and 40% of acetonitrile containing 0.05% formic acid. For 

oligonucleotides, samples were prepared in the mixture of 70% 18.2 MΩ MilliQ water and 30% 

methanol containing 10 µM ethylenediaminetetraacetic acid (EDTA), 0.0375% triethylamine, and 

0.75% of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and recorded the spectra with negative charge 

mode eluted with same solution.(155) The obtained ESI-MS spectrum (m/z) was then 

deconvoluted for the main peak to obtain average molecular weight for the oligonucleotides.  



 
 

148 

A.3.3.5 Characterization of reversible probes  

Thermodynamic parameters (ΔG, ΔH, and ΔS) of reversible shearing and unzipping probes were 

analyzed based on temperature-dependent fluorescence measurement (Fig. A18, Table A4, A5, 

Note 2). The unfolding behavior of the two constructs was modelled in oxDNA using previously 

published parameters and examples found at dna.physics.ox.ac.uk website (Note 3). 

 

A.3.3.6 Surface preparation 

Surface preparation was modified from previously published protocols. Glass coverslips (#2 

thickness, 25 mm diameter) were sequentially sonicated for 5 minutes in 18.2 MΩ MilliQ water 

and 200 proof ethanol. The coverslips were then dried in an oven  (~110 ºC) before immersing in 

freshly prepared piranha solution (3:1 H2SO4 : H2O2) for 25 minutes. (CAUTION: Piranha 

solution is highly reactive and explodes upon contact with organic solutions.) Surfaces were 

then washed in 6 washes MilliQ water, followed by 3 washes ethanol. Surfaces were placed in a 

fourth wash of ethanol to which 3% of APTES was added for a 40-minute incubation. Following 

incubation, surfaces were washed in 3 washes ethanol and then baked in an oven (~ 110 ºC) for 1 

hour. A 4 mg/mL solution of trans-Cyclooctene NHS ester in DMSO was then added to each 

surface and incubated for ³ 12 hours. Surfaces were stored at room temperature and used within 6 

weeks of preparation. 

 

A.3.3.7 DNA Hybridization  

DNA oligonucleotides were hybridized at 200 nM in a 0.2 mL Thermowell tube. DNA was heated 

to 90 °C and then cooled at a rate of 1.3 °C min−1 to 25 °C.  

 



 
 

149 

A.3.3.8 Imaging chamber assembly 

DNA Functionalization: Before imaging, functionalized coverslips were placed into imaging 

chambers and washed with 5 mL 1X PBS. Surfaces were then incubated with 20 nM DNA probe 

solutions in 1X PBS (1 mL) for 1 hour and washed with 5 mL 1X PBS. Slides were then washed 

with cell imaging media (Tyrode’s buffer for platelets, FluoroBrite DMEM Media, A1896701, 

Thermo-Fisher for fibroblast experiments) before plating cells.  

Fibronectin Functionalization: Unfunctionalized coverslips were placed into imaging chambers 

and washed with 5 mL ethanol followed by 5 mL of MQ H2O. Surfaces were then incubated 

overnight at 4 °C with 0.1 µg/mL fibronectin. Slides were then washed with cell imaging media 

(Tyrode’s buffer for platelets, FluoroBrite DMEM Media, A1896701, Thermo-Fisher for 

fibroblast experiments) before plating cells. 

 

A.3.3.9 Fibroblast staining 

Actin: Following trypsinization, cells in imaging media were incubated in a 1.5 mL Eppendorf 

tube with 0.5 µM SiR-actin + 5 µM verapamil on a rocker for 30 minutes. Cells were then added 

to surfaces for imaging.  

YAP/DAPI: Cells were cultured on surfaces at 37 ºC for either 1 or 3 hours. Surfaces were then 

washed with 1X PBS and the cells were fixed with 4% PFA in 1X PBS at room temperature for 

10 min. Following 3 washes in 1X PBS, cells were permeabilized with 0.1% Triton X-100 in 1X 

PBS for 4 min. Surfaces were blocked in 2% BSA in 1X PBS overnight at 4 ºC. After 1 wash with 

1X PBS, surfaces were incubated with 300 µL 1:1000 dilution of YAP 1º antibody (Abcam, 

ab56701 Anti-YAP1 antibody [2F12] IgG2a) for 75 min. Surfaces were washed with 3 washes 1X 

PBS and placed in a fourth wash on a rocker for 15 min. Surfaces were then incubated in 300 µL 



 
 

150 

1:500 dilution YAP 2º antibody (Abcam, ab150115 Goat anti-Mouse IgG H&L, Alexa Fluor 647) 

+ 2 drops/mL DAPI for 1 hour. Surfaces were washed 3 times with 1X PBS before imaging.  

Fibronectincell: Cells were cultured on surfaces at 37 ºC for either 1 or 3 hours. Surfaces were then 

washed with 1X PBS and the cells were fixed with 4% PFA in 1X PBS at room temperature for 

10 min. Surfaces were blocked in 2% BSA in 1X PBS overnight at 4 ºC. After 1 wash with 1X 

PBS, surfaces were incubated with 300 µL 1:200 dilution of fibronectin 1º antibody (Abcam, 

ab2413, Anti-Fibronectin antibody) for 1 hour. Surfaces were washed with 3 washes 1X PBS and 

placed in a fourth wash on a rocker for 30 min. Surfaces were then incubated in 300 µL 1:500 

dilution 2º antibody (Invitrogen, A21244 Goat anti-rabbit IgG 2º, Alexa Fluor 647) for 40 minutes. 

Surfaces were washed 3 times with 1X PBS before imaging.  

Fibronectinsoln: Cells were incubated on surfaces at 37 ºC for 20 minutes before adding ~ 40 µg 

Alexa 488 labeled fibronectin (prepared by SI 3.3). Cells were then incubated for 1 hour at 37 ºC 

prior to imaging.  

Integrins: Cells for active and total integrin stain were acquired from the same passage of cells. 

For active integrins, cells were cultured on surfaces (density = 22,500 cells/surface) at 37 ºC for 1 

hour. Surfaces were then washed with 1X PBS and the cells were fixed with 4% PFA in 1X PBS 

at room temperature for 10 min. Surfaces were blocked in 2% BSA in 1X PBS overnight at 4 ºC. 

After 1 wash with 1X PBS, surfaces were incubated with 300 µL 1:200 dilution of 1º antibody 

specific for the active conformation of integrins (Fisher Scientific, BD Biosciences 553715, CD29 

Rat anti-Mouse unlabeled, clone: 9EG7) for 1 hour. Surfaces were washed with 3 washes 1X PBS 

and placed in a fourth wash on a rocker for 30 min. Surfaces were then incubated in 300 µL 1:500 

dilution 2º antibody (Abcam, ab150167 Goat anti-Rat IgG 2º, Alexa Fluor 647) for 40 minutes. 

Surfaces were washed 3 times with 1X PBS before imaging. For total integrins, cells were cultured 
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on surfaces (density = 22,500 cells/surface) at 37 ºC for 1 hour. Cells were scraped off of probe 

surfaces, fixed, and stained for total integrin number (1:30 BioLegend, APC anti-mouse/rat CD29 

Antibody, Clone HMb1-1). Isotype controls were completed with 1:100 dilution of APC Armenain 

Hamster IgG Isotype Control, Clone HTK888. 

 

A.3.3.10 Platelet handling  

Non-activated platelets were incubated on probe surfaces for 1 hour at room temperature. Platelets 

were activated with 10 µM ADP for 10 minutes at room temperature. The activated platelets were 

subjected to tension imaging without wash. 

 

A.3.3.11 Cell culture  

MEF-GFP-vin and MEF WT cells were cultured according to American Type Culture Collection 

(ATCC) guidelines. Briefly, cells were cultured in DMEM supplemented with penicillin/ 

streptomycin and 10% fetal bovine serum (v/v). Cells were passaged every 2–3 days as required. 

 

A.3.3.12 Cell transfection 

MEF WT cells (passage 7) were seeded at a density of ~22,500 cells per well in a commercial 6-

well cell culture plate and incubated at 37 °C, 5% CO2 overnight. Cells were transfected with 

plasmids for either GFP Paxillin or GFP Integrin b3 using standard transfection protocol. Briefly, 

2 µg of plasmid + 2 µL jetOptimus reagent was diluted in 200 uL jetOptimus buffer and allowed 

to incubate for 10 minutes at room temperature, forming the transfection mix. Following media 

replacement, the transfection mix was added to the well and cells were incubated at 37 °C, 5% 
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CO2 for 4 hours. Following replacement with fresh media, cells were left overnight prior to 

imaging.    

 

A.3.2.13 Image Acquisition and Analysis               

Fluorescent images were acquired using TIRF with a 488 laser (focal adhesions, surface-deposited 

solution fibronectin), DAPI epifluorescence (nucleus), TRITC epifluorescence (tension), Cy5 

epifluorescence (YAP, actin stain, fibronectin immunostain, and active integrin β1). TIRF images 

were background subtracted by subtracting the fluorescence average of 3 areas of the surface that 

did not contain cells. Epifluorescence images were locally background subtracted and all analysis 

was completed in ImageJ. 

Tension image fluorescence: Average fluorescence is measured by drawing a region of interest 

(ROI) around the fluorescent signal in the TRITC channel. Cell fluorescence is reported as % 

probes open which was determined by dividing the average fluorescence in an ROI by the 

fluorescence of an “open surface” (Fig. A26).  

Nuclear to cytoplasmic YAP localization:  DAPI and YAP fluorescent images are acquired at the 

same z-height. To determine the ratio of nuclear to cytoplasmic YAP, the DAPI fluorescent 

channel is used to generate a mask of the nucleus that is then applied to the YAP fluorescent 

channel to measure average fluorescence inside and outside of the nucleus. Total YAP was 

determined by measuring the YAP present within an ROI surrounding the entire cell, drawn in the 

RICM channel and then applied to the Cy5 channel. 

Focal Adhesion Analysis: Focal adhesions were analyzed based on vinculin patterns according to 

previously published procedures (Fig. A20).  

Recovery of Fluorescent Tension Signal: MEFs were cultured on RS and RU surfaces for 15 
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minutes prior to imaging at 37 °C. Observable tension signal was bleached for 7 seconds using a 

561 laser at 100% power in TIRF excitation mode to reduce phototoxicity. Images were 

collected prior to bleaching, immediately after bleaching, and in 2 minute intervals up to 10 

minutes. Signal recovery was determined by quantifying the fluorescent signal in a given ROI 

over time. Three ROIs per cell were plotted over time and the average percent recovery was 

determined for MEFs on RS and RU probes.  

Recovery of Paxillin and Integrin b3: MEFs were cultured on RS and RU surfaces for 30 minutes 

prior to imaging at 37 °C. Observable GFP paxillin or integrin b3 signal was bleached for 10 

seconds. Images were collected prior to bleaching, immediately after bleaching, and in 1 minute 

intervals up to 10 minutes. Signal recovery was determined by quantifying the fluorescent signal 

in a given focal adhesion ROI over time. Three ROIs per cell were plotted over time and the 

average percent recovery was determined for MEFs on RS and RU probes.   
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A.3.4 Note 2 – van’t Hoff Analysis of RS and RU probes 

The simulated thermal melting curve (67 – 100 ºC) of the probes was generated by using NUPACK 

“Compute melt” function. We used the 137 mM for Na+ for the ionic strength, which is the sodium 

ion concentration of 1X PBS solution. For the experimental thermal melting curve, 100 µL 

solutions of RS and RU probes at 10 µM and 100 µM were prepared in 1X PBS in qPCR tubes.  

The probe solutions were heated to 95 °C  for 3 minutes and then cooled at a rate of 1.3 °C min−1 

to 25 °C to hybridize. The solutions were then transferred to the 12 wells of a qPCR plate in 20 µL 

each for three individual measurements for a condition. Using the qPCR instrument (LightCycler 

96), the plate was incubated at 37 ºC for 5 min and then heated to 95 ºC over 1900 seconds with 

Cy3B fluorescent measurements.  

Because the thermodynamic equilibrium of DNA folded structure is an intramolecular transition, 

their thermodynamic parameters, including ΔG, ΔH, and ΔS, are concentration-independent.(125) 

Thus, the probe’s van’t Hoff equation for thermodynamic analysis can be adopt from the definition 

of Gibbs free energy equation. 

∆G = 	∆H	– T∆S = RT	ln<1  (eq1) 

Where Ka is the equilibrium constant of probe transition, R is gas constant (1.9872 cal/K•mol), and 

T is the temperature in Kelvin (0 ºC = 273.15 K). 

As a result of the equation transformation, 

ln<1 =	
∆4
5
6
7 −	

∆8
5   (eq 2) 

The hairpin transition is between the fold and unfold states so that Ka could be expressed as 

follows. 
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<1 =	
[:;<=>?]
[<=>?]  (eq 3) 

Where [fold] and [unfold] is the concentration of each species.  

Because the total concentration of both species is always same, the concentration of fold state can 

be expressed as follows. 

@ = [unfold] + [fold]	,				[fold] = @	– [unfold] (eq 4) 

Where c is the total concentration of DNA probes. 

Thus, the equation 3 can be transformed as:  

<1 =	
[:;<=>?]

A	–	[:;<=>?]  (eq 5) 

To estimate the concentration of unfold state, we used the fluorescence intensity at each 

temperature. Since the probe structures contain the Cy3B fluorophore and BHQ2 quencher, and 

fluorophore/quencher pairs locate close together when the DNA structures are folded. In contrast, 

fluorophore/quencher pairs are separated when they are unfolded. This structural change leads to 

the activation of fluorescence signal when they are in unfolded state. Thus, the concentration of 

unfolded species can be estimated by Cy3B fluorescence intensity and the total concentration of 

the DNA probe.  

[unfold] = 	 (C	–	C&'()
(C&)*	–	C&'()

	× 	@  (eq 6) 

Where the F is the Cy3B fluorescence intensity at each temperature, Fmin is the minimum Cy3B 

fluorescence intensity during the measurement, and Fmax is the maximum Cy3B fluorescence 

intensity during the measurement. Thus, the equilibrium constant (Ka) can be expressed using 

Cy3B fluorescence intensity. 
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<1 =	
+,	+&'(

+&)*,	+&'(
	×A

A	–	 +,	+&'(
+&)*,	+&'(

	×A
=	

+,	+&'(
+&)*,	+&'(

6!	 +,	+&'(
+&)*,	+&'(

=	 C!C&'(
C&)*!C

	  (eq7) 

Based on the EQ. 2 and 7, we made the van’t Hoff plot as the function of the ln Ka and 1/T, and 

determined the thermodynamic parameters of reversible probes. Note that we used 15 < 

[unfolded]% < 85 to generate initial van’t Hoff plot to reduce the contribution of experimental 

error. 

As we mentioned above, the intramolecular interactions are theoretically concentration-

independent; however, the thermal melting analysis of our RU and RS probes showed 

concentration-dependent behavior as indicated in the yellow circle (●, Fig. A18). We expected 

that those behaviors are the bi- or multi-molecular interaction of our reversible probes, most likely 

due to their long sequences (21 base pairing for the folded structure). Therefore, when we 

calculated the probes’ thermodynamic parameters, including ΔG, ΔH, and ΔS, the parameters were 

concentration-dependent (Table A4 and A5). To exclude the bi- or multi-molecular contribution, 

we specifically used the 50 < [unfolded]% < 85 to calculate thermodynamic parameters. This 

procedure provided the concentration-independent thermodynamic parameters. It should be noted 

that the difference between experimental values and NUPACK simulation is most likely due to the 

interaction between cRGD/Cy3B and BHQ2/tetrazine because it is known that introduction of 

fluorophore/quencher pair tends to result in the stabilization of the folded structure.(156) 

  



 
 

157 

A.3.5 Note 3 - oxDNA simulation 

RU and RS probes, polyT72 chain, the DNA hairpin shearing probe,(37) irreversible unzipping of 

DNA duplex, and irreversible shearing of DNA duplex were modelled in oxDNA by adding 

harmonic traps to two terminal nucleotides of a DNA stand. The shearing of RS probe was 

modelled in oxDNA by adding harmonic traps to two terminal nucleotides of a DNA stand with 

the mutual trap at the 3’-3’ linkage to mimic the covalent conjugation. 

Harmonic traps were assigned a stiffness of 11.42 pN/nm each and one of the traps was moved at 

a given rate with respect to the other fixed trap. The effective stiffness constant of the two traps in 

series can be calculated using: 

6
E.//

= 6
E0
+ 6

E1
  (eq 8) 

where k1 and k2 are the stiffness constants of the two traps and keff is the effective stiffness constant. 

The keff of the system is calculated to be 5.71 pN/nm and the force is calculated by multiplying keff 

with the projected net displacement along the force axis. Net displacement is defined as the sum 

of displacements of the two terminal nucleotides from the respective trap centers. This force is 

plotted against the net displacement of the two nucleotides from their harmonic traps along with 

an exponential moving average (EMA) of the data points. The force tolerance Ftol is defined here 

as the force at which the total number of hydrogen bonds becomes zero and estimated using a peak 

finding SciPy algorithm on the force displacement curve.(157-160) This approach yields a force 

of 14 pN and 59 pN on the DNA unfolding for reversible unzipping and shearing probes, 

respectively, for a loading rate of 5.62 × 103 nm. Also, for the DNA hairpin shearing probe, the 

quencher strand peeling and the hairpin shearing were happened at 50 pN and 55 pN, respectively, 

for a loading rate of 5.62 × 103 nm. 
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Parameters were adopted from published literature and examples available at dna.physics.ox.ac.uk 

website.(161) 

oxDNA simulation parameters (comments are after #): 

sim_type = MD 

T = 37C 

steps = 5e9 #data extracted from simulation every 1e4 steps. 

time_scale = linear 

interaction_type = DNA2 

use_average_seq = 1 

verlet_skin = 0.05 

salt_concentration = 0.156 # [Na+] in molar. 

thermostat = john 

newtonian_steps = 103 

diff_coeff = 2.5 

dt = 0.005 

oxDNA trap forces were applied to two nucleotides 0 and 23 on the same DNA strand as described 

 

for reversible unzipping probe, 

particle = 0 (stiff = 0.2, rate = 0.2e-7, dir = 0, 0, -1) #rate is (length extension)/(simulation time 

step) 

particle = 71 (stiff = 0.2, rate = 0.0, dir = 0, 0, 0) 
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for DNA hairpin shearing probe, 

particle = 0 (stiff = 0.2, rate = 0.2e-7, dir = 0, 0, -1)  

particle = 53 (stiff = 0.2, rate = 0.0, dir = 0, 0, 0) 

 

for DNA pseudo-knot shearing probe, 

particle = 20 (stiff = 0.2, rate = 0.2e-7, dir = 0, 0, -1)  

particle = 71 (stiff = 0.2, rate = 0.0, dir = 0, 0, 0) 

 

For DNA pseudo-knot shearing probe, we introduced the mutual trap to mimic the covalent bond 

as described 

particle = 0, ref_particle = 21 (stiff = 3., r0 = 1.2) 

particle = 21, ref_particle = 0 (stiff = 3., r0 = 1.2) 

 

Directions are formatted as x, y, z. All values are in oxDNA units unless specified and the 

conversion factors for oxDNA units are: 

1 unit of length = 0.8518 nm 

1 unit of force = 48.63 pN 

1 unit of time = 3.03 ps 

1 unit of force constant = 57.09 pN/nm 
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A.3.6 Figures, tables, and schemes 
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Figure A15. Chemical structures of oligo modifications used in Chapter 4. 
 

Table A3. Oligonucleotides used in Chapter 4. 
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Scheme A1. Synthetic scheme to generate reversible shearing and unzipping probes. 
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Scheme A2.  Synthesis of irreversible DNA probes. a. Schematic showing coupling of Cy3B-NHS 
to DNA to generate Product 18. b. Schematic showing alkyne-azide cycloaddition reaction to 
conjugate tetrazine to Product 18, generating Product 19. c. Schematic showing the coupling between 
NHS-N3 and cRGD-PEG-PEG-NH2 to form cRGD-PEG-PEG-N3 (Product 20). d. Schematic 

showing alkyne-azide cycloaddition to conjugate product 4 to BHQ2 labeled DNA, generating 
Product 21. 
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Figure A16. Characterization of Chapter 4 product 15. a. ESI MS spectra b. HPLC trace of 
product 15 (RU probe) 

Figure A17. Characterization of Chapter 4 product 17 a. ESI MS spectra b. HPLC trace of 
product 17 (RS probe) 
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Figure A18. DNA Thermal melting analysis reveals that RS and RU have identical ΔG at 37 
ºC. Temperature dependent DNA unfolding analysis adapted from fluorescent melting curve for RS 
probe (a) and RU probe (b) in 1X PBS solution. The van’t Hoff plot of RS probe (c) and RU (d) 
probe generated from (a) and (b). Blue and magenta lines represent the probe concentration of 100 
and 10 nM, respectively. The black lines were obtained by NUPACK simulation. Yellow circle (●) 
indicate the concentration dependent region. 

 

Table A4. Thermodynamic parameters of RS probes at indicated concentrations in 1X PBS. 
The yellow highlights were calculated using concentration independent regions. 
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Figure A19. Force extension curves simulated by oxDNA software. a. RU probe, b. RS probe, c. 
polyT72 oligo nucleotides, d. irreversible unzipping of DNA duplex, e. irreversible shearing of DNA 
duplex using 5.62×103 nm/s as a loading rate.   

 
 
 
 

Table A5. Thermodynamic parameters of RU probes at indicated concentrations in 1X PBS. 
The yellow highlights were calculated using concentration independent regions. 
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Figure A20. Procedure for vinculin analysis using ImageJ. Focal adhesions were analyzed based on 
vinculin patterns according to previously published procedures.(1) Briefly, vinculin images were 
acquired in TIRF with a 488 laser and background subtracted by subtracting the fluorescence average 
of 3 areas of the surface that did not contain cells. The local contrast of the image was increased by 
running CLAHE (Contrast Limited Adaptive Histogram Equalization) with the following values: block 
size = 19, histogram bins = 256 , maximum slope = 6, no mask and fast. Background was further 
minimized by applying the mathematical exponential (EXP). Smoothing and edge detection was done 
using the Mexican Hat filter with a radius of 5 before auto-thresholding the image with a dark 
background and converting to a mask. Vinculin was then quantified using the Analyze Particles 
command with the following values: size = 0.1 – infinity, circularity = 0.00 – 0.99, show = outlines, 
display “summarize”. 

 

Figure A21. Reversible probes report on real-time tension signal. RICM, tension signal, 
vinculin-GFP, and F-actin images (SiR-actin) of MEF cells plated on IS probes before (top) and 
after (bottom) Latrunculin B (10 µM) treatment. Treatment with Latrunculin B, a disruptor of 
actin polymerization, causes retraction of the cell cytoskeleton and a resulting loss of observable 
tension signal. Scale bar, 2 µm. 
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Figure A22. Culturing cells on tension probes does not alter cell biology. a. RICM of MEF 
cells plated on RScRGD, RUcRGD, and fibronectin coated surfaces. b.  Spread area of MEFs cultured 
on RScRGD, RUcRGD, and FN coated surfaces. Spread area was measured by drawing a region of 
interest around MEFs in the RICM channel.  Scale bar, 5 µm. 

Figure A23. Stress fiber formation is higher in MEFs plated on RUcRGD probes. a. As cell 
mechanotransduction increases, stress fibers transition from circular to linear patterns. b. Stress 
fiber formation in MEFs. Cells were plated on RScRGD and RUcRGD probes for one hour. Actin was 
stained using SiR-actin 647 and imaged using epifluorescence. c. Distribution of actin patterns in 
MEFs on RScRGD and RUcRGD probes. Scale bar, 5 µm. 
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Figure A24. MEFs plated on irreversible shearing cRGD (IScRGD) probes have lower markers 
of mechanotransduction than MEFs plated on RS and RU probes. a. RICM and F-actin images 
(SiR-actin) of MEF cells plated on IScRGD probes for 1 hour. b. Plot of % cells displaying actin 
stress fibers on IScRGD, RScRGD, and RUcRGD probes. (n = 3 experiments, IScRGD = 65 cells, RScRGD 
= 53 cells, RUcRGD = 46 cells c. Distribution of actin patterns in MEFs on IScRGD, RScRGD, and 
RUcRGD probes. (n = 3 experiments, IScRGD = 76 cells, RScRGD = 52 cells, RU = 58 cells d. RICM, 
YAP, and nuclear staining (DAPI) images for MEFs cultured on IScRGD probes for 1 hour. e. Plot 
of nuclear YAP:cytoplasmic YAP in MEFs plated on IScRGD, RScRGD, and RUcRGD probes at 1 hour. 
Cells cultured on IScRGD probes had a significantly lower amount of YAP localized to their nucleus 
than cells plated on RScRGD and RUcRGD probes. (n = 3 experiments, IScRGD = 40 cells, RScRGD = 59 
cells RUcRGD = 42 cells, IScRGD: RScRGD p = 0.0025, IScRGD: RUcRGD p < 0.0001, RScRGD: RUcRGD p 
= 0.0036 f. Plot of total YAP signal in MEF cells cultured on IScRGD, RScRGD, and RUcRGD probes 
for 1 hour. There was no significant difference in total YAP amount after 1 hour. (n = 3 
experiments, IScRGD = 40 cells, RScRGD = 46 cells, RUcRGD = 25 cells, IScRGD: RScRGD p = 0.7222, 
IScRGD: RUcRGD, p = 0.2063, RScRGD: RUcRGD, p = 0.0551), Scale bars, 5 µm. 
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Figure A25. Total integrin β1 levels are the same in cells plated on RScRGD and RUcRGD probes. 
a. Representative flow plots of cells plated on RScRGD and RUcRGD probes for 1 hour and 
immunostained for total integrin β1. “Unstained” represents a control population of unstained cells, 
“stain control” represents a population of cells that were not plated on a surface but were stained 
with the CD29 β1 antibody. b. Plot of normalized total integrin density in cells plated on RScRGD 
and RUcRGD RU probes and the isotype control (grey) from (a). There was not a significant 
difference in total integrin presentation in cells plated on RScRGD and RUcRGD probes. Values were 
normalized to the stain control. (n = 3 experiments, 10,000 cells, p = 0.4032)  

 

Figure A26. RScRGD and RUcRGD probe density on glass surface. Surface density of probes was 
determined by measuring the value of an unquenched surface. Average intensity is the average of 
10 regions of 3 surfaces for a total of 30 regions per probe type. 
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Figure A27. Force extension curves of previously published work simulated by oxDNA software. A 
reversible shearing probe reported by Zhang et al. using 5.62×103 and 5.62×102 nm/s as a loading, 
respectively. The magenta and blue lines represent the simulated spectra and exponential moving average 
(100) of simulated spectra, respectively.(37) The arrows shown in the (a) and (b) indicate the peeling of 
quencher strand, which undergo prior to the probe shearing events. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A28. Total integrin β1 levels are the same in cells plated on RSGRGDS and RUGRGDS 
probes. a. Representative flow plots of cells plated on RSGRGDS and RUGRGDS probes for 1 hour and 
immunostained for total integrin β1. “Unstained” represents a control population of unstained cells, 
“stain control” represents a population of cells that were not plated on a surface but were stained 
with the CD29 β1 antibody. b. Plot of normalized total integrin density in cells plated on RSGRGDS 
and RUGRGDS probes and the isotype control (grey) from (a). There was not a significant difference 
in total integrin presentation in cells plated on RSGRGDS and RUGRGDSprobes. Values were 
normalized to the stain control. (n = 3 experiments, 10,000 cells, p = 0.8042)  
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Figure A29. MEFs plated on RSGRGDS probes have higher nuclear:cytoplasmic YAP 
translocation than MEFs plated on RUGRGDS probes. a. RICM, YAP, and nuclear staining 
(DAPI) images for MEFs cultured on RSGRGDS and RUGRGDS probes for 1 hour. b. Plot of nuclear 
YAP:cytoplasmic YAP in MEFs plated on RSGRGDS and RUGRGDS probes for 1 hour. MEFs cultured 
on RSGRGDS probes had slightly increased nuclear YAP localization than MEFs cultured on 
RUGRGDS probes. (n = 3 experiments, RSGRGDS = 50 cells RUGRGDS = 56 cells, p = 0.0302,  

Figure A30. MEFs plated on T9cRGD probes have higher nuclear:cytoplasmic YAP 
translocation than MEFs plated on RScRGD probes. a. RICM, YAP, and nuclear staining (DAPI) 
images for MEFs cultured on RScRGD and RUcRGD and T9cRGD probes for 1 hour. b. Plot of nuclear 
YAP:cytoplasmic YAP in MEFs plated on RScRGD and RUcRGD and T9cRGD probes for 1 hour. MEFs 
cultured on T9cRGD probes had significantly higher nuclear YAP localization than MEFs cultured 
on RScRGD probes and similar levels of nuclear YAP localization to MEFs cultured on RUcRGD 
probes. (n = 3 experiments, RScRGD = 50 cells RUcRGD = 48 cells, T9cRGD = 54 cells, RScRGD:RUcRGD 
p = 0.0060, RScRGD:T9cRGD p < 0.0001, RUcRGD:T9cRGD p = 0.2294, scale bar, 5 µm 



 
 

172 

A.3.19 ESI MS spectra, HPLC traces, and 1H NMR spectra of the synthesized materials. 
 

 

 

 

Figure A31. Characterization of Chapter 4 product 1 a: ESI MS spectra b. 1H NMR spectra of 
product 1. 1H NMR spectra were acquired in CDCl3 using NMR spectrometer (400 MHz, Varian).   

Figure A32. Characterization of Chapter 4 product 2 a: ESI MS spectra b. HPLC trace of 
product 2 

Figure A33. Characterization of Chapter 4 product 3. a. ESI MS spectra b. HPLC trace of 
product 3 
 



 
 

173 

 
 

 

 

Figure A34. Characterization of Chapter 4 product 4 a: ESI MS spectra  b. HPLC trace of 
product 4 

Figure A35.  Characterization of Chapter 4 product 5. a. ESI MS spectra b. 1H NMR spectra 
of product 5. 1H NMR spectra were acquired in CDCl3 using NMR spectrometer (400 MHz, 
Varian).  
 

Figure A36. Characterization of Chapter 4 product 6. a. ESI MS spectra b. HPLC trace of 
product 6 
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Figure A37. Characterization of Chapter 4 product 7 a. ESI MS spectra b. HPLC trace of 
product 7 
 
 
 
H 
 
 

Figure A38. Characterization of Chapter 4 product 8. a. ESI MS spectra b. HPLC trace of 
product 8 

Figure A39. Characterization of Chapter 4 product 9. a. ESI MS spectra b. HPLC trace of 
product 9 
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Figure A40. Characterization of Chapter 4 product 10. a. ESI MS spectra b. HPLC trace of 
product 10 

Figure A41. Characterization of Chapter 4 product 11. a. ESI MS spectra b. HPLC trace of 
product 11 

Figure A42. Characterization of Chapter 4 product 12. a. ESI MS spectra b. HPLC trace of 
product 12 
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Figure A43. HPLC trace of product 13 

Figure A44.  Characterization of Chapter 4 product 14. a. ESI MS spectra b. HPLC trace of 
product 14 

Figure A45. Characterization of Chapter 4 product 16. a. ESI MS spectra b. HPLC trace of 
product 16 
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Figure A46. Characterization of irreversible shearing probes used in Chapter 4. a. HPLC 
trace of product 18, b. HPLC trace of product 19, c. HPLC trace of product 20, d. HPLC trace 
of product 21. 
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APPENDEX B: GLOSSARY AND COMMON ABBREVIATIONS 

Actin – A protein that works with myosin to form the contractile filaments of the cell that 

control cell adhesion and migration. 

Adenosine triphosphate (ATP) – A molecule within the cell that, when hydrolyzed, 

provides the energy needed for cellular function. 

Aptamer – Oligonucleotide or peptide molecules that are evolved to bind to a specific target 

molecule. Autofluorescence – Fluorescence emitted naturally by biological substances when 

they have absorbed light, regardless of the wavelength of the incoming light. 

Bleedthrough – Similar to crosstalk. When the emission of the donor leaks into the emission 

channel of the acceptor. 

Bond vector – The distance over which the direction of a particular vector exists within an 

ideal chain. Cerulean - Cerulean is a cyan fluorescent protein published in 2004, derived from 

Aequorea victoria. It has an excitation maximum of 433 and an emission maximum of 475. 

Chromophore – The part of a fluorophore that absorbs light and is therefore responsible for its 

visible color. 

Contour length – The length of a polymer at its maximum extension. 

Cortical tension – Sustained contraction of the cell cytoskeleton that can pull cells into 

spherical shapes. Crosstalk – Crosstalk can occur between two dyes with similar absorbance 

and emission wavelengths, making it difficult to differentiate their signals in fluorescence 

imaging. 

Cytoplasm – Gel-like liquid composed of water, salt, and proteins that fills the cell. The cell’s 

organelles are located in the cytoplasm. 

Desmoplakin – A protein component of desmosomes that maintains structural integrity of 
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cell-cell contacts. Diffraction grating (DG) – An optical component with periodic structure 

that splits and diffracts light into beams that travel in different directions. 

E-cadherin – Proteins used in the formation of adheren junctions that enable cells to 

adhere to each other. Epidermal growth factor receptor – A protein in the cell 

membrane that acts as a receptor for epidermal growth factor. 

Excitation maximum – The wavelength of light that a fluorophore absorbs most efficiently. 

Extracellular matrix (ECM) – A collection of protein, collagen, glycoproteins, and enzymes 

that surrounds cells and provides structural and biochemical support. 

Fluorescence – A form of luminescence in which light is emitted from a substance that has 

absorbed light from an excitation source. 

Fluorescence in situ hybridization (FISH) – A method for visualizing nucleic acids in a 

cell. Fluorescent probes bind to a specific region of a nucleic acid sequence with high 

specificity, allowing researchers to study genes and chromosomes in the cell. 

Fluorescence lifetime imaging (FLIM) – A method of imaging that measures the exponential 

decay of a fluorophore from an excited state. 

Fluorescence polarization (FP) – Light emitted from a fluorophore has unequal intensities 

along the different axes of polarization. This phenomenon can be utilized molecular force 

sensors and fluorescence microscopy to determine the orientation of the force being 

generated by cell receptors. 

Fluorophore – A molecule that can absorb photons from an excitation light and emit photons 

at a lower energy, resulting in measurable fluorescence. 

Focal adhesions – Macromolecular assemblies of proteins in the cell that allow the cell to 

adhere to the surface and connect the cell cytoplasm to the extracellular matrix. Focal 
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adhesions are dynamic and grow and shrink in response to mechanical and biochemical cues. 

Förster resonance energy transfer (FRET) – A non-radiative, distance-dependent physical 

process in which energy is transferred from an excited donor molecule to an acceptor molecule. 

Freely jointed chain model – A subset of the ideal chain model that describes a polymer as a 

collection of rigid segments that are of equal length and connected by freely rotating joints. 

Freely rotating chain model – A subset of the ideal chain model that describes a polymer 

as a collection of rigid segments that are of equal length. Within the chain of linear 

segments, the bond angle between adjacent monomers is fixed due to chemical bonding 

but the torsion angle of each segment can freely rotate 

Green Fluorescent Protein (GFP) - GFP is a green fluorescent protein published in 2005, 

derived from 

Aequorea victoria. It has an excitation maximum of 485 and an emission maximum of 510. 

Hooke’s law – The idea that the force needed to extend or compress a spring by some distance 

scales linearly with repect to the distance. 

Hybridization chain reaction (HCR) – A method of enzyme free DNA amplification. 

Ideal chain model – The simplest model to describe polymers. The ideal chain model assumes 

that like an ideal gas, there are no interactions between the individual monomers that make up 

the polymer. 

Ion channels – Channels in the phospholipid membrane that allow for exchange of ions 

between the cell and the surrounding environment. 

Kuhn segments – A theoretical way to describe the segments of a polymer. A polymer consists 

of n Kuhn segments that are freely jointed with each other. 

Linear unmixing – A mathematical technique used for the decomposition of chemical 



 
 

181 

elements in an unknown by analyzing the spectral makeup relative to a library of standards. 

Mechanotransduction – The ability of a cell to sense and convert external mechanical signals 

into biochemical signals that guide cell fate. 

Micropillar functionalized substrates – A method for measuring the traction forces 

generated on the surface of the cell. Cells are plated on an elastic substrate functionalized 

with flexible micropillars. When a cell exerts tension, the micropillars are deflected and 

forces can be deduced from their displacement. 

Monte Carlo simulations – A broad class of computational algorithms that rely on repeated 

random sampling to obtain numerical result. 

Myosin – A motor protein that works with actin to form the contractile filaments of the cell that 

control cell adhesion and migration. 

Nucleic acids – The “information carriers” of the cell. Nucleic acids are biopolymers 

composed of nucleotides, monomers consisting of a 5-carbon sugar, a phosphate group, and 

a nitrogenous base, that direct protein synthesis. 

Organelles – The specialized structures inside of the cell. Each organelle (such as the 

mitochondria, Golgi body, or nucleus) has a specific function much like an organ has a 

specific function in the body. 

Osmotic stress – Sudden changes in solute concentration around the cell that affects the 

transport of water through the cell membrane. 

Peptide nucleic acids (PNA) – A synthetic nucleic acid analogue with an amide backbone. 

PNA retains the ability to Franklin-Watson-Crick base pair, but is resistant to degradation by 

all known enzymes and has increased binding affinity and thermal stability compared to 

natural nucleic acids. 
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Persistence length – The length over which a polymer stays straight when subject to 

fluctuations in temperature. 

Phospholipid membrane – A membrane that forms a continuous barrier around the cell and 

consists of two layers of lipid molecules containing ion channels, proteins, cholesterol, and 

receptor molecules for cell adhesion. 

Photobleaching – The photochemical destruction of a dye such that it is no longer able to 

fluoresce. 

Piconewton – An SI unit of force equal to 10-12 newtons. 

Podosomes – Actin-rich structures on the outside of the cell membrane that serve as sites of 

attachment and degradation during cell migration. 

Polarization modulator (162) – An optical component used to change the polarization of the 

light used to illuminate the sample. 

Polymers – Natural and synthetic substances that are composed of similar subunits bound 

together. 

Protein secondary and tertiary structures – The higher ordered structures that form as a 

sequence of amino acids fold. Secondary structures such as α-helices and β-pleated sheets 

involve local interactions on the peptide. Tertiary structures are the 3-dimensional folded 

structures that result from interactions of the R groups on the peptide. 

Quencher – A molecule that can absorb the energy emitted by a fluorophore, 

reducing the amount of observable fluorescent signal. 

Receptor molecules – Molecules on the surface of the cell responsible for communicating 

extracellular cues into intercellular biochemical responses. 

Refractive index –In optics, the refractive index of a material is a dimensionless value that 
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describes how well light travels through the material. 

Sliding filament theory – The mechanism that allows cells to contract. Myosin binds to actin 

and then alters its configuration, causing the actin to slide across the myosin filament. 

Streptavidin – A 66 kDa protein that binds to biotin with high affinity. The biotin-

streptavidin interaction is one of the strongest non-covalent bonds known in nature. 

Super-resolution microscopy – A class of imaging techniques with improved resolution 

compared to conventional fluorescence microscopy. 

Supported lipid bilayer (SLB) – Lipid bilayers are immobilized to solid substrates and used as 

a platform to mimic the cell membrane. 

Traction force microscopy (TFM) – A method for measuring the traction forces generated 

on the surface of a cell. Cells are plated on a gel containing fluorescent beads and traction 

forces are quantified by measuring displacement of the beads. 

Tetramethylrhodamine (TRITC) – A fluorescent channel in epifluorescence imaging with a 

wavelength range of 532 – 613 nm.  

Venus - Venus is a yellow fluorescent protein published in 2002, derived from Aequorea 

victoria. It has an excitation maximum of 515 and an emission maximum of 528. 

Vinculin – A cytoplasmic, actin-binding protein involved in focal adhesion formation. 

Vinculin aids in transmitting and regulating mechanical force between the cytoskeleton and 

adhesion receptors. 

Worm-like chain (WLC) model – A model used to describe a polymer as a flexible rod. 

Therefore, the WLC describes a polymer that is stiff over short distances and flexible over longer 

distances. 
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