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Abstract

Molecular sensors are powerful because they make it possible to adapt the measure-
ment to the sample instead of a sample to an instrument. Many reporter are available
for measuring the chemical properties of a sample, but no purpose-built molecular
sensors exist to report a sample's mechanical properties. To address recent interest in
the mechanical coordinate of molecular interactions, we developed a prototype molec-
ular sensor, calibrated its force-fluorescence relationship, and adapted the sensor to a
cell adhesion assay. This thesis focuses on the considerations for combining force mea-
surement with the environmental and distance sensitivity offered by fluorescence to
measure cell-surface adhesion. We showed that DNA can be used as a scaffold to build
a sensor molecule, that fluorescence can be used as a reporter of a threshold force,
and that introducing cells to the sensor molecules changes the fluorescence properties.
Because Cy3 experiences an enhanced intensity sensitivity when conjugated to DNA,
the reporter's FRET signal was occluded and we instead activated the sensor complex
as a novel, all-fluorescent means of reporting cell-surface proximity. This method for
reporting cell-surface separation is significant because it simplifies measurements in
thicker and more complex materials interesting to cell-substrate interaction studies.
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Chapter 1

Introduction to optical methods

for force measurement

Biological reporters have significantly improved the throughput, and more impor-

tantly access, to many physical and chemical characteristics of a system. Such molec-

ular sensors have allowed us to visualize otherwise undetectable changes such as ion

concentration, spatial distribution, polarity, hydrophobicity, and charge, among oth-

ers. In the last 15 years, mechanical measurements brought a better understanding

of their significance in biological questions. These new measurements motivated the

development of metrics for characterizing a system mechanically. However, currently,

relatively specialized instruments are required to address the mechanical properties of

a system. One solution is to develop molecular reporters for these mechanical changes.

In addition to improving throughput and access to a system's mechanical character-

istics, such molecules would provide another dimension of information to supplement

the physical and chemical processes we can already capture with available molecular

reporters. Thus, in order to characterize the mechanical coordinate of a chemical

reaction, we need to make sensors for force that integrate with conventional imaging

methods.

The objective of this work is to develop force sensors that can be integrated with

conventional microscopy techniques. By creating such sensors it is possible to image

the distribution of force within a sample without the need for specialized force mea-



suring equipment. It is also possible to access force information in more complicated

samples that are experimentally difficult to adapt to the requirements imposed by the

instruments typically used to measure force, such as with three dimensional samples,

for instance.

This work describes a prototype force sensor based on a DNA hairpin structure. To

couple the sensed mechanical changes with microscopy, the molecule reports changes

via fluorescence. The relevant scales for such a reporter are nanometer distances,

and picoNewton forces. These scales are compatible with molecular interactions. A

population of molecules can thus report a bulk molecular process; a population of re-

porters amplifies the molecular response to a level of signal detectable to conventional

contrast schemes. The sensing exploits secondary structure of base pairing between

complementary strands of DNA. The molecule can adopt two conformations, one with

and one without secondary structure. The measurement is thus discrete, a force is re-

ported if its magnitude is above a particular threshold. The reporter can therefore be

used to measure a specific threshold force as determined by the thermodynamic sta-

bility of higher order molecular structures. More specifically, the sensor can measure

the spatial distribution or population levels of the presence of a force of a set magni-

tude. This molecule cannot however yield a continuous force measurement based on

the strength of energy transfer.

To confirm the ability of our molecular sensor to report force, we applied it in a

cell adhesion assay. An advantage to this application is that the forces involved in

adhesion are well studied and offer a platform for comparison. Furthermore, molecular

sensors would allow mechanical measurements on cells to extend easily into three

dimensions, an area that has been experimentally difficult to pursue because of either

computational complexity associated with extracting quantitative information or the

specificity of the method to two dimensions.



1.1 Fluorescence Sensitivity

Fluorescence microscopy is our choice for detection and imaging; fluorescent molecules

provide a high contrast and high resolution method for collecting both spatial and

temporal information within the cell. Several types of fluorescent molecules are read-

ily available and have been adapted to many applications. Organic dyes have been

modified and tuned for specific color, reactivity, and affinity for different solvents

and environments. Fluorescent proteins make up another class of fluorescent reporter

and can be modified with mutations that tune color and maturation rate. Inorganic

molecules, such as quantum dots, have benefitted from optimized coating thickness,

color and functionality variability. The range of photostabilities, colors, and conjuga-

tion properties has made fluorescent reporters a powerful means of addressing many

biochemical reporting needs.

An additional advantage is that numerous fluorescent molecular reporters have

been developed for biochemical sensing. For instance, sensing of metal ion concen-

trations [62], pH [11], chemical modifications [79], polarity [19], and hydrophobicity

[68], among others. This versatility comes from the fact that the emission of a fluo-

rophore can be recorded in several ways. Among them are emission peak wavelength

(color), emission intensity, and energy transfer (a time resolved measurement) to an

appropriate acceptor of the energy (as in a Firster resonance energy transfer (FRET)

pair). In the energy transfer measurements, high FRET efficiencies correspond to a

separation smaller than the F6rster radius (5.3nm for Cy3 and Cy5) and decrease

with distance as !. This dependence allows FRET-based sensors to report separa-

tion distances below the resolution of light microscopy. Examples of FRET reporters

include indicators of phosphorylation state and Ca 2+ concentrations [79, 62]. We take

advantage of the reporting properties of fluorescence to create mechanical sensors that

are minimally invasive and provide a direct measure of force.



1.1.1 Environment

Many fluorescent dyes experience a change in the orientation of dipole moment upon

electronic excitation and their emission intensity, quantum yield, and lifetime are thus

sensitive to microenvironement imposed factors such as polarity, pH, and viscosity.

Other environmentally dependent pathways of relaxation that lead to lower fluores-

cence intensities (or non-radiative relaxation) include solvent mediated relaxation and

intramolecular charge transfer (or twisted intramolecular charge transfer). The latter

is made possible by a twist or rotation in the molecule's conformation in the excited

state. The charge separation is associated with an increase in dipole moment, thus

(twisted) intramolecular charge transfer is favored in polar environments, leading to

lowered fluorescence intensities.

Luminescence, the light emission from a molecule, can be divided into two pro-

cesses, phosphorescence and fluorescence. Phosporescence is a slow (milliseconds),

weak emission process that results from non-spin-allowed (triplet) states. Alterna-

tively, fluorescence, is a much brighter and faster (nanoseconds) process that results

from spin allowed (singlet) states'. A fluorescent dye, often with an aromatic struc-

ture, requires an external energy source to promote an electron to an excited electronic

state. Vibrational states are thermally accessible to the electron, and internal con-

version (picoseconds) brings the electron to the lowest vibrational level within the

electronic excited state. As a result, all electrons relax from the same vibrational

level. Loss of energy, be it to internal conversion or solvent effects, leads to lower

energy emission, resulting in the Stoke's shift. Consequently, the Stoke's shift is

sensitive to environmental factors that contribute to energy losses on this scale.

Fluorescence spectra can also report environmental changes. Absorption is a fem-

tosecond process and thus insensitive to collisions with quencher molecules, which in

solution, occur on a much slower scale. The absorption is thus a measure of only

1The spin allowance refers to the ground state electron having the opposite spin than the excited
state electron. Triplet states are accessed when spin conversion accompanies internal conversion
(intersystem crossing). Transitions from triplet states to ground singlet states are spin-forbidden.
As a result, molecules in triplet states become inaccessible to excitation-emission cycles.This is the
suspected pathway for Oxygen-mediated collisional quenching.



the solvent shell immediately in contact with the dye molecule. The electronic cou-

pling in the longer-lived static quenching complexes affect the fluorescent molecule's

absorption spectrum. On the longer time scales associated with fluorescent dye emis-

sion (10-400ns), diffusion-limited (ns) collisions with quencher molecule can change

the intensity of the emission spectrum. Furthermore, most fluorophores have larger

dipoles in the excited state than the ground state and thus influence the dipoles of

surrounding molecules more strongly. When solvent molecules reorient (10-100 pi-

coseconds) during the excited state of the fluorophore (nanoseconds), the electron

returns to an initially slightly different ground state. The extent of difference in

energy is reflected in the Stoke's shift.

Another fluorescence property, sensitive to environmental conditions, is quantum

yield. Quantum yield is the ratio of the number of photons absorbed by a fluorescent

molecule to the number emitted. Quantum yield decreases when non-radiative relax-

ation processes compete with fluorescence emission in the excited state. Quantum

yield is related to the fluorescence lifetime, the time a fluorophore spends in the ex-

cited state. When non-radiative relaxation competes with emission, the fluorescence

lifetime decreases. Both of these properties are sensitive to environmental conditions,

which may introduce competing non-radiative decay pathways.

1.1.2 Distance

A more general environmentally-sensitive phenomenon, fluorescence quenching, is a

measure of fluorescence decrease relative to a reference. Sources of quenching in-

clude reactions in the excited state, ground state complex formation, energy transfer,

molecular rearrangements, and collisional quenching. Fluorescence quenching only

records the emission intensity ratio and thus can only report on relative intensity dif-

ferences between two sets of conditions. Quenching is a good environmental indicator

because it requires molecular contact (2Aseparations) and is thus sensitive to very

short range interactions. Some molecular interactions lead to enhanced fluorescence,

and are reported as positive quenching values.

Quenching commonly occurs in two forms. In one case, a fluorescent molecule



interacts with a quenching species in the ground state and, this interaction inter-

feres with the excitation. This process is called static quenching and results from

electronic coupling to molecules that yield non-fluorescent complexes. The second

type of quenching results from non-radiative processes competing with fluorescence

emission from the excited state. This type of quenching is dynamic quenching, and

results from short-lived molecular contacts largely guided by diffusion processes that

occur on timescales comparable to the fluorescence lifetime.

An example of an environmentally specific quenching process is the quenching due

to unfavorable partitioning of fluorescent dye. As previously mentioned, quenching

requires molecular contact. Consequently, factors affecting the probability and rate

of molecular contact affect quenching. Such processes include steric shielding and

charge interactions. The steric properties of the environment can structurally shield

dyes from access by quenchers. It has previously been observed that fluorophores on

surfaces of proteins, experience less quenching than those that are free in solution.

This type of shielding likely extends to the surface of a covers lip. The polarity of the

immediate environment must be considered. Another good example of steric shielding

is the intercalation and partial intercalation of dyes into DNA. Here, the DNA shields

intercalated dyes from collisional quenching to the extent that the dye is intercalated

into the DNA[45].

Quenching can occur by several mechanisms. These mechanisms include: charge

transfer complexes, electron transfer to scavengers, and singlet to triplet transitions,

Forster-based quenching, contact-quenching, self processes such as intercharge twist,

and collisional. For some of these processes the set of quenchers is broad (elec-

tron transfer: amines, acrylamides, metals, protons; intersystem crossing: oxygen,

halogens, heavy atoms). For others, the quencher properties uniquely identify a few

molecules (Forster-based quenching: an acceptor dye with spectral excitation overlap)

[45].

Fluorescence resonant energy transfer (FRET) occurs when the emission spectrum

of a donor overlaps with the absorption spectrum of an acceptor molecule, which may

or may not be fluorescent. When the spectral overlap requirement is satisfied, the



donor and acceptor molecules couple to one another by a dipole-dipole interaction.

The extent of FRET depends on three things: the amount of spectral overlap, the

distance between the donor and acceptor species, and the relative orientation of the

donor and acceptor transition dipoles. The spectral relationship is defined by the set

of dyes, and the orientation of transition dipoles is set by the structural relationship

between the two dyes and is often taken as an average value calculated for freely

rotating dyes. The distance sensitivity, yields a "spectroscopic ruler" with about

10nm sensitivity, depending on the choice of dyes. The following equation relates the

distance to the extent of energy transfer:

1
EnergyTransfer = - r (1.1)

The 50% energy transfer distance is the F6rster radius (typically 2-6nm). In images,

FRET is usually reported as a ratio relative to a reference per pixel. This ratio can

be of the donor in the presence and absence. Alternatively, with separately controlled

excitation and emission filters, FRET can be reported as a ratio of intensities collected

at the acceptor emission wavelength for excitation at donor vs acceptor wavelengths.

Fluorescence can be registered on several detector types. A sensitive detection

method used for many of the techniques described above is the use of photomultiplier

tube (PMT). PMT's generate current proportional to the light intensity (the number

of photons) the PMT receives. These photons are translated into electrons and the

charge into a quantifiable value. An alternative detection source is the charge coupled

device (CCD). Microscopes equipped with CCD cameras can access spatial resolution

with decent sensitivity.

The sensitivity of any of the fluorescent properties described above can be acti-

vated to report molecular processes. The choice of property depends on the time scale

of the molecular process and the means of detection. In the experiments described

in the following chapters, the requirement for spatial resolution rendered fluores-

cence microscopy ideal. With this detection scheme, we have some spectral control

over excitation and emission and can return a two dimensional intensity array as a



quantitative map of molecular interaction, relative to a well defined reference. While

intensity is the only available information given a set of excitation and emission wave-

lengths, it contains sensitivity contributions from all the processes outlined above. As

an example, with clever experimental design, the intensity can be very sensitive to

environmental changes that yield spectral shifts.

1.2 Force measurement

To investigate the mechanical coordinate of chemical reactions we are developing

mechanical reporters that take advantage of thermodynamic properties of molecules

and report by the same means. The forces a mechanical reporter can sense are in

return directly correlated to the forces necessary to disrupt a thermodynamically

stable interaction. To establish a system of scale, it is important to note that the

interactions of interest occur on nanometer length scales, the corresponding relevant

forces are on the order of picoNewtons, and the mechanical loads at these length

scales are typically pN/nm magnitudes. The Gibbs free energy corresponding to the

thermodynamic stability of interactions disrupted by these forces and the melting

temperature vary. Within a living cell, kBT is about 4pN/nm. The theory relating

mechanical and thermodynamic principles of molecules follows.

In Newtonian mechanics, all forces can be modeled by some linear combination

of mass, spring, and dashpot components and force is described by the familiar re-

lationship F=ma. Table 1.12 summarizes some common sources of external forces.

For molecular scale interactions, the forces with significant effects on molecules are

elastic, viscous, thermal, and electrostatic. We propose mechanical sensor molecules

to span the same range and start by reporting picoNewton force magnitudes. To

target these magnitudes and tune sensing within this range, our sensors are based on

thermodynamically stabilized interactions; each reporter adopts its conformation as

a result of a favorable thermodynamic interaction (ie. hydrogen-bonding, hydropho-

bicity, charge) the more stable interactions require more work (force) to disrupt and

2 Table adapted from reference[35]



Table 1.1: Examples of Forces Acting on Molecules
Type of Force Magnitude (pN)
Collisional 10-12 _ 10- 9

Gravity 10- 9

Magnetic 10-6

Centrifugal 10- 3

Elastic 1 - 100
Viscous 1- 1000
Electrostatic and Van der Waals 1 - 1000
Thermal 100 - 1000
Covalent 10,000

change the conformation. We generalize these forces as the work necessary to yield

a predetermined mechanical separation (that we report with FRET) to explain the

effect force has on the energy landscape of molecular events. The following section

describes the equations relating force and energy stability as they are outlined in [15].

1.2.1 Energetics of force

To describe the effects of the above-mentioned forces within the realm of traditional

chemical experiments, we can incorporate an extra work term into the first law of

thermodynamics.

dE = dqrev + dwrev (1.2)

TdS-PdV + F.dx (1.3)

Here, F is an applied force and dx is a small distance in a chosen direction. Since

work is not a state function, it is important that experiments maintain equilibrium.

Equilibrium conditions will be assumed in the subsequent discussion.

The mechanics of single molecules can be related to bulk thermodynamic exper-

iments through the ergodic hypothesis. While bulk experiments average over large

populations of molecules sampling a variety of conformations, single molecule exper-

iments average over time the conformations a single molecule can sample. Given a

long enough length of time, under the same conditions, a single molecule will sample



the same probability distribution of conformations as an ensemble of molecules at one

instant of time.

A Legendre transform yields the corresponding Gibbs free energy relationship,

which depends on parameters more easily controlled in standard laboratory settings.

dG = -SdT + VdP + Fdx (1.4)

Because temperature and pressure are easy to control, experiments can be done at

constant temperature and pressures. As a result, the Gibbs free energy of a me-

chanically induced transition can be measured by integrating under the reversible

force-extension curve.

G = Fdx (1.5)

Similarly, enthalpy and entropy can be expressed in terms of force, by applying the

relationship: G=H-TS. For these thermodynamic equations to apply, it is important

that the described stretching events are reversible and that the relaxation curve re-

produces the extension curve. When a molecule is stretched both the applied force

and the distance change are positive. As a result, the work required to stretch the

molecule is positive and so is the Gibbs free energy.

When an applied force causes a transition to occur, such that one stable species

is converted into another. The effect of this force on the free energy of the reaction

can be described by adding a force term to the zero-force free energy.

[B]
AG(F) = AGO - F(XB - XA) + kBTln [B] (1.6)

[A]

Here, [A] and [B] are single molecule properties and refer to the probabilities of

populating a particular state, rather than the concentrations of each species. GO is

the standard state free energy. At equilibrium,

AGO - FAx = -kBTln Keq (1.7)



Where Kq would be 1 at the critical force necessary to induce the transition. The

transition from state A to state B is accompanied by a spontaneous change in length

between the two points upon which the force is applied. The spontaneous increase

in length corresponds to an increase in free energy. For a 100% efficient or reversible

process, relaxation is accompanied by a spontaneous decrease in length and thus a

decrease in the free energy.

Experimentally, as a molecule of DNA is stretched along its length or is unzipped

along its base pairs, The force necessary to increase the Ax separation increases as

Ax increases, because as the molecule is stretched fewer conformational states are

available for it to sample and the entropy is decreased. When DNA is stretched

along its length, it is elastic and the elastic energy is restored upon relaxation. The

reversible nature of this stretching allows us to determine the Gibbs free energy by

integration.

A useful interpolation equation for force-extension curves obtained from force

experiments is the worm-like chain (WLC) for polymer elasticity. In the context of

biological polymers, the model was initially described for DNA[58] but has since been

successful for both polynucleotides and polypeptides.

kBT 1 x 1
F = + (1.8)

P 4(1 - L)2 L 4

Where L is the contour length, x is the distance between two points upon which

the force is applied, F is the force, and P is the persistence length. The persistence

length is higher for more rigid structures (a completely rigid rod has P equal to L).

DNA has a persistence length of about 50nm. It is important to note that the WLC

mainly captures the entropic contributions from reduced conformational freedom a

stretched molecule experiences. However, as a molecule is stretched to Ax values

approaching L, enthalpic contribution becomes significant and the WLC model fails.

An extension of this model is necessary for more extreme stretching conditions, where

enthalpic terms have considerable contributions. Extension experiments with the

PEVK region of titin showed that at physiological muscle conditions, both entropic



Table 1.2: Mechanical Properties of Selected Molecules
Molecule AG F, (pN) AXI (nm) Structure at breakpoint
dsDNA 1.5-34  9-20 - DNA base pairs
P5ab hairpin 37.5±4.8 14.5±0.4 11.9 RNA base pairs
Titin 127 din. 7.6 -100 0.59 parallel O-sheet shear
Titin 128 dm. 3.0 257±27 0.25 parallel /3-sheet shear
Fibronectin5  - 74±20 0.38 antiparallel /-sheet shear
Spectrin 4.8±0.5 25-356 1.7±0.5 a-helix bundle
Ubiquitin 6.7 203±357 0.25 /-sheet shear

and enthalpic terms are relevant[53].

Table 1.2.13 compares the measured unfolding forces (Fu) with the correspond-

ing mechanically induced separation Ax, the Gibbs free energy, and the structures

that 'break' for each of the studies. The table summary suggests that it is not triv-

ial to predict mechanical stability from Gibbs free energy or melting temperatures.

Within a set of similarly stabilized structures, relationships are linear. Nucleic acid

duplexes, for instance, increase in strength with increase in GC content and duplex

length as predicted thermodynamically. Nucleic acids with tertiary structures (RNA)

require a more complex analysis, but can also be described within thermodynamically

predictable trends. Comparing different thermodynamically stabilized structures, no

clear relationship is observed between the mechanical and thermodynamic stabilities.

Global generalization to entire proteins is even more challenging because tertiary and

quaternary relationships make it difficult to isolate individual structures of interest

while understanding them within their local environment.

While neither Gibbs free energy nor temperature seem to effectively predict the

mechanical stability from one structure to another, it is possible to predict the me-

chanical stability from three parameters: the distance of the transition state along

a reaction coordinate, the height of the energy barrier of the transition state, and

the loading rate[51, 15]. The following equation, derived from the multiple state

treatment of force to induced thermodynamic and kinetic energy landscapes (Equa-

tion 1.9), provides a measure of mechanical stability given all the variables can be

3 Table adapted from [15]



determined.
kBT (r AXtransitio(1.9)

S= AXtransition kunfolding ) kBT)

Here, the loading rate is r = dF/dt in pN/sec, F* is the most probable unfolding

force (found from the peak of a statistical distribution of forces). In general, an ear-

lier transition state along the reaction coordinate, corresponds to a higher critical

force necessary to yield the transition; transition states farther along the reaction co-

ordinate (larger AXt) require less force induce the transition. As an example, shorter

range interaction such as hydrogen bonds that maintain secondary structure have

closer transition states and require more force to break than longer range interactions

such as hydrophobicity that maintain tertiary structures and have longer distances

to their transition states.

Unfortunately, to predict the most probable unfolding force for an novel struc-

ture, information is necessary about the loading rate within its physiological context,

the rate at which the structure unfolds, and the separation necessary to unfold the

structure - all variables usually determined through precise experimental conditions.

Some recent work in nucleotide studies has addressed this issue[89]. We are interested

in isolating some of these thermodynamically stabilized structures and incorporating

them into our reporter molecules to in turn sense forces of various strengths.

1.2.2 Methods for measurement

Current technology for measuring forces is usually based on measuring deflection

of a beam of light such as with atomic force microscopy (AFM) and microneedle

manipulation or applying an external field to a sample such as with optical and

magnetic tweezers and laminar flow. Other methods rely on tracking beads embedded

in a gel of determined compliance to mathematically calculate a force measurement

such as with traction force microscopy. The technology available today spans several

magnitudes of sensitivity to force (10- 14 - 10- 9 N) and thus can be used to make

mechanical measurements on both the molecular and cellular scales[16] (Table 1.3').

sAdapted from reference[16]



Table 1.3: Comparison of instruments for force measurements
Methods Fminmax (N) Xmin (m) Stiffness (N m-l) Practical advantages
Mechanical transducers 9

Cantilevers 10-11 - 10-7 10-10 0.001 - 100 High spatial resolution
Commercially available

Microneedles 10-12 - 10- 10 10- 9  10-6 - 1 Good operator control
Soft spring constant

External field manipulators1 o
Flow field 10- 1 3 -10-9 10- s  n.a. Rapid buffer exchange

Simplicity of design
Magnetic field 10-14 - 10- 11 108 n.a. Specificity to magnets

Ability to induce torque
Photon field 10- 1 3 - 10- 1 0  10- 9  10- 10 - 10- 3 Specific manipulation

High force resolution

Unfortunately, much of this type of commercially available technology is expensive,

highly specialized, indirect, and often invasive when applied to sensitive biological

samples. We seek to develop molecular sensors to measure forces with standard

microscopy techniques (via optical readout). However, to develop such molecules,

we still rely on the methods above for calibration. We are particularly interested in

sensing molecular forces, and can easily access this range (about 10-150pN) with an

optical trap. Furthermore, to develop reporters with optical readout, it is especially

appropriate to use an optical trap setup with the ability to measure combined and

coincident fluorescence and force. Still, the single molecule measurement serves as an

exact calibration. In order to collect information from a population of molecule, we

also measured molecular response in bulk but in an isolated system before proceeding

to make measurements on biological systems with variable sources of noise.

The optical trap

An optical trap delivers pN forces with nm displacement precision. This fine con-

trol is made possible by tightly focusing a laser through a high numerical aperture

objective. Incident photons transfer momentum to a nearby dielectric particle. This

momentum transfer can be decomposed into two components: scattering and gradi-

ent force. Scattering force acts in the photon-incident direction. Incident photons are



scattered in all directions and their net contribution to force is mostly canceled. Some

photons are absorbed and impart force in the direction of their propagation; this is

the direction of the scattering force. Gradient force pushes particle according to the

spatial light gradient. A dipole in an inhomogeneous field is forced in the direction

of the gradient. The dipoles induced by the laser into the dielectric particle interact

with the inhomogeneous intensity gradient to impart gradient force upon the particle.

For the gradient force to be strong enough to balance the scattering force, the the

intensity gradient has to be steep. This is possible by focusing a laser through a high

NA objective to a diffraction limited spot. This discussion is adapted from [64].

There are two regimes of scattering that depend on size of trapped particle: Mie

scattering and Rayleigh scattering. Mie scattering applies to particles much larger

than the incident wavelength and the index of refraction of the dielectric bead, in

turn determines the angle of refraction of the laser light and thus the net direction of

the imparted force. Higher indices of refraction bend light towards center. Rayleigh

scattering applies to particles much smaller than the laser wavelength by treating

them as point dipoles. In practice, the particle tends to be comparable to laser

wavelength. To explain this regime, theoretical models have provided more complete

theories.

The force attainable by an optical trap depends on maximum trap stiffness and

is controlled by the laser power. The maximum force at the specimen plane achieved

with micron-scale beads is about 1pN/10OmW. Laser power typically ranges mW to

about a Watt (measured in the specimen plane) and depends on a the optical con-

figuration of the system. An important consideration is that to make measurements

on biological samples, laser wavelength must be considered. Biological samples are

'transparent' to wavelengths 750-1200nm (Nd:YAG). This fact plus the multi func-

tioning with fluorescence lead to the longer wavelength criteria for trapping lasers. For

non-biological samples, the wavelength is a less significant criterion for trap stability

and power.

An optical trap can be built by modifying an inverted microscope with a high

numerical aperture objective, a stable laser source (with a single mode output), and



beam expanding and guiding optics. Independent of the laser power, the efficiency

of the trap (power vs stiffness) is most sensitive to the choice of objective. The

numerical aperture determines the ability of the objective to tightly focus the incident

laser beam. The focus of the trapping beam has an axial trapping range of about

5-20 ,pm from the surface. The position of the beam is determined by imaging the

trapping beam (or a low power detection laser) on a quadrant photodiode (QPD).

The quadrants of the QPD are summed pairwise and normalized by the total signal

from the four quadrants. A dichroic mirror can be incorporated on the condenser

side to filter out specimen scatter and use the trapping beam to detect position

directly. Axial position can be detected from the total intensity at the back focal

plane of the condenser and takes advantage of the interference of light scattered

off the bead and un-scattered light. A Guoy phase shift (7r) is collected by the

light traveling through the focus of the beam. When light is scattered by a particle

near the focus, the phase of that light, acquired prior to scattering is preserved.

Light that is not scattered will collect the full Guoy phase shift. The interference of

the two phase shifted beams yields an axial-position dependent intensity. Position

control is most precisely achieved by acousto-optic deflectors (AOD). An AOD is a a

transparent crystal inside of which an optical diffraction grating is generated by the

density changes associated with an acoustic traveling wave of ultrasound. AODs can

control trap position (through deflection) and stiffness (through light level). A pair of

AODs provides x and y control. Use of AODs leads to about 40% power loss. Position

control of the specimen relative to the trap is achieved with a piezoelectric stage. The

precision control is high and limited only by the rate of communication with the stage

50Hz. Precise measurement of mechanical processes requires mechanical isolation of

the system, which can be achieved with an air table.

The optical trap is a Hookian spring and thus governed by F = ax. Where a

is the stiffness, and x is the displacement from the equilibrium position of the trap.

The displacement of the molecule from the center of the trap can be determined for a

trap whose position and stiffness have been calibrated. The position of the trap can

be calibrated by scanning a stuck bead across the detection range. In other words, a



bead with known position is translated defined amounts, and the signal on the QPD

is recorded in an xy (nm) position plot.

The stiffness of the trap is most commonly determined in one of three ways:

frequency roll-off, equipartition, and drag. The power spectrum for the thermal

fluctuations of a trapped bead in a harmonic potential fits a Lorentzian and and relates

the roll-off frequency, the drag on the particle, and the the stiffness: fo = a(27P3)- 1

The drag, 0, can be determined form Stoke's law: 13 = 67rrua if the bead is free in

solution and far from the surface. The drag calculation is more involved in the more

frequent case where the bead is close to the surface. Axial stiffness can be determined

from the axial power spectrum, but the drag in the axial direction is more difficult to

to evaluate. The third method of stiffness calculation, equipartition, is independent of

the drag term: kBT = !a < X2 >. With the equipartition method, position variance

of a trapped bead is measured. The displacement variance here is also related to the

position power spectrum of a calibrated detector.

1.3 Fluorescent force reporter

The DNA polymer has been well studied mechanically. DNA's well controlled length

and structure render it a good candidate scaffold for a molecular sensor. The optical

trap setup described above has been adapted to measure force and fluorescence. As

a result, modifications to the polymer scaffold can benefit from the precision of the

delivered forces. The following is a discussion of mechanical properties of a set of

polymers and the requirements for adapting one such polymer as a molecular sensor.

1.3.1 Biological polymers

Mechanical studies of biological polymers (such as proteins, DNA, and RNA) have

characterized chemical and mechanical aspects of folding, processivity, stability, and

the energy landscapes of these processes. Some studies have also hinted at the rela-

tionship between the chemical and mechanical reaction coordinates, naming this field

of study: mechanochemistry. It has even been suggested that mechanical pertur-



bations necessary to molecular investigations are more physiologically relevant than

those of temperature within a live cell. However, the relevance of these investigations

to our sensor molecules is a general appreciation for how different thermodynamically

stable relationships yield to mechanical loads.

Force extension experiments of both double and single stranded DNA molecules

varying in length and sequence have characterized DNA by applying a force along

both its helical axis and perpendicular to it to measure the unzipping forces[30, 70].

Additionally, the forces required to pull the double stranded DNA along its verti-

cal axis and to unzip it are both sequence dependent[70]. The unzipping of high

percentage A-G sequences requires about 9pN ± 3pN and high percentage G-C se-

quences require about 20pN ± 3pN by optical trap measurements[70, 90]. Similar

magnitudes were obtained in AFM experiments[24] and microneedle-based mechan-

ical manipulation studies of sequence-force dependence within 100-500 base regions

of a bacteriophage A DNA[24]. More recent experiments on DNA hairpin molecules

show the G-C content of a stem sequence, the loop length, and the stem length de-

termine the force needed to unzip a hairpin is dependent on a stem length up to 25

nucleotides[90]. Further studies have reported effects of single base mismatches on

the properties of the transition state profile[89]. Mechanical studies of RNA show

similar secondary structure stabilities to those of DNA. However, RNA's ability to

readily form tertiary structures in the presence of Mg 2+ accounts for some more

stable RNA-based structures[54].

Mechanical studies have also given proteins a fair amount of attention, both to

understand their physiological role in the mechanical environments they regulate and

to gain some insight into the properties of protein folding as a whole. Three classes

of proteins subject to mechanical experiments have been proteins that undergo a

transition in state at 3 structure 'breaking point', at an a structure 'breaking point',

and molecules that drive the machinery of the cell (molecular motors). Molecular

motors convert ATP into mechanical energy that drives protein degradation, DNA

and RNA translocation. These proteins include helicases, chaperonins, proteosomes.

Many of these molecular machines have been studied[27, 18, 91, 9]. All of these apply



mechanical work upon their substrate to perform their function.

Mechanical properties of molecules with tandem repeats of structural domains,

of which many are responsible for maintaining the integrity of a process or struc-

ture, have also been studied . The proteins investigated thus far have elucidated the

mechanical stability of alpha and beta-based tertiary structures. Titin (sacromeric

muscle contraction protein) and tenascin (cell adhesion and motility mediating pro-

tein), for instance, have tandem repeats of /-barrel domains that are responsible for

the saw-tooth pattern common to the force-extension curves showing individual un-

folding of each domain [82, 66]. Experimentally, when a mechanical load is applied

to a protein, the protein is pulled apart from the outside (the internal core remains

intact), for example, one /-sheet at a time. Spectrin (a molecule whose flexibility is

important to the integrity of erythrocytes) also has tandem repeats, but their tertiary

structure is based on coiled-coil interactions. Studies with titin and spectrin show that

/-sheet stabilized tertiary structures (fibronectin and immunoglobuliin domains) are

5-10 times stronger than a-helix stabilized tertiary coiled-coil interactions (spectrin

repeats)[57]. It is important to note that, although the individual protein domains

can be repeatedly folded and unfolded[71], after several domains are unfolded, some

percentage of the domains remain denatured and does not reversibly relax[39, 57].

Therefore, unlike with the RNA folding studies, the protein folding problem is more

difficult to solve with mechanical experiments.

1.3.2 Molecular force sensor

The polynucleotides and polypeptides described thus far have thermodynamically

stable structures that comply with the two state (structured and random) thermody-

namics and kinetics outlined above. The two state sensor system provides a discrete

one-bit (per reporter) signal in response to a mechanical stimulus. Current technol-

ogy for reporting traction forces (commonly described by a vector field) either relies

on a complex computation that requires assumptions to deduce a unique solution

(tracking displacements of embedded beads) or limits cell migration to an array of

flexible posts or cantilevers[52]. Molecular force sensors provide a means to report



vector fields of traction forces based on threshold forces exerted by cells. As a cell

migrates along substrate or matrix immobilized sensors, a map of threshold force will

be generated; the presence of a force strong enough to yield the transition between the

presence and absence of thermodynamically stabilizing interactions for a particular

sensor will be mapped.

A single sensor may not provide a wealth of information relative to the current

methods, but several sensors spanning the force range relevant to leading-edge ad-

hesions, cell contraction, and rear-of-the-cell release may be sufficient to capture the

mechanical regimes important to cell locomotion. Our emphasis is on measuring

the traction forces exerted at the focal adhesion complex connecting the intra- and

extra-cellular machinery via the membrane-bound integrins. The traction forces are

primarily a function of actomyosin contraction, which contracts the cell through the

actin cytoskeleton and the focal adhesions. This contraction yields forces that pull

at the leading edge of the cell and release the adhesions at the rear of the cell. The

result is a net force in the direction of migration. Traction forces are reported in the

hundreds of picoNewtons to tens of nanoNewtons range. The forces at a focal adhe-

sion complex of a fibroblast cell have been estimated to be several nanoNewtons[73.

The proposed sensors will be immobilized within the substrate or matrix and will

include a ligand to the integrin (an RGD peptide sequence). Therefore, the sensor

design requires the net sensitivity to be on the hundreds of picoNewtons to several

nanoNewton range. However, the focal adhesion complexes are many-molecule con-

gregations (of integrins and ligands, for example) and a single sensor does not need

to be of nanoNewton sensitivity to map the threshold forces that capture processes

key to cell locomotion.

In fact, since the force necessary to yield a transition between two states is re-

lated to the loading rate, r (Equation 1.9), to determine the suitable range of force

sensors, it is important to consider the 'loading rate' that a motile cell may ap-

ply to a sensor. Cells move on the order of one cell body per hour (30pm/60min).

Focal adhesions range in size up to several micrometers in diameter. The stresses

(force/area) reported for cell motility from bead tracking calculations are 11pN/jpm 2



- 19nN/pm2 . Thus, motile cells apply loading rates of roughly 3pN/sec-16OnN/sec.

The mechanical measurements summarized in Table 1.2.1 were carried out with an

atomic force microscope at stretch rates of 600nm/sec. Given a typical cantilever

stiffness of 10pN/nm, the experiments in Table 1.2.1 range in loading rate 3pN/sec -

6nN/sec. These measured transition forces are often roughly linearly dependent on

pulling speed. In this accord, we propose that sensors for tens of picoNewtons and

hundreds of picoNewtons should address the magnitudes relevant to traction forces.

In the last decade, many experiments and methods have been developed to un-

derstand the forces involved in cell motility. Until recently however, the focus has

been on understanding forces in two dimensions and many of the methods described

are limited to two dimensional analysis of traction forces. Cells in three dimensions

have a different (spindle-like) morphology, and the composition of their focal adhesion

complexes is different than in two dimensions. The molecular force sensors described

in this report will extend well to 3-D studies as well.

Modular design

To address the modular requirement of the design, the sensing, reporting, and func-

tionality parts of the sensor need to be independent. For a DNA hairpin, the parts

are as follows: the stem of the hairpin serves as the force sensing module, the flanking

arms of the hairpin serve as docking areas for the reporter module, and the five and

three prime terminal ends of the arms are activated for functionality. The loop of the

hairpin allows the measurement to be carried out multiple times.

The hairpin step makes up the sensing module. The complementary base pair-

ing within the stem stabilizes the oligunucleotide's secondary structure. Addition of

energy be it thermal, mechanical, or chemical, can, under the right conditions, dis-

rupt the secondary structure. The resulting melted,unzipped, or denatured molecule,

adopts a single stranded configuration. We are interested in the hairpin's application

as a force sensor and will rely on the mechanical unzipping events to transition be-

tween the open and closed hairpin structures. The conformation then determines the

presence/absence of a mechanical load. The thermal and chemical contributions are



controlled to isolate the mechanical unzipping.

The reporting module consists of a pair of fluorophores with spectral overlap such

that the higher energy fluorophore relaxes and gives off energy in the excitation range

of the lower energy fluorophore, making FRET possible. This pair of fluorophores

is confined to the base of the hairpin allowing them to be within their Forster ra-

dius (for Cy3 and Cy5, for instance, this distance is 5.3nm). The fluorophores are

modifications to synthesized oligonucleotides that are complementary to the flanking

arms of the hairpin. One fluorophore is a five prime modification and the other a

three prime modification, when the complementary strands are annealed to form an

entirely duplex structure, the fluorophores are confined and energy transfer becomes

a reported measure of the conformational state of the molecule. The open conforma-

tion adds twelve nanometers to the distance between the fluorophores and the energy

transfer relationship is lost.

The functionality module consists of two parts. It is the most dynamic from ex-

periment to experiment and is located at the five and three prime termini of the

oligonucleotide sequence. The functionality allows the molecule to either be anchored

to a species of interest or to present receptors for species to bind to. There are sev-

eral functionalities that can be added during oligonucleotide synthesis and make the

attachment chemistry possible. The synthesized modifications are, antidigoxigenin,

biotin, and a primary amine. The primary amine functional group allows me to build

the necessary functionalities for each experiment. In general, I will always refer to

the anchoring functionality that has chemistry complementary to a cover slip surface

and a functionality that allows me to grab the molecule at the opposite end.

Experimental Considerations

To make a measurement repeatable and capable of reporting both application and re-

moval of load, we turned to a hairpin design. Advantage is that by controlling the loop

and stem length and sequence, the oligonucleotide forms readily in solution. Discreet

vs Continuous. The advantage of having a continuous readout of an applied force, is

that most often the applied force is continuous and when it is not, no information is



lost by having the ability to capture the application continuously. It is however much

more difficult to quantify when relying on FRET because the fluorescence intensity

relationship here is already so sensitive. The disadvantage of the discreet reporter

is that information may be lost during the application of the load (because it is not

reported). The discrete reporter only gives information about whether or not the

load is applied and not the magnitude of the load.To report the magnitude, multiple

discreet reporters are necessary. However, the signal of a discreet reporter is clear

even in the noise of the system being measured.

There are two main modes of interaction between dyes at length-scales of less than

12nm. One dominates the 0-2nm distance range and is often called contact quench-

ing. Contact quenching is an electronic coupling between molecules that maintains

an attraction between them and keeps them within a preferred radius of one another.

This relationship increases the strength of the interaction between the pair partic-

ipating in contact quenching [59]. At separations of more that 2nm but less than

12nm (depending on pair of dyes), long-range dipole-dipole electronic coupling can

give rise to FRET if the pair of molecules has sufficient spectral overlap.

To ensure our design satisfies the FRET regime, several nucleotides at the base

of stem are left unpaired. Three thymidine residues are included flanking the GC

rich stem to simultaneously discourage further secondary structure and to provide

sufficient separation between the donor and acceptor pair to ensure FRET instead

of contact quenching. FRET can be verified by comparing absorption spectra of

the donor in the absence and presence (within 10nm) of the acceptor. In contact

quenching mode, the absorption spectra differ, while in FRET mode, same overall

shape is retained [32].

An important consideration in designing FRET assays with cyanine dyes is the

quantum yield is considered in determining the F6rster radius. The combination of the

dye's linkage to the DNA and the ways it can interaction with the DNA structure yield

sometimes strong differences in quantum yield and in turn the radius at which 50%

of the energy is transferred[60]. This difference can be as large as several Angstroms

between ss and dsDNA and would lead to inaccuracies if used as a molecular ruler.



In our case, the measurement resolution is binary and the transfer efficiency is not

critical to the result.



Chapter 2

Single molecule sensor calibration

This section discusses the design and assembly of a molecular force sensor. The

molecule is based on a DNA hairpin structure and takes advantage of the DNA's well

characterized, chemical, physical, and mechanical properties. The design is mod-

ular and consists of sensing, reporting, and functional attachment modules. The

attachment functionality allows the molecule to be anchored at its ends. For the two-

dimensional case, the molecule is immobilized on a surface at one end and is capable

of bearing a load at the other end. The mechanical load is transduced through the

hairpin stem. Above a critical force, the duplex melts and yields a single stranded

molecule. This conformational change is captured by a pair of fiuorophores whose

physical separation (from the conformational change) can be detected as a spectral

change captured as the emission wavelength intensity ratio. We calibrated this pro-

totype molecule to determine the critical force, 18pN, and confirm the corresponding

loss of energy transfer in a single molecule experiment. In more complex environ-

ments, this calibrated sensor will be used to report discrete, threshold forces of 18pN.

This section is adapted from [77].

Single-molecule techniques have been responsible for substantial advances in the

field of biophysics. Among these approaches, single-molecule fluorescence resonant

energy transfer (FRET) spectroscopy provides an experimental view of the structural

properties of individual molecules, whereas optical-tweezers force microscopy allows

direct manipulation of the reaction coordinate of a single molecule. However, the



simultaneous application of these techniques is complicated by optical-trap-induced

photobleaching, which substantially reduces fluorophore longevity to unacceptably

short timescales. Herein, we apply a general solution to this problem to calibrate the

force-fluorescence relationship for a novel force sensor based on a DNA hairpin, in

the first successful combination of optical trapping and FRET.

By alternately exposing the sample molecule to the optical-trapping and fluorescence-

excitation lasers, we demonstrate the ability to reversibly manipulate a single molecule

while simultaneously monitoring its structural configuration. This integrated mea-

surement provides high-resolution mechanical control over molecular conformation

with fluorescence-based structural reporting. The application of this technique for

single-molecule exploration will lead to new experiments that employ combined opti-

cal trapping and single-molecule fluorescence for the simultaneous and active manip-

ulation and monitoring of molecular structure in real time.

Single-molecule force microscopy and fluorescence spectroscopy reveal individual

molecular properties that are clouded by the inherent averaging of ensemble methods.

However, the individual approaches of these techniques often fail to uncover the inter-

play between applied mechanical forces and structural changes. A single measurement

of a force-sensing molecule connects these two perspectives by directly manipulating

a molecular reaction coordinate while simultaneously detecting localized structural

effects.

Among the biophysical techniques capable of probing single-molecule properties,

optical-tweezers force microscopy operates at piconewton force levels that are opti-

mal for the detection of nanometer-scale conformational transitions. Likewise, single-

molecule FRET spectroscopy provides complementary information about dynamic

structural properties, including environment, orientation, and proximity, with com-

parable spatial resolution[29]. Previous efforts to combine these two techniques for

a single, coincident measurement have been complicated by accelerated photobleach-

ing rates induced by the high-intensity optical trap. Because of this effect, which

is especially pronounced in common single-molecule FRET donor labels such as the

dyes Cy3 and Alexa 555 [84], previous advances towards combining these techniques



have spatially separated the fluorescent markers from the optical trap [36] or have

employed uniquely robust chromophores [46].

We recently described a broadly applicable solution to this problem by alternately

modulating the fluorescence-excitation and optical-trapping beams, which dramati-

cally reduced this phenomenon without compromising trap integrity [12]. Herein, we

show that such an optical modulation can be adapted to extend the emission times

of FRET-paired labels without otherwise affecting their photophysical properties. To

demonstrate this technique, we describe the first combination of optical-tweezers force

microscopy with the single-molecule FRET detection of a novel force-sensing molecule

into a single, integrated method capable of actively controlling molecular structure

while simultaneously monitoring the conformational state of a single DNA hairpin

molecule.

2.1 Experimental Design

The mechanics of DNA hairpins have been studied at the single-molecule level and,

thus, offer a benchmark for examining optical tweezers and single-molecule FRET

in a combined arrangement. These structures, which are commonly used as a model

secondary structure in nucleotides, are readily adapted for the mechanical exploration

of conformational dynamics, as they undergo a length and sequence-dependent, re-

versible unzipping transition [54, 90]. Alternate constructs have been adapted for

force-sensing applications, as well[30]. The range of force detection available to a

DNA based sensor is thus bound by the sequence and length practical within the ex-

perimental constraints. Typically, AT rich sequences require about 9pN ± 3pN forces

to unzip and G-C rich sequences unzip at 20pN ± 3pN, as determined by optical trap

measurements [71, 90] and AFM experiments [24].

We have employed a DNA-based hairpin structure as a prototype molecular force

sensor at the high range of unzipping force for DNA, about 20pN. As a sensor for

molecular scale forces (101 - 102 picoNewtons) this 20pN range is on the low end,

providing good sensitivity for a prototype molecule. Chemically, DNA provides an



excellent scaffold for building a variety of structures[74, 4], making it ideal for sensor

applications where multiple functionalities are typically necessary. Taking advantage

of these chemical and mechanical properties, we developed a molecule that can be

integrated between two species of interest to sense and report changes in force between

the two species.

We impose several requirements on the hairpin reporter. A molecular sensor

must have the capability to sense force, to report the applied force, and provide

functionality to integrate within the system of interest. A modular design, ensures

that these three capabilities can be varied independently. A further consideration is

reproducibility of the measurement. Ideally, a single sensor can report multiple cycles

of load and release. Lastly, we aim to address molecular scale forces on the order of

picoNewtons. Mechanical measurements of single molecules confirm the range of

forces required to disrupt higher order molecular structures is about 10-150pN. The

design takes advantage of higher order structures to develop the sensing module of the

molecule. In the weaker range, DNA secondary structure, base pairing interactions

provide a convenient and well tested paradigm.

To address the modular requirement, the sensing, reporting, and functionality

parts of the sensor must be independent. For a DNA hairpin, the parts are as follows:

the stem of the hairpin serves as the force sensing module, the flanking arms of the

hairpin serve as docking areas for the reporter module, and the five and three prime

terminal ends of the arms are activated for functionality. The loop of the hairpin

allows the measurement to be carried out multiple times.

The hairpin stem makes up the sensing module. The complementary base pairing

within the stem stabilizes the oligonucleotide's secondary structure. Addition of en-

ergy be it thermal, mechanical, or chemical, can, under the right conditions, disrupt

the secondary structure. The resulting melted, unzipped, or denatured molecule,

adopts a single stranded configuration. We are interested in the hairpin's application

as a force sensor and will rely on the mechanical unzipping events to transition be-

tween the open and closed hairpin structures. The conformation then determines the

presence/absence of a mechanical load. The thermal and chemical contributions are



controlled to isolate the mechanical unzipping.

The reporting module consists of a pair of fluorophores with spectral overlap

such that the higher excitation energy fluorophore relaxes by energy transfer in the

excitation range of the lower energy fluorophore, making FRET possible. This pair

of fluorophores is confined to the base of the hairpin allowing them to be within

their F6rster radius (for Cy3 and Cy5, for instance, this distance is 5.3nm). Several

unpaired bases are incorporated at the mouth of the hairpin to achieve the separation

of 5.3nm. Without the extra bases, the fluorophores anneal to a smaller distance

where short range effects, such as contact quenching, can falsely diminish the signal

and increase the measured force of unzipping. The fluorophores are modifications

to synthesized oligonucleotides that are complementary to the flanking arms of the

hairpin. One fluorophore is a five prime modification and the other a three prime

modification. As a result, when the complementary strands are annealed to form an

entirely duplex structure, the fluorophores are confined and energy transfer becomes a

reported measure of the conformational state of the molecule. The open conformation

adds twelve nanometers to the distance between the fluorophores and the energy

transfer relationship is lost.

The functionality module consists of two parts. It is located at the five and three

prime termini of the oligonucleotide sequence. The functionality allows the molecule

to either be anchored to a grounding point or to present ligands that can be bound.

There are several functionalities that can be added during oligonucleotide synthesis

and make the attachment chemistry possible. The synthesized modifications we use

include, digoxigenin, biotin, and a primary amine. For the calibration experiment,

a digoxigenin was incorporated at the 5' end and a sticky end was formed on the 3'

end allowing sticky end ligation to a 1007base handle and thus attachment to a bead.

The experimental setup is detailed below.



2.2 Experiments

A modification to the optical trap design described in Chapter 1, makes it possible to

measure force and fluorescence simultaneously. By frequency modulating the trapping

laser with the excitation laser to decrease the time of sample exposure to the strong

trapping laser thereby increasing the life of the probe, while not compromising the

stiffness of the trap. Under this implementation, the trap can deliver up to about

100pN loads and a Cy3 fluorophore can be monitored for about 80 seconds before

it bleaches. With this significant improvement to fluorescence integrity, we made

measurements on the DNA hairpin molecule.

The instrumentation was carefully aligned to ensure coincident illumination of

the sample plane by optical-trapping (1064 nm; Coherent, Santa Clara, CA (USA)),

position-detection (975 nm; Corning Lasertron, Bedford, MA (USA)), and fluorescence-

excitation (532 nm; World Star Tech, Toronto, ON (Canada)) lasers. To confirm the

integrity of the two functional attachment points and separate fluorophore labels, the

FRET activity on individual slides was verified through wide-field imaging on an in-

tensified camera, translation of a single chromaphore to a predefined pinhole region,

and acquisition on two separate avalanche photodiodes (Perkin Elmer Optoelectron-

ics, Fremont, CA (USA)). After slide verification, tethered beads were prepositioned

in a 0.204-pN nm-1 optical trap using a custom automated centering routine (Lab-

view, National Instruments Corporation, Austin, TX (USA)), and individual hairpins

were loaded to estimate the conformational transition force. The fluorescence excita-

tion, set to 532 nm and 500 W, was then uncovered, and the individual hairpins were

loaded at 250 nm s-1 back and forth through several unzipping transitions. During

this movement, the bead-position signals were filtered through an in-line anti-aliasing

filter at 200 Hz (Krohn Hite, Brockton, MA (USA)) and then acquired at 20 Hz

(Labview). The donor and acceptor fluorescence signals, which were also sampled

at 20 Hz, were spatially isolated through a 200-m pinhole, spectrally separated by a

628-nm dichroic mirror (Chroma Technologies, Rockingham, VT (USA)), and focused

through 5-cm focal-length lenses onto separate avalanche photodiodes.



2.2.1 Single molecule assay

We intend to measure the force required to induce a conformational change in the

hairpin and register that change with fluorescence. To make this measurement, we

immobilize the hairpin at one end to the cover slip via a digoxigenin-antibody linkage.

At the other end, we attach a polystyrene bead displaced by a lkb duplex tether. The

tether displaces the rather large bead from the molecule and facilitates the distinction

between hairpin-bound beads and non-specifically attached candidates. The bead

itself provides a handle for applying a controlled force at the opposite end of the

molecule, along the coordinate determined by the point of attachment. At the critical

force, the DNA hairpin unzips and a 12nm increase in distance between the FRET

pair, reverses the intensity relationship between the donor and acceptor.

Single molecule experiments are carried out in flow chambers. The chambers

make it possible to use small sample volumes and evenly deliver and wash molecules

to the surface. The flow chamber consists of a chemically etched cover slip and slide

attached by double sided adhesive. The separation provided by the adhesive yields

a flow chamber with a 20-50pl volume. To the chamber, we deliver anti-digoxigenin

antibodies and allow the antibodies to non-specifically adhere to the surface of the

cover slip. The remainder of the cover slip is blocked with casiene. Phosphate buffer,

pH 7.4, with 0.1% Tween (to discourage non-specific interactions) is used in all the

wash steps and flow chambers are incubated in a humidity chamber for all the reaction

steps.

The hairpin molecule is prepared by ligating the DNA hairpin to a 1kb tether and

attaching to a polystyrene bead. The digoxigenin functionality is included during

DNA synthesis, but the attachment to the bead requires an additional step. We

included a sticky end at the 3' end of the sequence to be ligated to a lkb duplex handle.

The handle is generated as a PCR product from a fimbrin construct, purified, and

sticky end ligated to the 3' end of the hairpin. The PCR primers for the 1kb duplex

individually include an abasic site and a biotin, as shown in Table 2.2. The abasic site

produces the sticky end on one end of the duplex and the biotin primer contributes



a biotin moiety to the other side of the duplex. After ligation to the hairpin, a long

tether with a biotin at one terminus, can be attached to a streptavidin polystyrene

bead. The complete molecule can be immobilized on the cover slip surface by an

antibody linkage and attached to a polystyrene bead through a biotin-streptavidin

linkage.

The complete assay consists of the surface-treated flow chamber and the bead with

hairpin molecule (Figure 2-1). The streptavidin beads are thoroughly washed and

then incubated with the hairpin complexes, in solution, prior to introduction to the

flow chamber. The stoichiometry at this step controls the density of surface molecules

and must be titrated to achieve single molecule concentrations. High concentrations

are problematic both for single molecule fluorescence imaging, and ensuring that each

bead is only attached to the surface by one hairpin molecule (although the latter can

be isolated more easily). The bead-associated hairpins are introduced to the flow

chamber in the final incubation step and unbound molecules are removed in a final

wash. The final wash buffer contains glucose oxidase to improve the longevity of the

fluorophores. Wobbling beads tethered to the surface (Figure 2-4) roughly validate

single molecule assay assembly.

Hairpin Hairpin
Open Closed

SHairpin Biotin

Figure 2-1: Single molecule assay design for force-fluorescence measurement.

A digoxigenin-labeled segment of single-stranded DNA with a 44-base self-complementary

I I



Table 2.1: Oligonucleotides for Single Molecule Measurements
Name Sequence 5'to3'
Dig.HP.100 Dig - GAT GAT GGT AGA TGA TGT ATT GTT GTT TCG

CCG CGG GCC GGC GCG CGG TTT TCC GCG CGC CGG CCC
GCG GCG TTT GTG GAG CTG AGA TGA GAT GGT ACT G

Cy3.25 Cy3 - CAA CAA TAC ATC ATC TAC CAT CAT C
30.AF647 GGA TCC AGT ACC ATC TCA TCT CAG CTC CAC - AF647

Table 2.2: Primers for 1KB Tethers
Name Sequence 5'to3'
primer1 Biotin- CAA ATC ATC TGT TTC ATT GAA ACC TGA CAT G
primer2 GAT CC - Abasic - A TGG ATG AGA TGG CTA CCA CTC

AGA TTT CC

internal sequence (Dig.HP.100; Integrated DNA Technologies, Coralville, IA (USA);

detailed in reference [90] and shown in Table 2.1) was annealed at its ends to oligonu-

cleotides labeled with Cy3 (Cy3.25;Integrated DNA Technologies) and Alexa 647

(30.AF647; Integrated DNA Technologies). This complex was then phosphorylated

at its 5 end with polynucleotide kinase (New England Biolabs, Ipswich, MA (USA))

and ligated with T4 ligase (New England Biolabs) to a biotinylated 1007-base-pair

segment of double-stranded DNA (PABX4T-fimbrin; primer 1, primer 2; Integrated

DNA Technologies). Low concentrations of hairpin complexes were incubated with

750-nm avidin-coated polystyrene beads (Bangs Laboratories, Fishers, IN (USA)) and

immobilized on an antidigoxigenin (Roche Applied Science, Indianapolis, IN (USA))-

coated glass coverslip (Corning Life Sciences, Inc., Acton, MA (USA); Figure 1).

Other assay conditions and force-fluorescence instrumentation were as previously de-

scribed [12].

2.2.2 Force-fluorescence measurement

The polystyrene beads are a good indicator of the number of molecules tethered to

the surface, but non-specific surface interaction of DNA molecules not tethered to

the beads cannot be visualized in bright field. We must confirm that we are at single

molecule concentrations to ensure the fluorescence collected through a pinhole is a



Figure 2-2: Single molecules are imaged upon an intensified CCD camera.

product of only one molecule. We ensure this by imaging the cover slip surface on an

intensified CCD camera. A dark background with distinct bright spots determines

the appropriate concentration relative to the starting materials. An example is shown

in Figure 2-2. At the determined dilution, we can move one of the imaged fluorescent

spots to the pinhole and monitor the fluorescence intensity on an avalanche photo-

diode. We can confirm that the fluorescence indeed comes from single molecules by

recording a bleaching event. A single molecule bleaches in one discreet step as shown

in Figure 2-3.

Candidate beads are selected based on the criteria above. Once the bead is trapped

it appears static within the stiffness constraints of the trap, whose waist is raised

from the cover slip surface. In this configuration the force application geometry is

well defined. To apply a force to the hairpin molecule, the stage is translated relative

to the trap. With a known, calibrated, trap stiffness, the recorded displacement of

the stage can be related to a force. As a force is applied, the tether becomes taught.

When the applied force reaches a critical value, the hairpin stem melts, and the overall

molecule gains 12nm of slack. This 12nm gain in length is registered as a hitch in the

mechanical trace as the bead displacement briefly changes relative to the trap. The

reverse trajectory can be applied to close the hairpin. A hairpin that is maintained at
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Figure 2-3: A single bleach event is seen as a step in the intensity plot measured with
an avalanche photodiode. (Courtesy of R. Brau).

the critical force spends half the time in the open state and half the time in the closed

state. Figure 2-5 shows an example of a molecule transitioning repeatedly between

the conformations. The hairpin molecule experiences this critical force at 18pN.

Having confirmed the fluorescence and mechanical properties of the molecule, we

measured them simultaneously. In this measurement we are monitoring the fluores-

cence of two fluorophores in two separate avalanche photodiodes, while using one

excitation wavelength (535nm) to excite the donor Cy3 fluorophore. In the initial,

closed hairpin, state only fluorescence from the acceptor (AF647) is observed. If an

AF647 fluorophore photobleaches, the discrete bleaching step is accompanied by a

step increase in donor (Cy3) fluorescence. The same process can be measured for a

molecule under a load. The 18pN mechanical transition is accompanied by an anti-

correlated step in the fluorescence traces. Figure 2-6 shows multiple cycles of the

hairpin opening and closing in the fluorescence and mechanical traces.
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Figure 2-4: Successful surface attachment is confirmed by observing beads wobbling
on the cover slip surface. Stuck beads do not experience Brownian motion and do
not wobble. Beads not attached to the DNA, diffuse away from the cover slip.

12 I I I I
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Time [seo]
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Figure 2-5: The hairpin yields at 18pN and we observe a hitch in the trace corre-
sponding to an increase in length of 12nm. The hairpin can also be trapped at the
critical force to show that it spends about 50% of the time in the open conformation
and closed conformations.

2.3 Discussion

The structure used in this work, which contains a 20-base-pair hairpin stem, is flanked

by non-complementary sequences annealed to oligonucleotides functionalized with the

__ ___ __ __ _ __
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Figure 2-6: A simultaneous trace of the fluorescence and extension show that our
sensor undergoes a FRET transition when the hairpin changes conformation between
open and closed states.

fluorophores Cy3 and Alexa 647 (Figure 2-1). Complexes exhibiting single-molecule

FRET emission were mechanically loaded with the optical trap, effectively reducing

the energetic barrier to hairpin opening. This unzipping transition, which occurs at

a force of approximately 18 pN, comparable to other similar measurements [90], was

reflected by the displacement of the bead toward the center of the trap.

The conformational transition was accompanied by a simultaneous reduction in

FRET efficiency caused by the increased physical separation of the Cy3 donor and

the Alexa 647 acceptor, which indicated the precise location of the structural change

caused by the translation of the mechanical load between the low-force (ca. 6 pN) and

high-force (ca. 24 pN) states (Figure 2). The DNA complexes were moved through

several transitions in a process corresponding to the reversible opening and closing of

the hairpin segment, which demonstrated both the high degree of mechanical control

and the simultaneous reporting by FRET emission. Furthermore, in the representa-

tive trace, single-step photobleaching of the donor after approximately 65 s verified

the single-molecule measurement. Figure 2-6 summarizes the result.



This combination of optical-tweezers force microscopy and single-molecule FRET

detection represents a significant advance for measuring the effects of structural

changes on molecular function in a single molecule. By mechanically altering the

conformational energy landscape, we actively induced a structural rearrangement

pinpointed by strategically placed fluorescence labels. With minor modifications to

existing assays, this approach can be extended beyond this model system to provide

important new insight into the localized effects of mechanical force in biomolecular

systems. For example, this combined technique can be adapted to monitor the in-

termolecular processes involved in the formation of a mechanically loaded protein

complex [17], the effects of mechanical deformation on single-enzyme catalysis [20],

or the intramolecular movements involved in biological-motor motility [10, 8].

In addition, the presence of quantized single-molecule fluorescence signals can pro-

vide unambiguous verification of the size and location of a mechanical event, a critical

tool for the design of often complex single-molecule assays. The new perspective that

arises from this ability to physically deform single molecules while simultaneously

measuring structural changes will allow the design of novel force-sensing molecules

and will permit a new class of experiments for probing the interrelationship between

molecular structure and biochemical function.



Chapter 3

Force sensor for cell adhesion

The objective of this work is to adapt the hairpin sensor molecule, calibrated in

the previous chapter, to a cell assay and use it to map the distribution of forces

associated with cell adhesion. To adapt the reporter molecule for a cell assay, we

incorporated a cell adhesion peptide at one terminus. Cells specifically adhered to

sensor coated surfaces but did not register a strong change in FRET. We instead

observed a differential decrease in fluorescence contributed by the cells to the donor

and acceptor channels. This differential quenching of donor and acceptor obscures

the calculated FRET ratio.

The calibrated molecular sensor was applied to cell adhesion measurements. Cell

migration is a mechanical process that results from forces generated by a cell adherent

to the surrounding extracellular matrix. Integrin receptors integrate the mechanical

and signaling cues and transmit them to generate a mechanical and biochemical re-

sponse [37]. Initially, the cell establishes small areas of contact with the extracellular

matrix (ECM) by integrin receptors binding to ligands in the matrix. These focal

contacts enlarge into focal adhesions by integrin accumulation and attachment to

the actin cytoskeleton [47]. The adhesions support membrane protrusion by actin

polymerization and translocation of the cell body by contraction of the internal ac-

tomyosin machinery. Together with de-adhesion, these steps combine to produce a

net movement. The mechanics associated with this movement have been measured

for two dimensions. However, three dimensional force measurements currently rely



Table 3.1: Cell Traction Forces
Method Force Measured'
Traction force microscopy 11 pN/pm2 - 19 nN/pm2 (cell migration forces)[63]
Micropatterned substrate nN//tm 2 scale[6]
Elastomer pillar deformation 0.5n N/1pm 2 (center), 1 nN/pin2 (edge) [23]

5-20 nN (whole cell traction forces) [76]
Cantilever deflection 0.2-4 nN/pm2[26]
Silicon wrinkling substrates 10-20 nN (whole cell traction forces)[31]
Centrifugal force stalling 2.59 nN (wt myosin)[25]

0.9 nN (myosin mutants)

on indirect and computationally cumbersome approaches and molecular sensors may

offer a way to simplify the experimental transition into three dimensions.

To understand how cells migrate, we need precise and accurate methods for mea-

suring cell-based forces at the molecular level. The ideal criteria are: molecular

resolution, high dynamic range, high sensitivity, fast time resolution, and computa-

tional simplicity. The current force-measurement technologies are often technically

or computationally challenging. They can be grouped into two categories: measure-

ments of deviations from a pre-calibrated material and direct measurements using an

optical trap or atomic force microscopy. The former methods are passive approaches

that measure force from movements of markers embedded into a flexible substrate

[63], distortions to a patterned substrate [6], bending of elastomer pillars [23, 76],

deflecting a cantilever [26], wrinkling of the substratum [14, 31], or migration against

a centrifugal force [25]. These displacements are calibrated by applying a controlled

magnitude of external force to the two-dimensional substrate. From the strain re-

ported by the markers or surfaces in response to cell motility, the calculated cellular

forces are in the range of nNs/pm2 as summarized in Table 3.1. Unfortunately,

these measurements are technically challenging and often require specialized equip-

ment. The methods offering experimental simplicity, are computationally complex.

More generally, these techniques offer cell-level measurements that are limited in their

spatial resolution to identify the molecular origin of force.

An alternative force-measurement approach is to identify the matrix ligand-cell ad-

hesion receptor interactions at the molecular level. The classic model is the fibronectin



Table 3.2: Integrin Rupture Forces
Method Force Measured 2

AFM 15-109 pN for loading rates 1-305 nN/s[50]
AFM 35 pN average loading rate 59 nN/s (overall 32-97 pN)[42]
Optical trap 13-28 pN at loading rates of 5-100 pN/s[78]

RGD-integrin binding site [67]. The force sufficient to rupture RGD-integrin binding

have been measured by AFM [50, 42]and optical trapping [78] experiments to be 25

pN [50], 32 pN [42], and 13-28 pN [78]. Although these physical methods are low

throughput and sometimes complex, they are direct and informative. The molecular

measurements are summarized in Table 3.2.

FRET imaging is a promising alternative to physical approaches and has been

shown to image the traction force applied by cells to a matrix [43]. In this example,

the authors, covalently integrated fluorescent (donor and acceptor-labeled) adhesion

peptides into a substrate matrix. Cells introduced to the matrices, rearranged the

matrix upon forming new adhesions. Much like the cantilever, pillar, and bead meth-

ods outlined in Table 3.1, here the authors pre-calibrated the mechanical properties

of the substrate. As a result, changes in FRET efficiency were directly associated

with a cell's ability to apply a force. The resulting traction maps showed that re-

ceptors rearranged and clustered as the cell applied compressive forces to the matrix.

Another FRET-based approach for measuring the strength of ligand-receptor inter-

actions labeled ligands in the gel and receptors on the cell surface with acceptor and

donor molecule, respectively[44]. These results demonstrate that FRET-based imag-

ing methods are capable of measuring the cell-level traction forces applied through

focal adhesions and focal contacts.

Because the cellular (Table 3.1) and molecular (Table 3.2) forces are in the pN-

nN range, mechanical measurements of cell migration forces must have dynamic range

across the same force scale. Our design uses the unfolding of stable macromolecular

structure as a means to sense force. Well-studied models of stable structures are the

DNA duplex and the Fn and Ig domains of fibronectin. For a prototype sensor, we

focused on the mechanical properties of DNA, because of the simplicity of its higher



order structure (only secondary) and perhaps more importantly the high integrity

of the re-folding pathway. The mechanical properties of DNA have been studied

in single molecule optical trap experiments, atomic force microscopy, and micro-

needle configurations. Complementary DNA strands unzip when forces are applied

to both strands on the same end of the duplex. Experiments show a sequence and

length dependent 9-20 pN range of force required to pull apart two complementary

strands of DNA. The unzipping forces are larger for duplexes with a GC-bias or higher

complementarity [70, 90, 89, 24]. In addition to simple linear DNA structures, DNA

duplexes can assume a hairpin secondary structure. We have measured an unzipping

force on a DNA hairpin of 18 pN [77]. In contrast to double-stranded DNA, single-

stranded RNA readily forms hairpin and three-helix junctions in the presence of Mg 2+

and the higher order intramolecular interactions account for the additional stability

of RNA-based single-stranded structures [54]. The P5ab hairpin is destabilized by

14.5 pN, while in the presence and absence of Mg 2+ , forces of 11.4 pN and 19 pN,

respectively, are required to destabilize the P5abc three-helix junction.

The direction in which stress is applied to the double stranded DNA results in

different denaturation forces. When force is applied collinearly to strands on the

opposite end of the duplex, at a critical force, the DNA strands shear apart. Typically,

larger forces are required to shear a length of DNA. For 10-20 base duplexes AFM

experiments measure a 20-60 pN shear force [75]. Similarly, a shearing force (37 pN)

versus unzipping force (10 pN) was measured for a 15-base duplex by fluorescence[46].

These studies have established that the stability of double stranded oligonucleotides

is in the same force range as the intermolecular forces of a matrix ligand-integrin

receptor bond.

While a thorough mechanical understanding of nucleic acids is important to the

force sensing capabilities of the molecular reporter, it is also important to have fine

control over the fluorescence reporting capability of the sensor. Single molecule ex-

periments with fluorescent-dye conjugated oligonucleotides have addressed many key

design considerations essential to fluorescence studies. Various designs and configu-

rations of fluorescent oligonucleotides have been addressed in kinetic studies of RNA



catalysis and folding [92], cation dependent RNA folding [41], and branch migration of

a holiday junction [61]. In particular, these single molecule arrangements have shown

that single fluorophore [28], quencher pairs [46], dye FRET pairs [77, 92], quantum

dot FRET pairs [33] and triple FRET configurations [34] can be applied in single

molecule fluorescence studies.

A purpose-built molecular-scale force sensor has not been developed. As described

in the previous section, FRET microscopy has shown the ability to detect cell traction

forces through labeled peptides in the matrix but the force is inferred from the change

in FRET efficiency [43]. However, one group has demonstrated FRET to report

an elastic application of force along the axis of a single stranded DNA [30]. The

authors calibrated a percent FRET efficiency with applied force. When the single

stranded DNA was hybridized to a complementary sequence constrained in a circular

conformation, the reporter strand yielded a FRET change. Another group addressed

DNA-based sensors as a means of improving specificity on protein biochip assays [2].

A DNA molecule is presented on a glass chip surface and is brought into annealing

proximity with a complementary molecule on a PDMS surface. The resulting annealed

structure is a pair of DNA duplexes with a fluorescent dye between them. Imaging

the glass surface allows the authors to determine which duplex configuration ruptures

first (imaging whether the PDMS retains the fluorescent moiety or if the fluorescence

is transferred to the glass chip). The authors calibrated the system and used a DNA-

antibody construct with a fluorescent dye between them attached on the PDMS

surface and various antigens on the glass chip. The two surfaces are brought into

contact to determine interaction specificity. Both of these approaches demonstrate

the feasibility of DNA-based sensors.

3.1 Experimental design

The following experiments focus on modifying the two functionality modules of the

sensor design: one end of the molecule is immobilized on the cover slip and the other

end interacts with the cell. The surface immobilization requires a stronger, covalent



surface attachment chemistry. The cell adhesion ligand presenting end used a peptide

conjugated and unconjugated sensor to determine specificity of cell-array interactions.

After verifying the product at each step in solution, we proceeded to assemble the

molecule on the cover slip surface. The oligonucleotides used for cell-adhesion assay

are shown in Table 3.3.

Preserving the reporting and sensor components, we modified the functionality

modules of the calibration molecule. At one end, the molecule is anchored at the

cover slip surface (preserving the calibration geometry). At the opposite end, an

adhesion peptide biases specific interaction between the cell and the hairpin molecule

such that a cell-applied force is transduced by the duplex and the molecule unzips.

These multiple points of modification take full advantage of DNA as a scaffold for

the sensor allowing the complete molecule to be assembled in parts. The 3' and

5' modifications are carried out on separate oligonucleotides because the complete

molecule is too long for commercial synthesis and to isolate each chemistry to the

point of interest. We assemble the molecule in solution to validate each modification

point. With verified chemistry and modifications, assembly directly on the cover

slip yields cleaner product with well defined contributions to the signal. Cells are

introduced to the surfaces coated with hairpin sensor. Specific attachment between

cell and sensor should yield a change in conformation. Our objective was to report

distributions of applied forces as a function of Cy5/Cy3 intensity ratios. The assay

is shown in Figure 3-1.

The functionality module in the calibration experiments was relevant to the re-

strictions imposed by an optical trap setup. The sensor was anchored to the cover

slip via a digoxigenin-antidigoxigenin linkage. This linkage breaks at about 40pN.

While this level of attachment integrity is sufficient for the single molecule experi-

ments, because the transition we are measuring is at 18pN, it is not appropriate for

cell experiments because of the higher forces. The biotin-streptavidin pair provided

the simplest transition because it is stronger than the digoxigenin-antidigoxigenin

linkage and was no longer reserved for bead attachment. Nonetheless, this attach-

ment did not stand up to the flow experiments as imaged by a conventional CCD



Table 3.3: Oligonucleotides for Adhesion Force Sensing
Name Sequence 5' to 3'
NH2.64 NH2(C6) - GAT GAT GGT AGA TGA TGT ATT GTT GTT TCG

CCG CGG GCC GGC GCG CGG TTT TCC GCG CGC CGG C
P.30.NH2 Phos - CCG CGG CGT TTG TGG AGC TGA GAT GAG ATG - NH2
Cy3.25 Cy3 - CAA CAA TAC ATC ATC TAC CAT CAT C
19.AF647 CAT CTC ATC TCA GCT CCA C - AF647

camera. A covalent attachment strategy was employed instead; an amine terminated

oligonucleotide was attached to an aldehyde cover slip.

While DNA can be synthesized with a variety of modification and obtained com-

mercially, from a yield perspective, it is not practical to synthesize a 94mer sequence

with both 5' and 3' modifications. The hairpin portion of the molecule is therefore

assembled from two parts. Each part is individually chemically modified to address

the particular application. The two oligonucleotides are then ligated together to com-

plete the 94mer hairpin. The 3' end of the hairpin sequence receives the peptide. The

5' end carries the amine which allows surface immobilization.

Figure 3-1: Sensor-coated surface for cell adhesion assay. Reporter molecule is immo-
bilized on a cover slip surface presenting an adhesion peptide at the opposite terminus.

3.2 Validation

As a scaffold, DNA provides many opportunities for modification and the techniques

to monitor each modification step are readily available. We introduce modifications

at four points of the hairpin reporter molecule. All modification points are introduced

during oligonucleotide synthesis. Two are the fluorophore pair of reporters and two

provide chemical functionality for further modification. In solution, we validated the

_ __ __



chemistry at each step with electrophoresis separation. Assembly on a cover slip

surface was monitored by fluorescence. Lastly, cell-sensor interactions were validated

on a sensor array.

3.2.1 Validation in solution

Three of the molecular assembly steps can be verified in solution. Oligonucleotide

conjugation to RGD peptide and the ligation of the 5' and 3' oligonucleotides are

verified by electrophoresis. Steady state fluorimetry yields structural verification of

the hairpin and the annealing of the fluorescent oligonucleotides. The 5' functionality

is included in the commercial synthesis. The 5' functionality is further addressed in

Section 3.2.2.

In the single molecule experiments, the 3' functionality was originally a simple

sticky end terminus which was ligated to a 1kb duplex. For this set of experiments,

we require interaction with a cell. Cell-mediated force transduction requires that cells

interact with the sensor molecules. We addressed this requirement by incorporating

a the adhesion peptide, GRGDSPC, at the 3' end of the oligonucleotide. The peptide

oligonucleotide conjugation protocol is adapted from [83, 87]. The RGD peptide

is conjugated to the 3' 30mer oligonucleotide with a 5' phosphate and a 3' primary

amine. The phosphate allows us to easily ligate this oligonucleotide to the 5' modified

64mer. The 3' primary amine is conjugated to a thiol in the the peptide GRGDSPC,

which is incorporated only for conjugation purposes. The remaining amino acids

flanking are native to the fibronectin amino acid sequence and increase the peptide's

biochemical activity. Cells preferentially attach to surfaces patterned with the RGD

peptide (Figure 3-2).

To conjugate the peptide and oligonucleotide, the heterofunctional cross-linker,

sulfo-MBS, was used to covalently attach thiols to amines. The 30mer presenting the

amine, is transferred to 0.1M NaHCO 3 buffer (MicroBioSpin P-30 Tris Chromotog-

raphy columns; BioRad). The concentration was measured via absorbance at A260

(ND-1000 Spectrophotometer; NanoDrop). To 300 picomoles of the phosphorylated

30mer, 1mg sulfo-MBS (Pierce) is added and incubated at room temperature for 30



Figure 3-2: The cell adhesion peptide GRGDSPC biases cell-surface interaction. Here,
the peptide was covalently attached to the surface via the same thiol as outlined for
the oligonucleotide conjugation reaction. The biasing activity is retained, and cells
attach to peptide-coated regions.
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Figure 3-3: Molecular assembly and modification scheme for cell assay requires ad-
hesion ligand for specific cell-mediated force transduction. The long DNA scaffold
is assembled in several independent steps, which are the same for solution and cover
slip assembly. Cross-linker, sulfo-MBS is used to conjugate oligonucleotide to peptide
in a two step reaction. The oligonucleotides are then ligated to form the final length
of the hairpin and complementary fluorescent oligonucleotides are annealed. Ligation
and peptide conjugation are confirmed with PAGE. Complete molecular assembly is
confirmed with steady state fluorescence.

minutes. At this step the electrophilic primary amine attacks the ester and forms a

covalent bond to the DNA oligonucleotide. Activated oligonucleotide is exchanged

into phosphate buffer pH 6.6, which also removes excess sulfo-MBS, and peptide is

added. The cysteine incorporated into the peptide sequence presents a thiol func-



tionality. Fifty micrograms peptide are added to the reaction mixture with one third

final volume of acetonitrile. The reaction proceeds at room temperature for eight

hours. The acetonitrile is evaporated under vacuum before proceeding. The elec-

trophilic maleimide portion of sulfo-MBS forms a covalent attachment to the thiol on

the cysteine within the peptide. The resulting molecule is a peptide-oligonucleotide

conjugate.

The conjugated peptide-oligonucleotide produces a doublet in electrophoresis. The

peptide-oligonucleotide conjugate (POC) reaction is monitored by PAGE after the

entire 94mer was assembled. The additional DNA character added after the ligation

step allows us to observe cleaner bands. The 30mer conjugate otherwise runs less

predictably and bands are not clearly distinguishable. The PAGE gel shown compares

two ligation reactions. One is a typical ligation of a 30mer and 64mer and their 94mer

ligation product. The second reaction shows the ligation product of a 64mer and a

POC 30mer. The product band for the unmodified 30mer is a singlet and the peptide-

conjugated 30mer yields a doublet. The small separation in bands is due to the small

size difference between 94mer and a 94mer plus peptide, and the small positive charge

contribution of the peptide in the pH 8 TBE. PAGE conditions were as follows: 6%,

22W, 40 minutes Figure 3-4 shows the result.

To assemble the molecule, the 5' and 3' ends are ligated, and fluorescence reports

the final structure. The phosphorylated 30mer is ligated to a 64mer oligonucleotide

with a 5' primary amine modification. The ligation is carried out with the 30mer

in 2.5-fold stoichiometric excess. Extent of ligation is monitored by 94mer product

band using PAGE and ethidium staining. Once the 94mer is confirmed, annealing the

fluorescent oligonucleotides to their complements on the flanking arms completes the

molecular assembly. The secondary structure was verified by bulk fluorescence. The

emission spectra of randomly oriented fluorescent oligonucleotides were compared

with the emission spectra of fluorescent oligonucleotides annealed to their comple-

ments on the flanking arms. The annealed structures confine the fluorophores within

their Forster radius. The bulk fluorescence data shows that exciting the donor fluo-

rophore when the fluorophores are randomly oriented yields a mostly donor emission



ligation: 30mer POC + 4mer

ligation: 30 + 4 mer

9 bases

64 bases

Figure 3-4: Validation of 3' RGD attachment by PAGE. Left to right: 30mer - 64mer
ligation: 30mer and 64mer - ligation: 30.RGD + 64mer. The doublet, in the last

column, is a product of RGD conjugation to the oligonucleotides and is thus absent
in the unmodified ligation reaction. The reaction is about 65% efficient.

spectrum. However, exciting the assembled molecule at the donor wavelength gives

rise to a more defined peak at the acceptor wavelength (Figure 3-5).
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Figure 3-5: FRET peak confirms molecular assembly. Fluorescent
annealed to the hairpin show FRET and confirm final structure.
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measure the conformational transition as a function of FRET and characterize the

population profile as a function of unfolding, the design is intended for mechanical

unfolding pathways. A thermal unfolding first yields the lower Tm flanking arms to

melt. As a result, the reporters are no longer associated with the hairpin portion of

the molecule, and do not capture the melting of the duplex stem. A chemical pathway

of denaturation would encounter the same result.

3.2.2 Validation at interface

Initially, to preserve the attachment chemistry from the single molecule experiments,

the reporter's 5' attachment was a biotin streptavidin linkage. Poor integrity to

successive washing steps necessitated a covalent attachment to the surface. With a

stronger attachment, we were able to assemble the reporter molecule directly on the

cover slip surface and confirm each assembly step with fluorescence. Better integrity to

preparation conditions and intensity quantification at each step facilitated transition

to cell experiments.

Another advantage of covalent attachment and improved array integrity is the

option to build the molecule on the cover slip. We assemble the molecule from two

fragments of oligonucleotide that are ligated together to yield the complete hairpin

sequence. One oligonucleotide is synthesized with the primary amine at its end for

cover slip immobilization. The other end is conjugated to RGD peptide to provide

cells with an adhesion ligand at the opposite terminus. This configuration defines the

axis of force transduction restricting the transition between open and closed states to

the unzipping mode (instead of shearing). The assembly on the cover slip begins by

printing an amine terminated oligonucleotide on the glass surface.

5' Validation

In addition to better signal integrity, changing the 5' functionality from biotin to an

amine allows more DNA molecules to pack per unit area further improving signal

intensity. Drawing on techniques developed for imaging DNA microarrays, we im-



proved the surface sensor signal significantly and were able to image sensor-activated

cover slips with a CCD camera (Figure 3-6). With the new scheme, we can wash out

contaminants after each reaction step by controlling the detergent and salt concen-

trations. Both the amine and the biotin are added during oligonucleotide synthesis,

therefore this change does not contribute to experimental complexity.

Figure 3-6: Printed oligonucleotide array confirms 5' attachment chemistry and sur-

face evenness. The hairpin was immobilized via a primary amine on an aldehyde
treated cover slip surface. Oligonucleotide-free areas are not reactive and show dark

background. Printed oligonucleotides are hybridized to their fluorescent complements
and yield a bright intensity with good signal to noise. Each spot in the array is 8pm.
Non-arrayed surface (right) shows high uniform intensity. Scale bar is 10/m.

The 5' primary amine is added during the oligonucleotide synthesis (64mer) and

reacted with an aldehyde-presenting cover slip. Aldehyde surfaces were prepared

slightly differently depending on whether cells were plated in subsequent steps. Steril-

ized glass cover slips were aminosilinated with two percent 3-aminopropyltriethoxysilane

(Sigma) in ethanol for ten minutes. Four five-minute ethanol washes follow. Ami-

nated cover slips are then cured in a 90'C oven for thirty minutes, cooled to room

temperature, and treated with 2.5% glutaraldehyde in PBS for one hour. Aldehyde

surfaces are washed with distilled water and dried. The highly reactive aldehydes

can react with primary amines on the DNA. Oligonucleotides with primary amines

are added to the aldehyde surfaces in a 5pM solution with lx SSC and 10% glycerol.

g



Cover slips with DNA are incubated in a humidity chamber over night. Dehydration

favors the formation of a reversible Schiff base. The Schiff base between the DNA and

the surface is reduced with a sodium borohydride solution (2.5mg NaBH4 ) for fifteen

minutes. This step also reduces the remaining active aldehydes to alcohols preventing

cross reactions in future steps. The covalent attachment can be verified by hybridiza-

tion to fluorescent oligonucleotide and shows good signal to noise. Arrays prepared

with this chemistry have much stronger signal after subsequent washing steps than

the biotin-streptavidin arrays.

To visualize the surface chemistry, the surface-immobilized oligonucleotides are

annealed to fluorescent complementary strands. The printed oligonucleotide is hy-

bridized to its fluorescently labeled complements by incubating under a cover slip for

thirty minutes in a humidity chamber at room temperature. The cover slips are again

soaked for ten minutes each first in .1% SDS and 1x SSC solution and then .lx SSC to

remove excess unbound and non-specifically bound oligo. Cover slips can be imaged

directly in the secondary solution. The ligation was also monitored by fluorescence.

The choice of fluorophore is important here because the improved packing of DNA

molecules in the covalent strategy, brings the fluorescent oligos closer together. Some

dyes experience contact quenching which increases with dye concentration and can

be as strong as quenching by a quencher molecule. The cyanine dyes, used in the

outlined experiments, do not exhibit this concentration dependent behavior [60]. This

consideration also ensures that differences in Cy3 intensity should be attributable to

the proximity of Cy5 acceptor.

Molecular assembly

Initially, the complete sensor was assembled prior to printing and the resulting re-

action mixture was printed on the cover slip. The sensors were then either singly

or dually hybridized to their fluorescent complements. Fluorescence intensities from

individual fluorophores were detected in their respective channels. These measured

intensities are a function of all surface-bound molecules, and may be contaminated

by autofluorescence from amine-presenting by-products. The cover slip ligation was



not as efficient as that in the test tube, but yielded sufficient signal in the donor and

acceptor channels.

Fluorescence imaging was used to confirm each step of the molecular assembly on

the cover slip surface. The fluorescent oligonucleotides with the reporter FRET pair

were hybridized to the surface-immobilized oligonucleotides to monitor, attachment,

ligation and fret efficiency. Attachment efficiency is determined by the fluorescence

intensity of the hybridized fluorescent oligonucleotide. The surface-attachment is the

first step and, as a result, the efficiency of this step affects the yield of the final sensor

molecule. We set this intensity as a reference signal for evaluating the efficiency of

all assembly steps that follow. Thus, this signal provides the control for subsequent

steps.

The ligation was also monitored by fluorescence. The 30mer and 64mer have

independent dye complements; 30mer can be monitored by AF647 (in some exam-

ples AF488) fluorescence intensity, 64mer is monitored by Cy3 (in some examples

Rhodamine) fluorescence intensity. Single color controls show that the conditions we

used yield orthogonal hybridization of fluorescent oligos. The 30mer and the 64mer,

printed individually, are spectrally separate and do not contribute to the other's flu-

orescence channel. The most significant channel cross talk is between the Cy5 and

FRET (Cy3 excitation filter/Cy5 emission filter) channels. On the other hand, areas

of successful 30mer and 64mer ligation show both colors. The ligation efficiency can

be determined by comparing the signal from ligated oligonucleotide to the reference

signal of the same oligonucleotide printed directly on the surface. It is easy to spa-

tially confine oligonucleotides and thus compare the ligation and control on the same

coverslip undergoing the same treatment.

The hairpin sensor molecule was assembled directly on the cover slip using the

same conditions as in solution. The aminated 64mer is first printed on the aldehyde

cover slip and incubated in a humidity chamber over night. The remainder of the

reactive aldehydes are reduced with a sodium borohydride solution as detailed above.

The 30mer is then added to the coverslip and the sample is heated to 620 C to melt

out secondary structure and cooled to allow the oligos to anneal. A ligation mixture



of ATP, 10x T4 Ligase buffer, and T4 ligase are added and the reaction proceeds

at room temperature for 1 hour. The sample is incubated 62 0 C for ten minutes to

inactivate the ligase. Primary was buffer is added and the sample is again heated to

62oC for ten minutes. The wash is aspirated immediately upon removing from oven to

wash away annealed but unligated constructs. Secondary wash buffer, with lower salt

concentration and no detergent follows. The complete 94mer hairpin is hybridized

to the complementary fluorophores for thirty minutes in a humidity chamber, at

room temperature, under a coverslip. Unbound fluorescent oligos are removed with a

primary 1X SSC wash containing 0.1% Tween and then a secondary 0.1X SSC wash

without Tween. This description applies to cell experiments. The resulting molecule

is a hairpin with a 4 nucleotide loop, a 20 base stem, and a FRET pair within 5nm

distance. As a result, FRET also serves as a measure of conformation.

For clarity, intensity profiles across an image are shown to relay the quantitative

relationship between background and signal. Figure 3-7 shows independent oligonu-

cleotides printed on the cover slip surface. The intensities determine the extent of

channel crosstalk and serve as references for subsequent assembly steps. For instance,

a ratio of intensities between the surface printed and ligated oligonucleotides relays

the ligation efficiency (relative to surface attachment efficiency).By monitoring the ac-

ceptor, we isolate the ligation efficiency measurement from the potentially obscuring

energy transfer pathway which also alters perceived fluorescence intensity.

The ligation is not 100% efficient and the intensity of the ligated oligonucleotide

will be lower than the one printed directly. The ligation efficiency directly affects

the measured energy transfer efficiency and must be considered. For the energy

transfer estimate, the printed donor intensity is compared to the donor intensity of the

ligated sample. Successful assembly yields comparable acceptor and FRET channel

intensities and increased ligation efficiency yielding decreased donor intensity. The

intensity of Cy3 and higher detector sensitivity in the red part of the spectrum yields

high donor intensities. Energy transfer is reported as the change in ratio between

donor and acceptor. Figure 3-9 shows an example of a ligation reaction carried out on

a cover slip surface. For comparison Figure 3-8, shows the edge of a printed fluorescent
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Figure 3-7: One color controls show surface attachment of the oligonucleotides, strong
independent signal, and the extent of bleed-through into each of the channels.

feature that was ligated in solution. The test tube ligation carries contaminants that

contribute to the high background fluorescence. The cover slip ligation shows lower

intensity, but also lower background.

3.2.3 Validation of cell-sensor interaction

As was previously mentioned, initial cell-sensor experiments relied on a biotin-streptavidin

attachment of reporter to coverslip. However, this attachment method lacked integrity

to successive wash steps and more importantly, cellular conditions. We registered

the specific interaction between the cell and the sensor using the biotin-streptavidin

linkage. Here, cells aligned with arrays of printed sensor molecule on otherwise cell-

excluding surfaces. However, the fluorescent signal was very low and precluded a

FRET measurement in this assay. Our covalent strategy was used in further experi-

ments. Figure 3-11, shows cell alignment with array features.

Printing on streptavidin surfaces offered an added advantage that cells were not

adherent to the non-arrayed areas (Figure 3-10). In the covalent scheme, after printing

the DNA onto the cover slip, the remaining aldehydes are reduced to alcohols. Cells
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Figure 3-8: Sensor molecules assembled in solution show high FRET values in regions
of sensor and low FRET values in regions without sensor. In this test tube ligate
example, impurities in the sample contribute to high background signal in all the
channels

are not excluded from these surfaces. As a result, specific alignment along the printed

arrays is not observed for the covalent scheme. An advantage here is that the sensing

is passive; adhesions can be registered when cells coincide with arrays. Specificity can

still be controlled by the presence or absence of a biasing element, an RGD peptide. A

significant difference was not observed, as spaces between sensor spots are favorable to
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Figure 3-11: Cells align with array features. Sensor molecule (solution assembly) was
printed in an array leaving the intermittent area cell-exclusive.

the surface. In the array examples, a single 4pm spot has a volume of about 3.5 fem-

toliters. At pM spotting concentrations, and without considering maximum spatial

packing of molecules, the number of molecules per printed spot is on the order of 103.

In one adhesion-sized spot (about 2pm), cells will engage with only 102 molecules at

any one time. It is ideal to match the number of molecules available to bind and the

number of molecules a cell needs to make an attachment because the match results

in a larger fractional signal change upon cell engagement. A minimum concentration

of fluorophores, and thus molecules, is required for detecting with a CCD camera.

Dilutions of the printed sample show that the signal becomes significantly dimmer,

requiring significantly longer exposure times at 102 molecules per printed spot. Given

that ligation efficiency is not 100%, the dilution results suggest that even at low cou-

pling efficiencies, there are enough peptide-presenting molecule available for cells to

make adhesions.

3.3 Cell adhesion reporter

For cell adhesion experiments, we modified the functionality modules of the molecule.

The functionality modules for the calibration experiments are not relevant for the

cell adhesion experiments. The new functional modules provide a covalent linkage

between the sensor and the surface on one terminus and an adhesion peptide at the



opposite terminus, included to encourage cell-sensor interaction. We coat the surface
with the hairpin molecule by assembling the complete construct on the cover slip
surface (a ligation step and a hybridization step) as was discussed in the previous

section. The efficiency of each step is confirmed by imaging fluorescence in the ap-
propriate channel. Delivered to each coverslip is a millimeter sized drop of control
oligonucleotide and the oligonucleotide used to build the hairpin molecule. Cells are
introduced to the cover slips, incubated until they are well adhered, and are imaged
in the Cy3, Cy5, and FRET channels. The FRET channel is the signal collected from
Cy3 excitation and Cy5 emission. FRET is reported as a change in the ratio of ac-
ceptor emission intensities when the sample is excited at the donor and the acceptor
wavelengths.

Figure 3-12: FRET ratio for cover slip-assembled sensors shows good signal. Ratio
is evaluated by subtracting contributions from background and crosstalk between
channels (determined from single color controls) and dividing the acceptor image by
the donor image (at donor excitation).

Cells are plated on the sensor-coated cover slip surface to report cell adhesion as
changes in Cy5/Cy3 ratio. We first evaluated the contribution of cells to each of the
fluorescent controls individually to account for non-specific changes in fluorescence.

Both controls showed cell-contributed intensity changes. Intensity changes appear as
dark areas that co-localize with the adherent cell body. The brighter Cy3 control

I



was more significantly affected by cell adhesion with changes up to 30%. AF647

channel is dimmer and less sensitive to cell presence, with intensity changes upto

15%. Furthermore, the quenching is not always uniform underneath the shape of the

cell (Figure 3-13). (Figure 3-14 adresses the difference in cell contribution to the donor

and acceptor channels for a sensor surface presenting the two colors individually.

Both test tube-assembled and cover-slip assembled sensor molecules show good

FRET signal (Figure 3-8 and 3-12). The ligation efficiency is lower for coverslip

assembly. As a result, the donor channel intensity is significant compared with the

completely quenched donor for test tube ligated samples shown in Figure 3-8. Both as-

sembly schemes show a large change in the Cy5/Cy3 ratio compared with background

(non-specific contribution to FRET). Changes in Cy5/Cy3 ratio should report specific

interactions between the cell and surface. However, upon introducing cells, changes

in FRET were not specific to the localization of the cell.

Similar results were recorded for another FRET pair, AF488 and Rhodamine.

For this pair, stronger changes in intensity were also observed for the red fluorophore,

Rhodamine. AF488, the donor in this case, had much lower sensitivity to cell pres-

ence. We expected that a decrease in fluorescence intensity will be measured only

in the donor and FRET channels depending on whether a cell is engaged (FRET

decrease) with a particular area or not (donor decrease). The differential quenching

was an unexpected result. The weak threshold sensor should experience high levels

of activation under cell loads. This high level of activation, combined with a reason-

ably close match of available sensor molecules to required sensor molecules for a cell

to adhere, suggested the FRET signal may be more significant than the differential

intensity changes contributed by cells to each of the channels.

3.3.1 FRET specificity to RGD

We hypothesized that specific cell-induced/sensor-transduced forces would register

as low FRET (high donor) signal localized to adhesion areas within the cell. As

discussed earlier, when cells migrating, they form new adhesions at the leading edge

and release adhesions at the lagging edge. This dynamic process should be relayed



Figure 3-13: Cell presence decreases fluorescence intensity in the donor channel. As-
sembled hairpin molecules hybridized individually to donor-labeled oligonucleotide
show the the cell's contribution to fluorescence intensity for a single-color hybridiza-
tion.

in the fluorescence images mapping adhesion activity as a FRET/Cy3 ratio. The

hairpin loop allows the high FRET conformation to recover once cell disengages from

a particular area. We can thus capture the evolution of the distribution map of a

threshold molecular force applied by cells.

The intensity in the donor channel and fret channel should be anti-correlated.

The donor fluorescence should initially be low and increase upon cell binding. Ac-

cordingly, the FRET channel should initially have high intensity and FRET intensity

should decrease upon cell adhesion to RGD peptide. Meanwhile, the acceptor channel

fluorescence should remain constant and serve as a control. Ligation and FRET effi-

ciency affect the strength of donor signal in the absence of cells and we observe this as

increased background signal attributed to high initial donor fluorescence. The change

in donor and FRET channels must be large enough to detect in the background of

sensor molecule.

However, instead of fluorescence changes localizing to punctate adhesions, we

observed cell-shaped regions localizing to cells. The darkest of these regions do not

recover fluorescence after cells detach. Because the sensor design accounts for internal

reversibility, this result suggested an external, cell-induced process. Additionally, it

was not likely that the dark regions were a result of FRET because they appeared in

all of the channels and anti-correlation was not observed. As a result, all attempts

at calculating FRET have yielded images where areas of decreased FRET do not

I __ _
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Figure 3-14: Cell presence decreases fluorescence intensity for both donor and acceptor
channels in one dye controls. Assembled hairpin molecules hybridized to individual
donor and acceptor oligonucleotides show the difference in intensity change in the
individual channels. Note that the intensity is not 100% immediately to the right of
the cell region in the acceptor profile. Extended incubation periods yield unevennes
in surface intensities. These irreversible contributions are discussed in Section 4.2.2.

localize to areas of adhesion within cells. We suspected that the darkest regions can

be caused by cell internalizing the sensor, scratching the sensor off the surface, and

chemically degrading the sensor. These possibilities are discussed in Chapter 4.

The fluorescence decrease is strongest in the donor channel. The FRET ratio

was initially evaluated as Cy5/Cy3 at 535(30)nm excitation. Background intensity

and crosstalk between channels is initially subtracted. Cy3-Cy5 crosstalk is low.

The most significant crosstalk is between the FRET and the Cy5 channel. Because

the donor is most strongly affected by the cell, we valuated FRET by other means.

Using the acceptor fluorescence as a control should account for differences in intensity

contributed by cells. We calculated a FRET from the ration of acceptor emissions (at

710(60)) when excited at the donor/acceptor wavelength. Here, Cy5 fluorescence is

independent of the donor and serves as a reference. This method is better controlled

but still did not return differences in FRET localizing to the cell. The difference in
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Figure 3-15: Dual color controls show relative cell-effects of donor and acceptor chan-
nels. Assembled hairpin molecules hybridized to both donor and acceptor oligonu-
cleotides show relative cell-effects of donor and acceptor channels.

intensity contribution to the two channels may be at the root, and was considered

next. Figure 3-15 shows an example of the donor and acceptor channels of complete

sensor molecules assembled on the surface and plated with cells.

Since the donor and acceptor channels are differentially affected by cell presence,

we sought to correct for differences and calculate a a ratio image after taking into ac-

count the difference in cell contribution to each channel. The cell-mediated quenching

is usually either very uniform throughout the body of the cell or localized more to the

outer edges. In many cases, the intensity decreases were similar for both the donor

and acceptor channels, but the extent of decrease differed. We normalized the donor

and acceptor images to correct for the differential effect of the cell upon different

channels and determine a ratio based only on the mechanical transition and not the

environmental contribution of the cell. Ratios of normalized images returned changes

in FRET (acceptor-controlled) that localized to the cell bodies. These changes were

significant, but were opposite from the hypothesized specific changes induced by a

mechanical transition. In other words, we expected a decrease in the regions occupied

by cells for the acceptor-controlled ratio images, but instead observed an increase in

the ratio image localizing to the cell.

To address the specificity of this change we removed the 3' RGD peptide. We ini-
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tially incorporated the RGD peptide at the cell-presenting end of the hairpin molecule

to bias cell-sensor interaction and provide a handle for specific mechanically-induced

conformational changes. Thus to evaluate the specificity of our observed result, we

removed the peptide. Because cells still require adhesion molecules to spread on the

surface, we incubated sensor dishes with supplemental fibronectin (1mg/ml; Invitro-

gen 33010) over night in DMEM (Invitrogen 21063). For the peptide-free sensors we

evaluated FRET ratios as described above for the peptide-presenting sensors. We

observed the same series of results.

Image analysis is based on the intensities collected at each pixel. For instance, to

determine the ligation and FRET efficiencies, intensity plots across a sensor coated

region were analyzed. The ligation efficiency is determined by comparing the intensi-

ties of an oligonucleotide printed directly on the surface with an oligonucleotide that

is ligated. FRET efficiency is requires consideration of evaluated ligation efficiency.

FRET values are determined by taking a ratio of acceptor intensities at the donor and

acceptor excitation wavelengths. FRET efficiency can also be calculated as a ratio of

donor intensity in the presence and absence of acceptor. Both methods were tested.

All images are initially background subtracted. Emission crosstalk is then corrected.

The corrected FRET can then compared against either of the above controls in a

ratio. However, the resulting FRET values are not distributed as expected. Often

higher FRET values are localized to the cell area and low FRET values the regions

outside the cell. This suggests that true FRET changes do not occur by the designed

route.

We confirmed that evaluated FRET does not occur by the expected route by

omitting the RGD adhesion peptide at the 3' terminus of the hairpin. Comparing

the FRET images from these experiments, with the RGD-containing experiments,

yielded similar results. The observed dark regions may be contributing too strongly

to the individual fluorescence channels to evaluate a significant FRET ratio image

result.



3.3.2 Discussion

As previously mentioned, the quenching effect is not specific to the cyanine FRET

pair and larger differences were detected for the brighter red dyes. To alleviate this

quenching effect in our FRET assay, we also tried a quencher system. In this case, a

FRET ratio can still be evaluated by comparing the donor intensity in the quenched

region against the donor intensity of a quencher-free region. This measurement also

did not return high ratios localizing to cell adhesion. Given our results with the

other fluorophores, it is reasonable that the open hairpin conformation leading to

the fluorescence 'on' state (un-quenching) returns diminished signal as a result of

quenching by cells. Depending on the strength of the initial signal and the extent of

quenching by cells, the unquenched fluorescence may be difficult to resolve.

Experimental factors that may obscure the FRET signal include contaminants,

detector sensitivity, and interaction stoichiometry. The coverslip assembly method

removes most sources of contamination which may otherwise falsely contribute to the

signal. As a result, the most significant signal contamination comes from inefficiency

of each reaction step in the molecular assembly. Fortunately, the contributions from

these contaminants are characterized at each step and easy to isolate. To address

the signal to noise, we consider the fraction of molecules capable of acting as re-

porters (completely assembled), within the constraint of the fraction of molecules a

cell requires for specific, integrin-mediated attachment.

The percentage of molecules capable of contributing to signal depends on the effi-

ciency of the ligation reaction (typically around 80%) and conjugation of the peptide

to the oligonucleotide scaffold (typically about 65%). The efficiency of the reaction is

not considered because all intensities are referenced to it. This reaction efficiency is

also the highest. As a result, oligonucleotides in earlier assembly steps (in this case

the donor) have stronger contributions to the signal. Fluorescent oligonucleotides

are added in excess and unbound oligonucleotide is removed. Well within the con-

ditions favoring annealing, for the following estimate, the fluorescent oligonucleotide

is assumed to be completely annealed to its complement. This assumption is fur-



ther validated by referencing all measurements to the same conditions in the control.

Considering the efficiency of ligation and peptide conjugation, three populations of

molecules predominantly contribute to the fluorescence signal: unligated 64mer (Cy3

signal; 20%), ligated hairpin with no peptide (Cy5 and FRET signal; 30%), and

complete ligated hairpin sensor with peptide (Cy5 and FRET signal; 50%). In other

words, 50% of the total molecular population can report anti-correlated changes in

FRET and donor intensities. However, the remainder 50% of the molecules do not

all contribute to the same channel.

The three populations of molecules described above affect signal in each channel

differently. The unligated 64mer contributes 100% of the Cy3 signal, because all of

the ligated molecules constrain the FRET pair within their F6rster radius and no

Cy3 emission is observed in this case. We have confirmed this statement by ligating

molecules in a test tube and then immobilizing them on a cover slip surface. Here,

the ligation efficiency is closer to one hundred percent, and the Cy3 channel has no

fluorescence. Thus, the unligated molecule comprises all of the Cy3 signal and has

no contributions to the Cy5 and FRET. The remaining 80% of the molecules are

ligated; they contribute 100% of the FRET and Cy5 channels. As mentioned above,

about 65% of the total FRET (and Cy5) signal belongs to molecules that can specif-

ically report conformational changes. Thus, 50% of the molecules on the coverslip

can theoretically report changes of 2:3 (FRETA:FRETreference) in response to cell

adhesion. The resulting signal change is expected to be about 10% (A(FRET/Cy5)).

We should be able to resolve this change with a CCD camera.

While 10% is a detectable change in signal, it is important to consider the fraction

of molecules cells require in order to adhere to a surface. From above, 50% of the total

molecules produce 65% of the FRET signal capable of reporting adhesion forces. A cell

requires 103 molecules per pm 2 to attach to a surface (reported for an integrin close

packing model). Since our sensor surfaces present a comparable number of molecules,

mechanically induced transitions should be possible to resolve with fluorescence[43].

However, because we are looking for a maximum FRET ratio change of ten percent

the fluorescence quenching contributed by the cell becomes more significant.



Measuring a ten percent change in FRET ratio necessitates signal localization.

The model for integrin-mediated cell adhesion suggests that adhesions are localized

micrometer sized areas of integrin clusters. In the case of integrin clustering, the

receptors (integrins) and ligands (RGD- sensor molecules) are at high effective con-

centrations within the localized clusters. Assuming a system where the number of

adhesion and ligand molecules is conserved, less tightly localized adhesions, where in-

tegrin clusters are not as pronounced, have lower effective concentrations. The point

of effective concentrations is significant because if one micrometer-diameter integrin

cluster is spread over a four micrometer-diameter cluster, the effective concentra-

tion drops eight-fold and the 10% change now corresponds to a little more than a

1% change. As a result, in the absence of integrin localization, the cell-mediated

quenching would completely outcompete the FRET change.

To effectively concentrate the adhesion molecules and take advantage of the max-

imum contrast, we experimented with another cell line, IC21macrophages, known to

have more pronounced punctate adhesions, called podosomes. Podosomes are easy to

visualize and their coincidence with changes in FRET can further support a specific

response. Unfortunately, the IC21 cells turned out to be much more aggressive to the

sensor coated surfaces than the 3T3 line used up to that point. The macrophages left

dark trails where they attached, and these areas remained dark after cells disengaged

suggesting an irreversible inactivation of fluorescent sensor. Low effective concentra-

tions of activated sensor molecules together with differential cell-mediated quenching

are sufficient to obscure a FRET measurement.

Fluorescence quenching of Cy3 in DNA and of gel-embedded dyes by cells has been

mentioned in[56] and [43], respectively. However, in the latter case, a gel was labeled

with fluorescent dyes, and the decreased intensity was attributed to cell remodeling

of the gel. A surface coated with fluorescent dye molecule does not exhibit intensity

changes when cells adhere to the surface. We suspect that this decreased intensity

is a direct product of the high initial intensity. FRET systems with initially 'off'

configurations are insensitive to this effect because the probability of FRET-producing

proximity keeps the intensity low. Molecular beacons, on the other hand, are most



frequently used in bulk solution experiments that consequently report an average

across spatial contributions to intensity. In our system, the fluorophores are external

to the cell and are not protected within a gel. This direct exposure to the cell-milieu

and the relatively high contribution from localized, cell-mediated quenching, together

obscure the FRET measurement. Attempts to eliminate or isolate the quenching

in a quantifiable manner both experimentally and digitally led us to consider the

possibility that the cell-mediated quenching can be adapted as a reporter of cell-

surface interaction.



Chapter 4

Reporter surfaces for sensing

cell-substrate proximity

Upon functionalizing cover slip surfaces with fluorescent DNA molecules, we observed

that when cells are introduced to these surfaces, the surface fluorescence decreases

in cell-occupied areas. Surface sensing is a powerful technique. Therefore, the cell-

mediated quenching is important to consider in assay design to either eliminate or

take advantage of this result. For instance, this cell-mediated quenching precludes

surface FRET from being measured when the donor and acceptor dyes are on the

same molecule. In this chapter, we discussed potential sources of the sensitivity to

determine guidelines for controlling the effect. We also propose one way to take ad-

vantage of this quenching as a means of measuring cell-surface proximity. Comparing

our Cy3 results with reflection microscopy, a technique used to image a cell's proxim-

ity to the surface, we suggest that the Cy3-DNA complex reports the intimacy of the

cell-surface interaction which displays a relatively binary response within a thickness

of 15nm.

4.1 Experimental design

Multiple imaging techniques have been adapted to address the distance between the

cell and the surface. Among them are interference reflection microscopy (IRM), to-



tal internal reflection fluorescence (TIRF) microscopy, fluorescence resonance energy

transfer (FRET), surface plasmon resonance (SPR), and electron microscopy[21]. A

similarity between these methods is that they limit the measurement to a thin section

adjacent to the surface of illumination and with varying degrees of sensitivity return

information about the cell-surface distance as a function of signal intensity. The cell-

surface separations, as determined by these methods, are generally 5-100nm and can

be classified in three regimes of contact. Theoretically modeled energy minima for

cell-surface separations have yielded consistent results and note three energy minima

for cell-surface separation distances[3]. The first two regimes of contact are adhesive

contacts. The third regime results from the bounds placed by the nearby adhesion

contacts. As a result, the closest (focal) contacts at the lamellar region of the cell,

constrained by a van der Waals attraction-repulsion balance, are 5-10nm from the

surface. The surface-membrane separations of specific adhesions to ligands are con-

strained by the protruding extracellular proteins that specifically meet the ligand and

yield 20-40nm separations. The remaining non-adhesive separations can be as large

as 100nm.

Taking these measurement considerations into account, our experimental design

is also sensitive within a thin section adjacent to the surface. However, the advan-

tage of a molecular sensing system is the ability to extend the measurement to thin

sections further from the surface, in contrast to many methods where surface confine-

ment is instrumentally constrained. This flexibility is specific to both quenching and

FRET. We use a quenching-based technique and introduce cells to highly fluorescent

surfaces. A quenching based measurement is less restricted than FRET because one

quencher molecule does not have to be identified and we can measure the overall effect

contributed by introducing a cell. The following describes our all-fluorescence assay

(Figure 4-1). for reporting the intimacy of the cell-surface interaction.

In this cell assay, we took advantage of the modular design, described in previous

chapters, to yield independent, attachment, reporting, and biasing capabilities. The

reporter complex consists of the Cy3 and DNA. The DNA backbone also provides an

ideal scaffold for further modifications to the molecule. At the 5' end of the DNA



Figure 4-1: Duplex DNA with Cy3 modification with and without a biasing RGD
adhesion peptide. When cell is near the surface, fluorescence is quenched.

scaffold, a primary amine serves as the attachment point to a glutaraldehyde coated

cover slip. At the 3' end, the presence or absence of an adhesion peptide can bias cell

sensor interaction. The Cy3 is at the 5' end of a complementary oligonucleotide and

is introduced via an annealing step to form the final duplex. The validation steps

to confirm peptide and surface attachment chemistries are discussed in the previous

chapter, sections3.2.1 and 3.2.2.

Surface intensity reports the interaction of cells and fluorescent surfaces. The ini-

tial fluorescence intensity is high, uniform, and provides a strong reference signal. We

observed that plating cells on a surface coated with fluorescent DNA oligonucleotide,

yields lowered fluorescence intensities in areas coincident with the cells. The extent

of this quenching is measured as a ratio to the reference background signal. As a cell

makes more intimate contacts to its substrate, the surrounding media is excluded and

the sensor's micro-environment approaches that induced solely by the cell. We test

the hypothesis that this sensor system reports cell-surface proximity.

One technique developed to evaluate the cell surface proximity is reflection mi-

croscopy. Reflection microscopy yields an image of the topography of the contact-side

of the cell. The reflection microscopy method was first developed by Vasicek and Van

den Tempel, but introduced to cell biology by Curtis. The optical configuration for re-

flection requires the same components as differential interference contrast (DIC), with

the difference that in reflection mode, the illuminating light traverses the objective

side twice. The reflection configuration can thus be achieved by modifying the fluo-

rescence light path with a half mirror in place of a dichroic mirror. A mercury lamp

provides the light source filtered by 545/30 band pass filter and the reflected light is



attenuated by a 535/30 filter in front of the CCD camera. The field diaphragm and

iris aperture are adjusted for minimal extraneous illumination and maximal contrast.

The reflectivity of the glass determines the imaged intensity of light. The reflec-

tivity, R, is the ratio between incident, 1o, and reflected, I,, beam and is entirely a

function of the index of refraction, n: R = r = (nl-n2) 2. The highest reflectivity is

at the glass surface due to the high index of refraction of glass. As a result, the back-

ground of reflection images appears light. The reflectivity decreases when the glass

is in contact with the cell membrane (high index of refraction 1.4) and less so when

in contact with medium (lower index of refraction 1.34). The intermediate intensities

result from multiple reflections that vary with the thickness of the medium layer be-

tween the glass and the surface and thus the cell-surface separation. In theory, the

intensities provide a direct map of the proximity of the cell to the glass surface.

The reflection image is a result of differences in the distance light traveled before

reflection and the differences in index of refraction between reflecting surfaces. The

dependence on thickness and index of refraction is reminiscent of the transmitted

light pathway where phase shifts result from retardation by the sample based on

these same two principles. Unlike transmitted light, the reflected beams can interfere

with each other to produce an image with lighter and darker regions representing

separation distance from the surface. This separation distance is the thickness, d, of

the medium between the cell and surface. The difference in optical path, A, traversed

by the beam reflected from the interface and refracted into the sample before reflection

at the second interface, is given by the cosine law: A = 2nmedi,,md cos 0.

The optical path difference will yield a dark fringe when the difference is an

integral number of the wavelength and a light fringe at half integral values of the

incident wavelengths. At high illuminating numerical apertures, the illumination cone

incident upon the sample covers a wide range of angles. As a result, the interference

image becomes a continuum of fringes that almost completely cancel each other. The

remaining interference image shows only converged zero-order intensities. These zero-

order intensities span about 150nm (depending on the incident wavelength/2), with a

continuous transition of dark to light. A sample reflection image is shown in Figure 4-



2. Although there is some controversy on the topic of quantifying reflection images,

semi-quantitative reflection images can be obtained with control over illuminating

numerical aperture and incident wavelength.

Figure 4-2: Reflection images show cell-surface separation. The reflectivity of the
glass determines the background intensity. Smaller separations appear darker and
can be seen in regions where cells make more intimate contacts to the surface.

The reflection images show regions of lower intensities against a light background

with smaller cell-substrate separations. Dark regions outline the ruffles near the

periphery of the cell. Polarized cells, with lamellar extensions at the leading edge,

also show a narrow band of increased separation prior to the ruffled lamella. This

observation is consistent with migrating cells searching the space at the leading edge

MMWI _



by protruding lamellar extensions prior to making strong contacts. To compare the

range of intensities from the reflection and fluorescence images, we configured the

Zeiss Axiovert inverted microscope to sequentially collect DIC, fluorescence emission,

and reflection images.

Table 4.1: Oligonucleotides for Reporting Cell-Substrate Proximity

Name Tm (oC) Sequence 5' to 3'

Cy3.25 51.7 Cy3 - CAA CAA TAC ATC ATC TAC CAT CAT C
25.Cy3 51.7 CAA CAA TAC ATC ATC TAC CAT CAT C - Cy3
NH2.64 71.6 NH2(C6) - GAT GAT GGT AGA TGA TGT ATT GTT GTT TC

G CCG CGG GCC GGC GCG CGG TTT TCC GCG CGC CGG

We applied our fluorescent assay to quantify three cell-mediated pathways that

yield decreases in fluorescence intensity. Our primary interest is in quenching due

to the cell-sensor interaction. To isolate the intensity change due to quenching and

eliminate false positives, we evaluated the intensity contribution of two competing

pathways: sensor inactivation by the cell and fluorescent oligonucleotide incorporation

into the cell. Cy3 quenching resulting from cell-imposed microenvironment resembles

reflection microscopy images. This relationship suggests that the molecular sensor is

a reporter of cell-surface proximity.

4.2 Quenching characterization

Fluorescence quenching results when multiple processes compete for route to relax-

ation back to ground state. By design, the most desirable of these processes is flu-

orescence emission. We showed that introducing cells to fluorescent surfaces leads

to reduced fluorescence intensities localizing to the body of the cell. Quenching is

typically reported as a percent representing the ratio between sample and reference

intensities. Since, the cellular environment is complex, and the quenching ratio av-

erages across multiple processes that lead to intensity decrease, in this section we

evaluated contribution from several competing sources of intensity decrease to isolate



quenching specifically due to cell environment imposed upon the fluorescent surface.

Other contributions to quenching may arise from permanent intensity decreases such

as chemical inactivation of sensor or physical incorporation of fluorescent oligonu-

cleotide.

Quenching due to cell-mediated interaction that is recoverable may be used as

a reporter of cell-surface proximity. Cell images are collected over long timescales.

Consequently, the fast, short-lived interactions have an average contribution to sig-

nal intensity. Other, non cell-specific contributions to quenching are normalized to

the reference signal. The longest-lived contributions are due to specific interactions

between a fluorophore and quencher or specific interactions between molecules that

in turn bring the fluorophore and quencher into proximity. We considered the effect

of cell adhesion specificity to the fluorescent surface to localize areas of more inti-

mate cell-surface contact. As a result, we found that non-specific attachment leads

to intensity changes that strongly compete with the quenching measurement.

Table 4.2: Intensity decrease contributions
Source Quantity1

Spatial (total) 0%-70%
Chemical -%
Physical 2  -%
Temporal (per 15 min)
Bleaching (cell-free) 2%
Bleaching (cell-coincident) 1.4%
Incorporation 0.9%

4.2.1 Spatial contributions

Adding cells to the fluorescent surfaces yields areas of decreased fluorescence local-

ized to the adhered cell bodies, as imaged by Cy3 fluorescence and transmitted light.

These lower intensity regions are highly correlated to cell incidence, but the two do

not co-localize entirely under some conditions. In some cases, the cell-trail coincidence

varies with incubation time and binding specificity. In fact, the ratio of cell-to-trail



area has been observed to be as high as 130%. This deviation from one-to-one cor-

relation results from competing temporal contributions to intensity decrease such as

fluorescent oligonucleotide uptake by the cell (Section 4.2.2). This important obser-

vation brings attention to processes other than quenching that decrease fluorescence

as well. To isolate cell-mediated quenching, we quantified contributions from other

processes that decrease fluorescence but are not a direct consequence of cell-mediated

quenching. Two significant considerations were degradation and incorporation by

the cell. Sections 4.2.1 and 4.2.2, respectively, discuss experimental modifications to

reduce contributions from these factors.

A set of intensity values associated with quenching phenomena emerges when the

distribution of intensities is normalized. The background intensity in the cell-free area

serves as a reference intensity for evaluating extent of quenching. The lower boundary

on intensity is given by fluorophore-free portions of the cover slip, which define the

background level of fluorescence. These two boundaries define the dynamic range of

intensity information. We find that intensity decreases due to specific cell-adhesion

mediated quenching are around 15-40%, non-specific cell-adhesion and non-quenching

mediated processes yield much larger changes that span a broad range. Figure 4-3

shows an example of an intensity plot through the cell body on a fluorescent surface.

In this figure, the cell attaches specifically and quenches surface fluorescence by about

40%.

The fluorescence decrease is uniform and spans a narrow distribution of intensities.

We sampled small areas (25pm 2 squares) and generated intensity histograms to asses

whether strongest quenching localizes to the leading edge of the cell, where close

contacts are most frequent the cell is in closer proximity to the surface. Comparing

intensities in the leading edge of the cell, the cell body, and the lagging edge we found

that the lowest intensities localize to the leading edge, while the least quenching is

observed for the lagging edge. Stronger quenching, we expect, is indicative of more

intimate surface contact. For the assay conditions described above, the intensity

differences between the leading and lagging edge are small (several percent). The cell

body shows intermediate values of quenching, also within the several percent range,



Figure 4-3: Cells quench surface fluorescence. Cell-adhesion to the fluorescent surfaces

quenches fluorescence underneath the cell. Left image indicates the pixels represented

in the profile plot on the right. Right graph plots the intensity values vs distance forthe corresponding Cy3 image.

and the Cy3 response to cell appears mostly binary. We measured larger intensity

variation for other surfaces (Section 4.2.3).

Physical and Chemical

Potential contributions to the intensity include physical and chemical processes that

are not factors in the absence of cells. Examples of physical processes introduced by

cells include removal of fluorescent oligonucleotide and cell-sensor interactions that

decrease the fluorescence intensity. Oligonucleotides that are removed from the sur-

face, but are not incorporated into the cell are free to re-anneal to the sensor complex.

The equilibrium of duplex state is regulated by the temperature and ionic concentra-

tion; at 37°C and 1-10-1M NaC1 concentration, duplex state is more favorable. As a

result, any removed oligonucleotide confined within the extracellular space between

the cell and the substrate experiences favorable conditions to reanneal. However, on

the cell imaging time scale (image/10-15minutes), contributions from this potential

pathway are averaged into the overall quenching signal.

Another mode of decreased intensity may result from cellular-degradation of the

sensor molecule. Two possible modes of this degradation are chemical and physical
tion; a 37"C ad 1 10-M NaC1ccnrto dpe ae m e vrbl A
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degradation. Chemical degradation would yield an unrecoverable loss of fluorescence,

due to fluorophore oxidation, for instance. Physical degradation can result from the

cell removing the fluorescent dye mechanically. Mechanical Degradation is discussed

in more detail in Section 4.2.2.

The difference between these two phenomena can be captured in the ability to

recover fluorescence intensity through a chase experiment. Both modes of inacti-

vation are irreversible, for time-scales of interest. We distinguish between the two

modes by adding fresh fluorescent oligonucleotide and repeating the hybridization

step to asses the fluorescence recovery. For the physical inactivation pathway, adding

fresh fluorescent oligonucleotide, recovers fluorescence. Alternatively, chemical inac-

tivation of sensor requires removal of inactive fluorophore, prior to hybridization of

fluorescent oligonucleotide to recover fluorescence. These chase experiments distin-

guish between chemical and physical pathways to sensor-inactivation. Both modes

of sensor inactivation yield a decrease in fluorescence intensity, which competes with

the environmental quenching.

Physical inactivation is more likely for 3T3 fibroblasts. In the case of 3T3 cells,

cells and trails are not one hundred percent coincident. We observe trails in areas that

do no co-localize with cells in the bright-field image. Areas where a cell adheres, how-

ever, are usually accompanied by trails underneath the cell. The extent of quenching

underneath the cell and within the trails varies. When a healthy cell migrates away

from a particular area, most of the fluorescence intensity recovers. Cell-detachment

followed by cell-death, leaves dark trails behind after detachment. These trails leave

a record of the space traversed by the cell prior to detachment. The fluorescence

within the trails can be recovered by chasing in fresh fluorescent oligonucleotide. In

essence, the chase step resets the surface memory for where the cell has been.

For more aggressive, IC21 macrophages, chemical inactivation is the more likely

pathway. IC21 cells also recover fluorescence during migration-induced detachment

from the sensor surface. Detachment preceding cell-death however, yields irreversible

fluorescence decrease. This fluorescence is not readily recovered by a chase experiment

(Figure 4-4), suggesting a chemical pathway of inactivation. Furthermore, melting



away bound oligonucleotide and introducing fresh fluorescent oligonucleotide in its

place, does not recover the fluorescence either. It is possible that these cells inactivate

the fluorescent oligonucleotide through a physical pathway and inactivate the scaffold

through a chemical one.

Figure 4-4: Chemical inactivation of sensor leads to irreversible intensity loss. IC21
macrophage cells plated on fluorescent surfaces incorporate fluorophore more aggres-
sively. Removing cells and adding fresh fluorescent oligonucleotide does not return
even fluorescent surfaces. Cell shaped regions remain in the Cy3 channel (right).
Some cell debris indicating initial location of the macrophage can be seen in the
transmitted image (left).

The morphologies of the dark regions differ for IC21 macrophages and 3T3 fibrob-

lasts. 3T3 trails are more suggestive of the cell shape with distinct trails following

cellular projections. IC21 trails are somewhat globular and loosely follow cell mor-

phology as imaged in the bright-field. It is important to note that cellular debris

yields similar fluorescence quenching to that underneath the cell. This observation

is in line with the hypothesis that quenching a direct product of cell proximity. The

proximity of the membrane to the surface is reported in both cases of cellular debris

and cell adhesion. In the case of debris, the quenching is more pronounced and flat.

It is thus easy to distinguish from a live cell quenching profile.

4.2.2 Temporal contributions

The cell-surface relationship evolves with time as a cell initially adheres to the sur-

face and then as it migrates along the surface. We addressed temporal contributions



to quench ing to account for any unevenness in surface intensity due to extended

exposures to cells. The Cy3 is attached to the scaffold via a complementary oligonu-

cleotide. This attachment is not covalent and allows us to measure the contribution

of the relatively complex cellular milieu to the simple Cy3-based sensor. This design

yields access to quantifying a cell's ability to remove the fluorescent oligonucleotide

by internalizing it or chemically degrading it. To rule out chemical degradation of

the sensor complex as a competing pathway leading to quenched regions, we confirm

that the fluorescence can be fully recovered after removing cells and rehybridizing to

fluorescent oligonucleotide.

In some instances the uptake of the dye is high yielding an overall increase in

fluorescence co-localizing to the cell. This fluorescence increase is in the plane of

the cell, not the plane of the otherwise fluorescent surface. Imaging in time shows

that darker regions mostly recover after cells migrate away. The relative difference in

recovery by hybridization (rescue back to background values) and after cell migration,

can be attributed to uptake of fluorescent oligonucleotide. We accessed the rate of

uptake by comparing expected intensity value to measured intensity.

The removal can follow multiple pathways, to yield one of two results. The flu-

orescent oligonucleotide can subsequently end up external or internal to the cell. It

would be difficult to resolve fluorescent oligonucleotides, which are removed and ex-

ternally deposited because they remain free to re-anneal/reassemble on the scaffold

once the external force is removed. We therefore measured the result of fluorescent

oligonucleotide uptake into the cell. In theory, we should be able to monitor the

uptake into the cell by imaging in the plane of the cell. In practice however, con-

fining the fluorescence to the plane of the surface yields much greater signal than

fluorophores distributed axially within the cell. Furthermore, fluorescence within the

cell can only be detected after long incubation periods and large incorporation of

fluorescent oligonucleotide.

We therefore monitor the effect the cell has on the hybridized fluorescent oligonu-

cleotide, by measuring the changes in surface fluorescence instead of the fluorescence

internal to the cell. To show the effect of cell-sensor interaction, we measure the



fractional recovery of intensities as a function of multiple cell overlaps with a region

of interest (ROI), via a time lapse. The interval between images is 15 minutes; this

defines the time resolution. The incorporation per 15 minute-period of coincidence is

about 1%.

To measure fluorescence recovery, we address two types of areas: those that coin-

cide with the cell and those that don't. Fluorescence intensity populations in these

two areas are distinct, and one can follow cell disengagement from an area by mon-

itoring a bimodal (cell-coincident) to unimodal (cell-free) shift of the distribution of

intensities. If the cell does incorporate the fluorescent oligonucleotide, the surface

fluorescence looses evenness in intensity with time. This is unfavorable because we

would like to measure the changes in cell-surface intimacy as a function of fluores-

cence decrease. The recovery of the fluorescence after the cell disengages from an ROI

gives a measure of cell incorporation. This defines a threshold for incorporation-based

'noise' and allows us to isolate the quenching due to cell-sensor proximity.

Bleaching

The sensor system begins in an 'on' state and thus changes are referenced against

the background fluorescence intensity. Deviations from the initial fluorescence are

reported as ratios and capture any bulk and cell-independent phenomena affecting

intensity, such as bleaching.

Background fluorescence in a cell-free area and the fluorescence in a cell-occupied

area decrease linearly with time as fluorophores bleach. The two distinct environments

bleach at different rates. This observation supports a static quenching pathway, and

is further discussed in Section 4.3. It is important to consider the differential rates of

quenching allowed by different environments to isolate fluorescence decrease due to

bleaching from fluorescence decrease due to internalization. The independent bleach-

ing rate of the fluorescent oligonucleotide is determined by measuring the average

fluorescence intensities in a cell-free area of 25jpm 2. Likewise, the rate of bleaching

for an ROI that is engaged with a cell is an average over 25pm 2 under the cell nucleus.

Both areas have an almost linear decrease in fluorescence over the course of 18 time



points, where each time point is an interval of 15 minutes.
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Figure 4-5: Bleaching rates vary with environment. The control plots show intensities
of representative cell-free and cell-coincident areas at 15 min intervals. The exposure
per interval is about 800ms. The bleaching rate is faster for cell unoccupied areas,
2%. The cell-occupied rate, 1.4%, is a function of bleaching and incorporation. S.E.
il fluorescence a.u.

The bleaching rate of the cell occupied area is slower than that of the cell-free area.

The cell-free bleaching rate is -38.392±1.68 a.u./frame and the cell-occupied bleaching

(and incorporation) rate is -23.128±1.38 a.u./frame. The difference in bleaching rate

supports the difference in chemical environment experienced by the dye. For instance,

intersystem crossing mediated bleaching of the dye by oxygen molecules in solution,

may be less likely in regions where the dye is shielded by the cell. Alternatively,

quenching due to formation of a non-fluorescent complex between the cell and a

fraction of the sensor molecules may protect the complex-engaged molecules from

bleaching, while non-complexed molecules bleach at the regular rate. These rates are

determined by fitting the time evolution of intensities in the two regions as shown in

Figure 4-5. A frame represents 15 minutes and defines our temporal resolution. The
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slower bleaching rate of the cell-occupied area is likely a convolution of bleaching and

the rate of fluorescent oligonucleotide incorporation as will be discussed further in

Section 4.2.2. Intensities in fluorophore-free regions record variations in illumination

that might occur during the time span of the experiment.

We correct for the differential bleaching rates by taking the two distinct environ-

ments into account. For one cell trajectory, with a particular sequence of overlaps

and disengagements with an ROI, we can calculate the fluorescence decrease due to

bleaching given the two environmentally-dependent bleaching rates.

Ibleach(Frame) = -(kceUl-free * Frames + kunder-cell * Frames) (4.1)

We thus correct each measurement in the cell trajectory for bleaching using the two

control curves in a binary fashion. Still, the bleaching rate for the cell-occupied area

is likely a product of both bleaching and incorporation. I discuss this point further

in Section 4.2.2.

After removing bleaching effects, the remaining time-dependent features in the

trajectory reflect incorporation. To quantify the rate of Cy3-oligonucleotide incor-

poration, we consider two pathways. The measured intensities that are corrected

for bleaching carry memory of the cell trajectory through the incorporation of dye.

In other words, deviations from the expected bleach-corrected background intensity

are proportional to the incorporation because the bleach-corrected background has

no memory of the cell trajectory due to incorporation of dye. The bleach corrected

background (expected intensity) is generated by subtracting the same pattern of dif-

ferential bleaching rates as for the trajectory. Because we evaluate the expected

curve on a point by point basis, instrumental artifacts are conserved in both curves

and removed when the curves are compared.

The intensity sampled areas are small relative to the cell, but large enough that

partial overlap occurs in some frames. The partial overlap, as monitored in the bright-

field image, is binned in a binary fashion to either on or off. However, the shadowed

regions and cells are not always entirely coincident. Consequently, the cell might



co-localize with the ROI in the bright-field but the interaction may or may not be

intimate enough to quench the fluorophore. This feature reflects the axial range of

reporter sensitivity conversely to the lateral contributions discussed so far. Reporter

sensitivity is further discussed in Section 4.3.

Incorporation

There are two time-dependent contributions to intensity. One is photobleaching and

the other is deactivation by the cell. Chemical and physical deactivation were de-

scribed in the previous section. This section focuses on incorporation-based deacti-

vation, cell internalizing the fluorescent oligonucleotide. To access the internalization

rate, sequential images were collected at 15 minute time intervals. We found the

contributions of successive exposures to the bleaching rate. Correcting for the loss

in intensity due to bleaching yields the loss of intensity due to internalization of

fluorescent oligonucleotide.

The problem with the time-dependent contributions, is that they yield intensity

unevenness across the surface. Because fluorescence intensity is the readout signal,

these time dependent effects contribute artifacts to the measurement. The contribu-

tion from bleaching is not a significant factor for single time point data. Time lapse

data are affected because some areas are coincident with cells and thus protected from

this bleaching, yielding unevenness of the initial surface. Without a complete history

of cell trajectory, it is difficult to extract the source of the unevenness: differential

bleaching rates for cell-occupied and cell-free areas, incorporation by the cell, or both.

For single time point images, only the rate of incorporation affects the evenness of the

surface. To measure the internalization as a function of time a cell spends engaged

with an ROI, all time dependent factors must be considered.

The recovery of fluorescence after a cell disengages from an ROI, serves as a

measure of cell-mediated fluorescent oligonucleotide incorporation. The recovery de-

creases with the amount of time a cell spends in contact with an area, as monitored by

the number of frames. The incorporation of the dye does not seem to be toxic to the

cells because cells look healthy after long incubation periods, which correlate to more



incorporation. Furthermore, the recovery rate would help deconvolve internalization

and cell-coincident bleaching. The instantaneous recovery is the measure of intensity

change due to quenching (the remainder of the intensity going to incorporation). Un-

fortunately, the time resolution necessary here, would likely bleach the fluorophore

and kill the cell too quickly to make the measurement.

The problem arises from the fact that the removal of dye from the surface, con-

tributes to surface fluorescence unevenness. This unevenness is difficult to asses from

a static image with no memory of where the cell was previously. We are therefore

limited to determining the maximal internalization at a given point occupied by a

cell by using the incubation time prior to imaging to calculate a noise parameter and

threshold changes in quenching above this noise parameter.

The percent recovery is reported the ratios between the expected average intensity

and the measured value. In other words, after a cell disengages from an ROI, any

fluorescence lost (after accounting for bleaching) is attributed to incorporation by the

cell. The percent recovery is determined from a projection of the fluorescence intensity

based on differential bleaching rates. The same pattern of bleaching corrections is used

to determine the expected fluorescence when there is no incorporation, and to correct

the measured intensities for bleaching. As a result, we make a comparison between

a curve with no memory for cell trajectory (one that does not loose fluorescence due

to incorporation of dye) and a curve with memory for the cell trajectory (the one we

measure from experiment). The memory contains information about incorporation.

The measured intensities are normalized to the initial value of the cell-free inten-

sities and corrected for bleaching using 4.1. The same bleaching corrections is applied

to the memory-free background intensity to evaluate an expected intensity value and

percent recovery as follows:

lexp = Icell-free - Ibleach (4.2)

Recovery = Imeasured (4.3)
lexp

The percent not recovered is the amount internalized by the cell. The recovery de-



creases with the time a cell spends engaged with the fluorophores within an ROI.

For one trajectory, we evaluated the recovery as a function of engagement time. The

cell-free end points of one cell trajectory (see trajectory 1 in Figure 4-5) yield an incor-

poration rate of 0.9% fluorescence intensity incorporation per 15 minutes. Assuming

close packing of sensor molecules, this roughly correlates to 90 molecules/Am2

We used this same trajectory to establish the incorporation relationship. The

trajectory requirements are two points where a cell is not engaged with an ROI, to

serve as endpoints for an otherwise cell-engaged time trajectory. We show one such

data set that estimates incorporation rate for a cell that was engaged with a particular

area for 0, 30, 195, and 225 minutes. Evaluating the endpoint difference for each time

interval, the measurement yields an incorporation rate of 0.951% per 15minute time

point with our temporal resolution. This rate in combination with the incubation

time prior to imaging sets the threshold noise.

Incorporation of fluorophore creates unevenness in fluorescence intensity, thus, to

compare different ROI trajectories, we normalize them. The initial cell-free endpoint

is normalized to the averaged intensity value in the cell-free control plot at the corre-

sponding time point. This step erases previous memory of the fluorescent surface and

sets the initial point to a value that is unaffected by cells while preserving the rela-

tive relationships of the subsequent time points. The normalization is propagated to

the final cell-free end point and the resulting fluorescence changes remain a function

of bleaching and incorporation rates. From the same initial normalized cell-free end-

point, an expected intensity is evaluated for the final cell-free endpoint. The expected

trajectory is only a function of the bleaching rate. Comparing these two values thus

gives an estimate of intensity loss due to internalization.

The cell-engaged sensor complexes are subjected to slower bleaching rates than

exposed complexes. The rate of bleaching here is likely a product of both cell in-

ternalization and bleaching. To calculate recovery, we used the combined rate as an

estimate for bleaching. As a result, the equation underestimates the extent of in-

ternalization. With the current system, it is difficult to isolate the two effects. To

address the underestimation, we subtracted the rate of fluorescence loss due to in-
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Figure 4-6: The incorporation rate is about 1% per 15 minutes. The incorporation
rate is determined from two cell-free end points of an otherwise cell-ROI coincident
trajectory. Initial values are normalized to the cell-free background at the correspond-
ing time point in the control plots. The bleaching rate determined for the cell-occupied
area is used to evaluate the expected cell trajectory. The Measured value is compared
against the expected value at the two end points to determine the rate of fluorescence
intensity decrease due to incorporation by the cell. The determined rate is subtracted
from the initial bleaching rate, and a new bleaching rate is computed. This process is
iterated four times before the rate of incorporation converges to four decimal places.

corporation calculated from the combined bleaching and incorporation rate. The loss

is fairly small and four iterations yield convergence to four decimal places. The cell-

mediated incorporation of dye molecule is therefore 0.9397 ± 0.0976% as determined

from a fit to the cell-free end points of a cell trajectory shown in Figure 4-6.

We have observed both fluorophores inside the cell (proximal to the nucleus) and

the decreased recovery of the trails on the surface. The incorporation of fluorescent

oligonucleotides by the cell decreases the evenness of the surface. With the ability to

quantify this effect, and keeping incubation time between plating and imaging short,

we can set a threshold for determining real signal due to quenching. The next section

addresses the difference in registered quenching signal in the presence and absence of
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a biasing peptide terminal to the sensor. The incorporation rate discussed here, was

evaluated only for peptide-presenting surfaces due to limited viability on peptide-free

surfaces fro extended periods of time.

4.2.3 Specificity contribution

The specificity of the cell-surface interaction affects the morphology of fluorescence

quenching at the cell-surface interface. We looked at interaction specificity by com-

paring cells on RGD-presenting surfaces with cells on RGD-free surfaces. Up to this

point, we have biased the cell-surface interaction by incorporating an adhesion ligand

at one end of the scaffold to encourage interaction between the cell and the surface.

We removed the bias to look at the differences in adhesion maps between specific

and non-specific sensor binding. We compare the maps based on metrics of intensity

distributions reporting the fractional fluorescence decrease of Cy3 compared to cell-

free regions. On peptide-free surfaces, cells tend to be weakly bound and less viable.

The differences in quenching morphologies as imaged in the fluorescence channels are

show in Figure 4-7.

Cells require adhesion moieties on the surface to adhere and spread. Hairpin

sensor-coated surfaces that do not present the RGD peptide require supplement to

study non-specific adhesion to the hairpin sensor. We provided this supplement via

non-specific surface adsorption of RGD peptide, fibronectin, and FBS, individually.

For surfaces without RGD peptide at the hairpin terminus and without one of the

supplements, very few cells are able to spread on the sensor surface. Cells with

poor surface attachment tend to remove the fluorescent oligonucleotide leaving two

types of trails: quenched and unrecoverable. The intensities arising from the two

are sufficiently distinct to distinguish between them. Candidate cells were chosen,

to measure the difference between specific and non-specific adhesion to the sensor

surfaces, to compare only the recoverable fluorescence quenching.

The fluorescence images for the two surfaces specificities capture the different

modes of cell-surface interactions under these two conditions. different morpholo-

gies. Generally, cells that are spread on surfaces presenting specific adhesion ligand
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Figure 4-7: Biased and unbiased molecules show two different modes of adhesion

for the RGD-free and RGD-containing surfaces. Top two images show a cell on a

biased, RGD containing, surface characterized by small and uniform decreases in

fluorescence. Bottom four images show morphologies reported by unbiased, RGD-

free, surfaces. These quenching profiles tend to show darker radial streaks at the cell

periphery. Scale bar represents 10m.

form more uniform trails that largely correspond to the cell shape as imaged with

bright-field. Cells plated on non-specific surfaces also attach, although more weakly,

with more intimate contact preferentially localizing to the cell body and again to a

concentrated ring near the leading edge. These two contact phenotypes, reported as
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quenching variations in the surface fluorescence, readily identify the two populations

of cells. The two populations are shown in Figure 4-8.
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Figure 4-8: Cell occupied areas show a peak intensity shift compared with reference
background yielding two distinct populations.

Small fractional fluorescence decreases and narrow intensity distributions charac-

terize biased (peptide-presenting) cell-surface interaction. Intensity histograms for

the four regions (cell-free, lagging edge, cell body, and leading edge) cover a narrow

range, about 12%. The fractional fluorescence decreases are also relatively small, with

the largest localizing to the leading edge. The fractional quenching relative to the

cell-free areas are 0%, 4.7%, and 11.9% for the lagging edge, cell body, and the leading

edge, respectively. The trails underneath these cells are uniform and less intense.

Non-specific adhesion surfaces show more variation, which is captured by the wider

spread of histograms representing the four regions of interest and larger fractional

decreases in fluorescence. We find that the fluorescence decreases as much as 73.4%,

while the cell body and the lagging edge quench the fluorophore 47.3% and 21.6%,

respectively. Of note, is that the highest quenching occurs about 5pm from the edge

of the cell, following the same arc as the edge. This result is similar to actin stained

cells that show a drop in actin concentration near the leading edge. These results are

shown in Figure 4-9 and summarized in Table 4.3.
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Figure 4-9: Specificity of the cell-surface interaction affects the distribution and inten-
sity of adhesion-induced quenching. Cell on non-specific surfaces have more localized
quenching, with strongest decreases at the leading edge, 73%. Cells on specific sur-
faces have more uniform trails with darkest regions, 12% decrease, also localizing to
the leading edge.

Table 4.3: RGD Biasing Summary of Percent Quenching
Biasing Leading edge Cell body Lagging edge

RGD+ 11.9% 4.7% 0%
RGD- 73.4% 47.3% 21.6%

Biased and unbiased surfaces influence mode of cell attachment. Cells on biased

surfaces experience a uniform and dense field of ligands. On these surfaces, cells

maximize their contact with the surface through interaction with peptide molecules

that are uniformly distributed underneath the cell. The intensity maps for these

surfaces show fairly uniform quenching underneath the cell. On non-specific surfaces,

cells adhere via a different mode. Non-specific cell-surface interactions may lack the

minimal energy separation associated with membrane protruding receptor protein

clusters meeting their ligands[3] and are thus more likely electrostatic in nature [85].

The van der Waals repulsion minimum yields the smallest surface separations of 5-

10nm. We measure this regime of maximal quenching at the leading edge of the

cell for biased surfaces and the cell perimeter for non-polarized cells on non-specific

surfaces.

The strength of non-integrin cell-surface attachment is defined by the chemistry of
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the surface. The surface chemistry affects non-specific cell adhesion the same way it

affects non-specific protein adsorption. Proteins adsorption likeliness is related to the

likelihood of the surface to release the surface-bound waters. Water can be bound

to surface groups by hydrophobic interactions (structured water) and hydrophilic

interactions (hydrogen bonding). Hydrophilic interactions can be guided by hydro-

gen bonding to neutral polar groups (-OH and -C-O-C-) or polarized by ionic groups

(-COO- and -NH3+). The difference in entropic gain associated with release of struc-

tured water molecules for hydrophobic and hydrophilic surfaces drives hydrophobic

surfaces to adsorb proteins most strongly and hydrophilic surfaces to exclude proteins

most strongly. Negatively charged surfactants also successfully exclude cells because

the interaction with the negatively charged carboxylic acid groups on proteins and

cell is unfavorable. We attribute poor adhesion to RGD-free, unbiased, surfaces to

this unfavorable interaction.

Two strongly guiding properties for cell adhesion are the functional chemistry of

the surface and the presence of ligand for specific cell attachment. In particular, cells

have a preference for binding charged, hydrophilic surfaces[7, 40, 5]. Cellular response

to charge is so strong that positive surfaces with and without specific RGD ligand,

do not show a significant difference in adhesion strength. Furthermore, BSA blocking

of positively charged surfaces reduces the strength of adhesion, but retains the same

baseline adhesion whether RGD peptide is present or absent[49]. The concentration

of ligand, however, is correlated to increased adhesion strength as was evaluated on

artificial extracellular matrices with incorporated RGD ligands[55]. TIRF studies

of cell-surface separation show the specificity of surface adhesion is accompanied by

topographical differences along the cell-surface interface[13].

We observe that cells do not attach well to surfaces with no adhesion ligand. The

time to attachment (post-plating) is longer and cells are not viable as long during

imaging. Incubating the sensor dishes overnight with FBS enriched (up to 40%)

media or with fibronectin (up to 50pg/ml) did not significantly impact the time to

adhesion, but fibronectin slightly extended viability during imaging. Enhanced back-

ground adhesion did not improve cell-sensor interaction. This is significant because

104



for cells that do not attach well, the incorporation mechanism competes with the en-

vironmental quenching we measure. While the two modes of fluorescence decrease are

easy to distinguish, cell viability is poorer on these surfaces. We observe fluorescence

in the plane of the cell after cells detach.

Including RGD at the oligonucleotide terminus significantly decreases adhesion

time and improves cell viability. The decreased adhesion time is important because

signal loss due to incorporation of dye is linear in time. Shorter incubation times prior

to imaging mean less competition to quenching from the incorporation pathway and

larger dynamic range of information within the quenched regions, due to less severe

thresholding cutoffs to account for baseline incorporation as a function of incubation

time. The effective concentration of the adhesion peptide linked to DNA is lower than

we presented in the FBS and fibronectin experiments because the yield of peptide-

DNA conjugation is about 60%, this is still more than sufficient for cell adhesion

to a surface, but the specific attachment to the surface via the DNA scaffold is a

significant improvement for cell viability.

4.2.4 Discussion

Cell adhesion to surfaces is sensitive to a wide range of chemical and topographical

surface properties, and the degree of surface preference is relayed in cell ability to

adhere and spread. Cells can bind to surfaces non-specifically and specifically. Specific

interactions occur through integrin mediated ligand binding, while non-specific cell-

surface interactions require agreeable surface chemistry. Cell adhesion to ligand-free

surfaces is sensitive to surface rigidity [28, 38], charge, and hydrophobicity [1, 86, 7]

with a preference for hydrophilic, charged surfaces. The effect of charge on cell

adhesion is strong, and for two surfaces with and without RGD adhesion peptide,

adhesion strength does not differ significantly. Cell-surface separation topography is

sensitive to the specificity of cell adhesion to a surface [81, 13].

In addition to incorporation by cells, fluorescence decrease due to bleaching,

quenching, and inactivation can be isolated. Incorporation is a function of time a

cell spends engaged with a particular area on the surface. Bleaching is a function of
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the total exposure time of a region of interest and the extent to which fluorescence is

protected by the environment. Sensor inactivation is a binary and irreversible process

within the cell experiment but in some cases can be recovered once cells are removed.

Having identified the contributions from competing processes, we can measure cell-

induced changes as a function of Cy3 quenching.

Our observations with fluorescent surfaces are suggestive of cell-surface separations

reported by other techniques. We see largest quenching at the leading edge and

observe a region of strongest contact displaced a few micrometers from the very edge of

the cell as is consistent with reflection microscopy images showing lamellar extensions

that have not yet adhered to the surface. One discrepancy is that the next largest

quenching is within the cell body and nuclear regions for both biased and unbiased

surfaces. We believe that this discrepancy may be a result of larger incorporation

at the area of first contact with the surface. A cell that has just adhered and has

remained fairly stationary would exhibit lower fluorescence intensities in this area.

It is feasible to have a covalent linkage between the fluorophore and the scaffold to

eliminate the incorporation into the cell. Still, the current system could benefit from

the study of a process where cell-surface intimacy and delivery into the cell are both

relevant. Other groups have taken advantage of this phenomenon to deliver genetic

information into cells. In fact, two fluorophores, one bound covalently to the scaffold

and one only through complementary hydrogen bonding, could be used to isolate the

two events and measure both phenomena simultaneously.

In this section we showed how DNA can be used as a scaffold for building a molec-

ular sensor. We applied this DNA-Cy3 to reporting the interaction between a cell and

a surface in two different conditions: biased and unbiased adhesion. The fluorescent

surface maps distinct modes of interaction for the two adhesion specificities.

4.3 Cy3-dsDNA proximity reporter

A cell makes contacts with the surface at adhesion sites. The distribution, coverage,

and strength of these adhesions is governed by various surface properties including
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ligand concentration, rigidity of the surface, and specificity of the interaction between

the adhesion molecule and ligand. A migratory cell is polarized and has a different

adhesion relationship at the front of the cell where new adhesions are made, and the

rear of the cell, where old adhesions are released. The adhesive junction connecting

the cell and surface has benefitted from much investigation. With the availability of

easy-to-implement techniques, the extracellular space between junctions may benefit

from a deeper understanding as well.

The topography of the contact side of a cell can be fairly dynamic and is important

to the cell's integration of cues from the environment[22]. A thorough characteriza-

tion of the topographical cell-substrate junction can define chemical, physical, and

mechanical criteria for controlling a cell's net fate along these coordinates. Insight

into this control, is especially beneficial to designing biomaterials. As a result, a num-

ber of techniques have addressed the extracellular space between cell and surface to

find that cell-surface separation is in the 5-100nm range for closest contacts to largest

separations [21].

Interference reflection microscopy (IRM) was one of the first methods to address

the separations at the contact-side of the cell and soon several fluorescence techniques

were adapted to measure cell-surface separation. These techniques include total in-

ternal reflection (TIRF) microscopy and FRET. The optical configuration of IRM

and TIRF limits the measurement to the surface, while molecular reporters can ex-

tend three dimensionally. We present here an alternative, all-fluorescent, molecular

method for detecting the proximity of the cell and the surface. This assay reports cell-

sensor interaction as a function of decreased fluorescence. We evaluate this method

against IRM.

4.3.1 Reporter sensitivity

Cyanine dyes are frequently preferred probes because of their relatively high quantum

yield and relatively low sensitivity to environmental changes such as pH, polarity, and

ionic concentration. Cyanine dyes consist of two heterocyclic rings that are joined by

a conjugated carbon chain that makes it possible to tune the spectrum in the red to
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far red spectral range (yielding the cyanine dyes Cy2, Cy3, and Cy5). In the excited

state, cyanines undergo photoisomerization, a cis-trans isomerization about the car-

bons linking the two rings. This isomerization process has lower activation energy for

shorter linker chains. Thus, for Cy3 (Figure 4-10), isomerization significantly com-

petes for relaxation back to ground state and directly affects the measured quantum

yield. Table 4.4 summarizes the properties of Cy3.

Figure 4-10: Cy3 molecule and attachment to a phosphate terminal to the DNA
oligonucleotide.

Table 4.4: Cy3 properties
Excitation maximum 550nm
Emission maximum 570nm
Quantum yield[72]
Free dye 0.04
ssDNA 0.37
dsDNA 0.16
Lifetime 180ps
Strongest solvent sensitivity viscosity
Quenching by opposing nucleotides[59] 34

Guanosine 46%
Thymidine 97%
Adenosine 47%
Cytidine 45%

To this extent, environments that stabilize the cis structure improve the quantum

yield. For a rigid Cy3 molecule, this improves the quantum yield more than two-fold at

room temperature. At higher temperatures, Cy3 isomerization competes for dominant

relaxation pathway while the rigid Cy3 is mostly unaffected, yielding an even greater
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improvement in quantum yield[72]. An alternative improvement to quantum yield

results from increasing the rigidity of the environment. This can be achieved with

lower temperatures and higher viscosities and does not require chemical modification

to the dye structure. In fact, viscosity influences Cy3 quantum yield most strongly,

thus constraining the dominant relaxation pathway from the excited state[88].

Along the same reasoning, bulky substituents increase the viscous drag and thus

the quantum yield of Cy3. For instance, Cy3 conjugated to ssDNA increases the

activation energy for photoisomerization from 19kJ/mol for Cy3 to 33kJ/mol[72].

One can imagine that within a duplex, the activation energy would be higher still,

yet this is not the case, suggesting a difference in specific conformational interactions

between Cy3-ssDNA and Cy3-dsDNA. The transition between the two environments

can be monitored via quantum yield of Cy3.

In addition to different conformational constraints imposed by ssDNA vs dsDNA,

dsDNA can introduce small differences in chemical micro-environments as a func-

tion of the nucleotide sequence. For many dyes the effect of opposing nucleotides

decreases their measured fluorescence intensity, with the strongest decrease owing

to Guanosine (the strongest electron donor). Cy3 intensity increases, however, for

all four opposing nucleotides, with a complementary Thymidine yielding the highest

intensity enhancement of 97% [59].

An interesting situation arises when molecules are not free to reorientate in solu-

tion and are instead confined to a surface. While the cis-trans isomerization can still

effectively compete for relaxation pathway, the confinement changes the energetics of

the resulting system and may change the photophysical properties characterized in

solution. As an example, the effect of highly hydrophobic environments is difficult to

test in solution where a hydrophilic molecules is not likely to remain soluble because

it is free to aggregate with other similar molecules. A Cy3-ssDNA oligonucleotide

hybridized to its complement in solution and at the surface of a glass slide shows

the same sensitivity to registering nucleotide mismatches[60]. Still, the literature

suggests that the environmental sensitivity of Cy3 is enhanced within the context of

DNA so the Cy3-DNA systems has promise as a molecular sensor. In this report, we
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have activated surfaces with these complexes to register the relationship between the

contact-side of a cell and the surface.
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Figure 4-11: Cy3 quantum yield is strongly affected by viscosity. Cy3 emission in-
tensity increases with higher concentrations of glycerol. Cells contribute an intensity
decrease, thus environmental rigidity is not the mechanism by which cells affect Cy3
intensity.

We addressed one aspect of the reporter complex' sensitivity at the interface with

steady state fluorimetry. One possible model for fluorescence changes induced by

cells is that cells confine the reporter molecules within a more rigid environment.

Environmental rigidity can be effectively controlled in solution by adjusting the con-

centration of sucrose or glycerol. In glycerol, we observe a concentration dependent

increase in fluorescence quantum yield for the Cy3-dsDNA complex (Figure 4-11).

This is consistent with literature reports, but does not explain the fluorescence de-

crease introduced by cells. We therefore conclude that the quenching is not a product

of cells introducing a more rigid environment upon the sensor.

In addition to higher viscosity solutions leading to increased fluorescence, the

transition from dsDNA to ssDNA should enhance fluorescence[72]. In fact, relative to

Cy3-dsDNA, the most significant decrease in fluorescence quantum yield is reported

for free Cy3 with unhindered cis-trans photoisomerization, free Cy3 in solution. A

more minor dependence is reported for polarity but this relationship is attributed

to the solvatochromic shift. Microscopy experiments can be particularly sensitive

to such effects if the bandpass filter is not matched to the peak of the fluorescence
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excitation or emission peak and this principle can be exploited to enhance sensitivity.

Multiple reports show Cy3 insensitivity to pH and to Cy3-DNA insensitivity to

ionic concentration. We considered another model based on the cell's ability to dis-

rupts duplex structure. This duplex structure destabilization may occur via multiple

routes and is further discussed in Section 4.3.2. It is difficult to impose a similar

process on Cy3-dsDNA complexes free in solution, with only minor perturbation to

the native duplex in an energetically unfavorable way, when the molecule is free to

reorientate in solution. In a simplified attempt we use urea and ionic concentration

to perturb the molecule. We avoid temperature-based denaturation here for several

reasons. The most significant reason is that temperature has the same string effect on

quantum yield as viscosity, and would make it difficult to isolate the effect of duplex

destabilization from the photoisomerization of Cy3.

Quantum yield was evaluated according to[45]:

I Aref n 2

0 = ref - I - A 2 (4.4)
Iref A nre A ref

where I is the integral of intensities in the fluorescence spectrum, n is the index of

refraction for the solvent, and A is the absorbance at the excitation wavelength. The

index of refraction was considered for glycerol solutions of varying concentrations.

4.3.2 Cellular contribution

Within the context of the DNA duplex, Cy3 reports cell-substrate interaction as a

function of intensity. In solution, intensity changes are primarily a consequence of

environmental rigidity. Increase in viscosity, and thus rigidity, of the environment

increases the fluorescence intensity of Cy3. When Cy3 is conjugated to DNA, the

increased viscous drag increases Cy3 quantum yield for both single stranded and

duplex DNA. Somewhat surprisingly, the enhancement in quantum yield is larger for

ssDNA than dsDNA. As a result, from the perspective of Cy3-ssDNA, Cy3-dsDNA

complexes show a decreased quantum yield. Similarly, one might expect that cells

would induce more rigidly structured micro-environments upon Cy3 molecules, which
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are already confined to the surface at one end via their DNA backbones. Such increase

in rigidity should then correspond to an increase in fluorescence intensity. In turn,

the areas occupied by cells should appear brighter, but this is not the case.

Our results from imaging cells on fluorescent surfaces indicate a decrease in flu-

orescence intensity. The unexpected result in DNA has been attributed to a Cy3-

oligonucleotide interaction within a single strand that is disrupted upon annealing to

complementary strand. In the duplex, Cy3 interacts with the first few nucleotides on

the opposite strand[72, 65, 69]. In the case of cells, a similar structural readjustment

may be key. In our constructs, the Cy3 dye is directly opposite a series of Thymidines.

The interactions between Cy3 and nucleotides is thermodynamically unfavorable [80].

As a result, unlike many dyes that are quenched by nucleotides on the complementary

strand, Cy3 shows enhanced fluorescence, in particular when opposite Thymidines.

Consequently, one explanation for the observed result is that cells partially denature

the duplex at its ends, which situates Cy3 farther from the opposing Thymidines. Ac-

cordingly, from the perspective of Thymidine-enhanced fluorescence intensities, the

cell coincident areas of the sensor-coated surface show a decreased fluorescence in-

tensity. One report[56], suggests that Cy3-DNA experiences a structure-dependent

intensity increase upon binding by polymerase. Thus, the structural sensitivity is

conserved but the relationship is reversed.

The intensity decrease has relatively binary sensitivity. The profile of intensities

characterizing the cell-induced quenching is narrow and shifted from the brighter

intensities contributed by the background-control signal. This narrow distribution

suggests a threshold quenching sensitivity to cell-coincidence. For the sensor complex

this means that the proximity of the cell imposes a new structural minimum to the

DNA and thus the micro-environment of Cy3 at some threshold distance. As for the

cells, considering that in this configuration, Cy3 is confined to the surface via the DNA

duplex, the distance of sensitivity is limited to about 10nm from the Cy3 location.

Consequently, the binary response suggests that within this surface-proximal, 10nm

range, one proximity mode is dominant.

The cell-based mechanism yielding Cy3 quenching may be a result of a number of
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Figure 4-12: Fluorescence emission and reflection are independent. Edge of fluores-
cent feature show in the top panel (Cy3, DIC, Reflection). In the bottom panel, a
cell's contribution to the fluorescence (left) and reflection (right) image shows similar
features.

homogeneous proximity-based processes. As examples, the repulsive negative charge

of the glycocalyx on the underside of the cell contributes to electrostatic repulsion,

the density of intramembrane structures generates steric repulsion, hydrophobic con-

finement leads to more highly structured water molecules interacting with the sensor

complex, or some combination of these. In solution, introducing a similar perturba-

tion is likely to populate a continuum of states between the initial equilibrium and

and the final lowest energy configuration. Confined molecules, however, have fewer

degrees of freedom and thus have access to fewer available states. If the populations

are monitored as a function of Cy3 fluorescence intensity, the continuum of intensi-

ties (populations) narrows significantly. Projected onto an image, a Cy3 quenching

in response to cell-coincidence maps extent of cell-surface interaction. It is important

to note that the quenching response we describe here is completely reversed upon cell

disengagement form a particular area.

To further test the hypothesis that cell-mediated quenching is a measure of cell-
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surface proximity, we compared our results against another proximity measurement:

reflection microscopy. Reflection microscopy operates along a similar light path as flu-

orescence microscopy, with the most significant modification that the dichroic mirror

in the fluorescence path is replaced with a half mirror. The result of this modification

is that the topography of the underside of the cell is imaged. The interference image

is a result of optical path differences between light reflecting from surfaces of varying

heights and indices of refraction. We alternated between the two modes of imaging

(reflection and fluorescence) and show the distinct images they form in Figure 4-12.

The top panel shows the edge of an area coated with fluorescent sensor. The Cy3

emission appropriately only forms an image in the fluorescence image and is invisible

in the DIC and reflection images. The bottom panel shows contribution of cells to

the intensities of the fluorescent surface and reflection image.

The fluorescence images and the proximity images from reflection microscopy,

report similar features. Intensity histograms for cell-engaged vs cell-free regions show

a similar intensity changes in the two very different detection schemes:reflection and

fluorescence (bottom left, Figure 4-14). The spatial correlation coefficient between

background corrected and normalized images varies between 0.1 and 0.6 depending

on surface preparation conditions. The maximum correlation between the two types

of images is most likely limited by the axial resolution of the two imaging techniques.

Reflection microscopy has about 150nm axial resolution and the range of intensities

for a reflection image is wide. The fluorescence image has a much narrower range of

intensities. Figure 4-13 compares the two normalized distributions. The Cy3 image

resembles a binary version of the reflection image. This observation further confirms

that our reporter is sensitive within a much finer axial range.

Proximity response is not distance-dependent. The high degree of similarity be-

tween IRM and Cy3 images in conjunction with the binary nature of the Cy3 signal

led us to consider the possibility that the duplex reporter is sensitive to a range of

distances about 0-10nm from the cover slip surface. Because reflection microscopy is

least sensitive in this range, sensing proximity at these smaller distances would sup-

plement the range of information available to reflection imaging. We addressed the
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Figure 4-13: Normalized distributions of intensities for the reflection and fluorescence

images. Compared to the reflection image, the Cy3 fluorescence covers a narrower

range of intensities and resembles a binary version of the reflection

endpoints of this range by varying the location of Cy3 within the duplex and yielding

a Cy3 nearest the surface at about Inm displacement (limited by the length of linkers

involved in DNA attachment chemistry) and a Cy3 farthest from the surface at about

9nm. This 1-9nm Cy3-surface separation did not yield significant differences in the

Cy3 images. Quenching profiles showed the same relatively binary character at both

endpoints and the degree of quenching localized to similarly within the cell. Given

that cell-surface separation is fixed at a distance where the attractive and repulsive

forces between the cell and the surface are balanced, our results suggest that within

the 10nm proximity to the surface (and corresponding 16nm sensing proximity acces-

sible to the Cy3 in the distance-variation experiments) , only one optimal separation

satisfies the balance.

4.3.3 Discussion

The Cy3-DNA complex activates a cover slip surface to sense cell-surface adhesion.

Upon engaging with the highly fluorescent surfaces, cells partially quench the fluores-
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Figure 4-14: The reflection and Cy3 fluorescence images show similar features relative
to an adherent cell. Top panel compares Cy3 image (left), DIC (center), and reflection
image (right). The bottom panel show that normalized images show similar shifts
between the leading edge and the of the cell and the background. Profile plot (bottom
right) shows the increased with larger axial resolution within the reflection images.

cence intensity. The intensity changes thus map the relationship between the cell and

surface. In the previous section, we quantified various sources of fluorescence intensity

changes to isolate fluorescence quenching. Here, we evaluated several sources of Cy3-

DNA sensitivity, potential contributions from cell adhesion-mediated confinement of

fluorescent sensor molecules, and compared with reflection microscopy to asses/define

the sensor system's capability.

Surface-immobilized Cy3-DNA molecules report cell-induced structural deviations

via fluorescence intensity readout. Initially, the DNA duplexes in buffer solution,

interact with Cy3 in a particular favorable structural relationship that yields the

reference signal. Environmentally-induced deviations from the molecular contacts

Cy3 makes with its initial environment affect the intensity. We record this relative
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intensity change in response to cell-surface interaction. Steady state fluorescence ex-

periments tested environmental sensitivity to rigidity and pH. The results showed

that only viscosity has a strong effect on the intensity, and none of the tested condi-

tions showed a decrease in fluorescence. Molecules with confined degrees of freedom

likely report these changes differently. As for the cell's capability to alter the sen-

sor's immediate micro-environment, we considered structural and charge mediated

quenching. Unfavorable structure or charge induced conformations can decrease Cy3

fluorescence by setting bounds to the electronic relationship between Cy3 and nearby

molecules to an interaction that competes for the excitation energy or fluorescence

emission relaxation.

Reflection microscopy, used to image the distance between a cell and surface,

provided a good imaging control. Reflection images confirmed that the changes in

intensity map the proximity of the cell to the cover slip surface. The intensity his-

tograms of reflection and fluorescence suggest that the fluorescence response is rela-

tively binary. Some variation is evident in the extent of quenching within the cell,

but significantly less than for the reflection images. This difference suggests that our

fluorescence method is sensitive on a much finer axial resolution than the reflection

method. Furthermore, fluorescent images from Cy3 at surface separations between 0

and 10nm from the surface, did not show a change. This observation confirms that

only one cell-surface separation minimum exists within approximately 15nm from the

cover slip surface.

Up to this point, we evaluated only potential chemical contributions to the ob-

served quenching. Experiments with only dye coating the surface did not show the

significant change observed for dye within DNA. We considered quenching as either

a cell-induced or dye-sensitive phenomenon that is associated with deviations from

the more favorable initial micro-environment experience by the dye within the DNA.

Upon recommendation[48], we assessed the effect of cell-induced optical changes: flu-

orescence intensity change with index of refraction.

The refractive index of solvent affects the fluorescence intensity. An optical con-

sequence of cell-surface adhesion is a change in index of refraction introduced upon
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Figure 4-15: Range of refractive indices relevant to cell-imposed environments. Re-

fractive index increases with increasing glycerol concentration. Glycerol solutions

were prepared at 0, 20, 60, 80, and 100% glycerol to span the range of indices mea-

sured for cells: 1.36 (cytoplasm) - 1.48 (lipid membrane). Average index reported for

cell is 1.42. These prepared samples were used for all subsequent index experiments
to minimize preparation error for the highly viscous samples.

the immediate environment of the dye (cell-surface separations are on nanometer

length-scales). We measured the effect of index of refraction on the sensor molecule-

coated surface. The average index of refraction of a cell is about 1.42, with lower

refractive index within the cytoplasm and higher for the lipid membrane. The range

of indices relevant to cells matches well with the range of refractive indices spanned

by glycerol dilutions. We prepared sensor coated surfaces and introduced glycerol

solutions to determine the relationship between index of refraction and fluorescence

intensity of the sensor surface. The relationship can be seen in Figures 4-16 and

4-17. For reference, the refractive index for the cell and cellular media is shown in

Figure 4-15. Intensities for reflection images were included as a control for refractive

index independence. While refractive index plays a role in the optical path difference

experiences by two beams traversing different parts of the sample, reflected image

formation is an otherwise distinct process and thus unaffected by solutions of varying
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Figure 4-16: The effect of glycerol concentration on fluorescence intensity and reflec-

tion. Intensity decreases with increasing glycerol concentrations showing an opposite

trend from the bulk observation (strong increase in fluorescence with higher viscos-

ity). This result shows that surface-confined molecules are more sensitive to index of

refraction, while sensor molecules free in solution are more sensitive to the viscosity.

The corresponding refractive indices are plotted as red dashed on the right axis to

show the reverse relationship. Intensities from the reflection image are shown as a

control. Reflection image is generated by an independent process and is thus insen-

sitive to the different solutions (unlike with cells, where very similar features were

observed).

indices.

We observed intensity decreases with higher refraction index. We previously

showed in bulk solution that the the intensity of the DNA-dye sensor molecules is

strongly dependent on viscosity. The intensity increases with with increasing con-

centrations of glycerol and thus with higher viscosity. It is important to note that

this relationship is reversed for sensor molecules that are confined to the surface.

This result may relate to the reduced degrees of freedom available to surface confined

molecules. Molecules immobilized on a cover slip surface are less sensitive to increases

in viscosity which, in bulk solution experiments, increase the activation energy of the

cis-trans isomerization and consequently the fluorescence lifetime and quantum yield.

The sensitivity to index of refraction dominates at the surface. The surface fluo-
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Figure 4-17: Fluorescence intensity decreases with increasing refractive index. The

refractive index of glycerol increases non-linearly with glycerol concentration. Inten-

sity also experiences a stronger decrease with higher glycerol concentrations (indices

of refraction). Gray circles show the reflection control, unaffected by index. Orange

circles show fluorescence intensities decreasing with increasing index, and the red cir-

cle shows the average index of a cell with the range representing percent decrease in

surface intensity we observe for regions occupied by adhered cells.

rescence sensitivity to refractive index is likely the most significant reporter of cell

proximity.

The enhanced environmental sensitivity of DNA-Cy3 reporter complex provides

several advantages to measuring the cell-substrate interface. The most significant of

these is the ability to access cell-biomaterial interactions at thin layers further from

the surface. Confinement to the cover slip surface is also not critical. In the case of

reflection microscopy and TIRF, measurements are restricted to 150 and 200nm from

the coverslip surface, respectively. Our molecular sensor approach falls in the range

available to epi-illumination. It is not limited to the cover slip surface and, with a

comparably high magnification objective, and imaging range of several millimeters.

Similarly, distance sensitive techniques, such as FRET and quenching report on a

shorter range with high sensitivity within that dynamic (not surface-limited) range.
2

120

i



The geometry of this reporter system is well controlled. The assay is prepared

independently of the experiment, and the probability of a match between the fluo-

rescent and quenching entities is good. Furthermore, the high initial signal serves as

an excellent internal reference for the system. These properties, offer an advantage

over fluorescence methods that are limited by statistical probability of an interaction

occurring to register a response signal. The high sensitivity at several nanometer

length scales is comparable to FRET but not restricted to an acceptor of specific

spectral overlap. Furthermore, no special optical reconfiguration is necessary and the

chemistry is straightforward to adapt. As a result, the cell-surface interaction for

thicker materials (e.g. with different compliances) can be examined through fairly

simple extension of the assay we described.
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