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Abstract

Atomic Force Microscopy (AFM) is a form of Scanning Probe Mi-
croscopy (SPM) used to explore the properties of surfaces with a proximal
probe. The unique abilities of AFM to image and manipulate nanoscale
objects makes it ideal for investigating biological samples. By functional-
izing the AFM probe and scanning surface with short fragments of single-
stranded DNA (ssDNA), we have explored the sequence-dependent bind-
ing kinetics of DNA, lending itself to applications in biomolecule sequenc-
ing and biochemical imaging.

1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a form of Scanning Probe Microscopy (SPM)
used to explore the properties of surfaces with a proximal probe. The unique
abilities of AFM to image and manipulate nanoscale objects make it ideal for
investigating biological samples.

1.1 History

The AFM was invented in 1986. Compared to other forms of microscopy, AFM
has the advantage of being able to study both conducting and insulating materi-
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als [1]. AFM works by scanning a surface with a cantilever of known dimensions,
composition, and spring constant, oscillating at a specified frequency. Dynamic
AFM (compared to static) minimizes sample damage and makes many different
types of measurements, allowing for more thorough surface analysis [2].

1.2 Apparatus

The AFM used in the Sahin Lab is composed of a piexoelectrically-driven os-
cillating T-shaped canitlever with a shart tip, as shown in Figure 2. The piezo-
electric sensitivity is

γ = kA3/2∆f/f0 (1)

where k is the spring constant of the cantilever (see Equation 3), A is the driving
amplitude, ∆f is the frequency shift, and f0 is the resonance frequency of the
cantilever (see Equation 2) [3]. The cantilever is driven at its resonant frequency
(5 − 300kHz) or higher harmonics of this frequency, performing a raster scan
over the surface of interest. The resonance frequency (for the flexural motion
of a beam cantilever) is

ω0 =

(√
5

3

√
E

ρ

)
H

L2
(2)

where E is the Young’s modulus of the cantilever, ρ is its density, H is its
thickness and L is the length (from bulk of cantilever to tip, along the flexural
direction). The spring constant of typical cantilevers is anywhere between 0.01−
100N/m. The spring constant is given by

k =
3EI

L3
(3)

where I is the moment of inertia of the cantilever. The movement of the can-
tilever is detected by a quadrant position-sensitive detector (PSD), as shown in
Figure 1. The cantilever experiences a thermal drift of about 0.5nm/min [4].
There is a feedback loop which maintains a constant value of the setpoint ratio,
S = A/A0

1. The force sensitivity of an AFM is on the order of 1pN . [7]

1For more information on signal processing see References [5, 6].
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Figure 1: The laser dot moves horizontally and vertically on the four-quadrant position-
sensitive detector, based on the motion of the cantilever. The difference (Q1+Q2)−(Q3+Q4)
is proportional to the flexural motion of the cantilever (as described in the next section) and
the difference (Q1 + Q3) − (Q2 + Q4) is proportional to the cantilever’s torsional motion [4].

1.2.1 Cantilever Equations of Motion

The cantilever exhibits flexural (along the x−direction) and torsional (along
the z−direction) motion (y is along the vertical displacement of the cantilever).
The cantilever scans along the flexural axis, to prevent additional torques. The
flexural motion is described by

EI
∂4y

∂x4
+ ρC

∂2y

∂t2
= 0 (4)

where C is the cross-section of the cantilever. The torsional motion is described
by

τ
∂2θ

∂x2
= ρJ

∂2θ

∂x2
(5)

where τ is the torsional stiffness of the cantilever and J is the polar area moment
of inertia. If the cantilever is not perfectly symmetric, there can be coupling
between the flexural and torsional motion. Damping of the cantilever is mainly
due to sound radiation and air friction. [8]
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Figure 2: The T-shaped cantilever exhibits vertical and torsional motion [9].

1.2.2 Higher Harmonics

The torsional response of the T-shaped cantilever at higher harmonics allows
for advanced resolution. Higher harmonic responses depend on local nonlinear-
ities (making the response much sharper) and are mainly due to the repulsive
interactions dependent on the sample elasticity [10]. Unlike the higher harmon-
ics of a string, where the higher harmonics are integer multiples of the main
resonant frequency, for the vibration of a beam the higher harmonics could be
fractional ammounts of the resonant frequency2 [10]. The process of acquir-
ing time-resolved force measurements is described in Figure 33. In AFMs with
piezoresistive sensors, as the cantilever moves, it causes the piezoelectric sen-
sor to oscillate, creating an AC current. This current is proportional to the
deflection multiplied by the frequency, meaning that higher harmonics result
in greater signal strength. Larger amplitudes are created by shorter-duration
contacts. Also, the torsional mode resonant frequency is much higher than that
of the flexural mode, so it responds to variations in force over a much wider
frequency range. [7]

1.3 Tip-Sample Interaction

Tip-Sample forces are very complex and vary depending on the type of tip and
nature of the sample. In most AFM experiments, the tip is initally repelled from
the surface until it reaches a close enough distance where it ”jumps-to-contact,”
abruptly touching the surface. This is undesirable for the accuracy of force-
distance curves, but oscillating at a larger amplitude can typically prevent this.
The Young’s modulus of the surface is the main factor influencing tip-sample
interactions. When the tip travels towards the surface, the rate of increase
of the repulsive force is proportional to the sample’s stiffness [4]. Forces of

2It is very important to stress the distinction between higher harmonics and higher modes
of the cantilever’s oscillation. The higher harmonics here are that of the forcing signal. They
should not be thought of as higher modes of cantilever vibration. [10]

3For more information on harmonics signal processing, see Reference [11].
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Figure 3: Time-resolution of the tip-sample force: a) the torsional signal (solid line) and
flexural signal (dotted line) of the cantilever, b) the torsional signal divided by torsional
frequency response, c) the time-resolved force found by subtracting the error introduced by
cross-talk from the flexural signal [7]. Note that there is a hysteresis in the forces during the
approach versus the retraction of the tip.

interest include (but are not limited to) Van der Waals, electrostatic, solvation,
entropic, short-range physical and chemical, specific (for example, lock-and-
key), and nonequilibrium forces (such as friction) [12, 7, 13]. It is important to
note that the capillary or adhesion forces are larger in retraction, resulting in
hysteresis of the force-distance curves [7]. Also of importance is that in liquid
experiments, the hydrodynamic and viscous forces are usually negligible [12].
Measurement of the phase shift shows if the force is attractive or repulsive [2].

1.4 Force-Distance Curves

Because the cantilevers used in the Sahin Lab are T-shaped, force calculations
can be made from the vertical and torsional motion (as represented by the arrows
in Figure 2) of the cantilevers over the surface. Force-distance curves, such as
that in Figure 4, provide information about the energy landscape and therefore
provide information about the chemical composition of the biomolecule being
studied.
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Figure 4: A typical force-distance curve for tip-sample interactions. Point B is where the tip
first comes in contact with the surface. Point C is where the tip breaks free of the adhesive
forces, as the tip retracts. [7]

2 ssDNA

Single stranded DNA (ssDNA), sometimes refered to as an oligonucleotide, is
used to functionalize the cantilever tip. Its unique characteristics allow for
greater scope in AFM experiments.

2.1 Properties

Single stranded DNA is an electronegative polymer, free to rotate about its
phosphodiester backbone [14]. The nucleobases Adenine (A), Thymine (T),
Guanine (G), and Cytosine (C) are attached to the deoxyribose sugars along the
backbone. The interactions between the bases is what holds double stranded
DNA (dsDNA) together. Single stranded DNA is much more flexible than
dsDNA. Its shape is governed by the balance between the attractive interactions
of the exposed bases and the repulsive interactions of the PO−

4 backbone [15].
It has a diffusion constant

D ∼ N−0.45 (6)

where N is the number of bases [16]. This value is about 2×10−7cm2/s [17, 18].

2.2 Hybridization

Hybridization is the process by which two strands of ssDNA come together to
form double stranded DNA (dsDNA). There are many different models of DNA
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hybridization, the most relevant of which are zipper, staggering zipper, and
all-or-none hybridization. The differences are pictured in Figure 5. While the
all-or-none hybridization model holds true for almost all short DNA strands,
the intermediate (zipper, or staggering zipper) stages have a significant effect
on the hybridization kinetics (for example, enthalpy change) [19]. However, for a
10−mer, if even one intermediate base pair is mismatched, hybridization almost
never occurs [20]. Further investigation shows that the staggering zipper model
is most accurate [21]. In liquid, the hybridization process is characterized by
the Damköhler number

Da = hk/D (7)

where h is the height of the liquid layer, k is the kinetic rate contstant, and D
is the molecular diffusion constant [22]. When this number is greater than 10,
hybridization is diffusion-limited, but when it is less than 10, hybridization is a
reaction-limited process.

Figure 5: Different methods of DNA hybridization: a) zipper, b) staggering zipper, c)
all-or-none.

2.3 Interaction Forces

The forces acting on ssDNA are interchain forces (such as base pairing) and
intrachain forces (such as the elasticity of a single strand). The interchain forces
are not felt until a separtation of 5nm or closer is achieved [23]. Most models
of ssDNA treat it as a freely jointed chain, or polymer. Figure 6 descirbes all
of the possible attractive or repulsive forces felt between two macromolecules
or biomembranes. As wtih a nonfunctionalized tip, the functionalized tip first
feels repulsive forces until it jumps-to-contact when the attractive forces become
stronger.
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Figure 6: Possible forces felt between two macromolecules or biomembranes [12].
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2.3.1 Interchain Force

The interchain force is due to the elasticity of the ssDNA considered as a poly-
mer. This force is also referred to as the adhesion or elongation force. Using
the freely jointed chain model for a polymer, this force is described by

F =
kbT

a

(
coth

( x

Na

)
− 1

x/(Na)

)
(8)

where kb is the Boltzmann constant, T is the temperature, a is the unit length
of the chain, and N is the number of units on the chain [23]. The adhesion force,
which is present only during the time the ssDNA is pulled off, creates hysteresis
in the force diagrams [24]. It takes about 50pN to fully extend the elastic
ssDNA [15]. The ssDNA backbone can sustain forces of 0.8nN , its stretching
modulus is 123.5kbT/nm

2, and it has a Kuhn length (characteristic rigidity or
persistence length) of 15Å [26, 27, 18]4. It is worth noting that the Kuhn length
is longer than the length between adjacent bases.

2.3.2 Base Pairing

Base pairing in DNA is where the nucleotides of two different strands pair up (A
wtih T, and G wtih C). This pairing forms three hydrogen bonds between GC
pairs and two between AT pairs, contributing to the well-explored fact that the
GC base pair has a greater in-plane resonance stability. A base pairing reaction
has an enthalpy of −8kcal/molbp and an entropy of −21cal/deg/molbp, meaning
it is advantageous for two ssDNA strands to pair together [21].

2.3.3 Base Pair Stacking

Double stranded DNA also gains stability from what is known as base pair
stacking. The interaction of neighboring base pairs has a significant effect on
stability. In fact, thermodynamically, dsDNA can be completely described by
its nearest-neighbor interactions. The stacking interaction has a free energy of
7kcal/molbp compared to only 1kcal/molbp for hydrogen bonding [28]. CG/GC5

stacking interactions are the strongest (−2.17kcal/mol), whereas TA/AT are the
weakest (−0.19kcal/mol) [29, 30]. After the first base pair is formed (which has
an association factor of 2.2 × 10−3L/mol), it is easier for the rest of the DNA
to zip up, in effect, becasue of base pair stacking [21]. Much of the stability
is due to π-orbital overlap, though this reasoning is debatable [31]. Stacking

4Other sources record half of this value [25].
5In fact it does matter if the order is GG/CC, compared to GC/CG, even compared to

CG/GC (listed by decreasing entropy, enthalpy, and free energy) [29].
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interactions depend on temperature and oligomer length. They also depend on
the angular twist between the dimers, as seen in Figure 7.

Figure 7: Stacked adenine dimers with 60◦ twists. Each has interaction energies: a)
−7.4kcal/mol, b) −6.6kcal/mol, and c) −7.8kcal/mol [31].

2.3.4 Electrostatics

The GC pair is a better electron donor and receptor than AT. GC pairs also
have greater vertical interaction energy because they interact more strongy via
charge-transfer complexation, dipole interactions, polarization interactions, and
the van der Waals interaction. The last three interactions operate between
paired bases as well as between neighboring base pairs.

Charge transfer complexation is where two neighboring molecules share some of
their electrons. This is not to be confused with a covalent bond; charge transfer
complexation is much weaker. This electronic delocalization further stabilizes
the GC neighbors, by an energy of 0.3kbT more than AT pairs [28].

Each nucleobase has a permanant dipole moment. The dipole-dipole interaction
between bases is described by

Eµµ =
1

R3

[
µ1µ2 −

3

R3
(µ1r)(µ2r)

]
(9)
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where R is the separation between the two dipoles, r is the distace to the point of
interest, and µ is the dipole moment of the base [28]. The dipole moments of G
and C are much higher than those of A and T. This interaction contributes the
most to the electrostatic interacitons of the DNA strands. There is, however,
much debate over whether these interactions can be accurately described by
permanant dipole moments, as opposed to monopole moments, of the interacting
molecules. Regardless, both methods reveal stronger GC interaction than that
of AT, as expected.

The dipole-induced dipole interaction, or electrostatic induction or polarization
interaction, is described by

Eµα =
−1

2R6

[
α1

[
3(
µ2r

R
)2 + 1

]
+ α2

[
3(
µ1r

R
)2 + 1

]]
(10)

where α is the polarizability of the base pair [28]. This can be reduced to the
interaction between the dipole moment of the base and the polarizability of the
hydrocarbon.

The van der Waals-London, or dispersion or fluctuation interaction, is described
by

EL =
−3

2

1

R6

[
I1I2

(I1 + I2)

]
α1α2 (11)

where I is the ionization potential [28]. The first ionization potential is that of
the π-electrons. Any dipole-dipole repulsion felt by the pair is decreased by the
dispersion attraction from the electrons [31].

2.4 Tip Functionalization

The tip of the cantilever can be functionalized wtih short ssDNA, via strong
covalent bonds. The probe6 DNA has sequences complementary to the tar-
get DNA, allowing for binding to occur. The probe ssDNA must be chemi-
cally fixated to the cantilever tip by covalent bonds stronger than the bonds
between the DNA strands and bases. Functionalizing the tip raises concerns
about tip longevity. It may become uneffective after a few force-distance curves
are recorded [24].

As the functionalized tip oscillates across the surface, it experiences specific
hybridization and nonspecific absorption, as pictured in Figure 8. Nonspecific

6It is important to stress the distinction between ”probe” and ”target” DNA. In this work,
”probe” DNA will refer to that which is functionalized to the tip, because the tip is considered
the probe in AFM literature. However, in most DNA hybridization literature, ”probe” DNA
is that which is stationary on the surface and ”target” DNA is free to disperse and hybridize.
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absorption is where the probe DNA binds to the surface first then diffuses
towards the target DNA, where it binds. This process should be inhibited to
minimize its contribution to the meausred forces [32]. The oscillation time is
slow enough compared to the diffusion time of ssDNA molecules such that the
DNA has many chances to bind and unbind (spontaneously dissociate) during
one oscillation period. The rate of specific hybridization due to diffusion is

K = 3.5× 105
√
N

σ
(12)

where N is the number of nucleotide units and σ is the complexity of the target
sequence [32]. The time it takes to spontaneously dissociate is 10−6.3+0.6Ns
where N is the number of base pairs in the strand [15]. Distinct force-extension
curves result from pulling the molecules apart by dynamic single-molecule force
microscopy (SMFS) at high speeds. These rupture forces (mentioned in the next
section) are sequence specific, so the force-extension curves provide sequence
analysis [33].

Figure 8: Specific hybridization and nonspecific absorption of ssDNA (adapted from [32]).
Steps b) and d) show specific hybridization of the probe to the target. Steps c) and a) show
the probe nonspecifically absorbed the the surface then diffusing to subsequently hybridize
with the target ssDNA.

2.5 Rupture Kinetics

Double stranded DNA can separate into two ssDNA strands in many different
ways. When heated, dsDNA can denature into ssDNA. It can also be pulled
apart by either zipping or shearing, as seen in Figure 9. It takes about 20pN of
force to begin unzipping DNA [34]. Then it takes 14.5pN to continue unzipping
[35]. However, DNA shearing is what is observed in AFM experiments. Starting
the rupture process takes roughly 50pN of force7 [34]. Once the dissociation
begins, it takes 15pN to continue pulling apart a sequence composed entirely of
GC pairs, and 10pN for an AT sequence [36]. These forces are truly composed

7These numbers vary in the literature from 50 − 6500pN , but all sources agree that the
rupture force is greater than the force it takes to unzip DNA [15].
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of elementary ”force quanta” that exist between the individual bases [37]. The
location of rupture has a loading-rate (force increase during the pulling time)
dependence, meaning that based on what pulling force is supplied, the ssDNA
will rupture at a certain bond first [9]. The time8, force required, and location
of the rupture are also highly dependent on temperature [39].

Figure 9: Different ways to break dsDNA: a) unzip, b) shear.

3 Procedure

Preparing samples, functionalizing the cantilever tip, and using the AFM to
study the binding kinetics of short ssDNA.

3.1 AFM Steps

1. Set the AFM to STM mode
2. Turn the optical light source on
3. Align light with middle of stage using the knobs on the bottom front and

bottom left of the optical head, as seen in Figure 10 (note that at the same
time the stage should be fairly centered in the hole in the metal, otherwise
the AFM scan will not be able to reach its maximum size)

4. Place the sample onto the magnetic scanner stage
(a) If experiment needs to be done in liquid, pipet about 50µL of buffer

(PBS) onto sample surface, or until surface is covered
5. Prepare the cantilver

8The time variation in molecular force dynamics is espcially important when modeling
spontaneous dissociation [38].
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(a) Turn the cantilever holder upside down to insert the cantilever (re-
flective side down) into the cantilever holder, making sure it is slid
fully in

(b) Place cantilever holder into the AFM, lining it up with the grooves,
as seen in 3 in Figure 10, if liquid experiment make sure to lower
cantilever holder onto the liquid instead of dragging it across the
liquid

(c) Secure cantilever holder into place by tightening the knob on the
backside of the optical head

(d) Using the large microscope knobs (not on the optical head) focus on
the cantilever

6. Set the AFM to AFM&LFM mode
7. Align the laser

(a) Using knobs L2 and L1 in Figure 10, adjust the laser until it looks
to be centered at the cantilever tip

(b) Adjust further with the knobs, making the Sum reading as high as
possible9 (should be between 5− 7)

(c) Adjust the mirror M in Figure 10, to achieve the maximum sum
8. Using knobs TL and BL in Figure 10, adjust the photodetector until both

the Vertical Difference and Horizontal Difference are close to 0 (between
−0.5 and 0.5 is acceptable)
(a) these values will shift throughout the course of the experiment, so

check periodically, and if too large of a value (3 or higher), disengage
cantilever and adjust

9. Turn on Nanoscope softwares
10. Obtain the cantilever’s resonance frequency using Nanoscope

(a) Set the scan size to 1µm and the drive amplitude to 5mV on the
Nanoscope controls

(b) Using Thermal Tune, gather data
(c) On the Thermal Tune screen, create two boundary lines around the

resonance peak (it will be more spread-out than peaks from back-
ground noise) and fit the data (setting to liquid mode if in liquid)

(d) Can check this value with the Auto Tune button
11. Turn on LabView program
12. Set LabView values

(a) Force scaling: 25000
(b) Tip: up
(c) Amplitude sensitivity: 24
(d) Threshold: 1000 (keep this value the same, or higher at around 106,

throughout the scans to get sharper images)
13. Set the AFM to TM AFM mode
14. Bring tip close to surface

(a) Use the microscope knob to focus on the surface (or if in liquid,

9The sum is based on the reflectivity of the cantilever; the value should not change between
air or liquid experiments.
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alternatively can look at the bottom reflection of cantilever), then
the cantilever tip, then half-way between them

(b) Using the Down switch (below the optical head), bring the cantilever
down until it is in focus

(c) Repeat the last two steps if the cantilever is noticably far from the
surface

15. Set scan values on Nanoscope to prepare for engaging the cantilever
(a) Scan size: 1− 2nm
(b) Scan rate: 1− 2Hz
(c) Samples/Lines: 256
(d) Slow scan: enabled
(e) Setpoint: (depends on the resonance frequency of the cantilever,

should be lower than drive amplitude)
(f) Drive frequency: cantilever resonance frequency found in Step 10
(g) Drive amplitude:(depends on the resonance frequency of the can-

tilever, must adjust this until amp reading on AFM is about 1− 1.5
and amp reading on LabView is abou 8)

(h) Integral gain: 1
(i) Proportional gain: 1
(j) Offset: x = 0, y = 0

16. Engage cantilever
(a) Click engage symbol on Nanoscope controls
(b) Change scale on Trace/Retrace window to see both lines clearly, the

goal is the have them line-up almost exactly
(c) First gradually decrease the setpoint
(d) If lines still do not fully overlap, increase the drive amplitude
(e) If lines are too choppy, decrease gain (to 0.5)
(f) Each time Nanoscope shows that the cantilever is too far (goes from

green to yellow or red), repeat all of Step 16
(g) Tips:

i. If center line moves a considerable amount along the green bar,
it means that the cantilever has not yet reached the surface

ii. Know the surface (approximate dimensions, depth, force scales)
and check that the AFM and LabView settings are in line with
these predictions

17. Set scan values for actual scan
(a) Scan size: 10− 200µm, or desired size of image
(b) Can also change scan rate based on desired quality of image
(c) Can also change offset based on desired location of image

18. Capture scan
(a) Click capture icon on Nanoscope controls (Can set to Capture: Forced,

to capture image right away; Capture: Next, to caputure the next full
image, or Capture: Movie, to continuously caputure full frames)10

(b) Wait until full image is captured (Nanoscope will show ”Capture:

10Note that the previous image is removed when the engage button is pressed.
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Done” in bottom right hand corner of screen)
(c) Save capture to file (these captures save information such as the

maximum force, phase values, max and min depths, and time of
these events)

(d) Can adjust capture image (such as ”flattening” it, to get more even
surface values)

19. After finished with scans, disengage cantilever
(a) Change scan values to a scan size of 1µm and a drive amplitude of

5mV
(b) Click withdraw symbol on computer controls
(c) Manually lower stage, unfasten cantilever holder and remove
(d) Remove cantilever from holder and store

20. Remove sample from stage
21. Turn lamp, AFM, and computer off or to power saving modes

Figure 10: The optical head of the AFM [40].

3.2 Sample Preparation

The ssDNA is silanized to the silicon sample plate, which is then glued to a
magnetic plate (because stage is magnetized), and complementary DNA strands
are silanized to the cantilever. The process of aminosilanization is used to
immobilize biomolecules on hydroxyl-bearing surfaces. By using silicon wafers
(SiO2/Si(100)) in anhydrous conditions, (3-aminopropyl)-diethoxymethylsilane
(APRDMS) can bind to the hydroxl defects. The ssDNA can now be attached
to the exposed surface amines. This process gives a very uniform layer with
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high surface density (ssDNA strands are 1− 2nm apart). [41]

3.2.1 Preparation Steps

1. Clean cantilevers and silicon wafers in a nitric acid/H2O solution
2. Rinse with deionized water
3. Dry overnight under nitrogen atmosphere
4. Put in anhydrous toluene solution containing APRDMS for 3 hours under

nitrogen atmosphere
5. Rinse with toluene
6. Bake at 95◦ C for 30 min
7. Wash with toluene, methanol, and deionized water
8. Dry in nitrogen atmosphere
9. Put in crosslinker solution (SM(PEG)2)

10. Incubate for 1.5 hours
11. Rinse with PBS buffer and deionized water
12. Put in thiolated oligonucleotide solution overnight (to immobilize DNA)
13. Rinse with PBS and deionized water

Note that some of the rinse steps must be done with extra care for the cantilever,
because of how delicate it is. Figure 11. shows the bulk cantilever with its
delicate tip.

Figure 11: The T-shaped cantilever has a delicate tip and is attached to the larger bulk
structure.
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3.2.2 Tip Fuctionalization

The sequence used in the following analysis is GGGTTT on the cantilever tip
and AAACCC on the surface, as shown in Figure 12. Studying sequences of less
than 10 base pairs is unprecedented in DNA AFM experiments. The expectation
is that the entire sequence will pair when the oligomers are close enough. Note
that when the tip is functionalized, effectively the entire cantilever surface is,
meaning that there are multiple DNA strands on the tip. However, double-
binding is not expected, due to the small size of the tip and relatively fast
cantilever oscilllation speeds.

Figure 12: The functionalized cantilever tip binds to the complementary DNA sequence on
the surface.

3.3 AFM Output

When the AFM scans the surface it generalizes eight images: the height of the
surface, the phase of the cantilever oscillation, the location and magnitude of
the maximum pulling force, and the location and time duration of this force,
all in trace and retrace (forward and backward scanning of the surface). These
eight channels are shown in Figures 13.
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Figure 13: The height, phase, input 1 and input 2 outputs from the AFM in both trace
and retrace. Input 1 is the location and magnitude of the largest pulling force felt by the
cantilever, and input 2 is the loaction and time duration of this event.

Input 1 and input 2 are of most interest in these ssDNA experiments because
they show the location, force, and time scale of the rupture events. This event
is indicated by the red circle in the force-distance curve, Figure 14. It is where
the cantilever feels the greatest pulling force.

Figure 14: The location of the largest pulling force felt by the cantilever is circled in red.

4 Data Analysis

AFM scan drift analysis and DNA force analysis.

4.1 AFM Drift

As the cantilever raster scans the surface, the center of the scan drifts from
frame to frame, as shown in Figure 15. By doing a MatLab image analysis on
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eight consecutive scans, as seen in Figure 16, the horizontal drift was found to
be larger than the vertical drift, as pictured in Figure 17. The 200nm x 200nm
AFM scan shifts 15nm vertically and 60nm horizontally after seven scans.

Figure 15: It is apparent from tracking the imperfection in the right-hand corner of these
scans that the center of the scan area shifts ever so slightly between consecutive scans.

Figure 16: The height images of the consecutive scans were converted into black and white
images and the center of the imperfection visible in these scans was tracking using MatLab.
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Figure 17: The center of the scan drifted from right to left, as pictured by the red dots. The
shift is plotted proportional to the size of the scan. The x and y-axes are labeled in pixels.

4.2 DNA Force Histograms

The DNA force histograms should show two peaks: a large Gaussian-like one,
from the generic tip-sample interaction, and a smaller one at a higher force value,
from the ssDNA interactions. This is shown in Figure 18. In order to explore the
DNA interactions, a MatLab function was created to analyze smaller sections of
each scan (code included in the appendix). This is important because in the full
scans, the DNA peaks are not apparent. The function finds the areas of the scan
with the largest forces and then makes force histograms of those smaller areas.
There is much precedence in DNAmicroarray analysis for selecting relevant data
sections as is done here [42, 43].
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Figure 18: This force histogram shows the smaller DNA interaction peak clearly. A more
thorough analysis of this same data set is detailed in the next sections.

4.2.1 MatLab Function Inputs

1. Force Trace vector and Force Retrace vector
2. Number of graphs desired
3. Size of the smaller area to be analyzed
4. Initial number of bins to group force data into
5. Maximum y value to be displayed on the histogram
6. Precision to which the main slope should be fit
7. Option to discard outliers

4.2.2 MatLab Function Outputs

1. 3D plot of the force data (trace only) in the area analyzed, labeled by the
location of the largest force

2. Histogram of the force data (trace and retrace), along with the number of
bins the data was grouped into

3. Number of bins the data was grouped into
4. Mean and standard deviation of the smaller section of data (to check that

the smaller areas are statistically similar to the full scan)
5. Possible DNA peaks labeled by force value
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4.2.3 MatLab Function Details

When the AFM scans the sample, it creates a vector of force data, as depicted
by Figure 19.

Figure 19: The AFM cantilever (in red) scans the surface and creates vectors of data.

The MatLab function takes this force vector data and converts it into two ma-
trices (trace and retrace), representing the scan area. It then locates the largest
force in the trace data and sections off a square around it of the specified smaller
size, which was given as a function input. These two steps are shown in Fig-
ure 20. In some scans, the location of the largest force value is not unique.
Typically this is because the image is ”smeared out” into neighboring pixels.
To account for this, the mean of the location of the largest values is used in the
analysis.
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Figure 20: The MatLab code converts the vectors into matrices representing the scan area
and then locates the highest force.

If the large force is too close to the edge (so that the smaller area would go
beyond the scan edge), the sqaure to be analyzed is merely shifted so that it
lies just within the full scan, as shown in Figure 21. At this point, the force
data from both the trace and retrace data in the smaller section is binned into
a histogram with the preliminary bin number, which was given as an input to
the MatLab function. If the data is widely spread such that there are high force
outliers making the region of interest unreasonably small, the function has the
option to discard the outliers and focus only on the forces of interest.
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Figure 21: If the largest force is close to the edge of the scan, so that the smaller area to
analyze would be outside of the scan matrix, the smaller area is iterated back into the main
scan area.

The look of the histogram is highly dependent on the bin number, as is apparent
in Figure 22. The function accounts for this and optimizes the bin number.
Figure 22 also proves the motivation for decreasing the bin number as opposed
to increasing the bin number until an optimum graph is found. The function
finds the largest number of bins where the data is reasonably smooth. If the
function continued to reduce the bin number, much of the important details of
the force distribution would be lost, as seen in the smaller binned histograms in
this figure.

Figure 22: The shape of the histogram is highly dependent on the number of bins the data
is grouped into. For this data, 35 bins are close to ideal. The ”max” is the x-value of the bin
with the largest number of counts. It does change slightly with different nubmers of bins, and
the function accounts for this change as it iterates to lower numbers of bins.

The function bins the force data with the preliminary high number of bins, given
as a function input. This initial bin number should usually be 100 or 200. Then
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it finds the location of the bin with the highest number of counts and starting
at the first bin (leftmost), checks that each bin to the right has a larger value,
all the way up to the bin with the highest counts. This effectively smooths the
upward slope of the graph. It resets the bin number (decreases it by 1) each
time the counts do not slope upward. Then the function smooths the downward
slope, from the bin with the highest counts to a specified further bin. This
further bin is determined by the precision, which is given as a function input. It
is some fraction of the total number of bins. This is done so that the histogram
is not smoothed downard in the area where we expect to see the smaller bump
for the DNA interactions. This entire process is shown in Figure 23.

Figure 23: The process of optimizing the number of bins starts by locating the bin with
the most counts, which is peak a). The function checks that the bars to the left of a) are all
increasing up to a). It then checks the downward slope until some specified further location,
given here by c). This is to allow for the occurence of smaller bumps to the right of this point,
which would be due to DNA interactions. The function would work its way down from a) bar
b) and upon seeing that b) is taller than the bar to its left, the function would decrease the
total number of bins by one and start the process of checking over again. The histogram on
the right is binned with one less, and appears smooth, so the function would stop the checking
process and output this histogram.

After the function has sectioned off the smaller area, analyzed it, and found the
optimum number of bins, it graphs a 3D bar plot of the forces in the smaller
area as well as the histogram with the optimum number of bins. The bar plot
is labeled by the original location of the highest force (even if the function had
to compensate for the force being near the edge of the scan), and the histogram
is labeled by the optimum bin number. After this, the function takes the takes
the highest force value just analyzed and converts it to the mean force value in
order to iterate to the next largest force value. This entire process is repeated
as many times as specified by the inputs.
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4.2.4 Function Checks

The MatLab funtion picks out small areas of the scan, potentially biasing the
data to produce false DNA peaks. In order to eliminate the posibility of false
peaks, a few checks were done on the function. The first check done on each set
of histograms was to check that the smaller sections of data were not skewed
compared to the overall data set. The smaller sections were chosen by locating
the largest forces in the scan, because this is where the DNA interactions were
most likely to occur There is much precedence for this in DNA microarray
analysis (see [42, 43]). In all cases (as shown in the Results section), the smaller
sections had a mean and standard deviation within that of the entire data set.
Also, smaller sections were chosen to be a physically relevant size, that is, large
enough for multiple ssDNA strands to be within the section (also mentioned in
the Results). Furthermore, a check was done chosing random smaller sections
of the scan (not necessarily centered around the location of the largest forces),
in order to see that choosing the sections of largest force is necessary in order
to see DNA interaction peaks. This analysis is shown in Figure 24.

Figure 24: When random sections of the scan were analyzed with the MatLab function,
secondary DNA interaction peaks were not found in every subplot.

The function was also checked with a set of normally-distributed Gaussian data,
in order to see that the function did not create artificial secondary (DNA inter-
action) peaks. The Gaussian data did not show any secondary peaks, as shown
in Figure 25.
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Figure 25: The secondary peaks are not artificially created by the MatLab function, as seen
here where it was applied to a normally-distributed Gaussian data set.

4.3 DNA Force Quanta

As the force histograms were analyzed, it became apparent that if the data
was binned on a small enough interval, certain discrete separations in the force
values were more prominent, as seen in Figure 26. This could be due to the
individual bonds between base pairs or it could be due to some preference of
the AFM software.

Figure 26: The tial-end of a force histogram shows preference for certain intervals of force
values.
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5 Results

Force histograms of the best data sets and relevant comparisons. The analysis
was done with the MatLab function mentioned earlier and Excel. Implications
of these results are mentioned in the Discussion section.

5.1 Scan 7/3 No.10

Settings
Mode TM AFM
Scan Size 45.7031 nm
Samples/Line 512
Lines 256
Scan Rate 2.79018
Tip Velocity 0.25504
Capture Direction Up
Torsional Frequency 950
Torsional Q 1000

Data Set
Overall Force Mean 66.0066± 13.7093pN
Smaller Section Size (9.14nm)2

DNA peak value 97.71934± 2.171193pN
Main peak and DNA peak difference 39.07688± 2.235486

Figure 27: Peaks of ten smaller sections, showing DNA interactions at 97pN.
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Figure 28: Peaks of the same data as previous Figure, using the Retrace data (backwards
scan data), showing similar peak values but different maximum force locations than the Trace
data.

Figure 29: Locations across the entire scan where DNA binding took place. Found by
locating interactions that were within the DNA peak value found in the histogram analysis.
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Figure 30: Most of the interactions at the DNA interaction value of 97pN had large time
values, which corresponds to the DNA interactions. This verifies that the interactions are
indeed that of the DNA.

5.2 Scan 7/3 No.11

Settings
Mode TM AFM
Scan Size 45.7031 nm
Samples/Line 512
Lines 256
Scan Rate 2.79018
Tip Velocity 0.25504
Capture Direction Down
Torsional Frequency 950
Torsional Q 1000

Data Set
Overall Force Mean 66.1989± 13.9815pN
Smaller Section Size (9.14nm)2

DNA peak value 99.7308± 0.141148pN
Main peak and DNA peak difference 40.48937± 2.564618

31



Figure 31: Forces in the scan, showing DNA interactions at 99pN.

Figure 32: Locations across the entire scan that correspond to DNA binding interactions.
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5.3 Comparison of 7/3 Scans 10 and 11

These consecutive scans were on the same settings and showed DNA interactions
at 99pN with a 40pN distance from the generic tip-sample interaction peak.

Figure 33: The locations of the maximum force values from each scan do not correspond to
the same DNA strands. This is most likely due to the speed of the scan. The DNA will not
always bind, so it is not expected that the two scans should give the same binding locations.

5.4 Scan 7/3 No.33

Settings
Mode TM AFM
Scan Size 150 nm
Samples/Line 512
Lines 256
Scan Rate 0.976563
Tip Velocity 0.292969
Capture Direction Up
Torsional Frequency 950
Torsional Q 1000
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Data Set
Overall Force Mean 56.1742± 11.8682pN
Smaller Section Size (30nm)2

DNA peak value 108.7917± 4.911415pN
Main peak and DNA peak difference 56.89701± 4.971056

Figure 34: DNA force interactions were found at 108pN.

Figure 35: Locations across the entire scan corresponding to the DNA binding interactions.
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5.5 Scan 7/3 No.34

Settings
Scan Size 150 nm
Samples/Line 512
Lines 256
Scan Rate 0.976563
Tip Velocity 0.292969
Capture Direction Down
Torsional Frequency 950
Torsional Q 1000

Data Set
Overall Force Mean 62.4227± 12.3392pN
Smaller Section Size (30nm)2

DNA peak value 108.3047± 1.911671pN
Main peak and DNA peak difference 50.67296± 2.51431

Figure 36: DNA interactions were found at a value of 108pN.
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Figure 37: Locations across the entire scan corresponding to DNA binding.

5.6 Comparison of 7/3 Scans 33 and 34

These consecutive scans showed DNA interactions at 108pN. This is different
than the 7/3 scans 10 and 11, which is expected because the settings were
different. The force values do change with different settings.
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Figure 38: The locations of the maximum force value across the entire scan do line up for
these two consecutive scans. There is a noticeable drift (as explored earlier), but the pattern
is easily discernible. The reason this is apparent in these two scans but not the previous two
is most likely due to the fact that these scans were done at half the speed of the earlier ones,
increasing the chance of DNA binding.

5.7 Scan 8/8 No.18

Settings
Scan Size 100 nm
Samples/Line 256
Lines 256
Scan Rate 1.95313
Tip Velocity 0.390625
Capture Direction Up
Torsional Frequency 1000
Torsional Q 1000

Data Set
Overall Force Mean 42.642± 7.0981pN
Smaller Section Size (60nm)2

DNA peak value 68.18567± 1.564634pN
Main peak and DNA peak difference 29.3406± 1.245295
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Figure 39: Force histogram with peaks at 68pN.

Figure 40: Locations across the entire scan where DNA binding occured.
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5.8 Scan 8/8 No.24

Settings
Scan Size 100 nm
Samples/Line 256
Lines 256
Scan Rate 1.95313
Tip Velocity 0.195313
Capture Direction Down
Torsional Frequency 1000
Torsional Q 1000

Data Set
Overall Force Mean 42.4079± 7.0973pN
Smaller Section Size (60nm)2

DNA peak value 67.70711± 0.461798pN
Main peak and DNA peak difference 28.72448± 1.745838

Figure 41: DNA peaks found at 68pN.
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Figure 42: Locations of DNA binding.

5.9 Comparison of 8/8 Scans 18 and 24

These two scans were entirely the same except that the main AFM setting
was different. The first one was taken using the tapping mode. However it is
apparent that the two scans produced similar results, so either AFM mode is
acceptable. It is always better to choose the one which creates less noise.

5.10 Scan 8/14 No.6

Settings
Scan Size 100 nm
Samples/Line 256
Lines 256
Scan Rate 1.95313
Tip Velocity 0.390625
Capture Direction Up
Torsional Frequency 950
Torsional Q 1000
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Data Set
Overall Force Mean 26.4463± 4.7149pN
Smaller Section Size (60nm)2

DNA peak value 46.54232± 0.247254pN
Main peak and DNA peak difference 22.28876± 0.586449

Figure 43: DNA interaction peaks were at 46pN.

Figure 44: Locations across the entire scan where DNA interactions occured. The spread in
locations (blurred lines of the locations instead of points) is because the settings of this scan
were faster than optimum.
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5.11 Comparison of 8/8 Scan 18 and 8/14 Scan 6

These two scans were taken with the exact same settings, but differnet can-
tilevers. As expected, no correlation in force values was found. Different can-
tilevers and different surfaces produce different interaction force values.

5.12 Scan 8/14 No.7

Settings
Scan Size 50 nm
Samples/Line 256
Lines 256
Scan Rate 1.95313
Tip Velocity 0.390625
Capture Direction Up
Torsional Frequency 950
Torsional Q 1000

Data Set
Smaller Section Size (60nm)2

DNA peak value 46.88761± 0.428004pN
Main peak and DNA peak difference 20.9488± 0.757127

Figure 45: DNA interactions were at a value of 47pN.

42



Figure 46: DNA interaction locations across the entire scan.

5.13 Scan 8/14 No.8

Settings
Scan Size 50 nm
Samples/Line 256
Lines 256
Scan Rate 1.95313
Tip Velocity 0.195313
Capture Direction Up
Torsional Frequency 950
Torsional Q 1000

Data Set
Smaller Section Size (60nm)2

DNA peak value 46.49561± 0.322744pN
Main peak and DNA peak difference 20.43256± 0.658355
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Figure 47: DNA interactions had a force value of 46pN.

Figure 48: Locations of DNA binding.
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5.14 Comparison of 8/14 Scans 6, 7, and 8

All three scans gave similar DNA binding interaction force values. Settings were
the same across the three consecutive scans.

Figure 49: The locations of the maximum force values were not correlated between these
two consecutive scans, as was also seen with 7/3 scans 10 and 11, most likely do to the faster
scanning speed.

6 Discussion

The ssDNA binding interactions occured within a range of 45 to 110pN. This
unprecendented exploration of oligomers with 6 base pairs showed that binding
occurs with high probability and at a rate easily detectable using AFM methods.
The force histograms only showed one secondary peak corresponding to DNA
binding, meaning that the short strands engaged in all-or-none binding. By
continuing to refine these methods, AFM exploration of ssDNA could lead to
applications in biomolecule sequencing and biochemical imaging.
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