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Abstract

Viscoelasticity of single protein molecules is essential to fully understand their dynamic
properties and functions. It is also believed that the initial collapse in protein folding
is governed by their viscoelasticity. Dynamic atomic force microscopy is recognised as
a powerful tool for direct measurement of viscoelasticity in the single molecules. This
method had also been vastly applied to understand the dynamic properties of the nano-
confined liquids. The estimated viscoelasticity using this method is always debated due
to the complex dynamic behaviour of AFM cantilever-beam in liquid environment. In
order to resolve this issue, understanding the cantilever dynamics under the influence of
interaction force in liquid environment is essential. We have done a comprehensive work
to precisely determine the interaction viscoelasticity using amplitude-modulation atomic
force microscopy (AM-AFM). Single protein molecule (titin I278) has been chosen as a
model system for the study. We have applied two types of AFMs- slope detection based
(commercial) and displacement detection based (interferometer based home-built) AFM. Two
types of cantilever excitation mechanisms have been used- acoustic excitation (cantilever-
base is excited using dither piezo) and magnetic excitation (cantilever-tip is excited using
the magnetic excitation). Experiments were performed at truly off-resonance regime to
avoid the complexities arising at on-resonance operation. Data has been analyzed using two
mathematical models- continuous-beam (CB) and point-mass (PM) model. The experiments
performed using different AFMs and using different cantilever excitation schemes and data
analyzed using different models have been compared and an unified understanding have been
tried building up to understand the AM-AFM measurements and its outcomes. We found that
there are various sources which can introduce errors/artefacts in final results such as offset in
the cantilever initial phase, inappropriate choice of operation frequency and mathematical
model for data analysis etc. We propose methodology to perform AM-AFM measurements
in order to get accurate results. We also propose the validity limit of widely used point-mass
(PM) model. Our work is not only applicable for single protein molecule measurements
but all the biopolymers and nano-scale systems which viscoelasticity can be probed using
dynamic atomic force microscopy technique.
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Chapter 1

Introduction

Proteins are essential building blocks of all living creatures of all kingdoms. These are the
second most abundant molecule in human body and are necessary to regulate it. They play
crucial role in the process from zygote to human body formation. They are the efficient
molecular machines involved in various functions in our body such as metabolism [164], inter
and intra-cellular communication [1], cell adhesion [4], cell division/degradation [60], DNA
transcription/translation [122, 139], protein production [32], protein folding/degradation
[113, 121], maintenance of the cell and tissue structure [53], organelle transport inside the
cells [67], carriers in the blood stream [149], mechano-transduction [185], immune system
[174]. The study of the fundamental properties of proteins will assist to understand different
biological processes in human body which will be helpful in curing various diseases. They are
naturally abundant molecular motors which can be artificially synthesized once the formation
and functions of proteins were understood.

There are variety of proteins which work under forces. Mechanical properties of such
proteins are essential to understand their functions [30, 48, 70, 81, 101, 110, 125, 130].
Various techniques have been developed such as Atomic Force Microscope (AFM), Optical
Tweezers (OT), and Magnetic Tweezers (MT) to study the mechanical properties of single
molecules [103, 108, 111, 127, 148]. These techniques have also been applied to study the
thermodynamics and kinetics of the protein folding.

In this chapter, I will introduce the proteins, their structure and formation, and their
different applications in human bodies. I will discuss about the various techniques which
have been applied in the past to study protein folding/unfolding kinetics and thermodynamics
at bulk and single molecule level. The discussion will be focused on the single-molecule
techniques, specially on Atomic Force Microscopy, as I have extensively used it for my study.
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1.1 Proteins

Proteins are natural polymers, also known as polypeptides. These are made up of monomeric
units, called amino-acids. Amino acid is an organic molecule containing a carbon atom
covalently connected with an amine group (NH2), a carboxylic group (COOH), a hydrogen
(H), and a side group (R) (Fig. 1.1). There are 20 amino-acids which participate in the
protein synthesis. The chemical structure of all the 20 amino-acids are same except their
side group (R). Depending on the nature of the side group (or side chain), amino-acids can
be divided into 6 categories: (i) polar: serine (S), threonine (T ), glutamine (Q), asparagine
(N), (ii) non-polar: glycine (G), alanine (A), proline (P), valine (V ), leucine (L), isoleucine
(I), (iii) postively charged: histidine (H), lysine (L), arginine (R), (iv) negatively charged:
aspartic acid (D), glutamic acid (E), (v) sulfur containing: cysteine (C), methionine (M), (vi)
aromatic: phenylalanine (F), tyrosine (Y ), tryptophan (W ).

Fig. 1.1 Structure of amino-acid containing a central carbon atom covalently connected
with an amine group (NH2), a carboxylic group (COOH), a hydrogen (H), and a side group
(R). Side group (R) makes difference between 20 naturally abundant amino-acids which
contribute in protein synthesis.

1.1.1 Structure of Proteins

The carboxyl of an amino-acid forms a covalent bond with the amino group of another amino
acid by releasing a water molecule (H2O). Final compound is dipeptide and newly formed
bond is known as peptide bond (Fig. 1.2) [71]. By the same process, a linear chain of amino-
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Fig. 1.2 Graphical representation of (di)peptide formation. Two amino-acids combine to
form a dipeptide and a water molecule is being released. Similarly, multiple amino-acids
combine and form polypeptide which is primary structure (primary sequence) of protein.

acids is formed, where each amino-acid is covalently connected with its adjacent one. This
polypeptide chain is known as ’primary structure’ or ’primary sequence’ of a protein. The
order and positions of amino-acids in the primary structure determines the native structure
that is essential for its function. In an appropriate environmental condition, polypeptide
chain collapses into a molten globule state. In this state the amino-acids are in proximity
such that they can form non-covalent bonds with each other. These interactions could be of
different types in nature: hydrogen bonding (H-bonding), hydrophobic, electrostatic, and
Van der Waals etc. Before going to the native state, proteins form local structures called
’secondary structure’. Secondary structure forms due to the interactions (H-bonding) between
different backbone atoms in the primary sequence, it does not involve side chain interactions.
On the basis of their structural arrangements, secondary structures have been categorised
into two types: (i) α-helices: the Oxygen from a carboxyl-group of one amino-acid forms
H-bond with the Hydrogen of the amino-group of another amino-acid in the chain. Each
turn of helix contains 3.6 amino-acids. and (ii) β -sheets: in this structure, the two segments
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of the backbone chain lineup in such a way that it appears like a sheet. When the direction
of one segment (direction of N to C terminus) is same as the other, it is known as parallel
β -sheet configuration, however, when they are in opposite, it is known as anti-parallel
β -sheet configuration. The various interactions between secondary structures form a stable
3D structure, called tertiary structure. Depending on the amount of α-helices and β -sheets,
the tertiary structure can be classified into three: all α structure, α/β structure, and all β

structure. When the protein is made up of only one primary chain (primary sequence), the
tertiary structure is the native state. However, many proteins are made up of multiple primary
chains and have multiple tertiary structures. In such proteins, different tertiary structures
combined to form native state, called quaternary structure.

1.1.2 Classification of Proteins

Every protein in our body has a specific function to perform which depends on its unique
native structure (shape). In the process of folding, if a protein does not acquire its desired
native structure then it is called a misfolded protein. A misfolded protein can not perform the
function for which it has been made and sometimes it also prevents the other active proteins
to function. So, it is essential for a protein to acquire its desired native structure in order to
function. Surrounding medium play a crucial role in protein folding process. On the basis of
structure and interaction with the surrounding, proteins can be broadly classified into three
classes:

(i) Globular proteins: In globular proteins, the secondary and native states are formed to
hide the hydrophobic side groups from the surrounding solvent and eventually acquire a
globular shape. Its secondary structures can be all α , all β , or α/β . This class of proteins are
water soluble in nature and can move from one place to another in liquid environment. Some-
times these are the elementary units of fibrous proteins. For example muscle protein titin is
made up of multiple Ig-like protein domains along with other elements. Immunoglobulin,
insulin, myoglobin, globin, histone, albumin, and rubisco etc. are the examples of globular
proteins.

(ii) Fibrous proteins: Fibrous proteins are made up of the elongated polypeptide chain(s)
which are fibrous or sheet like in structure. Multiple long poplypeptide chains with specific
shapes can intertwine to form a long fiber like structure which will be having interesting
three-dimensional properties to perform specific functions. The native structure of these
proteins are fibrous in shape. These are not water soluble. They are often structural proteins
and hence mechanically stable and serve as the structural support of the cells and tissues.
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Example: keratins, collagens, myosins, elastins etc.

(iii) Membrane proteins: A cell is covered with an outer layer called cell-membrane. A cell
membrane is made up of two lipid layers known as lipid bilayer. A lipid bilayer is made up of
lipid molecules. Each lipid molecule has a hydrophilic (head) and a hydrophobic (tail). They
come close to protect their hydrophobic heads from the surrounding liquid environment and
form a two layer structure, called lipid-bilayer. The communication/transportation between
the inner and outer part of the cell happens through some channels. These channels are
nothing but the proteins embedded in the cell-membrane. These proteins are called membrane
proteins. These proteins are embedded in the membrane in such a way that the amino-acids
with hydrophobic groups are present inside and hydrophilic groups are outside of the mem-
brane. This can be further classified depending on their structures: α-helices and β -barrel.
Former one have multiple α-helices traversing multiple times across the membrane and latter
have multiple β -sheets which form a barrel-like structure to provide a channel through the
membrane. Example: spectrin, kinase, phospholipases, glucose permease, glycoprotein etc.

1.1.3 Functions of Proteins

Proteins are the molecular machines that perform a diverse range of functions in our body.
Each protein is synthesised for a specific function and various deceases can be caused when a
specific type of proteins stop working due to misfolding or aggregation [20, 25, 36, 58, 61, 97].
For example: Parkinson’s disease, Alzheimer’s disease, Creutzfeldt–Jakob disease, Hunt-
ington’s disease, Gaucher’s disease, cystic fibrosis, and many other neurodegenerative and
degenerative disorders. To properly regulate the body, all the proteins are required to perform
their specific functions. Few important functions of the proteins in human body are following:

(i) Growth and maintenance: Protein synthesis and breakdown process is a regular process
in our body. In normal situation, this happens in a steady state manner i.e. the amount
of protein breakdown is equal to the amount of synthesis. However, in cases like illness,
breastfeeding, injury etc., body needs more protein to be synthesised. Thus the protein intake
to the body need to be increased.

(ii) Biochemical reactions: There are various proteins which helps in biochemical reactions
to happen in and outside the cells. For example: blood clotting, energy production, digestion,
and muscle contraction etc. The enzymes are the proteins which initiate metabolism process
by combining with substrates (specific molecules inside the cell). Digestive enzymes are the
proteins which function outside the cell. For example, the lactase and sucrase helps in sugar
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digestion.

(iii) Messenger proteins: A major class of hormones is protein which helps in commu-
nication process between the cells, tissues, and organs. Few examples of the messenger
proteins are following: insulin indicates the uptake of sugar and glucose in the cells, human
growth hormone (hGH) stimulates the growth of tissues, glucagon indicates the breakdown
of the glucose in the lever, antidiuretic hormone(ADH): indicates the kidneys to reabsorb
water.

(iv) Structural proteins: Structural proteins are mechanically strong. They provide structure
and shape to the cells, tissues, and organs. Keratin, collagen, elastin are few examples of this
class of proteins. Keratin is a fibrous protein that makes up skin, hair, and nails. Collagen is
the most abundant protein in human body. It provides structural support to bones, ligaments,
skin and tendons. Elastin is responsible to provide the flexibility to the organs (such as uterus,
lungs, and arteries), so that they restore their initial state after stretch/contraction.

(v) Maintain pH: The pH level decides the amount of H+ and OH−. In our body, dif-
ferent organs function at their optimal pH level. The alteration in pH values can cause serious
disorder. Proteins work as a buffer to maintain the pH levels. For example: hemoglobin helps
to maintains the pH in the blood.

(vi) Nutrients transport and storage: The intake nutrients (vitamins, minerals, choles-
terol, oxygen etc) has to be transported to different organs in the body. This is done by
various proteins such as hemoglobin which transports oxygen from lungs to different tissues
and lipoprotein which transports cholesterol and other fats in the blood. Many proteins work
as the storage of nutrients. Ferritin stores iron which fulfils the iron requirement in the blood.

(vii) Energy buffer: The primary sources of energy in our body are carbs and fat. Pro-
tein is a secondary source which is being used in case of low carbs/fat storage. In order
to generate the energy, proteins are broken down to the amino-acids. For example: during
fasting, energy is generated by breaking down the skeletal muscles.

(viii) Immune system: The deficiency of the proteins/amino-acids impairs the immune
system. Unknowingly, we intake the harmful foreign elements like bacteria and viruses
which affect our immune system. These cause serious diseases. The antibodies are proteins
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which fight with these harmful elements and protect our body.

Proteins are naturally abundant molecular machines. In a cell, proteins interact with other
biomolecules, such as DNA, and perform various jobs which are essential to regulate our
body. So, the study of the fundamental properties of proteins, such as folding, mechanical
stability, interaction with other molecules etc., is of great interest to research. A complete
understanding of protein folding process will provide a recipe of constructing the nano-
machines which can perform various jobs very efficiently at the nano-scale level. The
understanding of fundamental properties and functions of various proteins will help in
advancement in the field of medical research. For example, various diseases like Alzheimer’s,
Parkinson’s etc. happen due to misfolding of proteins. Misfolded proteins are unable to
function and prevent the underlying physiological process resulting in serious diseases.
Knowing the cause and mechanism of protein misfolding is helpful in curing the associated
diseases. Many research labs, across the world, are dedicated to study the fundamental
properties of proteins.

1.2 Protein unfolding studies

The type of constituent amino-acids and their positions in primary structure determine a
unique 3D (native) structure for each protein. The native structure is essential for a protein to
function. How the primary sequence of amino-acids attains a unique 3D structure, has been
still unanswered? This is known as protein folding problem. In order to fully understand the
protein folding, following three questions have to be answered: (i) thermodynamics: how
does a primary structure attains its unique 3D structure? (ii) kinetics: how does a protein go
from its primary structure to the native structure in a biologically relevant timescale? (iii)
misfolding: how does it avoid the misfolding?

In past few decades, the protein unfolding experiments were performed to understand the
protein folding problem. In a typical unfolding experiments, a protein is denatured using a
specific method and the observable parameter is recorded with change in an appropriate reac-
tion coordinate. The method of denaturation, observable parameter, and reaction coordinate
are different in different unfolding measurements [104]. The studies on protein unfolding
can be classified into two categories: bulk and single-molecule studies.
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1.2.1 Bulk studies:

In bulk unfolding studies, an ensemble of protein molecules is simultaneously observed and
the average behaviour of molecules can be determined. The denaturation can be caused
using various ways such as introducing the chemical denaturation agent (urea, guanidine
hydrochloride) in the protein solution, increasing the temperature, applying high pressure,
altering the pH value of the protein solution etc. There are various physical properties which
change when protein changes its confirmation from folded to unfolded state. By observing
the change in one of these parameters, the denaturation process can be monitored. For
example: in globular proteins, the residues with hydrophobic side chains are hidden at its
core when it is folded. However, upon denaturation, these side chains are exposed to the
surrounding aqueous medium. This change can be monitored by introducing a environment
sensitive dye into the protein solution. In aqueous environment, the florescence is quenched,
however, the dyes are highly sensitive to the non-polar environment such as the hydrophobic
sides of the unfolded protein chain. Few bulk unfolding measurements are briefly discussed
below.

1.2.1.1 Chemical denaturation:

In this measurement, protein is unfolded by mixing a chemical denaturant in the protein-
buffer solution [8, 46, 124, 169, 177]. Urea and guanidine hydrochloride (GdnHCl) has been
extensively used as denaturant agents in chemical denaturation based unfolding experiments.
Both the molecules are highly soluble and have low molecular weight, such that 6-8 molar
concentration will denature any proteins. However, the molecular dynamics (MD) simulation
of unfolding of a protein using urea and guanidine hydrochloride revealed that the molecular
mechanics of unfolding are different in both cases [138].

In a typical chemical denaturation experiment, the concentration of the denaturant is
varied and the change in a physical parameter is observed. There are various physical
parameters which change when a protein goes from its native state to denatured state. Hence,
there can be various techniques to observe the unfolding. The popular techniques are based
on ultraviolet difference spectroscopy [37], optical rotation [184], circular dichroism [184],
NMR [182] and fluorescence [17]. The sensitivity of a technique is determined by the change
in the physical parameter when proteins unfold. More change in the physical parameter
represents better the technique is or the technique is more sensitive. The fluorescence based
technique is recognised as more sensitive one.

In fluorescence based denaturation measurements, unfolding is observed by a plot be-
tween fluorescent-intensity vs denaturant concentration- known as denaturation curve. Usu-
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ally, an appropriate wavelength, which shows more intensity change with change in protein
conformation, is selected for measurement. All the experiments are done at equilibrium. Fol-
lowing equation can be used to extract conformational stability (∆GD) at different denaturant
concentrations:

exp(−∆GD/RT ) =
y− yN

yD − y
(1.1)

Where R and T are molar gas constant and absolute temperature respectively. y - fluorescence
intensity (it can also be other observed parameter). yN and yD are the characteristic parameters
at native and denatured state respectively. These characteristic parameters can be estimated
by linear extrapolation of low and high concentration regions of the denaturation-curve
[46, 136]. The conformational stability at zero denaturant concentration (∆GH2O

D ) can be
estimated by fitting the following equation to the ∆GD vs denaturant-concentration data-
known as method of linear extrapolation [54]:

∆GD = ∆GH2O
D −m(denaturant) (1.2)

Where m is referred as m-value. This is characteristic of the individual proteins.
What kind of information can be extracted from chemical denaturation studies? One can

largely extract following information from these studies [136]: (i) conformational stability,
(ii) folding mechanism, and (iii) structural information. Conformational stability- free energy
difference (∆GH2O

D ) between the native and denaturation state - is a measure of resistance to
maintain its structure against the external perturbation. Large value of ∆GH2O

D specifies more
stable conformation i.e. it can maintain its native structure in presence of higher external
perturbations. A comparative studies of conformational stabilities of various proteins can
be made using this method. These experiments suggest the nature of unfolding - whether
it is a two-state unfolding or not. This information can be used to predict the behaviour of
folding mechanism. The structural information can be drawn from the denaturaion curves.
The presence of more than one step in denaturation curve indicates the presence of multiple
domains in the protein.

The downside of chemical denaturation experiments is the mixing time while changing the
solution. For example, in kinetic experiments of protein folding, rapidly diluting the sample
to prompt refolding is a technical challenge. The data analysis is based on consideration
of the sample in equilibrium. However, during the mixing/dilution (called dead-times), the
sample is not in equilibrium and also the measurements cannot be made during the dead-time.
In conventional stop-flow mixers, this time is 1-5 ms that is determined by the turbulence
induced in the mixing process. The duration of the dead-time has been reduced to ∼ 30 µs
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by using smaller turbulence mixer [11, 86]. The development of laminar mixer has further
reduced the dead-time to 2-4 µs [63, 64].

1.2.1.2 Temperature denaturation:

In this method, the protein is unfolded by increasing the temperature of the protein-solution
[33, 104, 128, 158, 161]. Increase in the temperature causes the destabilization of the native
contacts which results in the denatuation of the native protein. The fluorescence based
techniques such as differential scattering fluorimetry (DSF) and differential static light
scattering (DSLS) had been used to monitor the denaturation process [158, 175].

In DSF, protein is heated with a particular rate and the fluorescence intensity is observed.
Typical heating rate is ∼ 1oC/min and temperature range is 25oC - 95oC. The dye used
for this measurement is environment sensitive. In aqueous environment, the florescence
is quenched, however, the dyes are highly sensitive to the non-polar environment such
as the hydrophobic sides of the unfolded protein chain. At low temperature, where the
majority of proteins are in their native state and hydrophobic sites are not exposed to the
surrounding, the low intensity is observed. However, at high temperature proteins denature
and hydrophobic side chains are exposed to the dye molecules. This results in the increase
of the fluorescent intensity. The intensity vs temperature plot generates a sigmoidal curve
which can be described by the two-state transition mechanism [129].

Thermal unfolding of the protein has been described in terms of the change in Gibbs free
energy (∆G = ∆H −T ∆S) between the unfolded and native state [104]. As the temperature
increases, the difference in the Gibbs free energy (∆G) reduces resulting in the increase of
the unfolding probability/rate. When the ∆G = 0, the unfolding and refolding probability
is same and hence the population in folded and unfolded states are same. This temperature
is called transition temperature and usually denoted by Tm. At sufficient high temperature,
∆G < 0 and unfolding probability is higher compared to the folding probability and hence
the majority of proteins are found at unfolded state.

There are many advantages of the thermal denaturation based studies. The computer
simulation for this measurement is relatively easy compared to the other denaturation methods
as the heat is inherently accounted for in the molecular-dynamic (MD) simulations. The
computer simulation of high temperature experiments (∼ 225oC) was possible as it matches
with the computation timescale [33]. The development of temperature jump (T-jump)
experiment allows the measurement in ns−µs timescale [172].
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1.2.1.3 Pressure denaturation:

The first observation of pressure denaturation of protein was accidentally observed by
P.W. Bridgman [18]. In this method, protein is denatured by applying high pressure to it
[57, 72, 104, 150]. Like temperature, this method is also easy to simulate computationally.

Proteins denature under high pressure- 100 - 300 MPa [104]. It was observed that
the denatured protein acquires low molar volume compared to its folded state i.e. the
change in volume is negative (∆V < 0). This reduction in the volume reduces the free
energy difference between the unfolded and folded state such that it become negative (∆G =

(∆U + p∆V −∆S)< 0). Following reasons were proposed for this reduction in the volume:
(i) the density difference between bulk water and water associated with the protein, (ii)
change in the bulk water structure due to pressure, (iii) loss of internal cavities in the native
state. Julien Roche et al. have shown that in staphylococcal nuclease, which contains 10
cavities in its native state, unfolding due to pressure happens because of the cavities present
in the native state. These cavities are absent in the unfolded state [150].

Above-discussed methods are based on measurement on an ensemble of proteins. Every
method has its own importance and limitations as well. It has been found that the unfolding
pathways of protein are different in different methods. Unfolded state is a random state and
it has huge number of conformations. Different methods occupy different volumes in its 3D
unfolded conformational space i.e. the unfolded state in various methods lies in different
volumes in its funnel-like energy landscape. For example, in mechanical unfolding, the
denatured molecule’s end-to-end distance is much larger than the chemically denatured one
leading to fewer possible conformations. In folding measurements, the initial state is different
for different methods and hence folding pathways will also be different. All these methods
are limited to provide the quantitative information at the individual molecule level as these
are bulk measurements.

1.2.2 Single-molecule studies:

In this method(s), a single biomolecule is directly probed to study the folding/unfolding
process. A major advantage with single-molecule studies, compared to the bulk studies, is
that the local/small features of folding/unfolding process such as the intermediate states can
be measured. In the bulk studies, these features are averaged out as the ensemble of molecules
(∼ 1014 − 1017) are observed at a time. In order to have a complete understanding of the
process of protein folding, the resolution up to single-molecule level is essential. In the past,
a considerable amount of efforts has been made to develop single-molecule measurement
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techniques. Single-molecule studies can be classified into two categories: single-molecule
fluorescent spectroscopy and single-molecule force spectroscopy.

1.2.2.1 Single-molecule fluorescent spectroscopy:

Fluorescence measurement based techniques have been vastly used to study the change in the
conformations in the biomolecules. For example, differential scattering fluorimetry (DSF) is
used to monitor the unfolding of the proteins in thermal denaturation method. In DSF, the
fluorescent dyes are highly environment sensitive. In aqueous environment, the intensity is
quenched, however, it enhances significantly in the proximity of hydrophobic side chains.
This allows to monitor the protein unfolding process.

Forster Resonance Energy Transfer (FRET), is a single-molecule fluorescent spectroscopy
method which has been extensively used to study the protein folding/unfolding process. This
was first proposed by the Foster in 1998 [43]. This is based on measurement of the fluorescent
energy transfer rate between two fluorophores which is sensitive to the distance between
them. This allows to monitor the change between the distance of two labeled residues during
the protein folding [29, 100, 157, 187]. It was proposed that the electronic excitation energy
can be transferred between a suitable pair of two fluorophores (donor and acceptor) and the
rate of energy transfer (KT ) depends on the distance (r) as ∼ 1/r6 [168]. The rate of energy
transfer and the efficiency of energy transfer by the donor (EET ) are given by

KT =
K2 J KF ×8.71×1023

r6n4 sec−1 (1.3)

EET =
r−6

r−6 +R−6
0

(1.4)

Where J is the spectral overlap integral, K2 is the orientation factor (defined for a dipole-
dipole interaction), KF is the fluorescence emission rate constant of donor, and n is the
refractive index of the medium between the fluorophores. R0 is distance between the
fluorophores at which the efficiency of the energy transfer is 50 %.

In simple single-molecule FRET experiment, the laser is focused on a tiny volume (few
femtoleters) of a dilute protein solution. When a double-labeled protein molecule diffuses
through the focused volume, the donor fluorophore gets excited and it relaxes to the ground
state via transferring the energy to the acceptor when the necessary criterion is fulfilled.
Acceptor fluorophore gets excited to its higher electronic state by absorbing the energy
transferred by the donor and it relaxes by emitting the photon with different wavelength
than the excited laser. The intensity of the emitted photons is related to the efficiency of the
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energy transfer which is highly dependent on the distance between the two fluorophores. The
measurement is repeated until a meaningful statistics is achieved [16].

There are two major reasons for the success of FRET: its inherent sensitivity, and a steep
dependence of the efficiency of energy transfer on the distance between the fluorophores. This
method can be used as a spectroscopic ruler to monitor the distance between the fluorophores
in the range of ∼ 10− 60 Å. There are downsides of this technique. First one is that the
efficiency of energy transfer does not depend only on the distance between the donor and
acceptor, but also depend on their associated transition moment and angle between the
respective dipoles. The other disadvantage is its intrinsic photolability, because of which the
single-molecule FRET cannot be used on the protein in which naturally occurring tryptophan
are not present [16].

1.2.2.2 Single-molecule force spectroscopy (SMFS):

A SMFS technique allows the investigation of folding/unfolding of a single protein molecule.
Various thermodynamic and kinetic properties of protein folding/unfolded have been studied
using these techniques [16, 23, 45, 107, 166, 171]. In a typical SMFS unfolding experiment,
an external force is applied to a molecule and allowed it to unfold. The unfolding experiments
are performed mainly in two ways: (i) constant speed pulling , and (ii) constant force (force-
clamp). In constant speed pulling experiments, a molecule is pulled at a constant speed
and the force vs extension profile is recorded [148]. The mechanical stability of a single
molecule, at a given pulling speed, is directly measured which can be utilized to determine
thermodynamic and kinetic parameters such as the barrier height between the native and
transition state, the position of the transition state, folding/unfolding rate etc [71, 131]. In a
constant force experiments, a molecule is held at a constant force and the extension vs time is
recorded. These experiments allows to determine the thermodynamic and kinetic parameters
such as position of the transition state, unfolding rate etc [156]. An additional advantage
with the SMFS is that it explores the region between the molten globule state to the stretched
state in the energy landscape which was unexplored in classical methods [16].

SMFS are different from the classical experiments due to following reasons. (i) This has
a well defined reaction coordinate- extension of the molecule along the direction of pulling.
This allows us to define the position of the transition state on unfolding energy landscape.
(ii) A part of the molecule can be selected for measurement without affecting the other parts.
(iii) One can completely avoid the effect of aggregation in the experiment by selecting the
data which are having single-molecule fingerprints.
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(i) Optical tweezers (OT):

Optical tweezers was invented by the Arthur Ashkin and he received Nobel prize for it in
2018. The working principle of the OT is based on the optical trapping of micro-objects. It
was first reported by Arthur Ashkin and coworkers in 1968 [5]. This technique is extensively
used to study the protein folding/unfolding [23, 59, 75, 166].

In an OT, a spherical bead is placed at the center of a Gaussian laser beam which is
focused through a high numerical aperture lens. Bead is made up of silica or polystyrene.
Its size is of the order of the wavelength of LASER (typically ∼ 1µm) and refractive index
is more than the medium. When bead is at the center of the beam, it experiences a force
along the direction of light propagation due to the reflected light from the bead surface. This
force is balanced by the force arising from the forward scattered beam by the bead. So the
bead is trapped along the direction of light propagation. Since the refraction is symmetric, it
is also trapped along the direction normal to the light propagation. Now consider the case
when a small force is applied to the bead along the direction normal to the beam propagation,
bead will be displaced from the center of the Gaussian beam resulting a intensity/momentum
difference at different points towards the displacement of the bead. This results in a net
restoring force on the bead towards the center of beam. This force is called restoring force. If
the stiffness of the trap is known then OT can be used to estimate the force on the molecule
tethered between bead and substrate [21].

To detect the bead movement, transmitted light is allowed to fall on a position sensing
photo-detector. When bead is at the center of the beam, the refracted light is symmetric and
transmitted light shows zero deflection. On the other hand, when bead is off-centered, the
reflection is asymmetric. In this case, transmitted light shows deflection on the photo-detector.
Using an appropriate calibration factor (detector sensitivity), the photo-detector output voltage
can be converted to the actual bead movement [21]. Calibration of the detector sensitivity and
trap stiffness (k) allow to estimate the force on the molecule (F = k ∆x,∆x is displacement of
the bead from the center of the beam ). Here it is assumed that the trap potential is harmonic
in nature. Trap stiffness can be calibrated using two methods: (i) experimentally applied
known force (drag force on the bead - Fd = 6πηrv, r - radius of the bead, v - velocity of
the medium liquid), and (ii) equipartition theorem (k < ∆x2 > /2 = kbT/2, Kb - Boltzman
constant, T - absolute temperature, and < ∆x2 > - mean square displacement of the bead).

In typical OT protein unfolding experiment, a force is applied to the protein and the
extension is measured. Unfolding landscape can be represented by a 1D free energy barrier,
where extension on the molecule is the reaction coordinate. Applied force reduces the energy
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difference between the native and unfolding state (∆G(F)) in linear fashion [21]:

∆G(F) = ∆G0 −F∆x−∆Gstretch (1.5)

Where ∆G0 is standard free energy, F is applied force, ∆x is separation of the native and
unfolded state at zero applied force, and ∆Gstretch is free energy required to stretch the
polymer from unfolded state (molten globule) to a certain value where force on it is F .

OT is sensitive for the lower forces. Its force working range is 0.1−100 pN. This is a
powerful technique to mimic the physiological forces which are actually of the order of few
piconewtons. OT is vastly used to study the protein folding/unfolding thermodynamic and
kinetic properties. Apart from the protein folding/unfolding, it can also be used to study the
mechanics of other biomolecules and micro-organisms. Limitations of OT are following.
It cannot be used at high force regime (> 100pN). Laser is supposed to be stable, any
fluctuation can cause error in the measurement. The sample purity is crucial. Freely floating
particles can get trapped and it can disturb the trapping of the bead. OT needs laser source
with high intensity which causes local heating and it can alter the sample properties [118].

(ii) Magnetic tweezers (MT):

The first magnetic tweezers (MT) were assembled by Strick et al. in 1996 [167]. They used
MT to explore the elasticity of a supercoiled DNA.

The structure of nucleic acids (DNA and RNA) is not static but it changes while per-
forming various functions. DNA and RNA both exist in double-stranded (dsDNA and
dsRNA) and single-stranded (ssDNA and ssRNA). Each structure has a specific function.
Double-stranded DNA mainly stores the genetic information, however, single-stranded RNA
is involved in various processes such as storage of viral genetic information, DNA replication
and recombination etc [24, 137]. Single-stranded RNA is involved in many processes, for
example: DNA transcription, translation, and gene regulation, however, Double-stranded
RNA works as a carrier of genetic information in dsRNA viruses [180, 181]. The different
structures of nucleic acids have many other consequences, for example: if a strain is applied
to a dsDNA, it forms other structure such as acquiring additional twist, forming loops etc.
These structures are known as DNA supercoiling. These additional structures are important
in many cellular processes like cell division and cell cycle progression [106]. Different
structural forms of nucleic acids posses different mechanical properties. Magnetic tweezers
are capable to investigate these properties. MT has been widely used to study the mechanical
properties of the nucleic acids [176]. This technique has been vastly used to study protein
folding/unfolding [26, 159, 186] and mechanical properties of the cells [6, 160].
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In typical MT experiment, sample is prepared on a flow cell where molecule is tethered
between the glass surface and a paramagnetic bead. Molecule can also be tethered between
a non-magnetic bead which is immobilised on the glass surface and a paramagnetic bead.
A pair of two magnets (permanent or electromagnets) is mounted on top of the flow cell
which is being used to apply force on the bead and hence on tethered molecule. Magnets
pair also allows to apply a torque on the molecule. A light source is placed on top of the
microscope and position of the bead is monitored in 3D by taking its image using a charged-
coupled device (CCD) camera which is further analyzed by computer. Complementary metal
oxide semiconductor (CMOS) camera has also been used. CMOS camera is faster than
the CCD which allows to capture the motion at higher frequencies. Changing the distance
between the bead and permanent magnet, the force on the bead can be tuned and the real-time
measurement can be performed by monitoring the bead position with time [154].

MT allows to perform measurements with low forces (∼ 10 f N). However, other single
molecule force spectroscopic techniques do not allow measurements with such a low forces.
The working range on the force is 0.01−100 pN [176]. The downside of MT are following.
Detection of the bead is made using a high resolution camera which limits spatial and
temporal resolution in the measurement. The measurements, based on the application of
torque, is not readily possible because the torque applied on the attached molecule is orders
of magnitude weaker than on the bead which is applied by the magnetic field [35].

(iii) Atomic force microscope (AFM):

Atomic force microscope is one of the popular techniques to study mechanics at the single-
molecule level. This has been widely used to study mechanical, thermodynamic and kinetic
properties of proteins. Since AFM is extensively used in present thesis, the different aspects
of atomic force microscope is discussed in the next section in a detail.

1.3 Atomic force microscope (AFM)

Atomic force microscope (AFM) is a member of scanning probe microscope (SPM) family.
It was invented by Gerd Binnig, Calvin Quate, and Christoph Gerber in 1986 [13]. Their
motivation for this invention to get the morphology of poorly conducting surfaces which was
not possible in scanning tunneling microscope (STM) as it only works for the conducting
surfaces [14].

In AFM, a microcantilever-tip assembly is used as a force sensor where tip interacts with
the sample that causes bending (or displacement) on the cantilever beam. Usually cantilevers
are made using silicon based compounds. Bending on the beam can be measured using a
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Fig. 1.3 Schematic representation of slope-detection based AFM. A laser beam reflects from
the back of cantilever and collected at the position-sensitive photo-detector. In undeflected
state, it generates some current (or voltage) difference (I1, net current on upper quadrant - net
current on lower quadrant), however, the current difference changes to I2 when cantilever
deflects. The difference, I1 − I2, is proportional to change in the slope (dy/dx) of the
cantilever which is again proportional to its displacement (y).

detection scheme (Fig. 1.3). For small bending, force between the tip and sample can be
estimated using Hook’s law: F = k y, where k is the force constant of the cantilever beam
and y is bending. The force constant can be independently calibrated using various methods.
AFM is capable to measure forces of the order of 10-1000s of piconewtons. The origin of
tip-sample forces can be different depending on the experiment. For example: in air medium,
when tip is approached to a substrate, it can experience van der Waals interactions, short
range repulsive interactions, capillary forces, and adhesion [49]. Whereas, when a single
protein molecule, tethered between the tip and substrate, is pulled to unfold it, the origin
of the force will be the forces which are responsible to hold the native state of the protein-
hydrogen bonds, hydrophobic interactions, and side chain interactions [71]. The capability
of measuring such low forces makes AFM a versatile tool and it has been widely used to get
surface morphology with atomic/molecular resolution, to quantify the inter-molecular forces
between the tip and substrate, to measure forces in the biomolecules.
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Further discussion will be mainly focused on the application of the AFM in protein
folding/unfolding studies. To perform protein folding/unfolding experiments, AFM can be
operated in two modes: static mode, and dynamic mode.

1.3.1 Static mode measurements:

Static mode is also known as the contact mode. In this mode, a protein molecule which is
tethered between the tip and substrate is either pulled with constant speed and the force vs
extension is recorded or it is held at a constant force and the extension vs time is recorded.
The former experiment is known as constant-speed pulling and the latter is force-clamp. In
the past, both type of experiments have been used for protein folding/unfolding studies and
its mechanical, kinetic and thermodynamic properties have been estimated [9, 42, 45].

In a typical constant-speed pulling protein unfolding experiment, a polyprotein is immo-
bilized on a substrate by forming a specific/non-specific bond from its one terminal, however,
the other terminal is allowed to attach with the cantilever-tip. The tip-molecule attachment
can either be specific or non-specific. Now, the tip-surface gap is changed with a constant
speed along the perpendicular direction of the substrate resulting the application of force
onto the molecule. Applied force increases with distance and the molecule unfolds when the
applied force exceeds a certain value. In this case, cantilever-molecule system can be consid-
ered as two springs, with different stiffness, added in series. So, the force on both springs
will be same, however, the extensions will be determined by their stiffness. In the experiment,
the deflection on the cantilever is measured and the force is estimated by multiplying it with
the cantilever force constant which can be calibrated separately. The cantilever is pulled with
the help of a piezoelectric element attached at its base. This piezo is calibrated and provides
the extension of the cantilever-protein system in the unit of distance (nm). Finally, the force
vs extension is recorded which is known as force-curve. A force-curve can be converted into
force vs protein-extension curve. Protein-extension can be determined by subtracting the
cantilever deflection from the piezo extension. Unfolding curve of a polyprotein appears as a
saw-tooth like pattern (Fig. 1.4).

The static mode in the constant-speed pulling has been extensively used to draw the
1D energy landscape of the protein unfolding. Where the extension on the protein (x) is
used as the reaction coordinate. The native state of the protein is maintained by different
native interaction which can have different mechanical stabilities along different directions.
It basically depends on the orientation of the interactions. For example, the unravelling
the hydrogen bonds is easier when they are in zipper-like orientation with respect to the
direction of applied force, however, it needs more force when aligned in shear-like orientation
[42]. So, the energy barrier that separates the native and unfolded state will be different
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Fig. 1.4 Unfolding force profile of I278 (polyprotein with eight identical copies of I27
molecule covalentaly attached in series) with relative extension between the substrate and
cantilever-base. Experiment is performed using constant-speed pulling method at room
temperature with 200 nm/sec pulling speed. The calibrated spring constant of the cantilever
is 0.406 N/m. Each peak represents unfolding of one domain and further strain-stiffening
profile represents force vs extension behaviour of the unfolded protein chain. Usually, first
(large) peak is not considered for analysis as it contains non-specific interaction between tip
and substrate.

along different directions. The determined energy landscape from a AFM experiment can be
thought as a cross-section of the funnel shaped energy landscape. This 1D landscape might
be different when the protein is pulled from different directions. There are few proteins
which are believed to unfold and refold along a specific direction while performing their
function [148]. For example, the different immunoglobulin (Ig) domains in the giant muscle
protein- titin.

The unfolding of majority of the proteins can be explained by two-state transition,
however, few proteins possesses meta-stable state(s) between the native and unfolded states.
In two-state unfolding energy landscape, the native (N) and unfolded (U) states are separated
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by an energy barrier which is known as the transition state (T S). Unperturbed protein prefer
to be in the native state as the Gibbs free energy is less compared to the unfolded state [71].
In other words we can say that the thermodynamic stability, which is determined by the free
energy difference between the native and unfolded states (∆G0

U = GN −GU < 0), of a protein
is more in the native state. The Kramer’s rate theory has been used to describe the rate of
unfolding of the molecule. According to this theory, the rate of unfolding (k0

U ) depends on
following parameters [16]: (i) free energy difference between the native and transition state
(∆G0

T S), (ii) diffusion coefficient (D), and (iii) local curvature of the native and transition
states. k0

U can be expressed as:

k0
U =

D(κNκT S)
1/2

2πkBT
× exp

(
−

∆G0
T S−N

kBT

)
(1.6)

Where D(= kBT/γ) is diffusion coefficient, γ is internal friction in the molecule. κN and
κT S are local curvatures of the native and transition states respectively. kB is Boltzmann
constant, T is absolute temperature, and ∆GT S−N is free energy difference between native
and transition state. Evans and Ritchie proposed an empirical formula based on the Kramer’s
rate theory to describe the unfolding rate under applied external force (F) [41]. According
to this, the applied force tilts the energy landscape and the barrier height linearly decreases
with increase in the force:

∆GT S−N(F) = ∆G0
T S−N −FxU (1.7)

Where xU is extension on the molecule just before unfolding or the distance between the
native and transition state. So the rate of unfolding under externally applied force is given by:

kU(F) =
D(κNκT S)

1/2

2πkBT
× exp

(
−

(∆G0
T S−N −FxU)

kBT

)
(1.8)

Eq. 1.8 can be written as:

kU(F) = k0
U exp

(FxU

kBT

)
(1.9)

Eq. 1.9 suggests that the unfolding rate increases exponentially with force. Prefactor in Eq.
1.9 is difficult to determine experimentally, and therefore assumed to be not affected by the
external force. This is an assumption in this model according to which the shapes of native
and transition state along with the friction parameter remain unaffected under applied force.
Therefore, the kinetics changes due to change in the probability of the barrier crossing [41].
The distribution of the unfolding force (FU ) at a given unfolding rate can be described by the
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following relation [40]:

P(FU) =
kU(0)

R
exp

(FU xU

kBT

)
exp

(kU(0)kBT
RxU

[
1− FU xU

kBT

])
(1.10)

Eq. 1.10 can be used to fit the experimental data recorded in AFM unfolding experiments
to get kU(0) and xU . Barrier height (∆G0

T S) can be estimated using Eq. 1.6 where prefactor
(attempt frequency) is assumed to be an arbitrary value in the ranges 106 −109.

The parameters kU(0) and xU can also be determined by the Monte Carlo (MC) simulation.
The unfolding of the protein molecule is simulated in MC for different pair of kU(0) and xU

at different pulling speeds. The pair, which better generates the experimental behaviour, is
accepted [19].

1.3.2 Dynamic mode measurements:

In the dynamic mode operation, similar to static mode, the cantilever is pulled with a constant
speed along the direction normal to the substrate. The difference here is that the cantilever is
sinusoidally oscillated while pulling. In other words, a dynamic perturbation is applied to the
tethered molecule- between the cantilever-tip and substrate- while pulling. The change in the
oscillation of the the cantilever-tip is recorded which is then further utilized to extract the
sample properties. There are mainly two dynamic modes of AFM which are described in the
literature: frequency-modulation AFM (FM-AFM) and amplitude-modulation AFM (AM-
AFM). In FM-AFM, the cantilever is oscillated with an amplitude which is kept constant with
the help of a feedback circuit and the shift in the frequency is measured when the interaction is
altered by varying the tip-sample gap. This is further utilized to extract interaction properties
[52, 65, 85]. Since the present thesis use the amplitude-modulation AFM, it will be discussed
in detail in the next section.

1.4 Amplitude-modulation atomic force microscopy (AM-
AFM):

Amplitude-modulation atomic force microscopy (AM-AFM) was first proposed by Y. Martin,
C.C. William, and H.K. Wikramsinghe in 1987 [120]. Their aim was to measure the long-
range forces between the cantilever-tip and substrate. They observe that when the cantilever
is oscillated sinusoidally and approached close to the substrate, the amplitude of the tip
reduces. They used the amplitude as a feedback and get the image of the substrate. Further,
the theoretical modeling of the cantilever oscillation under external force suggested that the
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change in the amplitude can be related with the gradient of the tip-surface interaction force
[123].

Over time, it was extensively used to quantify the inter-atomic forces between the
cantilever-tip and substrate atoms in UHV [68, 69, 78, 80, 83, 134, 143] and ambient
conditions [51]. In the past few decades, the AFM has been recognised as a versatile tool to
extract the viscoelastic properties of single-molecules [7, 87, 109, 146]. This method can
directly probe the single-molecule viscoelasticity.

In a typical AM-AFM experiment, cantilever is oscillated with a fixed frequency (ω)
and the tip is allowed to interact with the sample. The changes in the amplitude (R) and
phase (θ ) of the cantilever-tip is measured with the tip-sample separation, where θ is the
phase difference between drive and tip. The measured parameters are then inserted in an
appropriate mathematical model to extract sample’s elasticity (k) and damping (γ , measure of
viscosity) coefficients. In the past, two types of detection schemes- measurement of slope and
displacement at the end of the cantilever, and various cantilever excitation schemes- acoustic,
magnetic, and thermal have been used for the experiments. Mainly two mathematical
models- continuous-beam and point-mass models have been used to quantify the interaction
viscoelasticity. Researchers usually choose one of the two operational frequency regimes for
the measurements- on-resonance and off-resonance. In on-resonance, cantilever is oscillated
with frequency near (or slightly below) its fundamental resonance, however, it is oscillated
far below the resonance in case of off-resonance. The analytical solution of the cantilever
dynamics under interaction force is complex for on-resonance case. Whereas, it is straight
forward for off-resonance operation but it requires high detection sensitivity of the instrument
which could be achieved by implementing the interferometer based detection scheme [140].
The different aspects of the AM-AFM, such as the detection and excitation schemes, and
choice of operation frequency and mathematical model for data analysis, will be discussed in
detail in the coming chapters.

There are advantages of working with the dynamic mode. Firstly, using this the conserva-
tive and dissipative components of the force can separately be measured which is essential
to completely understand the mechanical behaviour of the system. The damping behaviour
of the biological systems control response time while performing their function. Dynamic
mode experiments can directly probe system’s damping which allows us to understand their
function. Dynamic mode measurements facilitate the study of rheology of the system under
investigation. Secondly, the use of phase sensitive detection such as lock-in amplifier makes
it sensitive to the gradient of interaction force which increases its sensitivity compared to
the static mode where the interaction force is directly measured. Measuring the force needs
sufficient deflection on the cantilever which puts a limit on the minimum discernible force.
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However, in dynamic mode (AM-AFM), change in amplitude is measured. The minimum
detectable force gradient is again limited by the cantilever stiffness but with the help of
the phase-sensitive detection it becomes more sensitive compared to the static mode. For
example, when the unfolding of a single polyprotein (titin-I27) is studied using the dynamic
mode, the known intermediate which appears before the final unfolding event can be clearly
observed. However, this is rarely observed in static mode measurements [87, 146].

There are few downsides of this method. The dynamics of the cantilever is complex,
particularly when operated in liquid medium, which is necessary to study most of the
biological systems [7]. There are various sources of artefacts which may appear in the results
such as offset in the initial phase, not being truly off-resonance, inappropriate choice of the
cantilever stiffness etc [135, 146].

1.5 Specific to my research:

In this section, I will discuss about the work I have done during my PhD and its place in
single-molecule force spectroscopy research. My aim was to quantify the viscoelasticity
of the single protein molecule using amplitude-modulation atomic force microscopy (AM-
AFM). The amplitude-modulation atomic force microscopy has been used for the entire
study. I have used two types of AFMs- slope detection based (commercial) and displacement
detection based (interferometer based home-built) AFM. Two types of cantilever excitation
mechanisms have been used- acoustic excitation (cantilever-base is excited using dither piezo)
and magnetic excitation (cantilever-tip is excited using the magnetic excitation). To quantify
protein viscoelasticity, off-resonance frequency operation regime has been chosen. Data
has been analyzed using two mathematical models- continuous-beam (CB) and point-mass
(PM) model. The experiments performed using different AFMs and using different cantilever
excitation schemes and data analyzed using different models have been compared. An
unified understanding have been developed to understand the dynamic AFM measurements
and its outcomes. This is applicable not only in context of single-molecules but for all the
biopolymers and nano-scale systems where viscoelasticity can be probed using this technique.
For my experiments, I have chosen titin I27 protein molecule as a model system.

1.5.1 Titin I27 protein:

Titin is a polyprotein and largest known protein so far (size ∼ 1 µm, molecular weight ∼
3 MDa). It spans half the length of a sarcomere, connects Z to M discs, in a muscle cell
[102]. Its I-band is responsible for the muscle’s passive elasticity. The I-band is made up of
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mainly two tandem immunoglobulin-like (Ig) segments along with a small PEVK segment
(unstructured). There are ∼ 200 Ig domains in I-band. Most of the Ig domains are common
in all type of muscles (cardiac, smooth, and skeletal), however, few small sections are present
only in the cardiac muscle- known as unique sequence.

Fig. 1.5 Structural representation of I27 molecule. It is a β rich globular protein. Image is
downloaded from PDB (https://www.rcsb.org/structure/1TIT).

I27 is one of the Ig domains from the unique sequence in the cardiac muscle. This is a
globular protein with 89 amino-acids. It has seven β -strands (Fig. 1.5). In I-band, all the
Ig domains are almost similar in structure and hence, in mechanical properties. So, the I27
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is chosen as a representative domain for the single molecule studies and has widely been
explored [7, 9, 42, 44, 71, 87, 93, 107, 146, 148]. In AFM unfolding experiments, an I27
with n-identical repeats (homo-polyprotein) is tethered from its N and C terminus and pulled
to unfold it. A typical unfolding force-curve appear as a sawtooth-like pattern. Before the
final unfolding peak, a small peak appears at lower force which is its intermediate state [44].

1.5.2 Unfolding studies on I27 protein:

In past few decades, I27 protein has been extensively studied, few measurements performed
using static mode are cited here [9, 42, 44, 45, 71, 107, 148]. However, in dynamic mode it is
not much explored. Literature studies on I27 using dynamic mode (AM-AFM) are discussed
below.

1.5.2.1 Literature studies on I27 using dynamic AFM experiments:

In the past, many attempts have been made to measure the viscoelasticity of the single-
molecule viscoelasticity using different methods.

H. Janovjak et al. (2005) measured the vielasticity of a membrane-protein bactere-
orhodopsin using the magnetic excitation based AM-AFM measurements. Cantilever (stiff-
ness = 0.08 N/m) was oscillated at low frequency (3 kHz) compared to its fundamental
resonance (7 kHz in liquid) with the amplitude of 6−9 nm (peak-to-peak). Simple harmonic
oscillator (SHO) model with off-resonance approximation were used for data analysis. The
observed stiffness and damping coefficients were attributed to the unfolded chain [77].

M. Kawakami et al. (2006) measured the viscoelasticity of the titin-I275 protein where
the cantilever-tip was excited at on-resonance (5 kHz) with amplitude of 2 nm using the
magnetic excitation scheme. They observed the elasticity and damping coefficient both when
the molecule sequentially gets unfolded. They observed that the unfolding force of individual
domains was reduced. Simple harmonic oscillator (SHO) model were used for data analysis.
They inferred that the observed response could be from the unfolded, partially folded, and
folded domains [87].

Khatri et al. (2008) measured the viscoelasticity of titin I278 homopolymer using power-
spectral-density method in which the thermal fluctuation of the cantilever wherein the tip is
tethered with the molecule and held at a fixed force were measured. Point-mass approximation
based analytical model has been used for the data analysis. They claim that the observed
stiffness and dissipation coefficient are from the unfolded chain and damping was attributed
to the internal friction of the unfolded chain [93].
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F. Benedetti et al. (2016) performed unfolding experiments titin I276 using amplitude-
modulation atomic force microscopy. They raised the question in the adequacy of point-mass
model and proposed a new mathematical model, abbreviated as the continuous-beam model,
for a low excitation-frequency (excited from the base) and small interaction forces. Cantilever
was oscillated at low frequency (∼ 100 Hz, first resonance was 1− 2 kHz in liquid) with
peak-to-peak base amplitude (1− 2 nm, estimated from the deep contact response of the
cantilever amplitude). The dissipation coefficient from the molecule was not observed,
however, the stiffness signal was observed. They suggested that the X and Y components of
the oscillation (X ,Y ) are the appropriate observable parameters to extract the viscoelasticity
of the single-molecule instead of the amplitude and phase (R,θ ) [7].

1.5.3 Motivation of the thesis:

For more than two decades, researchers have been using the amplitude-modulation atomic
force microscopy to study the viscoelasticity of nano-scale systems in liquid environment.
Two systems have been extensively studied: (1) Nano-confined liquids such as water [82, 92],
ionic liquids [91], and non-polar liquids [34, 117, 133, 141], and (2) Single biomolecules
such as proteins [77, 87], and unstructured polymers [109]. Apart from the AM-AFM there
are other studies on nano-scale viscoelasticity using AFM based experiments. For example:
power-spectral-density (PSD) based method have been applied to investigate viscoelasticity
of confined liquid [82], proteins [93], polysacharides (dextran) [15, 88], unstructured polymer
(polyethelene glycol) [87]. The two fields of research, confined liquids and single-molecule
studies, had been growing independently. The common factor in both these fields was that in
almost all the above cited works a point-mass approximation based model has been used to
extract the system’s viscoelasticity.

Recently, F. Benedetti et al. (2016) performed amplitude-modulation atomic force
microscopy on the titin I276 [7]. They proposed a mathematical model for low excitation-
frequency (excited from the base) and small interaction forces. The model takes the contin-
uum nature of the cantilever-beam into account. They claimed that the point-mass model
is not adequate to model the cantilever dynamics under interaction force and can lead mis-
interpretation of the final results, particularly the phase data. They suggested that instead
of the amplitude and phase (R,θ ), the X and Y -components of the oscillation (X ,Y ) are the
appropriate observable parameters to extract the viscoelasticity of the single-molecule. This
report raises concerns in the accuracy of all the previous measurements where point-mass
model (or based on the point-mass approximation of cantilever) had been used to extract
sample viscoelastic properties.
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Apart from this, the previous estimates of dissipation coefficient of the unfolded protein
chain was reported very high (∼ 5×10−6 kg/s) [77, 93]. The dissipation coefficient from a
few nanometers size polymer chain lies in the same order of the micrometer size cantilever.
Similar values of dissipation coefficient were observed for other polymers when investigated
using PSD-based method [15, 87, 88]. In absence of other independent measurements of
dissipation in single-molecules these results were accepted by many researchers but not by
all. Such a high value of dissipation coefficient from single-molecule was under controversy.

The report by F. Benedetti et al. [7], discussed above, motivated us to review the entire
methodology of extracting the nano-scale viscoelasticity using amplitude-modulation based
atomic force microscopy. We did a comprehensive study to understand the methodology. In
order to do this we followed following strategies:

1. AFM(s) as a tool: We used two types of AFMs for our experiments. The detection system
in the two are different and they measure completely different and independent quantities.
One is the commercially available AFM which is equipped with LASER reflection based
detection system and it measures slope (dy/dx) of the cantilever. Second is the home-built
AFM which is equipped with an interferometer based detection system and it measures the
displacement (y) of the cantilever. It should be noted that we have applied interfeometer
based AFM for single-molecule studies for the first time, however, in all previous studies,
commercial AFM have been used. Whereas for confined liquid experiments, some groups
have been used slope-detection based AFM [34, 117] and few groups used interferometer
based AFM [82, 92, 141]. Simultaneous study of the same system (I27 protein) using the
same experimental conditions in both type of AFMs allows us to compare the results in
conclusive way.

2. Cantilever-excitation schemes: In the past, two types of excitation schemes have been
extensively used to drive the cantilever. First is base excitation which can implemented by
attaching a dither piezo at the cantilever base and feeding it an alternative current (confined
liquid [34, 92, 96, 117], proteins [7]). Second is the magnetic excitation which can be
implemented by coating a magnetic material (or attaching a piece of magnetic particle) at
the back of the cantilever that can be excited using an electromagnet (confined liquid [133],
proteins [77, 87]). We have separately applied both types of excitation schemes to study the
one system (I27 protein). In both measurements, the experimental conditions were same.
This allows us to make a fair comparison between the results from the two independent
experiments.

3. Mathematical models for data analysis: We have used the two mathematical models,
point-mass (PM) model and continuous-beam (CB) model, to analyse the data. Analysing
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the same data with two different models allows us to compare results and make conclusive
comments on it.

1.5.4 Significance of the work:

My research work contributes to single-molecule force spectroscopy mainly in two ways.
First, it improves the dynamic atomic force spectroscopy method of extracting the vis-
coelasticity of the systems at nano-scale and second, the results obtained for I27 molecule
contributes in understanding the behaviour of single-molecule under force.

1.5.4.1 Methodology of dynamic atomic force spectroscopy:

As it has been discussed previously in amplitude-modulation atomic force microscopy section,
in a typical AM-AFM experiments, cantilever is excited at a fixed frequency and the change
in the amplitude (R) and phase (θ ) of the tip is measured when the interaction force is varied
by varying the tip-surface distance. Further, the R and θ were used to extract the interaction
viscoelasticity using an appropriate mathematical model.

We have found that extracting the error/artefact-free results from the AM-AFM experi-
ments are not straightforward. There are many factors that are likely to be present in such
measurements can introduce significant error or artefacts in the final results. These factors
are listed below:

1. Initial phase offset: Initial phase is the phase difference between the drive and cantilever-
tip oscillation when the tip is far away from the surface or in absence of tip-sample interaction.
We found that a significant offset in the initial phase introduces artefacts in the dissipation
measurements. There can be various sources of the offset in initial-phase: electronic phase,
presence of spurious peaks in cantilever response near the operation frequency etc.

2. Choice of operation frequency and mathematical model: Depending on the choice of
the operation frequency- off-resonance or on-resonance, a mathematical model has to be
chosen. The dynamics of the cantilever is complex when it is operated on-resonance and a
complicated deconvolution process is required to extract the accurate interaction viscoelas-
ticity. To overcome this issue, many researchers prefer to work at off-resonance regime
where the dynamics of the cantilever is straightforward. However, the limit for off-resonance
frequency is not clearly defined. Even though, the cantilever is oscillated at a frequency
far below its fundamental resonance, sometimes it may not be truly off-resonance. In such
case, the use of simple analytical model derived for off-resonance can cause significant
error/artefact in final result.

3. Choice of cantilever stiffness: In all the existing mathematical models to extract inter-



1.5 Specific to my research: 29

action viscoelasticity, the solution of the cantilever-tip motion is assumed to be harmonic
which requires that the interaction force (or stiffness) should be very small compared to the
cantilever force (or stiffness). However, the use of stiff cantilever reduces the measurement
sensitivity. To get high measurement sensitivity most of the researchers use soft cantilevers
passing over the fact it has been assumed in the mathematical models. When the cantilever
stiffness is comparable or less than the sample stiffness, its solution is no more harmonic and
the use of the existing mathematical models to analyzed the data will introduce error in the
result.

It must be noted that above discussion is not specific to one particular type of experiment
but it is general and applicable in all the experiments where AM-AFM are performed to
extract sample viscoelasticity.

1.5.4.2 Application of dynamic AFM to single-molecule study:

In our experiments/data analysis, we took care of all the essential factors which can cause
error and artefact in the results and studied the viscoelasticity of titin I27 protein molecule.
The results have significance in following ways:

1. Protein folding/unfolding: The (ultra)small-amplitude and off-resonance measurements
mainly probe the viscoelasticity of the unfolded protein molecule. Local viscoelasticity
from the unfolded (molten-globule) to stretched state can directly be estimated. Further,
the relaxation time can be determined which is nothing but the ratio of the dissipation and
stiffness coefficients. Relaxation time can be a good estimate of the initial collapse time of
protein folding. This estimated timescale can directly be compared with the measured time
in single-molecule FRET experiments.

2. Probing the the folded protein: We have observed that the folded protein viscoelasticity
can be probed when the experiment is performed with amplitudes more than a critical value.
This opens up the window for the amplitude-modulation AFM users to extract the information
from the folded protein. In our knowledge, there is no report in the literature claiming the
measurement of folded protein’s viscoelasticity using the AM-AFM method. Although,
there are two reports where authors have inferred that the response could be from the folded
protein but there was no any theoretical/experimental support were provided to the hypothesis
[65, 87].

3. Dynamic properties of the single-molecule: The AM-AFM experiments allow to study
the dynamic properties at the single-molecule level. One can perform rheology of the single
protein molecule. Depending on the choice of the experimental parameters, one can study
the rheology of unfolded polymer chain or the folded protein up to a certain limit.
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It is important to note that the above discussion is not limited to a particular protein but
can be applicable to all proteins. This can also be used to study the rheology of the other
biomolecules: unstructured polymers such aspolyethylene glycol (PEG), polysacharides such
as dextran etc.

1.6 Plan of the thesis:

In chapter-2, I have discussed all the materials and methods that have been used in my
research work such as instruments, new modules made for specific experiment(s), and sample
preparation.

The aim of my work was to quantify (error/artefact-free) the viscoelasticity of the nano-
scale systems using amplitude-modulation atomic force microscopy, particularly the single
protein molecules. In order to do this, I decided first to find out all the possibilities which
can introduce error/artefact in the results. In chapter-3, the various sources of error/artefacts
have been discussed and also suggested the way to address this issue. After this we examine
the validity of the widely used point-mass model by comparing it with the continuous-
beam model. In chapter-4, I have discussed adequacy of point-mass model in extracting
viscoelasticity from AM-AFM experiments. We found that the interferometer-based (home-
built) AFM is better suited for such studies, mainly when the base excitation based schemes
are used. As this AFM is not commercially available, these experiments cannot easily be
performed by other research groups. To address this issue, I worked on finding out the
methodology using which one can easily perform such experiments on commercial AFMs.
Detail of the methodology has been discussed in the same chapter. I have discussed that it can
be achieved in commercial AFMs using the magnetic excitation scheme. A method to coat a
thin layer of magnetic material at the tip position will be discussed which is essential for this
measurement. Interestingly, the point-mass perfectly works in tip-excitation measurements
when performed at truly off-resonance regime.

In a separate experiment which is performed in interferomenter based AFM, We found
that the AM-AFM can probe the properties from the folded protein. We observed reduction in
stiffness and also dissipation signal from the molecule when certain experimental parameters
are used. Experimental evidences suggest that the viscoelastic response has contribution from
folded protein domains connected in series with the unfolded chain. It has been discussed in
chapter-6. Eventually, I summarise my thesis work in chapter-7.
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1.6.1 Chapter 2

Materials and methods

In this chapter, the fundamentals of slope-detection (commercial) and displacement-detection
(home-built) based AFMs will be discussed. Various calibrations are required for quantitative
measurements. In both AFMs, few of the calibrations could be same such as cantilever force
constant and few could be different such as detection-sensitivity. Methods for these calibra-
tions will be discussed. A separate module has been developed for magnetic-excitation based
experiments where a thin layer of cobalt was deposited near the tip-position and it is excited
using an electromagnet. Working principle of lock-in amplifier will be discussed briefly as it
was essential for all dynamic AFM experiments. Sample preparation for experiments will be
discussed in a separate section.

1.6.2 Chapter 3

Theory: Amplitude-modulation atomic force microscopy

In this chapter, the theoretical aspects of amplitude modulation atomic force microscopy has
been discussed. Equation of motion for continuous-beam model and point-mass model were
solved and discussed in detail. This discussion is essential to understand my research work.

1.6.3 Chapter 4

The nano-scale viscoelasticity using atomic force microscopy in liquid medium

We applied base-excitation scheme to drive the cantilever and used both slope-detection
and displacement-detection based AFMs. It was found that artefacts can appear due to
various sources. For example: (1) Offset in the initial phase causes artefact. It can occur
due to spurious peaks present in cantilever-frequency response near the operation regime,
electronic phase offset due to different electronic components used in the circuit, design
of the liquid cell, response of the piezoelectric material etc., (2) Inappropriate choice of
operation frequency and mathematical model introduces artefacts. Depending on the choice
of the operation frequency- off-resonance or on-resonance, a mathematical model has to
be chosen. The dynamics of the cantilever is complex when it is operated on-resonance
and a complicated deconvolution process is required to extract the accurate interaction
viscoelasticity. To overcome this issue, many researchers prefer to work at off-resonance
operation regime where the dynamics of the cantilever is straightforward. However, the limit
for off-resonance frequency is not clearly defined. Even though, the cantilever is oscillated
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at frequency far below its fundamental resonance, it may not be truly off-resonance. In
such case, the use of simple analytical model derived for off-resonance can cause significant
error/artefact in final result.

We propose the ways to perform artefact-free measurements. We found that the displacement-
detection is better suited for such experiments. The presence of offset in initial phase can
easily be identified and the data analysis is also straightforward compared to slope measure-
ments.

1.6.4 Chapter 5

Validity of point-mass model in off-resonance dynamic atomic force microscopy

The quantitative measurement of viscoelasticity of nano-scale entities is an important goal
in nanotechnology research and there is considerable progress with advent of dynamic
Atomic Force Microscopy. The hydrodynamics of cantilever, the force sensor in AFM
measurements, plays a pivotal role in quantitative estimates of nano-scale viscoelasticity. The
point-mass model, wherein the AFM cantilever is approximated as a point mass with mass-
less spring is widely used in dynamic AFM analysis and its validity, particularly in liquid
environments, is debated. It is suggested that the cantilever must be treated as a continuous
rectangular beam to obtain accurate estimates of nano-scale viscoelasticity of materials it
is probing. Here, We have performed off-resonance dynamic atomic force spectroscopy on
a single protein molecule to investigate the validity of widely used point-mass model. We
performed measurements with AFMs equipped with different cantilever excitation methods,
base-excited using dither piezo and tip-excited using magnetic excitation based setup, as well
as detection schemes, bending and displacement, to measure cantilever response. The data
was analyzed using both, continuous-beam model which accommodates the geometric details
of the cantilever beam and the point-mass model which approximates it as a point-mass.
We found that both models yield same results when the experiments are performed in truly
off-resonance regime with small amplitudes (∼ 1−3 Å) and the cantilever stiffness is much
higher than the interaction stiffness.

1.6.5 Chapter 6

Probing the folded protein domain response using dynamic atomic force microscopy

We observed that the peak unfolding stiffness/force of the individual domains reduces when
the oscillation amplitude exceeds from a critical value. We infer that this transition occurs due
to contribution of the folded domains whose mechanical properties alter after this transition.
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Interestingly, we observed variation in dissipation signal when experiment was performed
at high frequency and amplitude exceeded from a critical value where stiffness reduction
occurs. Our experimental observation suggests that the amplitude-modulation atomic force
microscopy can be used to probe viscoelasticity of single folded protein molecules.

1.6.6 Chapter 7

Conclusion and future possibilities

In this chapter, thesis has been summarized and discussed the future possibilities of my work.

1.7 Future possibilities:

This work can be extended to extract more information of the mechanical properties at
the nano-scale in various fields such as the protein-protein interaction, protein-membrane
interaction, confined liquids etc.

In the past, the magnetic excitation base method have been used to study the single-
molecule viscoelasticity. The experiments were performed using two types of cantilevers. (1)
Commercially available cantilevers- the whole cantilever (backside) is coated with magnetic
material. In this case, drive force acts on whole cantilever, however, the mathematical models
assume the driving force only at the tip position. (2) A piece magnetic particle glued at the
tip position (on backside). The particle has a significant mass which can alter the dynamics
of the cantilever. In mathematical models, this mass is usually ignored. In our work, we have
proposed a way to coat a thin film of magnetic material near the tip position. We achieved
enough deflection on the cantilever by coating ∼ 25−30 nm cobalt. The mass of this thin
layer is negligibly small compared to the cantilever mass and can be ignored. This fulfills the
assumption of ignoring mass of the magnetic material and the existing mathematical models
can be used for data analysis. The got high success rate of stable coating for air and water
medium, however, it is low for the buffer medium. More effort will improve the success rate.

As we have experimental observations which suggest that the dynamics of folded protein
can also be probed using AM-AFM experiments. It can be extended to study the rheology of
the folded proteins. Shape (curvature) of the free energy landscape of folded state is directly
related to the stiffness. Measuring the stiffness of the folded protein allows us to explore the
energy landscape of protein folding/unfolding.





Chapter 2

Materials and methods

2.1 Introduction

In this chapter, the fundamentals of slope-detection (commercial) and displacement-detection
(home-built) based AFMs will be discussed. Some calibrations are required for quantitative
measurements. In both AFMs, few of calibrations could be same such as cantilever force
constant and few could be different such as detection-sensitivity. A separate module has
been developed for magnetic-excitation based experiments where a thin layer of cobalt was
deposited near the tip-position and it is excited using an electromagnet. Working principle
of lock-in amplifier will be discussed briefly as it was essential for all dynamic AFM
experiments. Sample preparation for experiments will be discussed in a separate section.

2.2 Atomic Force Microscope (AFM)

Atomic force microscope (AFM) is a member of scanning probe microscope (SPM) family.
In an SPM technique, a sharp probe is allowed to interact with the sample which causes
change in some observable parameter(s) which is being recorded and utilized to extract
sample properties. The probing and detection mechanisms are the crucial factors which
distinguish one SPM technique from another.

In AFM, a probe (tip) is attached at the free-end of a micro-cantilever which is fixed from
the other end. Cantilever-tip assembly acts as a force sensor. Tip is allowed to interact with
the sample that causes deflection (yc) on the cantilever-beam which is detected by a detection
scheme. For small deflection, cantilever behaves as a Hookean-spring. The interaction
force experienced by the tip can be estimated using following relation: F = k yc, where k
is the force constant of the cantilever which can be independently calibrated using various
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methods. This is known as static mode operation. AFM is capable of measuring forces
of the order of few piconewtons to several piconewtons. In dynamic measurements, say
amplitude-modulation, cantilever is oscillated with a frequency and tip interacts with sample
causing change in amplitude (and phase) of deflection. Change in the observable parameters
is detected by the detector with the help of which sample properties are extracted.

There are many popular schemes to detect cantilever deflection. One of them is laser-
reflection based scheme which detects slope of the cantilever deflection. It is available in the
commercial AFMs. The other is interferometer-based scheme which detects net displacement
of the cantilever. This is not available in commercial AFMs, but built in few labs and applied
for various studies. I have used both types of AFMs for my measurements. The main
difference in the two AFMs are the detection systems.

2.3 Commercial AFM (slope-detection)

The working mechanism of all commercial AFMs are similar. I have used JPK Nanowizard
II (Berlin, Germany) for my measurements. A commercial AFM has five major elements:
detection system, cantilever-tip assembly, sample/cantilever motion controller, feedback
circuit, and data acquisition and display unit. Apart from the detection system, all the other
elements are more or less similar in commercial and our home-built AFM. So, my discussion
will focused on the detection system, alignment mechanism, and some essential calibrations.

2.3.1 Optical beam deflection detection

In commercial AFMs, optical beam deflection method is used to detect deflection on the
cantilever. In this method of detection, a narrow laser beam (few micrometers in diameter)
fall on the back of the cantilever and reflected light is collected at a position-sensing photo-
detector. Typically a photo-detector has four quadrants which can detect vertical as well
as lateral motion of the cantilever. In absence of tip-sample interaction, the position of
laser spot on the detector is fixed and the detector output voltage is zero or a constant value.
When cantilever deflects, due to tip-sample interaction, the position of the laser spot on
photo-detector changes resulting in a difference in the output voltage. This difference in
detector output voltage is proportional to the change in the slope of the cantilever deflection.
So, the optical beam deflection method detects the change in the slope of the cantilever.
Schematic representation of optical beam deflection detection (slope-detection) has been
shown in Fig. 1.3.



2.3 Commercial AFM (slope-detection) 37

2.3.2 Alignment of detection system

Detection system has three units: laser source (red or visible near infrared), mirror and
photo-detector. Usually positions of both units are adjustable. Our AFM (JPK Nanowizard
II) is equipped with an inverted microscope. A light (visible) source, cantilever, sample, and
an objective all are positioned along the same axis (y−axis, normal to the sample surface).
Cantilever and sample are illuminated with light (visible) source and transmitted light is
collected via objective kept below the sample stage.

Fig. 2.1 Schematic representation of laser-alignment in optical beam deflection detection. A
laser beam is allowed to fall on the back of the cantilever through a prism. Beam reflects
from the cantilever surface and directed to the photo-detector with the help of an adjustable
mirror which can be rotated about the axis perpendicular to the plane of paper. As per the
requirement, the position of incident laser beam and photo-detector can be adjusted during
the alignment.

Firstly, to make the cantilever visible on the computer screen, it is focused by adjusting
the objective’s position along the y− axis. Now the laser filter, an obstacle to block laser
to fall on the CCD camera, is removed to see the laser spot on the computer screen. The
position of the laser spot is adjusted in such a way that it falls on the back of the cantilever.
To guide the reflected light towards photo-detector, a mirror is placed which can be rotated at
its position to change the direction of reflected laser. This makes the reflected laser to fall on
photo-detector which can be confirmed by maximizing the value of sum-signal. Finally, the
detector position is adjusted to bring the laser spot at the centre of the detector (Fig. 2.1).
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2.3.3 Detector sensitivity calibration
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Fig. 2.2 Graph in black line represents cantilever bending with cantilever base position and
red line represents linear fit. Slope of the fitted line is detector sensitivity. For the used
rectangular cantilever (length = 250 µm, width = 35 µm, and thickness = 1 µm), it is 34.75
nm/V .

The voltage output from the photo-detector can be converted to the cantilever displace-
ment by multiplying it with a conversion factor known as detector sensitivity. Base of the
cantilever can be moved along y−axis by the known distance (extension) with the help of
a well calibrated piezo element which is usually known as scanner piezo. With the help of
scanner piezo, cantilever is approached towards a glass surface and tip is pressed against it to
take an approach-extension curve (photo-detector output voltage vs cantilever (base)-sample
distance) in deep contact region. In deep contact region, cantilever-tip is in contact with the
glass surface (repulsive force regime) and hence, cantilever bending increases in upward
direction with extension. The tip-glass contact is assumed to be nearly non deformable which
can be confirmed by its linear behavior. In this region cantilever bending (detector output in
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voltage) is proportional to the extension. Slope of the linear fit to the deep contact region is
inverse detector sensitivity. Detector sensitivity is described in unit of nanometers per volt
(nm/V ).

Fig. 2.2 represents a typical sensitivity calibration curve (black) with a linear fit (red).
Slope of the fitted line is the sensitivity. For the used rectangular cantilever (length = 250
µm, width = 35 µm, and thickness = 1 µm), it is 34.75 nm/V .

2.3.4 Cantilever force constant calibration

Cantilever force constant, also known as spring constant or stiffness, is essential for force
spectroscopy measurements. In static experiments, interaction force is determined by multi-
plying the cantilever displacement with force constant, whereas, in dynamic measurements,
it is required to subtract cantilever response from the net cantilever-sample response to
determine sample properties.

There are various methods to determine cantilever force constant [22, 74, 153]. We
use thermal noise method in our measurements. This is proposed by Hutter et al. in 1993
[74] and further refined by Butt et al. in 1995 [22]. Thermal noise method, is based on the
equipartition theorem which states that in thermal equilibrium the average value of each
quadratic term in Hamiltonian is equal to kBT/2. When a cantilever is in equilibrium with its
surrounding medium, equipartition relation can be written as:

1
2

kc < z2 >=
1
2

kBT. (2.1)

Where kc and < z2 > are cantilever force constant (or static force constant) and mean square
displacement respectively. kB is Boltzmann constant and T is absolute temperature. < z2 >

(= ∑n < z2
n >) is superposition of mean square displacements of all possible eigen modes of

the cantilever and it can be determined by measuring power spectral density (PSD) over all
frequency range. Each eigen mode can be characterized by modal stiffness and frequency and
is a separate peak corresponding to each mode in PSD response. Mean square displacement
for each eigen mode can be estimated by determining area under the curve for that particular
mode. Sum of the area under the curve for all modes determines < z2 >. Euler-Bernouli
equation for an elastic beam can be solved to get the expression for spring constants of each
eigen mode. It was found that the force constant of the fundamental mode (k1) is almost
equal to the static force constant of cantilever:

k1 = 1.030kc. (2.2)
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Eq. 2.2 suggests that the stiffness of fundamental mode can be fairly assumed as the static
stiffness of the cantilever. This can be estimated by only calculating the area under the curve
for the fundamental mode in PSD:

kc ≈ k1 =
kBT

< z2
1 >

. (2.3)
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Fig. 2.3 Graph in black line represents the calculated PSD for a rectangular cantilever and red
line represents the Lorentzian fit. Resonance frequency ( f0 = 13.54kHz) and quality factor
(Q = 3.3) are measured as the free parameters. Cantilever force constant (kc = 0.84N/m) is
estimated using Eq. 2.3.

To estimate < z2
1 >, PSD for the fundamental mode (Pd) is calculated and fitted with

amplitude-frequency response function of single harmonic oscillator R( f ) (Larentzian func-
tion) with an added noise background term (Pb) [49]. This additional background term
accounts for the background noise which is not originate from thermal fluctuations.

Pd = Pb +R( f ). (2.4)
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Then R( f ) is integrated to get area under the curve:

< z2
1 >=

∫
∞

0
R( f )d f (2.5)

Resonance frequency ( f0) and quality factor (Q) of the cantilever are determined as free
parameters. Area under the curve of fitted function (not the real data), which is < z2

1 >, is
calculated by the software. It is now substituted into Eq. 2.3 to finally get the force constant
of the cantilever. Refer [22, 74] for more detail.

Fig. 2.3 represents the PSD (black) calculated for a rectangular cantilever. Red curve
represents Lorentzian fit to the PSD. Resonance frequency ( f0 = 13.54kHz) and quality factor
(Q = 3.3) are measured as the free parameters. Cantilever force constant (kc = 0.84 N/m) is
estimated using Eq. 2.3.

It is important to note that Eq. 2.3 is written for the displacement of the cantilever (z),
however, commercial AFMs measure the slope (dz/dx). This discrepancy can be accounted
for by multiplying an appropriate conversion factor [22].

2.3.5 Sample-cell and tip-sample motion

We used the commercial sample-cell proved by JPK designated as life science stage. It can
be moved on x− z plane (parallel to the microscope stage) with micrometers precision with
the help of knob provided on the microscope stage. However, its motion along the y-direction
is restricted.

Cantilever along with the alignment setup are mounted on a piezo stage which can be
moved together along y-direction without perturbing the laser alignment. This allows us to
vary tip-sample distance to perform force spectroscopy experiments.

2.4 Home-built AFM (displacement-detection)

Our home-built AFM has five major elements like commercial AFM: detection system,
cantilever-tip assembly, sample/cantilever motion controller, feedback circuit, and data
acquisition and display unit (Fig. 2.4). Apart from the detection system, all the other elements
are more or less similar to the commercial AFM. Interferometer-based setup has been used
for the cantilever deflection detection. This measures displacement of the cantilever not
the slope. Displacement detection has many advantages which will be discussed in coming
chapters in detail.
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Fig. 2.4 Schematic representation of our home-built AFM. Alignment of the fibre-end parallel
to back of the cantilever is magnified (shown in big circle).

2.4.1 Interferometric detection

To detect the cantilever deflection, a Fabri-Perot cavity between cantilever surface and cross-
section of an optical fibre which allows us to detect the cantilever displacement. As shown
in the Fig. 2.5, back of the cantilever is gold coated which acts as a fully reflective mirror
and the end of an optical fibre is cleaved and made it partial reflective by metallic coating
which acts as a partial reflective mirror. Fibre end (partial reflective mirror) is aligned parallel
to the cantilever back (fully reflective mirror), with the help of a nano-positioner, to form
a Fabri-Perot cavity. An infrared laser (wavelength = 1310 nm) is passed though optical
fibre. Part of the laser reflects back from the end of the fibre depending on its reflectively
and rest of the laser fall on the back of the cantilever which also reflect back to the fibre.
The two reflected lights interfere with each-other and it is allowed to fall on a photo-diode,
kept at a fixed distance, which produces current. The output current is constant when the
distance between mirrors is fixed. The position of the fibre is fixed at the maximum sensitivity
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Fig. 2.5 Schematic representation of interferometeric detection scheme. Partial reflective
end of the optical-fibre is aligned parallel to the back of gold coated cantilever, acts as fully
reflective mirror, and this arrangement forms Febri-perot cavity. Infrared (IR) laser is passed
through the optical-fibre which reflects back from two mirrors and interfere. Interfered laser
is collected at the photo-detector which is sitting at a fix distance. Change in the distance
between two mirrors causes change in photo-detector output current which is utilized to
estimate the displacement of the cantilever by keeping the fibre-position fixed using a
feedback system.

which is determined by the software 1. The deflection on the cantilever due to tip-sample

1Optical fibre is mounted on a shear piezo (fibre-piezo). Fibre position is moved back and forth with the
help of fibre-piezo to get the interference pattern at the photo-diode. Software finds the position at which
change in the output current is maximum. This position is known as quadrature-point. Slope of the pattern at
quadrature point is the sensitivity of the interferometer.



44 Materials and methods

interaction causes the change in distance between the mirrors resulting in change in the output
current of the photo-diode. This change in the current is proportional to the displacement
of the cantilever. Change in the current (or corresponding voltage) can be converted into
the cantilever displacement by dividing it with the detector sensitivity. Refer [140] for more
details.

2.4.2 Optical-fibre: a partial reflective mirror

Making fibre end a partial reflective is a crucial part of the interferometric detection system as
it is one of the mirrors in the Fabry-Perot etalon. We use an optical fibre with 9 µm diameter
core. To make its end flat and partial reflective, we first cleave it with a high precision cleaver.
The reflectivity of the cleaved end is ∼ 2 − 3 %. It is further dipped into a metal-organic
precursor which is prepared by dissolving Titanium-(IV)- ethylhexoxide in p-xylene with 1:2
weight ratio. Now it is flashed into the blue flame of a Butane torch which burns away the
organic compound and a uniform thin layer of metallic layer of TiO2 remain at the end. This
enhances the reflectivity of fibre end to ∼ 25%. Now, the fibre is glued onto the fibre-piezo
for further measurements.

2.4.3 Nano-positioner

The assembly of optical-fibre and fibre-piezo is mounted on the nano-positionar which
plays a crucial role in fibre-cantilever alignment. Nano-positioner consists of two plates,
each plate has piezo three stacks where each stack contains three shear piezos. These are
arranged in such a way that they provide X ,Y,Z,θ , and φ motions when supplied some logic
pulses. Logic pulses are generated using the hex code provided in Nanomagnetic instruments
software. To align the fibre parallel to the cantilever, fibre is manually brought close to the
cantilever and then nano-positioner is used for fine movements.

2.4.4 Detection Sensitivity

Detection Sensitivity is a conversion factor which is used to convert the photo-diode output
voltage into cantilever displacement. It is defined as the amount of voltage generated per unit
displacement of the cantilever.

In order to determine the detection sensitivity, first the fibre is aligned parallel to the
cantilever. Now, cantilever is kept unperturbed and a sinusoidal voltage of 100 V amplitude
is supplied to the fibre-piezo. Fibre moves back and forth which generates an interference
pattern (constructive and destructive peaks) at the photo-diode. Software plots the output
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voltage (or power) vs fibre motion. Slope at each point in the pattern states the sensitivity
of the interferometer for the change in distance between fibre and cantilever. We opt ’find
quadrature automatically’ option in the software which instructs it to find the maximum slope
position. At this position, the sensitivity is maximum and it is known as quadrature-point.
Once the quadrature-point is found we opt the lock quadrature option which fixes the fibre
position at quadrature-point. Software displays the slope (detector sensitivity) value which
we note down and use for the data analysis. There is a feedback loop whose job is to keep
the fibre at maximum sensitivity position (quadrature-point).

2.4.5 Sample cell

We use home-made sample cells. It consists of four components (Fig. 2.6 (b)): upper disc,
O-ring, lower disc, and magnetic-disc. Upper disc is hollow, however, lower one is solid.
O-ring is placed between the two discs and tightened it using four screws to prevent the liquid
leakage. A small circular disc, made up of magnetic material, is attached at the lower surface
of the lower-disc. This makes stable contact with the magnets attached on the sample-stage
and reduces drift during the experiment. For protein experiments, a gold coated circular glass
coverslip is placed between the O-ring and lower disc and screws are tightened properly. Cell
is now ready for sample drop casting (Fig. 2.6 (a)). Sample is drop casted on the coverslip
and processed further for the measurement.

Fig. 2.6 Picture of sample-cell which we use in home-built setup. (a) Cell is assembled and it
is ready for sample drop casting. (b) Different components of the cell.
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2.4.6 Sample-stage movement

In our home-built setup, cantilever and fiber assembly is stationary during the experiment and
tip-sample distance is changed by moving the sample-stage on which sample cell is mounted.
Sample stage consists of three components: platform, scanner-piezo, and hammer-piezo.
Platform is a flat disc containing three small magnets on the top surface. Sample cell is
directly mounted on the platform where magnetic disc on the sample-cell makes stable
contact. Scanner piezo is a cylindrical shaped shear piezo. Its outer surface is separated
into four quadrants and act as four different electrodes and inner surface acts as another
electrode and it is common for all outer electrodes. Sample is moved along X ,Y, and Z
directions during the experiment by providing pulses to the scanner-piezo. Hammer-piezo is
used for coarse movement of the sample-stage to bring the sample close to cantilever. The
coarse movement is achieved by supplying sawtooth pulses to it which takes advantage of
the inertial effect on the motion. Refer [140] for more details.

2.5 Lock-in amplifier

Lock-in amplifier is essential for amplitude-modulation AFM experiments and it has been
used for our all the experiments. We have used digital signal processing SR830 (Stanford, US)
for our measurements. In amplitude-modulation AFM experiment, cantilever is sinusoidally
excited, either from the base using dither piezo or from the tip using magnetic excitation,
with a fixed frequency using the internal oscillator in the lock-in (external sources can also be
used). The output from the detector is supplied as input to the lock-in amplifier. It determines
the amplitude and phase of the oscillating cantilever at the excitation frequency which
are observable parameters in experiment and these are further used to extract the sample
properties. Depending on the excitation frequency, an appropriate lock-in time constant
is selected. This decides the allowed input frequency bandwidth around the oscillation
frequency. The time constant is supposed to be 2-3 times of inverse of excitation frequency
such that lock-in generate one output point after averaging at least 2-3 oscillation cycles. The
noise signals apart from the excitation frequency (including bandwidth) are blocked which
enhances signal to noise ratio. Larger the time constant states lower bandwidth and hence
better signal to noise ratio. This mechanism is also known as phase-sensitive-detection.

2.5.1 Phase-sensitive detection

Phase-sensitive is a powerful method to measure low signal which is obscured by high noise
signal. The basic working principle of phase-sensitive detection is that it multiplies the
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signal with a reference signal which allows to select the frequency component of signal
which matches with the reference frequency and shows a constant phase difference. Rest
of other frequency components are attenuated. Using this method one can make accurate
measurement even if the signal is thousands time smaller than noise.

In our measurement, we excite the system (cantilever) with a fixed frequency and measure
two parameters- amplitude of the system response (cantilever oscillation) and phase difference
between system response and reference. Two phase-sensitive detectors (PSDs) are required.
Consider Vsig =Vssin(ωst −θs) is signal. For clarity, noise (other frequency components) is
ignored as they eventually average out to be zero. Assuming that the form of the reference
signal is Vre f =Vrsin(ωrt −θr). Multiply the signal with reference:

Vpsd1 =Vs Vr sin(ωst −θs)sin(ωrt −θr).

Where Vpsd1 is output of first phase-sensitive detector.

Vpsd1 =
Vs Vr

2
[cos((ωs −ωr)t +(θs −θr))− cos((ωs +ωr)t +(θs +θr))]. (2.6)

Eq. 2.6 is sum of two AC signals. One is with low frequency (ωs −ωr) and another is
with high frequency (ωs +ωr). Passing it through a low-pass filter blocks high frequency
component. When the signal and reference have same frequency (ωs = ωr), the final output
of first PSD is a DC signal (given that the phase difference between signal and reference
remains fixed):

Vpsd1 =
Vs Vr

2
cos(θs −θr). (2.7)

As the reference amplitude is known, the final output of first PSD is just proportional to the
amplitude times cosine of phase difference:

Vpsd1 ∼Vs cosθ . (2.8)

Where θ = θs −θr.
In second PSD, signal is multiplied with 90o shifted reference signal:

Vpsd2 =Vs Vr sin(ωst −θs)sin(ωrt − (θr +90)).

Where Vpsd2 is output of second phase-sensitive detector. This results again in sum of two AC
signals. Passing this out through the low-pass filter we get final output which is proportional
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to the amplitude times sine of phase difference;

Vpsd2 ∼Vs sinθ . (2.9)

Eqs. 2.8 and 2.9 are the outputs from PSD1 and PSD2 respectively. These can be utilized to
get amplitude of the signal:

Vs =
√

V 2
psd1 +V 2

psd2 (2.10)

and the phase can be computed as:

θ = tan−1
(Vpsd2

Vpsd1

)
(2.11)

It is important to note that the outputs from PSD1 and PSD2 are nothing but the X and Y
components of the signal oscillation respectively.

2.6 Magnetic excitation setup

In dynamic AFM experiments, method to extract sample properties is highly dependent on
cantilever excitation scheme and the detection system. Usually the base-excitation using
dither piezo with the slope-detection system is preferred due to its ease and availability.
In AFM community it is well known that off-resonance operation provides a clean way
of extracting viscoelasticity. It avoids the coupling of conservative and dissipative signals
during the measurement, whereas, there is high probability of such coupling. In a part of our
work we have found that true off-resonance measurements can only be performed using in
displacement-detection system when base excitation scheme is used.

We investigated the possibility of true off-resonance measurements in slope-detection
setups. It was found that it is possible when the cantilever-tip is directly excited. In order
to do that, we made a module where a thin layer of magnetic material (cobalt) is coated on
small-area at the backside of the tip-position. Magnetic excitation schemes have already
applied for single molecule measurements in the past [77, 87]. We refined the previously
applied methods in our experiment by following ways. (i) In previous experiments, two types
of cantilevers have been used: backside fully coated commercial cantilevers and a piece of
magnet particle is attached at the cantilever end. In mathematical modeling of cantilever
dynamics, force on the cantilever is assumed at the end, not on the whole cantilever, so the
use of fully coated commercial cantilevers can introduce error in the result when existing
mathematical models are used for data analysis. To address this issue, a small piece of
magnet particle is glued and used it for the measurement. But the issue with this cantilever is



2.6 Magnetic excitation setup 49

significant mass loading due to glued magnet particle which is usually not accounted in the
mathematical models.

In our experiment, we have coated the cantilever end position with a thin layer of cobalt
(∼ 30 nm). Its mass is negligibly small compared to the cantilever mass, so it can be ignored.
Since it is coated at the end position, so the existing mathematical models can also be applied
for data analysis. To excite the cantilever-tip, we have made an electro-magnet.

I developed this setup with the help of Surya Pratap Deopa. He is a research fellow in my
lab.

2.6.1 Magnetic cantilever preparation

The cantilever preparation was the most challenging part in this experiment. The entire
cantilever, except the end position, was masked with photoresistive material using optical
lithography technique. Usually, a uniform layer of photoresist is obtained by spin-coating
the substrate. This approach did not work for the micro cantilever, due to its low surface area.
The cantilever was exposed to ozone-plasma for (∼ 30 minutes), which makes the surface
adhesive and a uniform layer of photoresist was obtained by simply dipping the cantilever
in the photoresist solution. It is then baked for 60 sec. After baking, the photoresist near
the cantilever end was exposed to a high intensity laser which burns out the exposed part
which is then removed by dipping the cantilever into developer solution. Using thermal
evaporation deposition method chromium-cobalt layer (3 : 30nm) were coated on the masked
cantilever. The chromium-cobalt layer was deposited on the form of stacks. A layer of
1 nm was deposited before depositing each cobalt layer of 10 nm. The photoresist was then
removed by sonicating (with low intensity) the cantilever in acetone for few seconds. Instead
of using the sonicator, it can simply be shaken in the acetone solution. This leads to only
the Cr-Co film remaining at the end of the cantilever as shown in the Fig. 2.8. It was then
sputter coated with thin layer (∼ 10 nm) of gold from all sides to protect it from the buffer in
which the experiments were performed. Picture is taken before the gold coating to show the
deposited cobalt layer with clarity.

This method of depositing the cobalt layer perfectly works in air and water (milli-Q)
medium, however, many times its not stable in buffer medium. The success rate of stable
coating in buffer medium was ∼ 30 %. The reason for such unstable coating is unknown. We
perform our experiment using the cantilever with stable coating only.

We also tried coated the Cr-Co film at the cantilever-end by physically masking the
cantilever (except the end position) using a metal strip. This method bypasses the use of
photolithography technique. This method works well but the downside of this technique is
the precision of masking.
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Fig. 2.7 A thin layer of cobalt (gray colour) is coated at end position of the back of a
gold-coated cantilever. Image is captured in 50x optical microscope.

2.6.2 Electro-magnet

The AC magnetic field for driving the cantilever was obtained from an alternating current
carrying solenoid. A ∼ 0.15 mm insulated copper wire was wound ∼ 300 times around a fer-
rite core of diameter 2.5 mm and length 20 mm. A function generator (Tektronix AFG3252C,
Washington, US) with 100 mA as the maximum current output was used as the current source.
The solenoid was mounted on a holder that sat on one of the objective lens slots in the
inverted microscope (Olympus IX73–check, Denmark). This made it easier to bring the
solenoid directly under the cantilever. A maximum of 30 mG was achieved at a distance of
5− 10 mm. The solenoid had an impedance of 12 Ohms and a phase lag of 50 degrees at
133 Hz operation frequency (which we have used for most of our experiments). We observed
that the solenoid temperature was increasing due to the Joule heating effect, and may alter the
sample temperature. To reduce this heating we increased the number of turns and the wire
cross section to use the minimum amount of current. The increased inductance due to higher
number of turns did not cause problems since we worked with a constant and low frequency
alternating current. The coil had an impedance of 12 Ohms at our operation frequency of
133 Hz.



2.7 Sample preparation 51

Fig. 2.8 Insulating coated thin copper wire (∼ 0.15 mm diameter) is wrapped around a ferrite
core (diameter 2.5 mm and length 20 mm). Electromagnet is mounted on a 3D printed base.

2.7 Sample preparation

Titin I278 polyprotein constructs containing eight identical domains in tandem were con-
structed from a plasmid similar to described in reference [165]. The plasmid was obtained
from Dr. A.S.R. Koti’s lab (TIFR, Mumbai). Expression and purification of the protein was
done as described before [10] which we did in Dr. Thomas Pucadyil and Dr. Amrita Hazra’s
lab with the help of Mr. Sukrut Kamerkar and Yashwant Kumar.

The human cardiac muscle protein I278 gene was cloned in the pET-23a vector. I278

was transformed in BL21(DE3) and induced at 0.6 OD with 1mM IPTG for 6 hours at 37
°C. Cells were pelleted and stored at -40°C. For purification, the frozen bacterial pellet was
resuspended in 1XPBS pH 7.4 supplemented with protease inhibitor cocktail (Roche). After
resuspension, the cells were lysed by sonication in an ice water bath. The lysate was spun
down at 18,500 g for 30 minutes and the supernatant was incubated with His-Pur cobalt
resin (Thermo Scientific) for 1 hour at 4°C. The supernatant was then poured into the PD-10
column, and the resin was washed with 150 ml of 1XPBS pH 7.4 to get rid of non-specifically
bound proteins. Protein was eluted using 1XPBS with 250 mM imidazole. Protein purity was
checked using coomassie gel. Purified protein fractions were pooled and dialyzed overnight
against 1XPBS pH 7.4 buffer to remove imidazole. For short-term storage (about a week),
proteins were kept on ice at 4°C. For long-term storage (about 3 months) the protein was
flash-frozen in liquid nitrogen with the addition of 10% glycerol. Frozen protein was dialyzed
overnight against 1XPBS at 4°C to remove glycerol.



52 Materials and methods

The protein sample (100 µL) in PBS with a concentration of 10 mg/mL was adsorbed
onto a freshly evaporated gold coated coverslip 2 assembled in the fluid cell by incubating it
on the substrate for 15-30 minutes at room temperature. The sample solution was washed
three times with PBS to remove the excess un-adsorbed protein from the working solution.

2.8 Cantilever

We have used rectangular cantilevers, made of silicon nitride, from micromasch (Micromasch,
Bulgaria) with stiffness 0.5-1 N/m for the experiments. Typical dimensions of the cantilevers
were length ∼ 300 µm, width ∼ 30 µm, and thickness ∼ 1 µm. Typical resonance frequency
of the cantilever in water is ∼ 13 kHz. Cantilever stiffness is calibrated using thermal
fluctuation method available with JPK AFM [74].

2Gold deposition on the coverslips was done using the thermal-vapour deposition and sputtering systems
available in the common facility in our institute.



Chapter 3

Theory: Amplitude-modulation atomic
force microscopy

3.1 Introduction

Amplitude-modulation atomic force microscopy (AM-AFM) is a dynamic atomic force
microscopy (dAFM) method for direct measurement of viscoelasticity of nano-scale systems.
AFM cantilever is excited sinusoidally at a fixed frequency and tip is allowed to interact with
the sample. Amplitude and phase of the cantilever end alter due to interaction force which
is recorded and further utilized to extract interaction (or sample) viscosity and elasticity
coefficients using an appropriate set of mathematical expressions. These mathematical
expressions were derived from the solution of force equation of oscillating cantilever under
influence of tip-sample forces. The force equation is a fourth order partial differential
equation and highly non-linear due to the interaction force. Various approximations were
imposed to get its analytical solution. The reliability of estimated sample viscoelasticity
majorly depends on following two factors: approximations considered during the solution of
equation of motion and fulfillment of these approximations in the experiment.

Form of equation, boundary conditions, and hence final solutions are different depending
on the nature of experiment- cantilever excitation scheme and detection technique. Final
solution is valid for an appropriate set of experimental parameters. So, the selection of
suitable set of experimental parameters and a mathematical model are crucial to determine
accurate results.

In this chapter, various aspects of solving the dynamics of cantilever under influence of
interaction forces were discussed. We analyse our experimental data using these mathematical
models which will be discussed in upcoming chapters in detail. All the solutions will be
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derived for off-resonance measurements. We will also discuss the applicability of these
mathematical models.

3.2 Equation of motion

Bending of a homogeneous rectangular cantilever beam in viscous medium is described
by following Euler-Bernoulli equation (internal damping of the cantilever beam has been
ignored):

− ρ̃ S̃
∂ 2y(x, t)

∂ t2 − γc
∂y(x, t)

∂ t
= EI

∂ 4y(x, t)
∂x4 (3.1)

Where x is the coordinate along the cantilever length (X-axis) with x = 0 at the clamped
end and x = L at the free end. y is the displacement along the perpendicular direction of
the cantilever length (y-axis). ρ̃ S̃ = ρS+ma, ma is hydrodynamic added mass where ρ

is mass density of the cantilever material, S(= bh) is area of the cantilever cross-section
perpendicular to its length, b and h are width thickness of the cantilever respectively, γc is the
cantilever drag coefficient per unit length, E is Young’s modulus and I(= bh2/12) is second
area moment.

Variable separation method can be applied to solve the Eq. 3.1, where the steady state
solution can be assumed as y(x, t) = y(x)Y (t). This allows to write two separate equations
in terms of variables x and t. Product of the solutions of these equations determines the
complete solution. This method has been applied to derive the point-mass model.

Continuous-beam model follows little different approach where the steady state solution
of Eq. 3.1 for sinusoidally excited cantilever is assumed as y(x, t) = y(x) eiωt . This results in
following dispersion relation:

ρ̃ S̃ω
2 − iωγc = EIk4 (3.2)

and

d4y(x)
dx4 = k4y(x) (3.3)

Eq. 3.3 is spatial part of Eq. 3.1. Now to get the complete solution of Eq. 3.1, Eq.
3.3 is needed to be solved. This requires a set of four boundary conditions which are
nothing but derivatives of y(x) at some values of x. Depending on the external perturbation,
excitation mechanism and interaction forces, boundary conditions and hence the solutions
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are different. In typical AFM experiments, the interaction force acts at the tip (cantilever-end)
and excitation can either be applied at the base or the tip.

A complete analytical solution of Eq. 3.1 could not be derived due to following reasons:
(i) Non-linear interaction force, and (ii) inhomogeneous boundary conditions. The interaction
force can be assumed as linear in case of small-oscillation amplitude.

The analytical solution was derived for some special cases such as small excitation
frequency and approximation of homogeneous boundary conditions.

3.2.1 Point-mass model

In point-mass model, variable separation method is applied to solve Eq. 3.1 where two
equations, on space and time, are separately solved. To solve space part, boundary conditions
were considered as homogeneous which provide a set of independent solutions (yn(x)) for a
freely oscillating cantilever. Each solution represents one eigen mode. Now solution (y(x, t))
is substituted into Eq. 3.1, multiply with yn(x) and using the orthogonal property of yn(x)
a set of equations on time-variable is achieved. Each equation is for an eigen mode and
are nothing but the damped harmonic oscillator equations- linear second order differential
equations. Using the fact that the fundamental mode has most of the contribution in cantilever
oscillation, it is considered as the force equation of the freely oscillating cantilever in viscous
environment. Excitation force is directly included into the final equation depending on the
excitation scheme. The interaction force, which is assumed to be linear, is considered as
a perturbation on the forced-damped oscillator and included into the final equation. This
treatment imposes the assumption of small interaction force compared to the cantilever force
or (kc << ki). Now the final equation of motion of oscillating cantilever under influence of
interaction force is a simple forced-damped harmonic oscillator equation with an effective
mass (m∗), elastic (k′) and damping (γ ′) coefficients. It is important to note that this treatment
assumes the cantilever beam as a point-mass which is attached with a mass-less spring. That
is why the model is known as point-mass model.

Lets assume that the solution of Eq. 3.1 is

y(x, t) = y(x)Y (t) (3.4)

Substituting this into equation Eq. 3.1 and divide entire equation by y(x)Y (t), we get
following equations:

1
y(x)

d4y(x)
dx4 =

−ρ̃ S̃
EI Y (t)

∂ 2Y (t)
∂ t2 − γc

EI Y (t)
∂Y (t)

∂ t
(3.5)
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Above equation LHS is function of x alone and RHS is function of t alone. These two sides
will be equal when each of them will be equal to a constant, say k4. This constant is known
as the separation constant. So, we can write two separate equations:

d4y(x)
dx4 = k4y(x) (3.6)

and

∂ 2Y (t)
∂ t2 +

γc

ρ̃ S̃
∂Y (t)

∂ t
=−k4EI

ρ̃ S̃
Y (t) (3.7)

Now these two equations can be separately solved and combine to get the final solution (Eq.
3.4).

The general solution of Eq. 3.6 is given as

y(x) = asin(kx)+bcos(kx)+ csinh(kx)+d cosh(kx) (3.8)

Where a, b, c, and d are constants which can be determined using four appropriate boundary
conditions. Following homogeneous boundary conditions are applied:

y(0) = 0, y′(0) = 0,

y′′(L) = 0, y′′′(L) = 0 (3.9)

Solving above set of equations (Eq. 3.9) results in following characteristic equation:

1+ cos(knL)cosh(knL) = 0 (3.10)

Eq. 3.10 can have n (infinitely large) independent solutions. Each solution represents one
flexural mode of the beam. Few solutions are: k1L = 1.8751, k2L = 4.694, k3L = 7.8548,
and k4L = 10.996.

Now the final solution of Eq. 3.1 can be represented as the superposition of all indepen-
dent solutions:

y(x, t) = ∑
n

yn(x)Yn(t) (3.11)

The yn(x) is defines as follows:

yn(x) =

cos knx− cosh knx− cos knL+ cosh knL
sin knL+ sinh knL

[
sin knx− sinh knx

]
(3.12)
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Where
yn(L) = 2(−1)n (3.13)

Substitute the solution (Eq. 3.11) into Eq. 3.1, multiply entire equation with yn(x), and
integrate it for the limit [0,L]. Now use the orthogonality property of yn(x) and Eq. 3.13, we
can write a set of n independent temporal equations for cantilever-end (x = L):

mc ∑
n

∂ 2Yn(t)
∂ t2 + γcL∑

n

∂Yn(t)
∂ t

+∑
n

kc,nYn(t) = 0 (3.14)

mc = ρSL is actual cantilever mass, kc,n = k4
nEI is stiffness of nth mode.

From Eqs. 3.11 and 3.13 we have:

y(x, t) = ∑
n

yn(x)Yn(t) = ∑
n

2(−1)nYn(t) = ∑
n
(t) (3.15)

So, Eq. 3.14 can be written for wn(t):

m′
∑
n

∂ 2wn(t)
∂ t2 + γcL∑

n

∂wn(t)
∂ t

+∑
n

kc,nwn(t) = 0 (3.16)

Where m′ = 0.25 mc.
Using the fact that the fundamental mode dominated over all the other modes as the

force constant (k1) of this mode is almost equivalent to the static force constant (ks) of the
cantilever (k1 = 1.030ks). In other words, the fundamental mode has most of the contribution
in cantilever oscillation, however, the contribution from higher modes can be neglected.
Hence it is assumed that the fundamental mode is adequate to represent the dynamics of
the cantilever [49]. The equation of motion for the fundamental mode, which governs the
dynamics of the freely oscillating cantilever, is:

m∗∂ 2w(t)
∂ t2 + γcL

∂w(t)
∂ t

+ kcw(t) = 0 (3.17)

Where w is displacement of the point-mass (fundamental mode), m∗(= 0.2425mc) is effective
mass of the cantilever.

The final equation of freely oscillating cantilever (Eq. 3.17) is nothing but an equation of
a damped harmonic oscillator. Now the contribution of cantilever-excitation and tip-sample
interaction force is directly included in Eq. 3.17 and solved for the interaction stiffness
and damping coefficients which are discussed below. It is to note that to derive the final
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point-mass model equation, one can include the cantilever-excitation and interaction force
into Eq. 3.1 using δ -function as has been done in reference [49].

Fig. 3.1 Schematic representation of point-mass approximated cantilever under influence of
a linear interaction force. (a) Representing the base-excited point-mass approximation where
base is driven by Aeiωt . (b) Representing the tip-excited point-mass approximation where
base is rigidly fixed and tip is excited with force F0eiωt .

3.2.1.1 Base-excitation

When an AFM cantilever is excited from the base sinusoidally (Aeiωt) and tip experiences a
small perturbation due to a linear viscoelastic force (Fi = ki w(t)+ γ̄i

dw(t)
dt ), it is approximated

as a point-mass connected to one end of a spring whose other end is driven (see Fig. 3.1 (a)).
The Equation of motion for this point-mass can be written as:

m∗∂ 2w(t)
∂ t2 + γcL

∂w(t)
∂ t

+ kc(w(t)−Aeiωt)−Fi = 0 (3.18)

Where Fi = ki w(t)+ γ̄i
dw(t)

dt is the interaction force which is assumed to be linear viscoelastic.
Other parameters have the same meaning as in the continuous-beam model. Eq. 3.18 can be
written as:

m∗∂ 2w(t)
∂ t2 + γ

′∂w(t)
∂ t

+ k′w(t) = kcAeiωt (3.19)
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Eq. 3.19 is an equation of motion for a forced damped harmonic oscillator with effective
stiffness (k′ = kc+ki), effective damping coefficient (γ ′ = γcL+ γ̄i), and effective drive force
(kcA). The amplitude (Rpm) and phase (θpm, phase difference between drive and tip) of the
tip will be given as:

Rpm =
kcA√

(k ′−m∗ω2)2 +(ωγ ′)2
, θpm = tan−1

(
ωγ ′

k ′−m∗ω2

)
(3.20)

Further, Eq. 3.20 can be solved for interaction stiffness and damping coefficient for small
excitation frequency (ω << ω0):

ki = kc

(A cosθpm

Rpm
−1

)
(3.21)

γ
′ =−

kc A sinθpm

Rpm ω
(3.22)

Again, this solution is valid when stiff cantilever (interaction force (Fi) is considered as the
perturbation) is used at off-resonance (ω <<ω0) and small-amplitude (Fi = ki w(t)+ γ̄i

dw(t)
dt ).

3.2.1.2 Tip-excitation

When an AFM cantilever is excited from the tip sinusoidally with excitation force (F0eiωt)

and tip experiences a small perturbation due to a linear viscoelastic force (Fi = ki w(t)+
γ̄i

dw(t)
dt ), it is approximated as a point-mass, connected to a massless spring, which is driven

sinusoidally (see Fig. 3.1 (b)). The Equation of motion for this point-mass can be written as:

m∗∂ 2w(t)
∂ t2 + γcL

∂w(t)
∂ t

+ kcw(t)−F0eiωt −Fi = 0 (3.23)

All parameters have the same meaning as described in previous sections. Eq. 3.23 can be
written as:

m∗∂ 2w(t)
∂ t2 + γ

′∂w(t)
∂ t

+ k′w(t) = F0eiωt (3.24)
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Eq. 3.24 is an equation of motion for a forced damped harmonic oscillator with effective
stiffness (k′ = kc + ki), effective damping coefficient (γ ′ = γcL+ γ̄i). The amplitude (Rpm)
and phase (θpm, phase difference between drive and tip) of the tip will be given as:

Rpm =
kcA0√

(k ′−m∗ω2)2 +(ωγ ′)2
(3.25a)

θpm = tan−1
(

ωγ ′

k ′−m∗ω2

)
(3.25b)

Further, Eq. 3.25 can be solved for interaction stiffness and damping coefficient for small
excitation frequency (ω << ω0):

ki = kc

(A0 cosθpm′

Rpm′
−1

)
(3.26)

γ
′ =−

kc A0 sinθpm′

Rpm′ ω
(3.27)

Again, this solution is valid when stiff cantilever (interaction force (Fi) is considered as
the perturbation) is used and oscillated at off-resonance (ω << ω0) with small-amplitude
(Fi = ki w(t)+ γ̄i

dw(t)
dt ).

3.2.2 Continuous-beam model

In continuous-beam model, continuous-nature of the cantilever beam is considered. Exci-
tation and interaction force are included in the boundary conditions. Interaction force is
considered as linear (Fi = ki w(t)+ γ̄i

dw(t)
dt ) and Eq. 3.1 is solved for small interaction force

(g << 1 or ki << kc) and small-oscillation frequency (z << 1 or ω << ω0).

3.2.2.1 Base-excitation

When the cantilever is excited from the base, following boundary conditions can be applied
to solve Eq. 3.3:

y(0)−A = 0, y′(0) = 0,

y′′(L) = 0, EIy′′′(L)− (ki + iωγ̄i)y(L) = 0
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Fig. 3.2 Schematic representation of oscillating cantilever, considered its continuum nature,
under influence of a linear interaction force. (a) Representing the base-excited cantilever
where base is driven by Aeiωt . (b) Representing the tip-excited cantilever where base is
rigidly fixed and tip is excited with force F0eiωt .

Above set of linear equations can be written in matrix form: MX −N = 0 and solve for X
using matrix method. Where M and N are:

M =
0 1 0 1
k 0 k 0

−k2 sin(kL) −k2 cos(kL) k2 sinh(kL) k2 cosh(kL)
−cos(kL)−qsin(kL) sin(kL)−qcos(kL) cosh(kL)−qsinh(kL) sinh(kL)−qcosh(kL)


and

N =


−A
0
0
0


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Where q = ki+iωγ̄i
EIk3 .

Solving the matrix equation MX −N = 0, the coefficients (orX) are following:

a =
A[cosh(z)(−2qcos(z)+ sin(z))+ cos(z)sinh(z)]

2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]
,

b =
A[1+ cosh(z)(cos(z)+2qsin(z))− sin(z)sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

,

c =
−A[cosh(z)(−2qcos(z)+ sin(z))+ cos(z)sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

,

d =
A[1+ cos(z)cosh(z)+(−2qcos(z)+ sin(z))sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

Where z = kL.
Solution (displacement) at x = L can be written as:

y(L) = asin(kL)+bcos(kL)+ csinh(kL)+d cosh(kL) (3.28)

and slope
y′(L) = ak cos(kL)−bk sin(kL)+ ck(kL)+dk sinh(kL) (3.29)

Substitute values of a, b, c, and d into Eqs. A.5 and A.6 and assuming following two
conditions:

z = kL =
[3(ρ̃ S̃ω2L− iωγcL)

kc

] 1
4
<< 1 (3.30a)

g =
3(ki + iωγ̄i)

kc
<< 1 (3.30b)

we get following relations for slope displacement and slope of the cantilever-end (x = L):

y(L) = A− gA
3

+
Az4

8
(3.31)

y′(L) =
−Ag
2L

+
Az4

6L
(3.32)
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In Eq. 3.30, the assumption z << 1 ensures that the excitation frequency is very small
compared to the fundamental resonance of the cantilever (ω << ω0), and g << 1 ensures
that the cantilever stiffness is much larger than the interaction stiffness (ki << kc).

Substituting the values of g and z back into Eqs. 3.31 and 3.32 gives the following
expressions for slope and displacement respectively

∂y(x)
∂x

∣∣∣
x=L

=
A

2kcL
(−3ki + ρ̃ S̃ω

2L)− i
Aω

2kcL
(3γ̄i + γcL) (3.33)

and
y(L) =

A
kc
(kc − ki)− i

Aω

kc
γ̄i (3.34)

Modulus of Eq. 3.33 gives us the amplitude of the bending (slope) at x = L and the argument
gives us the phase lag:

Rb =
A

2kcL

√
(−3ki + ρ̃ S̃ω2L)2

+ω2(3γ̄i + γcL)2,

θb = arctan(−ω
3γ̄i + γcL

−3ki + ρ̃ S̃ω2L
) (3.35)

Now the real and imaginary components of the bending are

Xb =
A

2kcL
(−3ki + ρ̃ S̃ω

2L),

Yb =− Aω

2kcL
(3γ̄i + γcL) (3.36)

This is identical to the result obtained by Benedetti et al. [7]. Further, the amplitude and
phase for the displacement y in the limit g << 1 and z << 1 is

Rd =
A
kc

√
(kc − ki)2 +(ωγ̄i)2,

θd = arctan
(
−ω

γ̄i

kc − ki

)
(3.37)

The real and imaginary components of the displacement are

Xd =
A
kc
(kc − ki), Yd =−Aω

kc
γ̄i (3.38)

The subscript d stands for displacement.
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Finally following set of equations can be used to estimate interaction stiffness and
damping coefficients.
(i) For displacement-detection: from

ki = kc

(
1− Xd

A

)
(3.39)

γ̄i =−kc Yd

A ω
(3.40)

It is important to note that the base amplitude is equal to cantilever’s free amplitude (A ≈ A0).
(ii) For slope-detection:

ki =
1
3

ρ̃ S̃ω
2L−

(2kcL
3A

)
Xb (3.41)

γ̄i =
(2kcL

3Aω

)
Yb −

γcL
3

(3.42)

3.2.2.2 Tip-excitation

For a cantilever being driven from the tip and the tip experiences a linear viscoelastic force
due to tethered macromolecule, the boundary conditions are given by

y(0) = 0, y′(0) = 0, y′′(L) = 0, EIy′′′(L) = (ki + iωγ̄i)y(L)−F0 (3.43)

Where F0 = kcA0 is the magnitude of externally applied force at the tip. A0 is amplitude far
away from the surface (free amplitude). The constants are determined by solving the four set
of equations (boundary conditions). Rearranging the set of equations (Eqn. 3.43):

y(0) = 0, y′(0) = 0, y′′(L) = 0, y′′′(L)− (k3 ×q)y(L)−F = 0 (3.44)

Where q = (ki + iωγ̄i)/EIk3 and F = F0/EI.
Above set of linear equations can be written in the matrix form: MX −N = 0 and solve

for X using matrix method. Where M and N are:

M =


0 1 0 1
k 0 k 0

−k2 sin(kL) −k2 cos(kL) k2 sinh(kL) k2 cosh(kL)
−k3 cos(kL)−qk3 sin(kL) k3 sin(kL)−qk3 cos(kL) k3 cosh(kL)−qk3 sinh(kL) k3 sinh(kL)−qk3 cosh(kL)





3.2 Equation of motion 65

and

N =


0
0
0
F


Solving the matrix equation MX −N = 0, the coefficients (orX) are following:

a =
F [cos(z)+ cosh(z)]

2k3[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

b =− F [sin(z)+ sinh(z)]
2k3[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

c =− F [cos(z)+ cosh(z)]
2k3[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

d =
F [sin(z)+ sinh(z)]

2k3[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]
(3.45)

Where z = kL.
Solution (displacement) at x = L can be written as:

y(L) = asin(z)+bcos(z)+ csinh(z)+d cosh(z) (3.46)

and slope
y′(L) = ak cos(z)−bk sin(z)+ ck(z)+dk sinh(z) (3.47)

Substitute values of a, b, c, and d into Eq. 3.46 and 3.47. We now define dimensionless parameters, g
and z given by

g = q(kL)3 =
3(ki + iωγ̄i)

kc
, z =

[3(ρ̃ S̃ω2L− iωγcL)
kc

] 1
4

(3.48)

Where ki and γ̄i are interaction stiffness and damping respectively; kc(=
3EI
L3 ) is the cantilever stiffness.

Take the Taylor expansion for z << 1 and g << 1, displacement and slope are following :

y(L) = A0

[
1− g

3

]
, y′(L) =

3A0

2L

[
1− g

3

]
(3.49)

Substituting the values of g and z back into the Eq. 3.49 gives the following expressions for slope
and displacement respectively

∂y(x)
∂x

∣∣∣
x=L

=
3A0

2Lkc
(kc − ki)− iω

3A0

2Lkc
γ̄i, (3.50)

and
y(L) =

A0

kc
(kc − ki)− iω

A0

kc
γ̄i (3.51)



66 Theory: Amplitude-modulation atomic force microscopy

Modulus of Eq. 4.14 gives us the amplitude of the bending (slope) at x = L:

Rb =
3A0

2kcL

√
(kc − ki)2 +ω2γ̄i

2, θb = arctan(−ω
γ̄i

kc − ki
) (3.52)

Now the real and imaginary components of the bending are

Xb =
3A0

2kcL
(kc − ki), Yb =−3A0ω

2kcL
γ̄i (3.53)

This is identical to the result obtained by Benedetti et al. [7]. Further, the amplitude and phase for the
displacement y in the limit g << 1 and z << 1 are

Rd =
A0

kc

√
(kc − ki)2 +(ωγ̄i)2, θd = arctan

(
−ω

γ̄i

kc − ki

)
(3.54)

The real and imaginary components of the displacement are

Xd =
A0

kc
(kc − ki), Yd =−A0ω

kc
γ̄i (3.55)

The subscript d stands for displacement.
Finally following set of equations can be used to estimate interaction stiffness and damping

coefficients.
(i) For displacement-detection: from

ki = kc

(
1− Xd

A

)
(3.56)

γ̄i =−kc Yd

A ω
(3.57)

It is important to note that the base amplitude is equal to cantilever’s free amplitude (A ≈ A0).
(ii) For slope-detection:

ki = kc

(
1− 2L

3A
Xd

)
(3.58)

γ̄i =−2kcL
3A ω

Yd (3.59)

3.3 Discussion
In previous section, we derived the relationships for interaction stiffness and damping coefficient
in terms of observable parameters for different excitation schemes and detection systems. These
mathematical models were divided into two categories- point-mass model and continuous-beam
model. Depending on the experiment, an appropriate mathematical model must be chosen for data
analysis. In this section, we will discuss different aspects of these models in order to apply them for
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interaction viscoelasticity determination, in brief. This will be elaborately discussed in upcoming
chapters.

3.3.1 Experiment, theoretical model, initial phase offset, and artefact

In AM-AFM experiments, cantilever is excited at a fixed frequency and modulation in observable
parameters are recorded. There are two methods of excitation: base-excitation and tip-excitation,
and it can be excited in two regimes: off-resonance and on-resonance. Two detection systems are
used to detect cantilever response: slope-detection and displacement-detection. There are two set of
observable parameters which are recorded: (amplitude, phase) and (X ,Y ). Finally two mathematical
models can be used for data analysis: point-mass model and continuous-beam model.

It is crucial to note that the offset in the initial phase of oscillating cantilever introduces artefacts
in the final results which is irrespective of the applied excitation scheme, operation frequency regime,
detection system, observable parameters, and mathematical models. This will be discussed in chapter-
4 with experimental evidences and its theoretical explanation.

3.3.2 Off-resonance operation

There are many advantages in working true off-resonance regime such as the dynamics of the cantilever
is linear, probability of presence of spurious peaks in cantilever frequency response is low, effect of
hydrodynamics is negligibly small.

Since the effect of hydrodynamics is negligibly small, this allows to oscillate the cantilever-tip in
phase with the drive in absence of tip-sample interaction forces i.e. the initial phase is ∼ 0 deg. The
priory knowledge of the initial phase helps in identifying the presence of offset in initial phase and
allows to perform artefact free measurements. Also the linear cantilever response makes its dynamics
easy to model. Different aspects of off-resonance operation will be discussed in almost all upcoming
chapters.

3.3.3 Excitation scheme, detection system, and true off-resonance op-
eration

As the importance of true off-resonance operation to perform an artefact free measurement has
been briefly discussed in previous section, it is essential to know how it can be implemented in the
experiment.

Base excitation scheme with slope-detection system (commercial AFMs) is most popular method
of performing AM-AFM experiments due to its ease in implementation and commercial availability.
It is important to note that a true off-resonance operation cannot be performed with this setup due to
its low sensitivity and low signal-to-noise ratio. It can be achieved in base-excited experiments when
displacement-detection system is used. Displacement-detection can be attained by using interferometer
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based detection schemes [140]. Displacement-detection based AFMs are not commercially available.
A true off-resonance measurement can also be performed in commercial AFMs when the tip-excitation
scheme is used. There are two popular methods of tip-excitation: magnetic excitation [79, 84, 170]
and photo-thermal excitation [47, 144]. In photo-thermal method, a laser beam is used to excite the
cantilever-tip which heats the environment locally. This can damage or change the sample property.
Whereas, magnetic excitation does not have heating issue, but a thin layer of magnetic material need
to be coated at the cantilever-end. Getting the thin layer at cantilever-end position which is stable in
liquid environment (specially in buffer) is not established yet. Also cantilevers with magnetic-material
coated only near the tip position are not commercially available. We have proposed a method to
get a stable coating of cobalt layer which will be discussed in chapter-5. The true off-resonance
measurement using base-excitation scheme in interferometer based displacement-detection system
and tip-excitatoin scheme in slope-detection based system will be discussed in chapter-5.

3.3.4 Validity of point-mass model

In point-mass model, cantilever-beam is approximated as a point-mass and the interaction force
acting on the cantilever-tip is treated as a small perturbation on the moving point-mass. These
assumptions make the understanding of cantilever dynamics very simple and its analytical solution
becomes straight-forward. This model has been extensively used in the past due to its simplicity.
Recent study by Benedetti et al. [7] raises doubt on previous studies that have been done on various
nano-scale systems such as single polymer [109] and nano-confined liquids [34, 117] where base-
excited experiments were performed in slope-detection based AFMs and PM model were used for
data analysis. Their non-observation of dissipation in single protein molecule contradicts with other
AFM based measurements [77, 87, 93]. Apart from this, a credible amount work has been done
to understand the behaviour of nano-confined liquids using base-excited dynamic measurements in
displacement-detection based AFM and PM model have been used for data analysis [82, 90, 92, 141].
Past studies were based on two types of measurements: slope-detection and displacement-detection
and PM model have been used for data analysis. So, the reliability of those results depends on the
accuracy of the mathematical model, which is point-mass model, that have been used to analysed
the data. To resolve the issue associated with the adequacy of point-mass model in order to extract
nano-scale viscoelasticity, a detailed study is required. We have investigated the validity of point-
mass model. We found that point-mass model predicts same results as the continuous-beam model
for base-excited and tip-excited dynamic AFM experiments when they are performed only at truly
off-resonance frequency regime using displacement-detection and slope-detection respectively. Small
tip-amplitude and stiff cantilevers, essential assumptions in both the models, are also a necessity for
this consistency. This will be discussed in chapter-5.
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3.4 Conclusion
AM-AFM measurements can be performed to quantify the nano-scale viscoelasticity. To perform an
artifact free measurement one has to confirm the absence of offset in the initial phase. This can be
ensured by choosing a true off-resonance excitation regime where initial phase is known. This can
be achieved by using displacement-detection for base-excitation measurements and slope-detection
for tip-excitation measurements. We believe that displacement-detection with tip-excitation can
also be applied for such experiments. It is important to note that the point-mass model predicts the
same results as the continuous-beam model when a stiff cantilever is used and it is operated at truly
off-resonance regime and oscillation amplitude is small.





Chapter 4

The nano-scale viscoelasticity using
base-excited atomic force microscopy in
liquid environment

4.1 Introduction
The viscoelasticity of single proteins and other biologically relevant macromolecules is essential
to understand their function in single molecule limit. The single macromolecules such as unfolded
proteins bear rubber-like entropic elasticity and internal friction characterized by finite dissipation
coefficient. Direct measurement of this viscoelastic response is important since it plays a significant
role, both in polymer physics as well as protein folding dynamics. Atomic Force Microscopy is
used to measure viscoelasticity of single macromolecules and other nano-scale systems owing to its
unprecedented spatial resolution in physiological conditions [7, 34, 73, 77, 82, 87, 92, 96, 117, 132,
141]. However, the viscoelastic response of single polymer chain is difficult to measure and is prone
to artefacts owing to the complications of hydrodynamics of macroscopic probe itself in the liquid
environment [96, 135, 151].

In a typical AFM experiment, mica or Au substrate is sparsely coated with the biological macro-
molecule and is placed in the liquid cell. An oscillating sharp probe attached to a cantilever spring is
then brought close to a molecule. The protein is allowed to attach to it from either C or N terminus
through nonspecific binding. The bending in the cantilever beam as well as the phase and amplitude
of cantilever oscillations are measured as the molecule is pulled away from the surface. The cantilever
bending provides the amount of force applied on the protein as it is slowly stretched. The amplitude
and phase may provide the viscoelastic response of the molecule at different extensions [7, 77, 87].

A solution to an appropriate equation of motion for the cantilever whose tip is tethered with a
protein provides a relationship between measured parameters (amplitude and phase) and molecule’s
viscoelastic properties, namely the stiffness and dissipation coefficient [7, 76]. This approach has been
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extremely successful for experiments performed in vacuum or air [3, 31, 50], however quantification
of viscoelastic response from observed quantities is not straightforward in liquid medium. This is due
to complications in the cantilever dynamics in liquids and the method employed to excite cantilever in
a liquid cell. Since the measured cantilever response is a mixture of hydrodynamic forces and forces
due to the stretched molecule, the quantification and separation of these two is essential to accurately
determine the viscoelasticity of single molecules [7, 34, 39, 62, 132, 183]. It has been recognized
that the hydrodynamic forces play a crucial role in determining the phase of the tip motion without
the molecule. This phase lag becomes important in determining the viscoelasticity of the molecule
[34, 76, 85, 96, 116, 133, 135]. There are theoretical works which provide expressions to predict the
phase of a cantilever oscillating in liquid environments [7, 76, 85]. It has also been suggested that the
use of phase and amplitude to determine the viscoelastic response of nanoscale systems in liquids leads
to artefacts [7]. Moreover, it has been noticed that researchers seldom find the phase lag predicted
by theoretical models in experiments. This can be attributed to the phase contributions coming from
variety of unknown sources. These sources are responsible for the randomness of experimentally
observed phase once the cantilever is immersed in liquid and is yet to be tethered with the molecule.
It is extremely difficult to account for such contributions in theoretical models. Therefore it becomes
important to make sure there are no contributions from the extraneous sources before the measurement
is performed. We refer to phase contributions from such sources as extraneous phase. However, when
the cantilever tip is directly driven by magnetic [79, 84, 170] or photo-thermal excitation [47, 144],
majority of the problems discussed above -mainly associated with base excitation- can be overcome.
However, in this report, we have focused on the widely used base excitation method of driving the
cantilever.

In this work, we ensured that extraneous contributions to the phase are not present and performed
dynamic, off-resonance force spectroscopy experiments on Titin I278 to measure its viscoelasticity.
The measurements are performed with both, a conventional deflection-detection type AFM and
a fibre-interferometer based home-built AFM. The fibre interferometer AFM measures cantilever
displacement while the deflection detection scheme measures the cantilever bending at its free end.
The latter is widely used in commercial AFMs. It has been pointed out recently that interpreting phase
of the cantilever bending as dissipative signal is inaccurate owing to altered boundary conditions due to
molecule’s viscoelasticity. Using the solution to Euler-Bernoulli equation of the rectangular cantilever
beam, it is proposed that the X and Y components of the oscillations in cantilever bending exclusively
determine the stiffness and dissipation coefficient respectively [7]. We show here that even the use of
X and Y components to estimate stiffness and dissipation coefficient are not free from artefacts in the
presence of extraneous phase and result in cross-talk between the stiffness and dissipation channels.
Such artefacts also appeared when the measurements are not strictly off-resonance, a major concern
when operating in viscous media.

The theoretical model, in off-resonance regime, predicts negligibly small phase lag (∼ 0 degree)
due to hydrodynamics for the displacement of the cantilever’s free end in viscous medium. Therefore,
in interferometer based detection, it is easy to identify presence of extraneous phase due to sources
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other than hydrodynamics. Absence of which is essential for ensuring artefact free measurements. This
has to be confirmed from the frequency response of the cantilever around the operational frequency.
The bending of the cantilever, however has a finite phase lag due to hydrodynamics and hence it
is difficult to identify the contribution from the extraneous phase. After ensuring that there are no
contributions to the phase from extraneous sources, we compare the stiffness estimates from the
displacement and bending measurements of the cantilever tip.

Using both, the interferometer based AFM and the deflection detection type AFM, we found
that the dissipation in unfolded Titin I278 octomer is immeasurably low. The interferometer based
AFM, however clearly shows evidence of dissipation in water layers from the Y -component of the
displacement oscillations. Since the dissipation is detected in water layers and not in unfolded protein
molecule using the same instrument, we conclude that the dissipation in single macromolecules is
indeed immeasurably low. The estimated detection limit of our instrument and hence the upper bound
on the dissipation in single unfolded protein is 5×10−7 kg/s. We compared the stiffness estimated
from the experimental data from both detection schemes. They match well and also with the stiffness
determined using static method (derivative of force). The stiffness of unfolded I278 is in the range of
10 mN/m.

4.2 Materials and methods

4.2.1 AFM

We used two types of AFMs to perform measurements. For deflection detection measurements, we
used commercial AFM (JPK Nanowizard II, Berlin, Germany) in which a narrow laser beam incident
at the end of the cantilever gets reflected to a four quadrant, position sensitive photo-detector. The
position of the reflected beam on the detector corresponds to angle dy/dx due to the bending in the
cantilever (see Fig. 4.1(a)). In the home-built AFM, a fibre-based interferometer is used (Fig. 4.1(b)).
In brief, a partially coated end of the optical-fibre (partially reflecting mirror) is aligned parallel to
the back of a cantilever-end (acting as a fully reflecting mirror) with the help of a nano-positioner.
Part of the Laser (1380 nm) is reflected from the end of the fibre. The rest of the light falls on the
back of the cantilever and reflects back into the fibre. These two reflected lights interfere to form an
interference pattern on a photo-detector. For more details about the instrument see reference [140].
The signal from this photo-detector corresponds to cantilever displacement (y) as opposed to angle
(dy/dx) at the free end due to the cantilever bending. This is a crucial difference, since the solution
used to quantify stiffness and dissipation is different for angle dy/dx and for displacement y.

Rectangular cantilevers, made of silicon nitride, from micromasch (Micromasch, Bulgaria) with
stiffness 0.5-1 N/m were used for the experiments. Typical dimensions of the cantilevers were length
∼ 300 µm, width ∼ 30 µm, and thickness ∼ 1 µm. Typical resonance frequency of the cantilever
in water is ∼ 13 kHz. Cantilever stiffness is calibrated using thermal fluctuation method available
with JPK AFM [74]. Cantilever base is excited using a dither piezo. A sinusoidal signal from internal
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oscillator of lock-in amplifier (SRS830, Stanford, California, US) is applied to the piezo and the same
signal is used as a reference for the phase sensitive detection. Output signal from the photodetector is
supplied to the lock-in amplifier which provides us the amplitude and phase response of the cantilever.

4.2.2 Protein

Titin I278 polyprotein constructs containing eight identical domains in tandem were constructed from
a plasmid similar to described in reference [165]. Expression and purification of the protein was
done as described before [10]. PBS at pH 7.4 was used as the standard buffer for all experiments.
The protein sample (100 µL) in PBS with a concentration of 10 mg/mL was adsorbed onto a freshly
evaporated gold coated coverslip assembled in the fluid cell by incubating it on the substrate for 15-30
minutes at room temperature. The sample solution was washed three times with PBS to remove the
excess un-adsorbed protein from the working solution. Experiments are performed at low frequencies
(∼ 100-300 Hz, for off-resonance measurements) and with small amplitudes (∼ 1-2 Å). The pulling
speed (25 nm/s) kept low compared to the conventional protein pulling experiments. These parameters
ensure the linearity of the measurements which is essential to use the existing theoretical models for
analysis.

4.3 Theory
In order to describe the dynamics of a rectangular cantilever immersed in liquid we begin with
Euler-Bernoulli beam equation. The equation is solved for a sinusoidal drive. We derived the solution,
in off-resonance regime, for bending and displacement of the cantilever at the tip.

The Euler-Bernoulli equation of motion for a homogeneous rectangular cantilever beam immersed
in a liquid is

− ρ̃ S̃
∂ 2y(x, t)

∂ t2 − γc
∂y(x, t)

∂ t
= EI

∂ 4y(x, t)
∂x4 (4.1)

In the model the internal damping of the cantilever has been neglected. The coordinate along the
cantilever of length L is x, where the base is at x = 0 and x = L is the end/tip-position. Displacement
normal to the length at position x and time t is y(x, t). The effective mass per unit length is ρ̃ S̃ =

ρS + ma, where ρ and S are cantilever mass density and cross-section area respectively; ma is
hydrodynamic added mass per unit length; γc is the cantilever’s hydrodynamic drag coefficient per
unit length. E is the Young’s modulus of the cantilever and I is the second area moment; I = bh3

12 for a
homogeneous rectangular cantilever, where b and h are cantilever’s width and thickness respectively;
ρ̃ S̃ and γc depend on the excitation frequency. To solve the equation, we used variable separation
method and assumed the solution to be of the form y(x, t) = y(x)eiωt ; where y(x) is the solution of the
space part and ω is the excitation frequency. Substituting the solution into (4.1) gives
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Fig. 4.1 (a) The schematic of the deflection detection set-up. The laser reflecting from the
back of the cantilever falls on the position sensitive four quadrant detector. The outputs
I1 and I2 correspond to the two positions of the laser spot on the detector. This position
depends on the bending dy/dx of the cantilever at x = L. The signal from the detector
reads the local cantilever bending. (b) In interferometer-based detection, the cantilever acts
as one the mirrors in Fabry-Perot etalon. The displacement of the cantilever produces a
proportional signal in the photo-diode. The signal from photo-diode measures displacement
(y) of the cantilever end. In both schematics the cantilever bending and the displacement are
exaggerated.

ρ̃ S̃ω
2 − iωγc = EIk4 (4.2)

Where the spatial part of the Eq. 4.1 can be written as

d4y(x)
dx

= k4y(x) (4.3)

General solution of the above equation is given by

y(x) = asin(kx)+bcos(kx)+ csinh(kx)+

d cosh(kx)(4.4)

and the slope (cantilever bending) is given by

y′(x) = ak cos(kx)−bk sin(kx)+ ck cosh(kx)+

dk sinh(kx) (4.5)

In general,the coefficients a, b, c, and d are complex numbers and are determined by applying
appropriate boundary conditions dictated by the experiments (y- displacement, y′- slope, y′′- internal



76
The nano-scale viscoelasticity using base-excited atomic force microscopy in liquid

environment

moment of force, and y′′′- internal shear force).
We now define dimensionless parameters, g and z given by

g =
3(ki + iωγ̄i)

kc
,z = kL =

[3(ρ̃ S̃ω2L− iωγcL)
kc

] 1
4

(4.6)

Where ki and γ̄i are interaction stiffness and damping respectively; kc(=
3EI
L3 ) is the cantilever stiffness.

These two parameters will be used for implementing approximations for different experimental
situations. For low excitation frequencies z << 1 and for cantilever having large stiffness g << 1.

4.3.1 Cantilever excited at base without interaction (γ̄i = 0 and ki = 0)

The boundary conditions for cantilever excited from base with amplitude A and in absence of any
forces acting on the tip are given by

y(0) = A, y′(0) = 0, y′′(L) = 0, y′′′(L) = 0

The constants a,b,c and d in Eqs. 4.4 and 4.5 are determined by using the above boundary conditions.
We get the solution for small g and z approximations. (see supplementary section (1) for the full
derivation)

y′(L) =
Az4

6L
(4.7)

Substituting the value of z that we had defined earlier (see Eq. 4.6) we get the following solution for
the bending of the cantilever at the free end

∂y(x)
∂x

∣∣∣
x=L

=
A

2kcL
(ρ̃ S̃ω

2L)− i
Aω

2kcL
(γcL) (4.8)

Modulus of Eq. 4.8 gives us the amplitude of the cantilever bending and the argument gives the phase
difference between drive (or base) and bending at x = L

Rb, f =
A

2kcL

√
(ρ̃ S̃ω2L)2

+ω2(γcL)2, (4.9)

θb, f = arctan(−ω
γcL

ρ̃ S̃ω2L
) (4.10)

The real and imaginary components are

Xb, f =
A

2kcL
ρ̃ S̃ω

2L, Yb, f =− Aω

2kcL
γcL (4.11)

Where subscript b stands for bending and f for the free cantilever. Constants ρ̃ S̃ and γcL can be
determined from free X and Y signals using (4.11). Since, Xb, f and Yb, f are Rb, f sin(θ) and Rb, f cos(θ)
it is important to note that an error-free measurement of θ , the phase lag of the tip with respect to
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base, is critical to find the exact values of these constants.
The solution for the displacement with z << 1

y(x)
∣∣∣
x=L

= Rd, f = A(1− z4

8
)≈ A (4.12)

The amplitude of the displacement of the cantilever end (x = L) in absence of any interaction is
approximately equal to the base amplitude and oscillates in phase with it.

4.3.2 Cantilever excited at base in presence of interaction (γ̄i ̸= 0 and
ki ̸= 0)

For a cantilever which is driven from the base and the tip experiencing a linear viscoelastic force due
to tethered macromolecule, the boundary conditions are

y(0) = A, y′(0) = 0,

y′′(L) = 0, EIy′′′(L) = (ki + iωγ̄i)y(L)

The constants determined using the boundary conditions are substituted into Eqs. 4.4 and 4.5.
Approximations for z << 1 and g << 1 are then applied to give us (see supplementary section (1) for
the full derivation)

y′(L) =−gA
2L

+
Az4

6L
, y(L) = A− gA

3
(4.13)

Substituting the values of ’g’ and ’z’ back into the (4.13) gives the following expressions for slope
and displacement respectively

∂y(x)
∂x

∣∣∣
x=L

=
A

2kcL
(−3ki + ρ̃ S̃ω

2L)− i
Aω

2kcL
(3γ̄i + γcL) (4.14)

and
y(L) =

A
kc
(kc − ki)− i

Aω

kc
γ̄i (4.15)

Modulus of Eq. 4.14 gives us the amplitude of the bending (slope) at x = L and the argument gives us
the phase lag:

Rb =
A

2kcL

√
(−3ki + ρ̃ S̃ω2L)2

+ω2(3γ̄i + γcL)2,

θb = arctan(−ω
3γ̄i + γcL

−3ki + ρ̃ S̃ω2L
) (4.16)

Now the real and imaginary components of the bending are

Xb =
A

2kcL
(−3ki + ρ̃ S̃ω

2L),
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Yb =− Aω

2kcL
(3γ̄i + γcL) (4.17)

This is identical to the result obtained by Benedetti et al. [7]. Further, the amplitude and phase for the
displacement y in the limit g << 1 and z << 1 is

Rd =
A
kc

√
(kc − ki)2 +(ωγ̄i)2,

θd = arctan
(
−ω

γ̄i

kc − ki

)
(4.18)

The real and imaginary components of the displacement are

Xd =
A
kc
(kc − ki), Yd =−Aω

kc
γ̄i (4.19)

The subscript d stands for displacement.
Eqs. 4.17 and 4.19 are the main results which can be used to estimate stiffness and dissipation.

Eq. 4.17 can be used for experimental data from deflection detection type AFM and Eq. 4.19 can be
used for interferometer based AFM.

4.3.3 Cantilever excited at base and tip in non-deformable contact

Cantilever is excited from the base at x = 0 with amplitude A and tip is in contact with the substrate.
Assuming that both surfaces (tip and substrate) are non-deformable, the boundary conditions are
following:

y(0) = A, y′(0) = 0, y′′(L) = 0, y(L) = 0

When the cantilever-tip is pressed against a non-deformable surface, the displacement at the tip is
zero however the bending is nonzero. The slope at x = L:

∂y(x)
∂x

∣∣∣
x=L

=−3A
2L

(4.20)

At deep contact region, cantilever bending at x = L is proportional to the base displacement and moves
180 degree out of phase. (see supplementary section (1) for more details)

4.4 Results and Discussion

4.4.1 Measurements performed using two detection methods

We performed experiments using both a conventional deflection detection type AFM and a home-built
interferometer based AFM. These two detection schemes are not only different ways of measuring
cantilever oscillations but more importantly measure different quantities. As described in the methods
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Fig. 4.2 Frequency-dependent oscillation profile (amplitude-black and phase-cyan) of the
cantilever in water. Arrows indicate the operational frequencies (133 Hz and 2.033 kHz)
we have used for the measurements. (a) The frequency response in conventional deflection-
detection type AFM. The resonance frequency of the cantilever in water is 13.54 kHz. (b)
The frequency response in interferometer based displacement-detection type AFM. The
resonance frequency of the cantilever in water is 12.74 kHz.

section, the former one measures bending (dy/dx) and the later the displacement (y) at the end of
the cantilever (see Fig. 4.1). The amplitude (Rd) of measured displacement (y) and its phase (θd)
are related to the X and Y components of the motion by the following relations: Xd = Rd cosθd and
Y = Rd sinθd . Similarly, amplitude (Rb) of bending (dy/dx) is related to X and Y component by
Xb = Rb cosθb and Yb = Rb sinθb. The X and Y components can be recorded using lock-in amplifier.

Fig. 4.2 (a) shows the frequency response of the cantilever bending using deflection detection
AFM and Fig. 4.2 (b) shows cantilever displacement in the home-built interferometer based AFM. In
the figure, the arrows indicate the operational frequencies chosen for the measurements. The region
around the operational frequencies is free from spurious peaks. The oscillation profile of the base and
tip of the cantilever for a smaller frequency range are shown in supplementary Fig. S1. In Fig. S1, the
vertical dotted line (at 1000 Hz) represents the limit up to which the difference between the base and
tip amplitudes is less than 0.1 Å and the observed phase difference is negligibly small (∼1◦). It is fair
to assume that the Eq. 4.12 is valid up to 1000 Hz. Kiracofe et al. have observed similar results in
another displacement detection based system equipped with a Laser Doppler Vibrometer (LDV) [96].

Fig. 4.3 shows the raw data from measurements using a deflection detection type AFM. The I27
octomer whose one end is attached to the tip and other is fixed to the substrate, is pulled away from
the substrate at speed of 25 nm/s. The measurements are repeated at two frequencies of 133 Hz and
2.033 kHz. Fig. 4.3 (a) and (c) is X and Y components of oscillations in the bending dy/dx at 133
Hz and 2.033 kHz respectively. Fig. 4.3 (b) and (d) is amplitude and phase of the bending dy/dx at
the tip end. Before measurements were performed we ensured that (i) The cantilever is excited far
below resonance and there are no spurious peaks in the region (Fig. 4.2(a)), (ii) The phase lag in deep
contact is 180 degrees. These two are important criterion for artefact free measurements of dissipation.
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Fig. 4.3 Raw data of the measurements performed using a deflection detection type AFM
(a) The X and Y components of oscillations in the bending ((dy/dx)L) at the tip end of the
cantilever. The measurements are performed at 133 Hz. (b) The amplitude and phase of the
oscillations in the bending (dy/dx) of the tip end of the cantilever. The same measurements
are repeated at 2.033 kHz in (c) and (d). The Y -component in both measurements is feature-
less and according to Eq. 4.17 the dissipation in single molecules is immeasurably low. The
phase shows clear oscillations in (d), however the corresponding Y -component in (c) does
not change as the domains are sequentially unfolded. The use of point-mass model wherein
dissipation depends on phase would result in erroneous measurement of dissipation.

The deep contact response should be recorded when there is no molecule present beneath the tip and
with the same cantilever alignment used for the experiment. We observed that for deflection detection
type AFM, the cantilever tip oscillates with ∼ 6 degree phase lag with respect to the base excitation
when immersed in liquid and is freely oscillating. We treat this phase lag as emerging purely from
the cantilever hydrodynamics. The Y -component in both these measurements is not varying when
the domains are sequentially unfolded. According to Eq. 4.17, this means that the dissipation is
immeasurably low when protein unfolds or the unfolded domains are stretched further. However, the
measurement performed at 2.033 kHz shows that the phase signal shows clear oscillations. Hence, the
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analysis of data in fig. 4.3 (d) using point-mass model shows a measurably high dissipation in single
molecule stretching experiments.

Fig. 4.4 shows raw data of the measurements using interferometer based detection system. This
detection measures displacement (y) of the cantilever. Fig. 4.4 (a) and (b) show measurements
performed at 133 Hz and (c) and (d) show measurement at 2.033 kHz. We clearly see signatures of
protein unfolding under force. The typical measurements shown here at both frequencies of 133 Hz
and 2.033 kHz show that the Y -component of the signal does not show variation while the octamer
is unfolded sequentially. Both the amplitude and X-component show saw-tooth like pattern which
is typical of polyprotein unfolding under force. Since the interferometer detection system measures
displacement and not the bending in the cantilever, it shows no phase lag (∼ 0 degree) when tip is
far from the substrate. This is in agreement with result obtained in Eq. 4.12. Interestingly, unlike
the measurement of bending performed with deflection detection AFM (Fig. 4.3(d)), the phase of
displacement (y) measured using interferometer based AFM does not vary while protein unfolds (Fig.
4.4(d)). At 2.033 kHz the phase lag is ∼ 5◦. To analyze this data, we need to include (−z4/8) term in
Eq. 4.12. Apart from this we also need to measure the base amplitude for analysis since it is different
from the freely oscillating tip in the liquid. It is important to note that the range of frequency, up
to which the extended form of Eq. 4.12 will be valid, is difficult to define. Although, the results
from 2.033 kHz data are similar to 133 Hz (stiffness of the unfolded molecule is ∼ 20 mN/m and
dissipation is featureless - data not shown), we do not want to stress on the quantification of 2.033
kHz data.

Together, Fig. 4.3 and 4.4 show measurements of X-component, Y -component, the amplitude
and phase of both bending ( dy

dx) as well as displacement (y) signals. These quantities can be used
to infer the viscoelastic response of single protein molecules under strain using models describing
cantilever hydrodynamics in viscous media - Eqs. 4.17 and 4.19. Clearly, in both measurements the
Y -component which is related to the dissipation alone in the molecule is not changing as the unfolded
protein domains are pulled with a constant velocity. This indicates that dissipation in the single
molecule of titin is immeasurably low. This is in direct contrast with previous claims of measurements
performed on single molecules [77, 87, 93].

We estimated the minimum detectable dissipation coefficient from the noise levels in the Y -
component signal at our operational parameters to be 5× 10−7 kg/s (see section 4.4.4 for more
details). We conclude that the upper bound on the dissipation coefficient of single unfolded protein is
∼ 5×10−7 kg/s. This value is smaller than those reported in the literature.

4.4.2 Quantification of Stiffness

To quantify the interaction stiffness from bending measurement data, estimation of the base displace-
ment (A), ρ̃ S̃ω2L, and γcL is required. Since the base displacement cannot be directly measured in
deflection-detection setup, it can be determined from the measured bending amplitude at the deep
contact using Eq. 4.20. ρ̃ S̃ω2L, and γcL can be determined from the free cantilever’s Xb, f and Yb, f
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Fig. 4.4 Raw data of the measurements performed using home-built interferometer based
AFM. (a) The X and Y components of the oscillations in the displacement at the tip end
(y(L)) of the cantilever. (b) The amplitude and phase of oscillations in the displacement. The
operational frequency for (a) and (b) is 133 Hz. In (c) and (d) the measurement is repeated
for 2.033 kHz. Unlike the phase of the the bending signal in Fig. 4.3(d), the phase of the
displacement does not show variations as the protein unfolds.

signals respectively (see Eq. 4.11). Finally, for the interaction stiffness and dissipation coefficients,
Eq. 4.17 can be written as:

ki =
kc

Adeep
(Xb, f −Xb), γ̄i =

kc

ωAdeep
(Yb, f −Yb) (4.21)

Where Adeep is the bending amplitude in deep contact and Xb, f and Yb, f are the X and Y components
of the the free cantilever without any force on it (ki = 0 and γ̄i = 0).

Fig. 4.5 (a) shows the stiffness-extension calculated from the data in Fig. 4.3(a) using Eq.
4.17 (or Eq. 4.21). The peak stiffness of the unfolded protein is ≈ 20 mN/m. Fig. 4.5 (b) shows
stiffness-extension profile calculated from the data in Fig. 4.4 (a) using Eq. 4.19. The stiffness of
unfolded protein measured using two detection methods shows good agreement with each other and
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Fig. 4.5 (a) The stiffness estimated from X-component of the cantilever bending at the tip
end ((dy/dx)L) using a deflection detection measurement. The peak stiffness is ≈ 20 mN/m.
This matches well with reports from other measurements and the derivative of the static
force-extension curves (see supplementary Fig. S2). (b) The stiffness estimated from the
X-component of the cantilever displacement at the tip end (y(L)) using the interferometer
based AFM. The values of stiffness estimated using both detection schemes are in agreement
with each other.

gives its quantitative estimate for single protein molecule. It is instructive that the stiffness estimated
using X-component of the amplitude of bending as well as displacement matches well with the static
deflection data - derivative of force (see supplementary Fig. S2). This underlines the robustness of the
theoretical modeling used to quantify the stiffness using dynamic AFM having two detection schemes
measuring displacement and the bending of the end of the cantilever.

4.4.3 The effect of extraneous phase

For measurements presented in Fig. 4.3 and 4.4, we took care that there is no extraneous contribution
to the phase of the free cantilever oscillating in liquid (see Fig. 4.2). This is not an easy task for the
deflection detection type AFM, as it has a finite phase lag due to hydrodynamics value of which is not
a-priori known. Since there are variety of intractable sources of extraneous phase, it is difficult to
identify the contribution from them. For interferometer based AFM, since cantilever displacement is
measured, the phase due to hydrodynamics on the freely oscillating cantilever is almost zero. It should
be noted that the extraneous phase can also be present in the displacement measurements. However,
since we know the phase lag of the displacement at low frequency excitation is nearly zero, we can
identify it’s presence and therefore do not consider those measurements for analysis. Whereas this is
not possible in the deflection-detection measurements as the actual hydrodynamic phase contribution
is not known. Fig. 4.6 shows a measurement when such extraneous phase is present. The experiment
is performed at 133 Hz using the similar cantilever. Typically, the phase of the cantilever bending in
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Fig. 4.6 Measurements performed at 133 Hz with similar cantilever using a different cantilever
holder. The phase of the cantilever bending at the tip end is not 180 degree in deep contact
(data not shown). The phase of the free cantilever after immersing in the buffer deviates from
the measurement in Fig. 4.3 by the same amount. This is clear case of presence of extraneous
phase θe. The peaks in Y -signal are identified by arrows. This variation in Y as the protein
unfolds is likely to be falsely interpreted as dissipation.

the deep contact is 180 degrees (see Eq. 4.20). This is not the case for measurements shown in Fig.
4.6. The phase in deep contact is ∼ 190 degrees. This produces an extraneous phase contribution of
the same amount in phase of the freely oscillating lever in the liquid. The Y -component is clearly
showing peaks as protein unfolds, and following Eq. 4.17 one may draw false conclusion about the
dissipation in single molecules.

The theoretical models of the cantilever dynamics in the liquid environment, which are presented
in the theory section, do not take into account the extraneous phase contributions to oscillating
cantilever from variety of sources. In absence of a method to ensure that these contributions are not
present, the estimates of stiffness and damping coefficient are not free from errors for the following
reason. Let θe be the extraneous phase, θh+i the combined phase lag due to molecule’s viscoelasticity
(stiffness and dissipation coefficient) and hydrodynamics. θh+i is accounted for in the models. The
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measured phase when the cantilever is immersed in liquid and is far away from the substrate will be
having contribution from both θh and θe. Since θh depends on cantilever parameters and viscosity of
the medium, it is difficult to estimate the extraneous contribution θe to the measured phase lag.

In the following we explain how the presence of extraneous phase leads to changes in Y -component
of the amplitude of bending (dy/dx) due to variation in molecule’s stiffness alone while it is being
stretched.
Here the θe is added linearly to the θh+i. In experimental situations it can not be ensured that the
extraneous contribution to the phase adds linearly to the hydrodynamic phase. We have added it
linearly to show that such simple linear addition leads to artefacts which are results of stiffness
affecting the dissipation measurement. However, the electronic phase can be added in this way. The
net phase lag during the molecule’s extension will have the contributions from θh+i and θe both and it
is given by

θ = arctan(−ω
3γ̄i + γcL

−3ki + ρ̃ S̃ω2L
)+θe (4.22)

Where the first term is the phase lag in the cantilever deflection due to both the molecular stiffness
and the dissipation as well as the cantilever hydrodynamics. For the purpose of understanding how
the extraneous phase leads to false interpretation of amplitude and phase as dissipation in single
molecules, we assume that molecule being stretched is a purely elastic entity with dissipation γ̄i =
0. Our analysis shows that even in absence of molecular dissipation, the Y -component of cantilever
bending signal may show variation when the protein is sequentially unfolded.

Since the molecular stiffness is entropic, it changes with extension. Fig. 4.7 (a) graphically
represents Eq. 4.16 and 4.17 in the absence of extraneous phase. The amplitude and phase of
the cantilever bending changes due to variation in molecule’s stiffness. The net phase lag will
have contribution from the molecule’s stiffness and the amplitude changes from A to A′. Since the
dissipation is assumed to be zero, the Y -component (ωγcL) does not change. This should only affect
the X-component and it reduces from (ρ̃ S̃ω2L) to (ρ̃ S̃ω2L−3ki).

Consider now a situation wherein there is extraneous phase contribution (θe) to phase when the
cantilever is far from substrate and is freely oscillating. Fig. 4.7 (b) graphically shows the situation
when molecule’s dissipation is assumed to be zero and there is extraneous phase θe. The xy is the
coordinate system wherein the total phase lag is θ = θh+i +θe. The coordinate system XY is rotation
of coordinate system xy by θe. In this co-ordinate system the phase and amplitude changes purely
due to the molecule’s stiffness in such a way that Y -component does not change. However, in xy
coordinate system there is change in Y as shown in the figure due to this additional phase lag θe.
This change in Y may get wrongly interpreted as the dissipation signal. This arises from having a
extraneous phase θe which is not considered in the model. It is difficult to theoretically predict the
hydrodynamic phase lag of the cantilever. This phase depends on the cantilever stiffness and viscosity
of medium and hence is not known a-priori. It can not be compensated in order to have phase lag
emerging from hydrodynamics alone. In this context, the interferometer based experiments are crucial.
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Fig. 4.7 Schematics to show how extraneous phase produces artefacts in the measurement.
(a) θe = 0, γ̄i = 0; The change in ki affects both phase and amplitude but Y -component
remains unchanged. (b) When θe is nonzero, The phase and amplitude changes but Y remains
unchanged in the co-ordinate system XY wherein θe = 0. However in the xy coordinate
system, the change in stiffness of the molecule ki changes the Y -component from y to y′.
Using Eq. 4.17 this can be misinterpreted as the dissipation. The change in Y -component is
due to change in molecule’s stiffness.

The theory predicts that the cantilever displacement has nearly zero phase lag with respect to the
excitation signal due to hydrodynamics. This has been verified by the experiments. Any additional
phase lag due to spurious peaks or other sources can be easily be identified and care can be taken to
avoid coupling between the stiffness and dissipation channels.

The above discussion suggests that if there is significant phase lag due to hydrodynamics alone,
the phase may have oscillations as the protein unfolds since this large hydrodynamic phase lag makes
the numerator inside the arctan bracket large. In such situations the theory predicts that features
may appear in phase data even if the dissipation coefficient γ̄i = 0. This is because the stiffness is
non-zero and is varying under strain. We performed experiments by keeping all other parameters of
the experiment same, except viscosity of the medium. Fig. 4.8 shows a protein pulling experiment
after addition of glycerol in the buffer which enhances the medium viscosity. This makes the term
γcL large and thereby the numerator inside the arctan bracket is also large. In this situation, the θh

is significant (∼ 18 degrees). It was ∼ 6 degrees for the same cantilever in a much less viscous
buffer. As a result, both the phase and Y -components do not change as the protein unfolds. However,
after addition of glycerol, the change in molecule’s stiffness when it is stretched affects the phase as
molecule sequentially unfolds, but the Y -component does not change from its value which was for
freely oscillating cantilever.
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Fig. 4.8 Measurements performed with 50 % glycerol in the buffer. This increases viscosity
of the medium by ∼ 8 times. The θh is nearly 18 degrees, however θe = 0. As the polyprotein
is pulled and the domains unfold, the phase changes but the Y -component does not show
any variation. This shows that even if the phase is far from zero due to hydrodynamics
alone, the Y -component shows no variation indicating again that the dissipation coefficient is
immeasurably low. This is in agreement with results in Fig. 4.3 (b) and (d).

In a separate set of experiments, we added external phase to the cantilever oscillating in liquid
and performed the unfolding experiments. It is seen that Y -component starts to show features
corresponding to unfolding events. We performed measurements wherein there is possibility of
extraneous phase contributions from electronic or other sources and the Y -component is not free from
features (see supplementary section (2.3), Fig. S3).

These experiments clearly show that even if there is a large phase lag due to hydrodynamics
when the cantilever is freely oscillating in the liquid, it does not introduce artefacts while interpreting
Y -component as a dissipation signal. This is because the models take into account such phase lag due
to cantilever hydrodynamics. However, if there is extraneous phase added to the measurement which
is not accounted for in the models, one certainly sees variation in the Y -component which is not due
to dissipation of the unfolding protein.

Benedetti et al. in their work have warned against the use of point-mass model and interpreting
phase signal as dissipation in single molecules. They have shown that the Y -component of the
oscillations in deflection (dy/dx) as the signal which contains the information about the dissipative
processes. We stress here that even the Y -component is not free from errors as suggested by them, if
the extraneous phase is not completely removed from the measurements. The sources of this phase are
listed in supplemental materials section (2.3)). Besides θe, an experimenter has to safeguard against
other sources of artefact. The most important is choice of operational frequency in the off-resonance
regime. We ensured that our measurements were truly off-resonance. (See supplementary section
(2.5))
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4.4.4 Minimum detectable dissipation coefficient

Fig. 4.9 The dissipation coefficient computed using continuous beam model given by Eqs.
4.19 and the phase and Y -component of the displacement amplitude shown in supplementary
Fig. S9. Dissipation shows clear oscillations peaked at separations equal to diameter of water
molecules. The variation in phase and Y -component is not seen in case of proteins.

Since the protein unfolding experiments did not show any detectable dissipation, we performed
similar measurements on water confined to nanoscale. Such nano-confined water shows layering
of water molecules parallel to the confining walls. Previous measurements using the interferometer
based AFM have revealed that nano-confined water undergoes a dynamic solidification [92]. We
repeated the measurements on molecular layers of water using interferometer-based AFM. Clear
peaks separated by molecular diameter of water (∼ 2.5 Å ) in both X-signal (stiffness) and Y -signal
(dissipation coefficient) are observed. Fig. 4.9 shows the peaks in dissipation coefficient separated
by molecular diameter of water. Experiment is done with 8 Å/s approach speed and the observed
dissipation in two to three layers of water is ∼ 10−4 kg/s, which is consistent with the previous report
[92]. The raw data is shown in the supplementary (Fig. S9). Such variation in phase signal is not
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observed in case of the protein unfolding experiments. The measurements confirm that the dissipation
in the single unfolded protein molecule is indeed below the detection limit.

The minimum detectable dissipation coefficient using our interferometer based AFM can be
estimated by measuring the noise in the Y -signal when the cantilever is not engaged with the substrate
and is oscillating freely in the liquid. We can estimate noise level in the amplitude by recording and
analysing the power spectral density of the cantilever displacement. From the noise floor and the
lock-in time constant we estimated the noise in the cantilever displacement. Using this value of the
noise in Y -component and Eq. 4.19, we obtain the minimum detectable dissipation coefficient to be
5×10−7 kg/s. This is the upper bound on the dissipation coefficient of the unfolded single protein
molecules.

4.4.5 Dissipation in single macromolecules

In literature there are numerous claims of measurement of viscoelasticity of single molecules using
AFM [15, 73, 77, 87–89, 93, 94]. The early reports have shown that the viscoelasticity is dominated
by elastic response and the dissipation could not be detected for nucleic acids and Poly Ethylene
Glycol [95, 112]. However, there are many other reports of measurement of dissipation coefficient
for single molecules of protein, flexible polymers and polysaccharides [77, 87, 109]. A closer look
at the experimental details reveal that these measurements were performed at higher frequencies,
sometimes very close to resonance, and with much larger amplitudes (2 -10 nm). These measurements
are not truly off-resonance . In our opinion, the simple approximation of the cantilever dynamics to a
point-mass model is not adequate to interpret the experimental data performed at higher frequencies
or close to resonance. We have clearly shown in our experiments that the measurements are prone to
artefacts if phase data is used either at water viscosity and higher frequencies (see supplementary Fig.
S5), or low frequencies and higher viscosity (see supplementary Fig. S7). Both these situations clearly
show features in the dissipation data due to coupling between stiffness and dissipation channels (see
supplementary section 2.5). There is no mention in these experiments if the phase is offset by a certain
value while performing experiments. If the offset is not accounted for, then the phase data produces
artefacts in determining the dissipation coefficient. Moreover, if the phase and amplitude of cantilever
bending is measured, then the point mass approximation can not be used to analyse the data. This
point has been recognized earlier by many [7, 22, 27, 39, 151, 152, 155, 163, 183].

An alternative method of extracting single molecule viscoelasticity using AFM, is the measure-
ment of power spectral density (PSD) of cantilever’s thermal fluctuations. The stiffness and dissipation
coefficients of single macromolecules have been observed using this method [15, 87, 88, 93, 94]. In
these reports, it is important to recognize that point-mass approximation has been used to model the
cantilever dynamics. Our findings advise caution while interpreting the constant velocity pulling
experiments using such approximation. The analysis of thermal fluctuation data by considering the
full details of cantilever’s geometry is complicated and future investigations may reveal if this method
is actually measuring dissipation in single molecules.
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Benedetti et al. have highlighted the issues involved in interpreting the phase signal as dissipation
in single molecules [7]. Using a theoretical approach similar to one presented here, they pointed out
that use of point-mass approximation leads to erroneous conclusions. They have used experimental
data in support of their claim. Our measurements using both, interferometer-based AFM and more
conventional deflections detection AFM, reinforces the validity of concerns raised by them. Further,
we claim that even the interpretation of Y -component of the cantilever bending, as suggested by them,
is not free from errors if extraneous phase contributions are present. In a typical AFM experiment
such contributions are not tractable and difficult to include in theoretical models [183]. However,
the measurements using interferometer based AFM, wherein displacement of cantilever is measured,
the presence of such artifacts can be easily identified which is essential for performing artifact free
measurements. We have also provided a method here to quantify the stiffness of single molecules
and have shown that it matches with simultaneous static measurements. The static data is collected at
extremely low strain rates (< 1 s−1) compared to the dynamic measurements (> 100 s−1). It means that
the dissipation in the current measurement is indeed immeasurably low. This has also been noted by
Liu et al.[112]. Using both types of detection schemes to measure cantilever response we concluded
that the dissipation coefficient is immeasurably low. The estimate of minimum detectable dissipation
coefficient and stiffness using both methods is useful in determining the upper limit on the value of
dissipation coefficient for the unfolded chain of I278. This in turn allows for determining a upper
bound on Maxwell’s relaxation time of the unfolded chain.

As discussed in section 4.4.4, the dissipation in single unfolded titin molecule must be below
5×10−7 kg/s. The diffusion coefficient given by D = KT/γ must be higher than ∼ 104 nm2/s. The
force spectroscopic measurements have estimated the value of D to be ∼103 nm2/s [87, 93]. The
Fluorescense Resonance Energy Transfer (FRET) have yielded a much faster diffusional dynamics
(108 nm2/s) [55, 56, 105, 126]. The current measurements suggests that possible reason behind this
discrepancy in the literature is the overestimate of dissipation coefficient using AFM methods.

There are reports in the literature which focus on the measurement of viscoelasticity of the
folded proteins using microrheology technique. The reported dissipation coefficient of folded protein
molecule was higher then our proposed upper limit [178, 179]. It is possible that the damping
coefficient of folded protein molecule is much higher compared to the unfolded chain. We do not
compare our results with those measurements as we are measuring the viscoelasticity of unfolded
molecule.

4.5 Conclusions
In conclusion, we have provided a method to quantify viscoelasticity at nanoscale in liquid environ-
ment using both the deflection detection type AFM and interferometer based AFM. It was found that
an offset in the initial phase or inappropriate choice of operation frequency can lead to artefacts. We
performed measurements of viscoelasticity of single protein (I278) using both types of AFM. It was
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observed that the dissipation in single macromolecules is immeasurably low for AFM’s detection limit.
However, it was possible to measure dissipation coefficient in molecular layers of water adjacent to
the solid surface. The estimates of stiffness of the macromolecule, using both detection methods is in
agreement with each other and also with the static force-extension measurements. The results imply
that using phase signal of cantilever bending along with point-mass approximation of the cantilever
hydrodynamics may lead to artefacts in the dissipation measurement of single molecules. The results
have a strong bearing on the time-scales of initial collapse in folding of I27 domains and it is also
important for understanding the passive elasticity of titin in muscles.





Chapter 5

Validity of point-mass model in
off-resonance dynamic atomic force
microscopy

5.1 Introduction
The atomic force microscope (AFM) is a powerful tool to obtain the surface topography of insulators.
Shortly after its invention, it successfully produced images of substrates with atomic resolution
[2, 12, 119]. Over time, it has been used to quantify the inter-atomic forces between the cantilever-tip
and substrate atoms in UHV [68, 69, 78, 80, 83, 134, 143] and ambient conditions [51]. In the past few
decades, the AFM has been recognised as a versatile tool to measure the interaction forces between
different biomolecules and forces required to unfold proteins [38, 66, 98, 99, 115, 162]. In addition,
many groups have attempted to measure the viscoelastic properties of single-molecules directly via
dynamic atomic force spectroscopy [7, 15, 28, 65, 73, 77, 87–89, 93–95, 109, 146].

In a dynamic AFM experiment, an oscillating tip mounted on a cantilever force sensor is allowed
to interact with the sample which causes change in the parameters such as amplitude and phase. The
dynamic spectroscopy has been used extensively in UHV to study the inter-atomic forces [68, 69, 80].
It is also implemented in viscous medium to study the behaviour of liquids under nano-confinement
[34, 82, 85, 90, 92, 117, 133, 141] and single-molecules under force [15, 28, 65, 73, 77, 87–89, 93–
95, 109]. In order to extract the mechanical properties of single molecules or the nano-scale system
probed by the tip, a mathematical treatment of cantilever dynamics in various media such as Ultra
High Vacuum (UHV) or liquid environment is essential. There is a debate among the AFM users
about the correctness of various approximations used while trying to describe the cantilever dynamics.
In situations wherein the damping provided by the viscous medium to the cantilever is low, such as
ambient conditions or UHV, the Point-Mass (PM) model, in which the cantilever is approximated as
point-mass attached to a massless spring, has been used successfully for quantitative analysis of the
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dynamic AFM data [50, 51]. However, for cantilever hydrodynamics in liquid environment, validity
of these approximations in various regimes have been discussed in many works [7, 147, 173, 183].

In another approach to describe the hydrodynamics, the cantilever is modelled as Continuous Beam
(CB) [22, 49, 96, 114, 145, 151]. This approach gains importance particularly in liquid environments
with significant viscous damping and it works with less number of approximations compared to
the PM model. Recently, the CB model is used for base-excited, low frequency measurements of
protein pulling performed using AFM [7]. In this work, in order to describe the dithering cantilever-
molecule system, the Euler-Bernoulli equation with appropriate boundary conditions was solved.
They proposed that the interaction-force alters the boundary conditions of the cantilever-molecule
system and were considered explicitly in their calculations. It is argued that ignoring the details of
cantilever geometry and not including the interaction in boundary conditions results in ambiguous
interpretation of the phase signal as dissipation from the single molecule. It was suggested that the CB
model is an appropriate model to extract viscoelasticity of nano-scale interactions and in-phase (X)
and out-of-phase (Y ) components of the oscillation are the observable parameters which are directly
related to stiffness and damping.

In point-mass model, cantilever-beam is approximated as a point-mass and the interaction force
acting on the cantilever-tip is treated as a small perturbation on the moving point-mass. These
assumptions make the understanding of cantilever dynamics simple and its analytical solution becomes
straight-forward. This model has been extensively used in the past due to its simplicity. The use
of CB to model the cantilever raises doubt on previous works that have been done on various nano-
scale systems such as single polymer [77, 87, 93, 109] and nano-confined liquids [34, 117]. These
experiments have used base-excited cantilevers with deflection detection type sensing and PM model
was used for data analysis. Apart from this, a large body of work exists to understand the behaviour
of nano-confined liquids using base-excited dynamic measurements in interferometer based AFM in
which the tip displacement is measured and PM model has been used for data analysis [82, 90, 92, 141].
The reliability of these results depend on the correctness of the mathematical model that has been used
to analyse the data. A judicious choice of model which correctly captures cantilever hydrodynamics
for a particular experimental strategy is of utmost importance before conclusions about nano-scale
dissipation in liquid environments are drawn.

In this chapter, we have treated the cantilever dynamics in liquid environments in two ways, i) the
geometric details of the cantilever as a continuous beam are incorporated in Euler-Bernolli eqution of
motion and ii) the cantilever is approximated as a point-mass with a mass-less spring whose stiffness
is determined by the first eigen mode of the continuous beam. Using these two approaches we derived
equations to relate the stiffness and damping coefficient of the nanoscale entity under consideration
to the experimentally measured quantities such as phase and amplitude of the oscillating cantilever.
We developed solutions for both tip-excited as well as based excited cantilevers. Furthermore, we
have investigated the validity of PM model to analyse the dynamic AFM measurements performed
in liquid environments. We have solved the equation of motion of the cantilever in both CB as
well as PM model. We compare the solutions of these two models within specific experimental
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strategies used to excite as well as detect the cantilever response. We have performed two types
of measurements. 1) Base-excited cantilever with interferometer based detection scheme wherein
cantilever tip displacement is measured 2) Tip-excited cantilever with deflection detection scheme
which measures the bending of the cantilever at the tip end. We developed a magnetic-excitation setup
for tip-excited measurements. The experimental data is analysed using both PM and CB models to
check the validity of PM in these measurement schemes. Further, the requirements on experimental
scheme in order to use PM model to extract the stiffness and dissipation coefficient of single protein
molecules are deduced. We find that PM model is successful in estimating quantitative viscoelastic
response of nano-scale entities if care is taken while exciting the cantilever or detecting its response.
In general, true off-resonance operation, stiff cantilevers and small amplitudes are key elements in
successful quantification of viscoelasticity using PM model in amplitude modulation dynamic AFM.

5.2 Theory
Equation of motion:
Bending of a homogeneous rectangular cantilever beam in a viscous medium is described by Euler-
Bernoulli equation. The internal damping of the cantilever beam has been ignored.

− ρ̃ S̃
∂ 2y(x, t)

∂ t2 − γc
∂y(x, t)

∂ t
= EI

∂ 4y(x, t)
∂x4 (5.1)

Where x is the coordinate along the cantilever length with x = 0 at the clamped end and x = L
at the free end. y is the displacement along the perpendicular direction of the cantilever length.
ρ̃ S̃ = ρS+ma, ma is hydrodynamic added mass where ρ is mass density of the cantilever material,
S(= bh) is area of the cantilever cross-section perpendicular to its length, b and h are width thickness
of the cantilever respectively, γc is the cantilever drag coefficient per unit length, E is Young’s modulus
and I(= bh2/12) is second area moment.

Analytical solution for Eq. 5.1 can be derived for few limiting cases in two ways. One method
accounts for the continuous nature of the cantilever-beam in derivation and we refer to it as continuous-
beam (CB) model. However, another method assumes the cantilever as a point-mass and it is known
as point-mass (PM) model. In CB model, the solution of Eq. 5.1 is assumed to be y(x, t) = y(x) eiωt ,
whereas, to arrive at PM model, method of variable separation is used first where solution is assumed
to be of the form y(x, t) = y(x)Y (t). y(x) is the general solution of space part of Eq. 5.1 which is
required to be solved in both models. Space part of Eq. 5.1 is,

d4y(x)
dx4 = k4y(x) (5.2)

and its general solution is:

y(x) = asin(kx)+bcos(kx)+ csinh(kx)+d cosh(kx) (5.3)
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Where a, b, c, and d are constants which can be determined using four appropriate boundary conditions.
These Boundary conditions are derivatives of y(x) at some values of x. They are determined by
experimental situations such as excitation method as well as the interaction forces experienced by the
tip. In typical AFM experiments, interaction force acts at the tip end of the cantilever and excitation
can either be applied at the base or the tip.

The two models differ in consideration of boundary conditions. In CB model, cantilever excitation
and interaction forces are accounted for in the boundary conditions. Whereas, in PM model, a set
of homogeneous boundary conditions are applied and cantilever excitation and interaction force are
included in the equation of motion.

5.2.1 Continuous-beam (CB) model

In CB model, continuous-nature of the cantilever beam is considered. Solution of Eq. 5.1 is assumed
to be y(x, t) = y(x) eiωt . Substituting the solution in Eq. 5.1 results in Eq. 5.2 (space-part) and
following dispersion relation:

ρ̃ S̃ω
2 − iωγc = EIk4 (5.4)

To solve Eq. 5.1, cantilever excitation and interaction force are included in boundary conditions.
Interaction force is considered as linear (Fi = ki y(t)+ γ̄i

dy(t)
dt ) and solved for small interaction force

(g << 1 or ki << kc) and small-oscillation frequency (z << 1 or ω << ω0). Where g and z are
defined as following:

z = kL =
[3(ρ̃ S̃ω2L− iωγcL)

kc

] 1
4
,

g =
3(ki + iωγ̄i)

kc
(5.5)

To get the complete solution of Eq. 5.1 for base and tip excitation, Eq. 5.2 is required to be solved
separately.

5.2.1.1 Base-excitation

When the cantilever is excited from the base and a linear interaction force acting on the tip (Fig. 5.1
(a)), following boundary conditions can be applied to solve Eq. 5.2:

y(0) = A, y′(0) = 0

y′′(L) = 0, EIy′′′(L) = (ki + iωγ̄i)y(L) (5.6)
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Fig. 5.1 Schematic representation of oscillating cantilever under influence of a linear interac-
tion force. In off-resonance operation the medium damping is negligibly small and hence not
shown in the schematic. (a) Representing the base-excited cantilever where base is driven
by Aeiωt . (b) Representing the tip-excited cantilever where base is rigidly fixed and tip is
excited with force F0eiωt .

Where prime (′) denotes the derivative of y(x) with respect to x. ki and γ̄i are interaction stiffness and
damping coefficients respectively. It is important to note that the interaction force is considered as a
linear viscoelastic force.

Eq. 5.6 were solved to get the constants (a, b, c, and d) and final solution of Eq. 5.2, assuming
g << 1 and z << 1, are following (see chapter-3 and [146] for detailed derivation):

Slope (bending):

∂y(x)
∂x

∣∣∣
x=L

=
A

2kcL
(−3ki + ρ̃ S̃ω

2L)− i
Aω

2kcL
(3γ̄i + γcL) (5.7)

Modulus and argument of Eq. 5.7 gives us the amplitude and phase (difference between drive and
tip) of bending at x = L:

Rb =
A

2kcL

√
(−3ki + ρ̃ S̃ω2L)2

+ω2(3γ̄i + γcL)2,

θb = arctan
(
−ω

3γ̄i + γcL
−3ki + ρ̃ S̃ω2L

)
(5.8)
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The real and imaginary components of the bending are:

Xb =
A

2kcL
(−3ki + ρ̃ S̃ω

2L),

Yb =− Aω

2kcL
(3γ̄i + γcL) (5.9)

Rearranging the Eq. 5.9, the expression for interaction stiffness and dissipation coefficient can be
written as:

ki =
1
3

ρ̃ S̃ω
2L−

(2kcL
3A

)
Xb,

γ̄i =
(2kcL

3Aω

)
Yb −

γcL
3

(5.10)

Displacement:

y(L) =
A
kc
(kc − ki)− i

Aω

kc
γ̄i (5.11)

In Eq. 5.11, the amplitude and phase of cantilever-tip displacement are the modulus and argument
of y(L) respectively. These can be written as:

Rd =
A
kc

√
(kc − ki)2 +(ωγ̄i)2,

θd = arctan
(
−ω

γ̄i

kc − ki

)
(5.12)

The real and imaginary components of the displacement are:

Xd =
A
kc
(kc − ki),

Yd =−Aω

kc
γ̄i (5.13)

Eq. 5.13 can be solved for interaction stiffness and damping coefficient:

ki = kc

(
1− Xd

A

)
,

γi =−kc Yd

A ω
(5.14)

Eq. 5.10 and 5.14 are valid when the stiff cantilever (g << 1) is used at low operation frequency
(z << 1) and small-amplitude (EIy′′′(L) = (ki + iωγ̄i)y(L)). These criterion must be fulfilled when
the experiments were performed.
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5.2.1.2 Tip-excitation

When the cantilever is excited directly at the tip and also a linear interaction force acting on the tip
(Fig. 5.1 (b)), following boundary conditions can be applied to solve Eq. 5.2:

y(0) = 0, y′(0) = 0,

y′′(L) = 0, EIy′′′(L) = (ki + iωγ̄i)y(L)−F0

Where F0 = kcA0 is magnitude of excitation force applied at the tip. A0 is amplitude free amplitude
of the cantilever end- when cantilever is far from the surface and interaction force is absent.

We follow similar protocol to solve Eq. 5.2 as has been followed in base-excitation section (see
chapter-3 for detail derivation). The final solutions for assumptions z << 1 and g << 1 are following:

Slope (bending):

∂y(x)
∂x

∣∣∣
x=L

=
3A0

2Lkc
(kc − ki)− iω

3A0

2Lkc
γ̄i (5.15)

Modulus and argument of Eq. 5.15 gives us the amplitude and phase (difference between drive
and tip) of bending at x = L:

Rb =
3A0

2kcL

√
(kc − ki)2 +ω2γ̄i

2,

θb = arctan(−ω
γ̄i

kc − ki
) (5.16)

Now the real and imaginary components of the bending are

Xb =
3A0

2kcL
(kc − ki),

Yb =−3A0ω

2kcL
γ̄i (5.17)

Eq. 5.17 can be solved for interaction stiffness and damping coefficient:

ki = kc

(
1− 2L

3A0
Xb

)
,

γ̄i =− 2kcL
3A0ω

Yb (5.18)

Displacement:
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y(L) =
A0

kc
(kc − ki)− iω

A0

kc
γ̄i (5.19)

Modulus and argument of Eq. 5.19 gives us the amplitude and phase (difference between drive
and tip) of displacement at x = L:

Rd =
A0

kc

√
(kc − ki)2 +(ωγ̄i)2,

θd = arctan
(
−ω

γ̄i

kc − ki

)
(5.20)

The real and imaginary components of the displacement are:

Xd =
A0

kc
(kc − ki),

Yd =−A0ω

kc
γ̄i (5.21)

Eq. 5.21 can be solved for interaction stiffness and damping coefficient:

ki = kc

(
1− Xd

A0

)
,

γ̄i =− kc Yd

A0 ω
(5.22)

Again Eq. 5.18 and 5.22 are valid when the stiff cantilever (g << 1) is used at low operation
frequency (z << 1) and small-amplitude (EIy′′′(L) = (ki + iωγ̄i)y(L)). These criterion must be
fulfilled when the experiments are performed.

It is important to note here that in most AFM measurements, cantilever is base excited and
deflection detection scheme is used which measures cantilever bending. Eq. 5.10 should be used to
analyse the data in such experimental situations [7]. In our previous work we have highlighted how
these measurements are prone to artefacts owing to the extraneous phase contributions. These phase
contributions are difficult to account for in theoretical treatment of cantilever hydrodynamics [146]. It
is also noteworthy that displacement solution for base excited cantilever (Eq. 5.14) are similar in form
to the bending solution of tip excited cantilever (Eq. 5.18) since Xd(L) = 2LXb(L)/3. The solution
for displacement is same for both tip excited or base excited cantilevers See Eq. 5.14 and 5.22 since,
for off-resonance operation A = A0.

5.2.2 Point-mass model

In point-mass model, variable separable method is used to solve Eq. 5.1 wherein space and time
parts are separately solved. To solve space part, boundary conditions are considered as homogeneous
(y(0) = 0,y′(0) = 0,y′′(L) = 0, and y′′′(L) = 0). This provides a set of independent solutions (yn(x))
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for a freely oscillating cantilever. Each solution represents an eigen mode. Now solution (y(x, t))
is substituted into Eq. 5.1, multiply with yn(x) and using the orthogonal property of yn(x) a set of
equations on time-variable is achieved. Each equation for an eigen mode is a damped harmonic
oscillator equation - a linear second order differential equation. Since the fundamental mode makes
up for most of the contribution to cantilever oscillation, it is considered as the force equation of the
freely oscillating cantilever in viscous environment. The excitation force is directly included into the
final equation of motion depending on the excitation scheme. The interaction force, which is assumed
to be linear, is considered as a perturbation to the forced-damped oscillator and included into the final
equation (or in Eq. 5.1 using δ -function). This treatment imposes the assumption of small interaction
force compared to the cantilever force (or kc << ki). Now the final equation of motion of oscillating
cantilever under influence of interaction force is a simple forced-damped harmonic oscillator equation
with an effective mass (m∗), elasticity (k′) and damping (γ ′) coefficients. It is important to note that
this treatment assumes the cantilever beam as a point-mass which is attached with a mass-less spring
as shown in Fig. 5.2. See chapter-3 and [49] for detailed derivation.

Fig. 5.2 Schematic representation of point-mass approximated cantilever under influence
of a linear interaction force. These are devoted to off-resonance operation where medium
damping is negligibly small. (a) Representing the base-excited point-mass approximation
where base is driven by Aeiωt . (b) Representing the tip-excited point-mass approximation
where base is rigidly fixed and tip is excited with force F0eiωt .
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5.2.2.1 Base-excitation

When cantilever is excited from the base sinusoidally (Aeiωt) and tip experiences a small perturbation
due to a linear viscoelastic force (Fi), it is approximated as a point-mass connected to one end of a
spring whose other end is driven (Fig. 5.2 (a)). The equation of motion for this point-mass can be
written as:

m∗ ∂ 2z(t)
∂ t2 + γcL

∂ z(t)
∂ t

+ kc(z(t)−Aeiωt)−Fi = 0 (5.23)

Where m∗ = 0.2425 mc +ma is effective mass, mc and ma are the cantilever mass and hydrodynamic
added mass respectively. Fi = ki z(t)+ γ̄i

dz(t)
dt is the interaction force which is assumed to be linear

viscoelastic. Other parameters have the same meaning as in the continuous-beam model. Eq. 5.23 can
be written as:

m∗ ∂ 2z(t)
∂ t2 + γ

′ ∂ z(t)
∂ t

+ k′z(t) = kcAeiωt (5.24)

Eq. 5.24 is an equation of motion for a forced damped harmonic oscillator with effective stiffness
(k′ = kc + ki), effective damping coefficient (γ ′ = γcL+ γ̄i), and effective drive force (kcA). The
amplitude (R) and phase (θ , phase difference between drive and the oscillator) will be given as:

R =
kcA√

(k ′−m∗ω2)2 +(ωγ ′)2
,

θ = tan−1
(

ωγ ′

k ′−m∗ω2

)
(5.25)

Further, Eq. 5.25 can be solved for interaction stiffness and damping coefficient for (ω << ω0):

ki = kc

(A cosθ

R
−1

)
,

γ
′ =−kc A sinθ

R ω
(5.26)

5.2.2.2 Tip-excitation

When an AFM cantilever is excited from the tip sinusoidally with excitation force (F0eiωt) and
tip experiences a small perturbation due to a linear viscoelastic force (Fi), it is approximated as a
point-mass connected to a massless spring which is driven sinusoidally (Fig. 5.2 (b)). The Equation
of motion for this point-mass can be written as:

m∗ ∂ 2z(t)
∂ t2 + γcL

∂ z(t)
∂ t

+ kcz(t)−F0eiωt −Fi = 0 (5.27)



5.3 Materials and Methods 103

All parameters have the same meaning as described in previous sections. Eq. 5.27 can be written as:

m∗ ∂ 2z(t)
∂ t2 + γ

′ ∂ z(t)
∂ t

+ k′z(t) = F0eiωt (5.28)

Eq. 5.28 is an equation of motion for a forced damped harmonic oscillator with effective stiffness
(k′ = kc + ki), effective damping coefficient (γ ′ = γcL+ γ̄i). The amplitude (R) and phase (θ , phase
difference between drive and the oscillator) will be given as:

R =
kcA0√

(k ′−m∗ω2)2 +(ωγ ′)2
,

θ = tan−1
(

ωγ ′

k ′−m∗ω2

)
(5.29)

Further, Eq. 5.29 can be solved for interaction stiffness and damping coefficient for (ω << ω0):

ki = kc

(A0 cosθ

R
−1

)
,

γ
′ =−kc A0 sinθ

R ω
(5.30)

As expected, for off-resonance conditions (A = A0) the solutions for tip excited and the based
excited cantilever is same. Again, the Eq. 5.26 and 5.30 are valid when stiff cantilever (interaction
force (Fi) is considered as the perturbation) is used at off-resonance (ω << ω0) and small-amplitude
(Fi = ki z(t)+ γ̄i

dz(t)
dt ).

5.3 Materials and Methods

5.3.1 Magnetic excitation setup

To perform tip-excited measurements, we developed a method to coat a thin layer of magnetic material
at the end of the cantilever. A thin layer of chromium-cobalt (Cr-Co) is obtained at the back of the
cantilever, near the and position. An electromagnet was prepared to sinosoidally excite the cobalt
coated cantilever-tip.

5.3.1.1 Cantilever and electromagnet preparation

Cantilever preparation detail can be found in chapter-2. In short, the entire cantilever, except the
end position, was masked with photoresistive material using optical lithography technique. The
photoresist near the cantilever end was exposed to a high intensity laser and removed using developer.
Using thermal evaporation deposition method chromium-cobalt were coated on the masked cantilever.
The photoresist was then removed by sonicating the cantilever in acetone for few seconds. This leads
to only the Cr-Co film remaining at the end of the cantilever. It was then sputter coated with gold
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from all sides to protect it from the buffer in which the experiments were performed. Thin cobalt
layer can also be coated using an alternative method where cantilever is carefully masked, except the
cantilever end position, using a sheet and it is placed into thermal evaporation deposition chamber to
coat Cr-Co film. For this method the use of photoresist for masking is not required.

Fig. 5.3 Schematic for the magnetic excitation setup. An alternative current from the function
generator is supplied to the solenoid which creates an alternative magnetic field. A cantilever
with cobalt coated at the end is positioned on top of the solenoid. The sinusoidal motion due
to the field is detected by the four quadrant photo detector. Photo detector output signal is fed
to the lock-in amplifier to determine its amplitude and phase or X and Y signals. Eventually
the signals are grabbed by the computer.

The magnetic field for driving the cantilever was obtained from a alternating current carrying
solenoid. A ∼ 0.3 mm insulated copper wire was wound ∼ 300 times around a ferrite core of diameter
2.5 mm and length 20 mm. A function generator (Tektronix AFG3252C, Washington, US) with 100
mA as the the maximum current output was used as the current source. The solenoid was mounted on
a holder that sat on one of the objective lens slots in the inverted microscope (Olympus, Denmark).
This made it easier to bring the solenoid directly under the cantilever. A maximum of 30 mGauss was
achieved at a distance of 5-10 mm. The solenoid had an impedance of 12 Ohms and a phase lag of 50
degrees at 133 Hz operation frequency. We observed that the solenoid temperature was increasing due
to the Joule heating effect, and may alter the sample temperature. To reduce this heating we increased
the number of turns and the wire cross section to use the minimum amount of current. The increased
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inductance due to higher number of turns did not cause problems since we worked with a constant and
low frequency alternating current. The coil had an impedance of 12 Ohms at our operation frequency
of 133 Hz.

A schematic representation of magnetically-excited (tip-excited) measurement is shown in Fig.
5.3.

5.3.1.2 Cantilever response in buffer medium

Fig. 5.4 Frequency response of the cantilever with a thin layer of Cr−Co coating at its end
position. It can be observed that the low frequency regime is flat and free from spurious
peaks. Also phase is small. The experiments were performed at 133 Hz.

Obtaining a stable magnetic material coating at the end position of the cantilever for buffer medium
was the most challenging part in this business. Once the stable coating was obtained, the response
of the cantilever in liquid, specially in buffer, was essential to examine as it is crucial to perform
an artefact free measurements. A true off-resonance operation can only confirmed by observing the
frequency response of the cantilever. The amplitude and phase signals are flat at true off-resonance
frequency and also the phase is negligibly small (∼ 0 deg) as predicted by Eq. 5.16.
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5.3.2 Sample Preparation

Sample preparation is similar to what I have described in Chapter 2. A 100 µl protein sample in PBS
buffer (pH7.4) with 10mg ml−1 was drop casted on a freshly evaporated gold coated coverslip. It is
allowed to incubate for 30 minutes along with the cleaning with fresh buffer two-to-three times. Now
liquid cell is filled with sin600 µl buffer and used it for the measurement.

5.4 Experiments

5.4.1 Atomic Force Microscopy

Fig. 5.5 (a) Schematic of interferometer based AFM equipped with base-excitation mecha-
nism. Cantilever is attached with a piezoelectric block which excites its base. Interferometric-
detection scheme measures displacement (y(t)) of cantilever end. (b) Representing tip-
excitation setup equipped with a deflection-detection mechanism. A thin layer of cobalt
is coated at the tip-end, which is used to excite cantilever’s tip using an electromagnet
placed beneath it, base of the cantilever is rigidly fixed. Optical-deflection-detection scheme
measures the bending (dy(t)/dx) of the cantilever end. A protein with one domain is tethered
between the substrate and cantilever-tip.

We performed two types of AFM measurements, i) Base excited cantilever together with interfer-
ometer based detection scheme which, as shown in Fig. 5.5 (a), measures cantilever displacement.
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The interferometer is home-built with five-axis inertial slider allowing nanopositioning of fiber on the
back of the cantilever. It is further aligned exactly perpendicular to the length of the cantilever, so that
the end of the fiber and the backside of cantilever form a fabry-perot etalon. This design enhances the
sensitivity allowing a thermally limited measurement of the cantilever’s displacement [140]. Next,
we performed experiments with ii) tip excited cantilever with deflection detection scheme which,
as shown in Fig. 5.5 (b), measures cantilever bending at the tip end. The deflection detection type
measurement scheme is available in all commercial AFMs and it is preferred due to its relative ease of
operation. The deflection detection set-up together with base-excitation is more prone to artefacts in
the measurement and quantification of visoelastic parameters of nanoscale entity under investigation
is difficult [146, 147]. Therefore, we avoided exciting the cantilever from base in this case. It is
excited at the tip-end. Such excitation requires a magnetic spot at the back of cantilever. This is
achieved by coating a spot of Cobalt having ∼ 30 nm thickness on the back of the cantilever, near the
tip. A home-built solenoid coil is used to excite the tip sinusoidally. It ensures the tip is preferentially
excited compared to the other parts of the cantilever and surrounding liquid.

5.4.1.1 Displacement-detection, Base-excited cantilever

Experiments are performed using a home-built, fibre-interferometer based AFM [140]. Labview
programs are used as interface to control the instrument and data acquisition. Rectangular cantilever
(HQ:CSC37/Cr-Au, Micromasch, Bulgaria) with stiffness ∼ 1N/m and dimensions - length = 250µm,
width = 35 µm, thickness = 1 µm- are used for experiments. Measurements are performed with small-
amplitude (∼ 1 Å) which confirms that the measurements are in linear-regime, and off-resonance
frequency (below 500 Hz). The resonance frequency of the cantilever in water was ∼ 14 kHz. A low
pulling speeds (∼ 5 nm/s) were used. A digital lock-in amplifier (SRS830, Stanford, California, US)
was used to get the amplitude and phase during the measurement.

We performed base-excited and displacement-detection AFM unfolding experiment to measure
the viscoelastic response on octamers of I278 protein. We compare the stiffness estimates after
performing analysis on this data using both CB and PM models. Fig. 5.6 (a) shows as collected
raw data of the in-phase X-component and out-of-phase Y -component of the cantilever displacement
measured using the interferometer. Fig. 5.6 (b) shows the amplitude and phase of the displacement.

While performing these measurements care is taken so that the approximations used to derive
Eq. 5.14 and 5.26 are valid. To satisfy the condition ω << ω0, experiments are performed at low
frequency ( f = 133 Hz), whereas the fundamental frequency ( f0) of the cantilever in liquid is 14.5
kHz (where ω = 2π f ). The stiffness of unfolded protein chain is reported to be around 20 mN/m
[146]. We used cantilever stiffness kc = 1 N/m, so that ki << kc.

To get an accurate estimate of stiffness from these linear approximation based models, the
experiments must be performed in the linear interaction force regime. This can be achieved by
keeping the oscillation amplitude of the cantilever-tip below a certain value so that the potential can
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Fig. 5.6 Base-excited unfolding experiment was performed on polyprotein using interferome-
ter based detection scheme wherein cantilever displacement is measured. (a) X-component
(solid circle in cyan) and Y -component (solid square in green) of displacement. (b) Amplitude
(solid circle in cyan) and Phase (solid square in green) of displacement.

be approximated as linear over the entire oscillation amplitude. The oscillation amplitude for the data
shown in Fig. 5.6 were ∼ 1 Å, which is below the persistence length ∼ 0.4 nm. The data shown in
Fig. 5.6 were performed at 133 Hz. These frequency is well below the fundamental resonance of
the cantilever in water which is ∼ 14 kHz. At true off-resonance regime, the amplitude and phase
response with frequency were flat and phase was ∼ 0 deg [146], which confirms that the variation in
amplitude and phase will occur only due to interaction stiffness and damping forces respectively and
not due to resonance frequency shift [69, 142]. The off-resonance operation avoids issues that may
arise at resonance operation due to cantilever’s complex amplitude and phase response [68, 69, 82, 92].
We have used cantilever with stiffness ∼ 1 N/m for the measurements shown in Fig. 5.6 which is
orders of magnitude more than the peak stiffness of the unfolded I27-molecule (∼ 0.02 N/m). When
the experiments were performed on single I278 molecule with above discussed three criterion, the
change in amplitude due to molecule stretching is very small (∼ 0.1 Å). To detect such a small signal
we need a high sensitivity as well as a good signal to noise ratio. In our home-built, interferometer
based AFM, we routinely get ∼ 40 mV/Å sensitivity and ∼ 5 pm noise-floor at the measurement
bandwidth which allows us to detect such a small signal.

The data in Fig. 5.6(a) and (b) were analyzed using Eq. 5.14 (CB model) and 5.26 (PM model)
respectively and the stiffness was plotted in Fig. 5.8 (a). The solid-circle in blue represents the
stiffness estimated using CB model and solid-diamond in red estimated using PM model.

We observed that analysis using both models yield same stiffness for the unfolded I278 molecule.
We obtained consistent results when the measurement was repeated for a range of amplitudes- 0.5 Å
to 3.0 Å, and frequencies- 100 Hz to 1000 Hz (Data not shown).
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5.4.1.2 Deflection-detection, tip-excited cantilever

We performed dynamic AFM experiments on single titin I278 protein molecule using deflection-
detection wherein the bending of the cantilever at the tip end is measured. For these measurements we
used magnetic excitation to drive the cantilever tip. To implement tip-excitation scheme, we coated a
thin layer (∼ 30 nm) of cobalt on the backside of the cantilever near the tip-position. The cantilever
preparation was the most challenging part in the experiment.

Fig. 5.7 Tip-excited unfolding experiment was performed on polyprotein in deflection detec-
tion scheme wherein cantilever bending is measured. (a) X-component (solid circle in cyan)
and Y -component (solid square in green) of bending. (b) Amplitude (solid circle in cyan)
and Phase (solid square in green) of bending.

Fig. 5.7 shows the raw data of unfolding I278 molecule performed in deflection-detection based
AFM using the tip-excitation method. Once again care was taken so that the approximations used in the
mathematical models are valid. We used cantilever with stiffness - 0.4 N/m and resonance frequency
( f0) in water - 7.5 kHz. Experiments were performed at truly-off resonance regime ( f = 133 Hz) and
the free amplitude is ∼ 3 Å. In Fig. 5.7, it can be observed that only X-component and the amplitude
shows variation when the domain was stretched, whereas the Y -component and phase is featureless.
This is consistent with our previous observation that the dissipation coefficient from unfolded chain is
immeasurably low [146].

The data in Fig. 5.7 is analyzed using CB and PM models (Eq. 5.18 and 5.30) to calculate the
stiffness and it is plotted in Fig. 5.8 (b). The solid-circle in blue represents the stiffness estimated
using CB model and solid-diamond in green estimated using PM model. It can be observed that
analysis using both models yield same stiffness profiles. We also compare the estimated stiffness
using the dynamic methods (base-excited, displacement-detection and tip-excited, slope-detection)
with static stiffness. We found a good agreement between results predicted by these three independent
methods which ensures the accuracy of the methodology proposed by us (refer Appendix B).
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5.5 Discussion
Since both PM and CB model yield same results on experimental data collected using two types
of measurement schemes, it is important to ask the question- How does a model which accommo-
dates geometric details of the cantilever into its dynamics fares similar to a simplistic point-mass
approximation? It must be noted that the interaction force in both models is treated like a perturbation.
While using the CB model to derive expressions relating stiffness and damping to experimentally
measured quantities such as X and Y components (Eq. 5.14 and 5.18), it is assumed that the interaction
stiffness is much smaller than the cantilever stiffness (g << 1). This implies that the relative change
in amplitude due to interaction is minimal (< 10 %). The PM model also works with same assumption.
The interaction force can be considered as a perturbation on the oscillating cantilever when the entire
dynamics is dominated by forces other than the one acting at the tip-end alone. However, when
the interaction force is comparable to these forces, the effects of altered boundary condition will be
significant. It is important to note that in such a scenario, Eq. 5.14 and 5.18 will have additional terms
since the condition g << 1 is not satisfied. This assumption is crucial while working with both models
and is also the reason behind both of them yielding same results on off-resonance measurements.

Fig. 5.8 Stiffness calculated using CB model (solid circle in blue color) and PM model
(Solid diamond in red color). (a) Represents base-excited displacement measurement. (b)
Represents tip-excited bending measurement.

To observe the difference in stiffness estimates using two models at high interaction force in
experiment, we analyzed the data when the tip is in strong interaction with substrate resulting in high
stiffness compared to stretching of molecules. It is seen that the stiffness estimated using both models
coincides up to ki ≈ 0.1kc. Beyond this, the stiffness estimated from PM starts deviating from CB
(Fig. 5.9). It has already been stated that beyond ki ≈ 0.1kc limit, the stiffness estimates using both
models will not be reliable. This is because the assumption of ki << kc in derivation of both models
is not valid anymore.

We compare our results with other attempts to measure stiffness of single molecules using dynamic
AFM. There are many reports in the literature about measurement of dissipation in single polymer
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Fig. 5.9 Stiffness of tip-sample contact. interaction regime. Base-excited experiment has
been performed in displacement detection system. Blue curve is stiffness estimated using
CB model and red curve is using PM model. At low stiffness of the contact, both models
yield similar stiffness. However, as the tip is further pressed into high stiffness region, they
significantly deviate from each-other. The inset shows zoomed in part of highlighted main
curve with dotted square.

chains. They have used PM model to analyse their dynamic AFM data. Recently, Benedetti et
al. [7] have proposed a method to estimate viscoelasticity of single proteins using CB model (Eq.
5.10). In our previous work, we have used the same method to analyse our based-excited, deflection
detection AFM measurements. It is seen in these experiments that the phase signal contains features
as the poly-protein unfolds sequentially, whereas the out-of-phase Y -component of the amplitude is
featureless. The use of PM model in such measurements, wherein phase is interpreted as dissipation,
certainly produces artefacts. Many groups have used this strategy to report observation of dissipation
in single molecules [15, 87, 109]. The phase change actually occurs due to entropic stiffness increase
as the unfolded protein is stretched further. Our work has additionally highlighted the effect of
extraneous phase contributing to artefacts even to the Y -component when deflection detection scheme
is used to measure the cantilever bending at the tip-end. There are many sources of extraneous phase
contributions and they are almost intractable in experiments. This clearly indicates that it is extremely
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difficult to perform based-excited, deflection detection AFM measurements to estimate error-free
viscoelastic response of nano-scale entities in liquid environments.

It is important to note that in a typical commercial AFM the off-resonance measurements are diffi-
cult to perform. The cantilever bending at the tip end is negligibly small compared the displacement
when the base is excited [49, 140, 146]. In order to perform true off-resonance measurements with
based excited cantilevers, one needs to measure displacement which is only possible with interferome-
ter detection schemes set-up for this purpose. As shown in this work, the tip excitation coupled with
deflection detection is another strategy to perform true off-resonance AFM measurements with simple
PM model to analyse the data.

Furthermore, one may not get such an agreement between application of CB and PM models on
base-excited experiments performed with deflection-detection based AFMs, as the base amplitude
is not directly measured. One has to rely on indirect ways to estimate this parameter [34, 76]. This
may introduce significant errors in final results. One can use the deflection detection based AFMs to
perform small-amplitude and off-resonance measurements reliably when the cantilever-tip is directly
excited. It can be done in various ways such as magnetic [133] or thermal excitation [47, 144].

In Fig. 5.6, Y and θ signals do not show any change while the molecule stretched. This has
already been reported earlier and it has been concluded that the dissipation in single molecule is below
the detection limit of AFM [146]. On the other hand, the dissipation in the confined molecular layers
of liquid is observed in the past with clear features in the phase signal[92, 141, 146]. The dissipation
of confined molecular layers analyzed using both CB and PM models yield the same profiles (data
not shown). This implies that PM model is adequate to predict accurate viscoelasticity of nano-scale
systems if care is taken while performing the experiments. The measurements performed using small
amplitude interferometer-based AFM which are analysed with PM model on nanoconfined molecular
layers [92, 141] are accurate estimates of its viscoelasticity.

5.6 Conclusion
We have performed base-excited dynamic atomic force microscopy on a single titin I278 molecule
using a fiber-interferometer based home-built AFM as well as using an conventional AFM equipped
with elaborate tip-excitation scheme. In our experiments, we strictly adhere to fulfilling three
important criterion so that approximations used to obtain meaningful expressions using both CB
and PM models are valid. These criterion are 1) truly off-resonance operation, 2) small oscillation
amplitudes so that the measurements are linear, and 3) cantilevers with many orders of magnitude
stiffer than the interaction stiffness. It is shown that when care is taken to fulfill these criterion while
performing experiments, both the continuous-beam (CB) and the point-mass (PM) treatment yield
same results. It also confirms the past estimates of stiffness and dissipation of molecular layers
of liquids using interferometer based AFM are accurate. In conclusion, the PM model is adequate
to explain the cantilever-molecule system and can be reliably used to extract the viscoelasticity of
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nano-scale interactions given that experiments are performed at truly off-resonance regime and all the
assumptions taken in modeling the cantilever dynamics are fulfilled in the experiments.





Chapter 6

Probing the folded protein domain
response in dynamic atomic force
microscopy

6.1 Introduction
Dynamic atomic force microscopy (dAFM) is recognised as a powerful tool to study viscoelasticity
of polymers such as proteins, polyethylene glycol (PEG), polysaccharides [7, 77, 87, 89, 109, 146].
Amplitude-modulation atomic force microscopy (AM-AFM) is one of the popular dAFM technique
which have been used to extract elasticity (stiffness) and viscosity (dissipation) of single protein
molecules [7, 77, 87, 146].

In typical AM-AFM experiments, a dilute solution of (poly)protein is dropcasted on a freshly
gold coated glass coverslip which is fixed in a liquid cell and incubated for 30 minutes which allows
proteins to get absorbed on the surface from its one end. It is then rinsed with PBS (pH-7.4) to remove
the unbounded or loosely bounded molecules. Liquid cell is filled with sufficient amount of buffer.
An oscillating AFM cantilever with a fixed frequency is approached to the surface and cantilever-tip
is allowed to attach with the another free end of the protein via a purely nonspecific interaction. Now
cantilever is pulled with a constant speed which unfolds the protein domain (one domain at a time)
followed by further stretching the unfolded chain and change in observable parameters (amplitude
and phase) is recorded. These parameters are utilized to extract protein’s elasticity and damping
coefficient of the molecule.

Past AM-AFM studies on proteins state that the measured response (change in observable
parameters) is mainly due to the unfolded chain and hence, the estimated viscoelasticity is of unfolded
chain [7, 77, 146]. Kawakami et al. observed reduction in the unfolding force of folded domains
and inferred that the response could be combination of unfolded chain as well as the folded domains,
however, they do not provide any experimental/theoretical support to their hypothesis [87].
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In this chapter, we will show some preliminary data which indicates that dAFM experiments can
be utilized to probe the folded protein’s response in certain conditions. We have performed base-
excited AM-AFM experiment on single polyprotein titin I278 in our home-built (interferometer-based)
AFM. Unfolding experiment was repeated at different oscillation amplitudes, however, the excitation
frequency was kept fixed. Data were analysed using point-mass (PM) model. We observed that the
peak stiffness and local stiffness (when chain is pulled from unfolded to stretched state) values reduce
when oscillation amplitude exceeds a critical value. To understand the the local stiffness reduction
behaviour, we solve the equation of motion of oscillating cantilever under influence of WLC force and
the stiffness is estimated using point-mass model which predict increase in the chain stiffness when
amplitude is increased. To understand reduction in peak stiffness, we performed unfolding experiment
and found that unfolding force reduces with increase in amplitude which indicates the correlation
of folded domain mechanical stability and oscillation amplitude. On the basis of experimental
observations and numerical solution, we infer that at high oscillation amplitude, measured response
(amplitude and phase) and hence the estimated viscoelasticity is combination of both folded domain
and unfolded chain.

Interestingly, discernible variation in dissipation signal was observed when single protein molecule
was unfolded. This signal appeared when drive amplitude is larger than a critical value and peak
stiffness reduces, so the observed dissipation signal can be attributed to the internal friction of the
folded protein molecule.

In this chapter, preliminary data has been shown along with the discussion where we have
tried establishing the fact that AM-AFM can probe folded protein’s viscoelastic response under
certain conditions. Further investigation is required to make a concrete claim on our experimental
observations.

6.2 Materials and Methods
Sample preparation, experimental conditions, and data analysis were similar to that have been
discussed previous chapters. Experiments were performed in our home-built interferometer based
AFM.

6.3 Discussion

6.3.1 Base-excited, displacement measurement

We performed base-excited, displacement measurement to at low frequency (433 Hz) at different drive
amplitudes. It was observed that the peak stiffness reduces when drive amplitude exceeds a certain
value. Only the stiffness signal was discernibly observed when the oscillation amplitude was small
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and frequency was varied from 100 Hz to 3000 Hz. Interestingly, we observed dissipation-signal
from the protein molecule at high excitation amplitude (> 8.5 Åp−p) and frequency (> 2000 Hz).

6.3.1.1 Small frequency measurement

Fig. 6.1 Few representative tip-displacement-amplitude vs extension curves at different drive
amplitudes. Experiments were performed at small frequency (433 Hz). For higher drives,
the fractional change in tip-amplitude during protein extension is lower which indicates
reduction in the stiffness.

We performed small frequency (433 Hz) measurements with varying drive amplitudes. Fig. 6.1
shows few representative amplitude-extension curves at different drive amplitudes. The experiments
were performed at a fixed frequency (433 Hz). It is important to ensure that the frequency-response
of the cantilever is free from spurious peaks and flat at lower frequency regime. This confirmation
avoids the possibilities of presence of artifacts in the measurement [146]. The data in Fig. 6.1 was
analysed using SHO model to extract the stiffness-vs-distance profile [92, 141]:

ki = kc

(A cosθ

R
−1

)
(6.1)
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The derivation of Eq. 6.1 assumes the interaction force to be linear over the complete oscillation
cycle (Fi = ki z). Where ki is the stiffness of the molecule and z is the instantaneous position of
the cantilever-tip. Here we have focused our discussion only on the elastic interaction forces as
the dissipation force contribution from the unfolded chain is negligibly small and the interaction is
dominated by the elastic forces [146]. The current discussion will be unaffected even if the dissipation
forces will be taken into account. In Eq. 6.1, kc is cantilever stiffness, A is the amplitude of the
cantilever base. For off-resonance operation, it is same as the cantilever-tip amplitude in absence
of the interaction [146], θ is the phase difference between the drive signal and cantilever-tip, R is
the instantaneous amplitude. For truly off-resonance operation, the phase signal is expected to be
∼ 0 deg [146] which we observed in our experiments. In our previous study, we have shown that
the phase signal does not vary during the experiment which lead us to conclude that the dissipation
in the single unfolded molecule (I278) is below the detection limit of AFM. In another piece of
work we have shown that at truly off-resonance operation, the continuous-beam model [7, 146] and
point-mass model (Eq. 6.1) predict same results when the displacement signal were recorded (refer
chapter-5). This is true even for the higher amplitude chosen for the current experiments. We have
chosen the point-mass model for the analysis and discussion because of its simplicity compared to the
continuous-beam model.

Fig. 6.2 shows the peak stiffness with oscillation amplitude which was estimated from the
experimental data (few representative data shown in Fig. 6.1). The data is analysed using Eq. 6.1.
Each data point is achieved by averaging more than 25 events. The stiffness shows a significant
reduction after a critical value of oscillation amplitude which is ∼ 3 Årms (or ∼ 8.5 Åp−p). This
reduction is not only in the peak stiffness but appeared throughout the stretching the molecule from
unfolded to stretched state.

6.3.1.2 Numerical solution of cantilever dynamics with experiencing a WLC force

In order to understand the experimentally observed reduction in the stiffness, we numerically solved
the equation for the oscillating cantilever-tip experiencing a WLC-force using MATLAB. Since, the
force due to unfolded I278 is dominated by the elastic contribution, the dissipative contribution has
been ignored [146]. The equation can be written as:

kc z = kc A cos(ωt)−FWLC (6.2)

Where FWLC = KbT
lp

[
1
4(1−

z
L0
)−2 + z

L0
− 1

4

]
. Eq. 6.2 is solved for cantilever displacement (z). We

considered kc = 1N/m, drive frequency = 500 Hz, persistence-length (lp) = 4 Å, and contour-length
(L0) = 28 nm. The solutions were substituted into Eq. 6.1 to get the stiffness profiles for different
drive-amplitudes.

Fig. 6.3 shows the stiffness-extension, calculated for different oscillation amplitudes, by substitut-
ing the solution of Eq. 6.2 into Eq. 6.1. Open circles in black represent the static stiffness (derivative
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Fig. 6.2 Peak stiffness with total displacement amplitude (in rms). Stiffness is consistent for
the oscillation amplitude upto ∼ 3 Årms and it shows transition afterwards. It reduces further
with the oscillation amplitude. We attribute the ∼ 3 Årms as the characteristic length for the
I278 in AM-AFM experiments.

of WLC-force). The stiffness estimated for small oscillation amplitudes reconstructs the static chain
stiffness given by WLC model, however the stiffness-extension profiles deviate significantly from
the actual WLC behavior for higher amplitudes. In general, the higher drive amplitudes produce
an artefact since the extension is not modulated by an amplitude over which the WLC stiffness can
not be treated as linear. This is a critical assumption in using Eq. 6.1 for estimating stiffness from
experimental data. This artefact tends to overestimate the stiffness of the unfolded chain. See Fig. 6.4.
For amplitudes below 1 Å, the stiffness of WLC is accurately reproduced by Eq. 6.1. At 5 Å, there is
an overestimate by ∼ 300. This overestimate, as expected is less for smaller extensions where WLC
predicts that the force does not change rapidly with extension. The above-mentioned discussion leads
us to conclude that the reduction in stiffness at higher drive amplitudes seen in experiment is not an
artefact due to violation of linearity condition implicit in deriving Eq. 6.1. It can be safely argued that
exciting the the protein mechanically alters its state and affects the data. Since at higher extensions
the mechanical perturbation from the cantilever reach the folded domains of the polyprotien, we argue
here that it is likely excites certain modes of the folded domains and softens it mechanically. Such
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Fig. 6.3 Stiffness estimated by substituting the solution of Eq. 6.2 into Eq. 6.1. Small
amplitude oscillation stiffness overlaps with the static stiffness (black circles), whereas a
significant deviation can be observed for higher amplitudes. For low stretch, all amplitude
results are predicting similar values which is expected as the steepness of the WLC force at
lower stretch nearly linear. The lower oscillation amplitude predictions strongly support our
experimental observations.

soft domains will now contribute to the measurement and start to affect the cantilever response. To
ascertain these claims we perform experiments in which we measure the unfolding forces of domains
while the cantilever is excited with similar amplitudes.

This indicates that the lower estimated stiffness in the experiment is not solely due to chain
but there is contribution from other element. This element could be the folded protein domain(s)
connected in series with the unfolded chain.

6.3.1.3 Unfolding force with drive amplitude

We performed unfolding experiment of I278 on commercial (slope-detection) AFM to determine the
unfolding force of folded domains when cantilever is oscillated at different amplitudes. Fig. 6.5 shows
the average unfolding force reduces with increase in tip amplitude. This is a direct measurement
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Fig. 6.4 Percentage change in polymer stiffness with drive amplitude. Below 1 Å drive
amplitude, WLC stiffness is reproduce well by estimated stiffness from Eq. 6.1 and above
that a significant deviation can be observed.

of softening of the folded domains with increase in amplitude. Drive amplitude (tip amplitude) is
presented in volts which can be converted in unit of nanometers which needs calibration of piezo used
to drive the cantilever base.

6.3.2 High frequency and high amplitude measurement

We performed measurements with high frequency and high amplitude. Interestingly, discernible Y and
phase signal were observed when single protein molecule was unfolded. Fig. 6.6 represents raw data
of unfolding of single I278 molecule. Clear variation in Y signal and phase signal can be observed
in Fig. 6.6 (a) and (b) respectively. Since, dissipation signal appears when drive amplitude is larger
than a critical value and peak stiffness reduces, the observed dissipation signal can be attributed to the
internal friction of the folded protein molecule. Signal to noise ratio can be improved by performing
measurements with higher amplitudes, say ∼ 10 Åp.
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Fig. 6.5 Representing the peak force (unfolding force) with drive amplitude. Drive amplitude
is presented in volts which can be converted into nanometers by calibrating the dither piezo
used to drive the cantilever base. Unfolding force of folded domains reduces with increase in
the tip amplitude. This indicates softening of folded domains with increase in tip amplitude.

6.4 Conclusion
Our experimental observations suggest that the unfolding force is correlated with the tip amplitude in
dynamic atomic force spectroscopy experiments. In small frequency measurements, the reduction
in local as well as peak stiffness was observed when drive amplitude exceeded a critical value.
Estimated stiffness using the numerical solution of oscillating cantilever under influence of WLC
force predicts increase in local stiffness with increase in tip amplitude. This prediction is opposite
to our experimental observation which suggests that there is additional contribution in estimated
stiffness. This could come from the folded domains which are attached in series with the unfolded
chain. Reduction in unfolding force with increase in tip amplitude supports our hypothesis. On
the basis of experimental observations and numerical solution, we infer that at high oscillation
amplitude folded protein domains soften and measured response (amplitude and phase) and hence the
estimated viscoelasticity is combination of both folded domain and unfolded chain. Interestingly, clear
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Fig. 6.6 Raw data of unfolding of I278 molecule at high frequency (2633 Hz) and high
amplitude (∼ 5.4 Å). (a) X and Y signals in blue solid circle and red solid square respectively.
(b) Amplitude and phase signals in blue solid circle and red solid square respectively.
Variation in Y and phase signal can be observed corresponding to every unfolding peaks.
This signature is more prominent in initial unfolding events.

dissipation signal was observed when high frequency measurements were performed. The dissipation
signal was observed when drive amplitude exceeded from a critical value and peak stiffness reduced
which indicates that the observed dissipation is nothing but the internal friction of folded protein
domain. We are investigating our observation in detail to make a concrete claim.





Chapter 7

Conclusion and future possibilities

7.1 Conclusion
This thesis is mainly focused to develop a methodology to determine the viscoelasticity of nanoscale
systems using the dynamic atomic force microscopy (dAFM). Single biomolecules such as proteins,
PEG, and Polysaccharides and nano-confined liquids such as water, ionic liquids, and Octamethylcy-
clotetrasiloxane (OMCTS) have been extensively studied in the past using dAFM method. We have
done a comprehensive study on dAFM (amplitude-modulation atomic force microscopy- AM-AFM)
method of extracting viscoelasticity of nanoscale systems and investigated the viscoelasticity of titin
I278 protein molecule. We found that, in AM-AFM method, there are various sources which can
affect the final results by introducing serious errors and artefacts and these are likely to be present in
conventional way of performing these measurements and data analysis. We reported various possibili-
ties of appearing artefact (and errors) and also proposed appropriate methodology to overcome this
issue.

For this study, we have used two types of AFMs- slope detection based (commercial) and
displacement detection based (interferometer based home-built) AFM. Two types of cantilever
excitation mechanisms have been used- acoustic excitation (cantilever-base is excited using dither
piezo) and magnetic excitation (cantilever-tip is excited using the magnetic excitation). Experiments
were performed using stiff cantilevers excited at truly off-resonance frequency with small-amplitudes.
Data has been analyzed using two mathematical models- continuous-beam (CB) and point-mass (PM)
model. The experiments performed using different AFMs and using different cantilever excitation
schemes and data analyzed using different models have been compared. An unified understanding
has been tried building up to understand the dynamic AFM measurements and their outcomes.
This is applicable not only in context of single-molecules but for all the nano-scale systems which
viscoelasticity can be probed using this technique.

Following conclusions can be drawn from this work:
1. Quantification of single protein viscoelasticity: In AM-AFM measurements, a list of factors can
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introduce artefacts in final results. First is offset in initial phase which can appear due to various
reasons such as presence of spurious peaks in cantilever response near the operation frequency,
electronic offset, and design of fluid cell etc. Second reason can be inappropriate choice of operation
frequency and analytical model used for data analysis. Offset in the initial phase could be identified
by: at off resonance regime, observing 180 deg deep contact response in slope-detection and zero
initial phase in displacement detection system. Operation at true off-resonance frequency regime and
use of continuous-beam model avoids the probability of artefact arising due to second reason.

Experiments performed on I278 by confirming the absence of above discussed reasons of artefact
states that the dissipation on the unfolded protein molecule is below the detection limit. The estimated
upper bound of unfolded chain damping coefficient is ∼ 5× 10−7 kg/s. The stiffness of unfolded
chain varies from 0 to 20 mN/m when stretched from coiled to extended state. It was also found that
displacement-detection is better suited for such measurements when base excitation scheme is used.
2. Validity of point-mass model: In derivation of point-mass (PM) model, the continuum cantilever
beam is assumed as a point-mass which makes its derivation simple and the interpretation very easy.
Recently, it was proposed that the PM model is not adequate to extract interaction viscoelasticity
and a continuous-beam (CB) model was proposed which takes the continuum nature of the beam
into account that require to solve a complex Euler-Bernouli equation of motion and it is relatively
complicated to understand.

We found that the simple minded point-mass model is adequate to extract accurate viscoelasticity
of system under investigation. It predicts same results as the CB model when the cantilever is used
and experiment is performed at truly off-resonance regime. These experiments are possible only in
displacement-detection and not in slope-detection.
3. Magnetic (or tip)-excited AM-AFM: Coating a thin layer of cobalt near the tip-position allows us
to oscillate the cantilever tip directly with the help of an electromagnet. We found that, this mechanism
of excitation eliminates major possibilities of appearing artefacts in the measurements. Using this
method, one can perform true off-resonance measurements in slope-detection based AFMs. Also
the PM model predicts similar results as the continuous-beam model when cantilever is oscillated at
truly off-resonance regime. This method is an alternative of the displacement-detection. This method
opens up a window for the commercial AFM users interested in measuring the viscoelasticity of the
nanoscale interactions in the liquid environment.
4. Probing the folded protein response in AM-AFM measurements: We observed that the stiffness
of the unfolded protein (chain) reduces when the oscillation tip amplitude exceeds a critical value
which is ∼ 6 Åpp for I27. Numerical solution of equation of motion for oscillating cantilever-chain
system suggests that the measured response is not just from the unfolded chain but there is additional
contributing element. The force measurement showed that the unfolding force of folded domains
reduces with increase in oscillation amplitude. This is indication of softening of the folded domains
over the oscillatory perturbation which allows it to significantly contribute in measurement. Further
investigation is required to make a conclusion.
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7.2 Future possibilities:
This work can be extended to extract more information of the mechanical properties at the nano-scale
in various fields such as the protein-protein interaction, protein-membrane interaction, confined liquids
etc.

In the past, the magnetic excitation based method has been used to study the single-molecule
viscoelasticity. The experiments were performed using two types of cantilevers. (1) Commercially
available cantilevers- the whole cantilever (backside) is coated with magnetic material. In this case,
drive force acts on whole cantilever, however, the mathematical models assume the driving force only
at the tip position. (2) A piece magnetic particle glued at the tip position (on backside). The particle
has a significant mass which can alter the dynamics of the cantilever. In mathematical models, this
mass is usually ignored. In our work, we have proposed a way to coat a thin film of magnetic material
near the tip position. We achieved enough deflection on the cantilever by coating ∼ 25−30 nm cobalt.
The mass of this thin layer is negligibly small compared to the cantilever mass and actually can be
ignored. This actually fulfills the assumption of ignoring mass of the magnetic material and the
existing mathematical models can be used for data analysis. We got high success rate of stable coating
for air and water medium, however, it is low for the buffer medium. Further efforts will improve the
success rate.

As we have experimental observations which suggest that the dynamics of folded protein can also
be probed using AM-AFM experiments. It can be extended to study the rheology of the folded proteins.
Shape (curvature) of the free energy landscape of folded state is directly related to the stiffness.
Measuring the dynamic response of the folded protein will be helpful in understanding its dynamic
behaviour and function. More information of the energy landscape of protein folding/unfolding can
be extracted.
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A.1 Theory
The Euler-Bernoulli equation of motion for a homogeneous rectangular cantilever beam immersed in
a liquid is

− ρ̃ S̃
∂ 2y(x, t)

∂ 2t
− γc

∂y(x, t)
∂ t

= EI
∂ 4y(x, t)

∂x4 (A.1)

The spatial part of Eq. A.1 equation can be written as

d4y(x)
dx

= k4y(x) (A.2)

General solution of Eq. A.2 is:

y(x) = asin(kx)+bcos(kx)+ csinh(kx)+d cosh(kx) (A.3)

and slope
y′(x) = ak cos(kx)−bk sin(kx)+ ck cosh(kx)+dk sinh(kx) (A.4)

A.1.0.1 Base excited and tip-sample interaction is present

Boundary conditions:
y(0)−A = 0, y′(0) = 0,

y′′(L) = 0, EIy′′′(L)− (ki + iωγ̄i)y(L) = 0

Above set of linear equations can be written in matrix form: MX −N = 0 and solve for X using matrix
method. Where M and N are:
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M =
0 1 0 1
k 0 k 0

−k2 sin(kL) −k2 cos(kL) k2 sinh(kL) k2 cosh(kL)
−cos(kL)−qsin(kL) sin(kL)−qcos(kL) cosh(kL)−qsinh(kL) sinh(kL)−qcosh(kL)


and

N =


−A
0
0
0


Where q = ki+iωγ̄i

EIk3 .
Solving the matrix equation MX −N = 0, the coefficients (orX) are following:

a =
A[cosh(z)(−2qcos(z)+ sin(z))+ cos(z)sinh(z)]

2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]
,

b =
A[1+ cosh(z)(cos(z)+2qsin(z))− sin(z)sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

,

c =
−A[cosh(z)(−2qcos(z)+ sin(z))+ cos(z)sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

,

d =
A[1+ cos(z)cosh(z)+(−2qcos(z)+ sin(z))sinh(z)]
2[1+ cosh(z)(cos(z)+qsin(z))−qcos(z)sinh(z)]

Where z = kL.
Solution (displacement) at x = L can be written as:

y(L) = asin(kL)+bcos(kL)+ csinh(kL)+d cosh(kL) (A.5)

and slope
y′(L) = ak cos(kL)−bk sin(kL)+ ck(kL)+dk sinh(kL) (A.6)

Substitute values of a, b, c, and d into Eqs. A.5 and A.6. Take the Taylor expansion for small z4 and
g, displacement and slope are following:

y(L) = A− gA
3

+
Az4

8
, y′(L) =

−Ag
2L

+
Az4

6L
(A.7)
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Whereas, full solution with higher order terms are as following:

y(L) = A− gA
3

+
Az4

8
+

Ag2

9
− 19Agz4

280
+O[z]8 (A.8)

y′(L) =
−Ag
2L

+
Az4

6L
+

Ag2

6L
− 71gz4

720L
+

71Az8

5040L
+O[z]8 (A.9)

Consider first two higher order terms in Eq. A.9:

y′(L) =
−Ag
2L

+
Az4

6L
+

Ag2

6L
− 71gz4

720L

Real and imaginary parts are:

Xb =
A

2kc
[(−3ki + ρ̃ S̃ω

2L+
3
kc
(ki

2 −ωγ̄i
2)− 639

360kc
(kiρ̃ S̃ω

2L+ω
2
γ̄iγcL)],

Yb =
Aω

2kc
[−3γ̄i − γcL+

6
kc

kiγ̄i −
639

360kc
(kiγcL+ γ̄iρ̃ S̃ω

2L)] (A.10)

In Eq. A.10 Y contains interaction stiffness which could lead variation in the Y -signal due to
variation in the interaction stiffness even in absence of dissipation.
Applying the appropriate boundary conditions, similar procedure could be followed to derive the
solutions for the freely oscillating cantilever and cantilever is in non-deformable contact with the
substrate.

A.2 Discussion

A.2.1 Validity of Eq. 11

At low frequency excitation, the amplitude of the cantilever base and tip displacement is approximately
same and move in-phase Eq. 11. Fig. S1 shows the cantilever base and tip amplitude and phase
response in displacement detection system in water. Up to 1000 Hz, the difference in amplitude
between the cantilever base and tip is less than 1 Å and difference in phase is ∼ 0 degree.

A.2.2 Quantification of Stiffness

Fig. S2 shows directly measured stiffness using deflection detection scheme and the derivative of
force simultaneously measured by static deflection of the cantilever. The two measurements give
identical result. This also indirectly means that the dissipation coefficient is very low.
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Fig. S1 Oscillation profile of base and tip in water for smaller frequency range. Gray and
black curves represent the amplitude of the base and tip respectively. Light-cyan and dark-
cyan curves represent the base and tip phase respectively. Dotted vertical line represents the
range up to which Eq. 11 holds (base and tip amplitudes are approximately same and move
in-phase).

A.2.3 The effect of extraneous phase

Fig. S3 shows the measurement performed by adding phase to the cantilever. Without adding the
external phase the cantilever end shows a phase lag of θh ∼ 6 degrees. This is due to the hydrodynamics
and the Y -component is free of any variations as as shown in Fig. 3(b). Any addition to this phase
externally using phase shifter produces variation in Y -signal as the molecule is stretched and domains
unfold one after the other. It is also seen that as the added phase gets close to 90 degrees, the X-signal
shows no variation whereas Y shows maximum variation when molecule is stretched. This indicates
that for any uncompensated non-zero θe, the Y -signal shows a saw-tooth like pattern when the octamer
is pulled on and unfolds sequentially. Thus, if the a extraneous phase is not correctly compensated or
completely removed from the measurement, one can wrongly interpret the Y -signal as a measurement
of dissipation in single molecules when they are stretched.

A.2.4 Sources of extraneous phase θe

Following are the sources of extraneous phase when the measurements are performed wherein the
base of the cantilever is excited.
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Fig. S2 Directly measured stiffness using deflection detection scheme and the derivative for
force simultaneously measured by static deflection of the cantilever.

1. Electronic phase: The cantilever is excited by providing a electrical signal to a piezo excitor
on which the base of the cantilever is mounted. The deflection (dy/dx) or the displacement (y) of
the cantilever’s tip end is measured by optical means. A current to voltage converter is then used to
amplify the signal to make it measurably large. Typically a high gain-bandwidth amplifier is used for
this purpose and at reasonably low excitation frequencies (0.1 - 1 kHz), there is no delay between
input and output of this amplifier. The main source of extraneous phase is then from the electrical
connections made to the piezo used for excitation of the base. It is straightforward to measure this
phase contribution by recording the phase lag in deep contact. Any deviation from 180 degrees can be
attributed to electronic phase contribution.

Furthermore, the absence of electronic phase offset can be confirmed by observing the phase
lag in air. It is well known that the cantilever tip has no phase lag when oscillating in air in the off
resonance regime (see [49]). We observe zero phase lag in air and 6 degrees phase lag in water. Since
in air there is no phase contribution due to electronics, the cantilever immersed in liquid is also devoid
of any extraneous phase due to electronics or electrode connections to the piezo-excitor.

2. Local peaks far from the cantilever resonance: Fluid borne excitation: Xu and Raman have
investigated different methods of cantilever excitation and have pointed out that cantilever base
excitation using a piezo results in tip oscillation having two contributions. The one is structure-borne
excitation and the other is fluid-borne excitation. The fluid-borne excitation is due to exciting the
local fluid surrounding the cantilever and the base which is roughly thousand times bigger then
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Fig. S3 Three unfolding experiments carried out with (a) no added electronic phase (b) by
addition -40 degree phase (c) addition of -80 degree. There is no variation in Y without
addition of external phase. The variation is seen in Y with addition of external phase and
close to -90 degree the there is more variation in Y -component as compared to X-component.

the cantilever itself. These excitations are due to oscillations of the chip on which the cantilever is
mounted and strongly depend on the geometry of the liquid cell. This typically results in "forests of
peaks" in cantilever excited in liquids. We performed measurements when the frequency sweep is not
free from such peaks. Fig. S4 shows result of such a measurement. The arrows point at the peaks
in Y -signal which match with unfolding of protein where the stiffness peaks. These peaks are due
to variation in the stiffness as shown in the schematic of Fig. 7(b) and not due to dissipation in the
molecule.

It should be ensured that for true off-resonance there are no local spurious peaks. This adds phase
to the end of the cantilever and contributes to θe. Fig S4 shows a pulling experiment wherein there is
a local peak near the excitation frequency ∼ 100 Hz. This spurious peak produces a phase lag that is
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Fig. S4 Measurements performed when the frequency response is not free from local peaks.
The Y -signal shows variation and peaks where the stiffness is maximum. This may wrongly
get interpreted as the dissipation signal.

not accounted for in the modeling and thus contributes to θe. It can be clearly seen that the Y -signal
now shows variation while octomer is sequentially unfolded. This is an artefact due to extraneous
phase.

A.2.5 Off-resonance operation:

In the following we discuss off-resonance operation and use of Eqs. 16 and 18 to estimate the
viscoelastiy of single molecules from the data.

The quality factor of cantilever resonance in air is typically around 100-1000 and in the vacuum
environments it is 10,000-100,000. The off-resonance operation is ensured in these situations in a
relatively straight-forward manner and nanoscale visco-elastic measurements are free from errors.
However, the quality factor in liquids is of the order of 1-5. This poses a serious problem in ensuring
that the cantilever is excited at a truely off-resonance frequency. Typically, the cantilever can be
excited around 100 Hz and can be treated truly off-resonance, if first resonance of the cantilever is
around 10 kHz.

We performed experiments to test the range of off-resonance frequencies where one can safely op-
erate and use Eqs. 16 and 18 to quantify viscoelasticity from the experimental data and measurements
remain free from artefacts. Using the same cantilever which were used to perform experiments of Fig.
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Fig. S5 (a) Measurements performed at higher frequencies using deflection detection type
AFM. The Y -component of the bending oscillations shows variations after 4 kHz. (b)
Measurements at higher frequencies using interferometer based AFM. The Y -component
of the displacement oscillations shows peaks at extensions where domains unfold. In both
measurements, the phase response is not flat. For higher frequencies the phase and the
Y -component is not constant when the tip is far from the substrate. In these measurements
the electronic phase lag was ensured to be absent by recording phase in the deep contact
region (see Fig. S6).

Fig. S6 Phase at the deep contact at different excitation frequencies are 180 degrees. Free
phase increases with increasing excitation frequencies due to increase the hydrodynamic
effect in free cantilever
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3 and 4, we operated at higher frequencies to record X and Y components of the cantilever oscillations
in both deflection detection AFM and interferometer based AFM. At relatively high frequencies, the
variation is observed not only in phase but also in Y -signal. Fig. S5 shows Y -component recorded
using both detection schemes. At 8 kHz, we clearly see variation in the Y -signal as the octamer
unfolds.

Fig. S7 Measurements performed in 70% glycerol in the solution using deflection detection
scheme. At higher viscosity, the measurement at ∼ 133 Hz is not truly off-resonance. The Y
as well as phase shows variation as protein is unfolded sequentially.

Secondly, we changed the viscosity of the solvent in which the experiments are preformed by
adding Glycerol (70%) to it. This changes the viscosity of the medium by more than 30 times. We
used similar operational parameters used in Fig. 3 and 4. The experiments were performed with
similar parameters as was used in low frequency measurement case (frequency = 133 Hz, speed = 25
nm/s, cantilever stiffness = 0.73 N/m). We observed the Y -signal and phase signal when the single
molecule is stretched (see Fig. S7). This could be misinterpreted as the dissipation from the stretching
molecule. In this highly viscous medium the cantilever quality factor goes down to much less than ∼
1 and the system is overdamped. The drive frequency (133 Hz) is not really off-resonance in this case.
The frequency sweep clearly shows no resonance peak and around 133 Hz, the cantilever response is
not flat (see Fig. S8).

In both these measurements, the observed variation of Y -signal, which represents the dissipation
alone (Eq. 16), is not due to the dissipation but it is result of the cross-talk between stiffness and
dissipation. It is seen from Eq. A.10 that molecular stiffness appears in Y if we consider the higher
order terms were considered. This clearly shows that at high frequencies but still away from resonance
(13 kHz) the X and Y components of the tip oscillations both contain stiffness and dissipation and
produces a cross-talk in the measurement. It is of paramount importance that the operation is truely
off-resonance.

A.2.6 Minimum detectable dissipation
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Fig. S8 Frequency and phase response in 70% glycerol medium in commercial AFM. It is
difficult to find truly off-resonance regime in these curves.
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Fig. S9 The raw data from which dissipation coefficient in Fig. 9 is computed. The
measurements are performed with interferometer based AFM. The phase for the cantilever
displacement is zero when immersed in liquid and is far from the substrate. The data shows
variation in both the phase and Y -component of the displacement signal.





Appendix B

Comparison of estimated stiffness using
different methods

We compare the estimated peak stiffness of I278 molecule using three completely independent
methods: (i) The base of the cantilever was excited and the displacement at the end was measured, (ii)
The tip of the cantilever was excited and slope at the end was measured (magnetic-excitation), and
(iii) The derivative of the static force was calculated. The dynamic measurements ((i) and (ii)) were
performed at true off-resonance, using stiff cantilever, and small oscillation amplitudes. The peak
values of the stiffness were plotted in Fig. B.1. All these values were matching well with each-other.
These observations in completely different and independent methods ensures the accuracy of the
methodology proposed by us. It is important to note that the reported peak stiffness of I27 molecule
in the literature were not consistent with each-other and also deviate from our result [7, 87, 93]. This
inconsistency could be due to the selection of inappropriate experimental parameters which can cause
error as well as artefacts in the final results as we have discussed in chapter-4 [146] and chapter-5.
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Fig. B.1 The peak value of the stiffness were calculated from four independent methods: base
of the cantilever was excited using dither piezo and displacement at the end was measured
(n=39), tip was excited and the slope was measured (n=45), and derivative of the static force
signal (n=28). All these values were matching well with each-other. Error bars represent
standard deviation.
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