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ABSTRACT

Microcantilever based sensors can be used for detection of specific target molecules
in a solution. In conventional mode of sensing, receptor molecules are immobilized on the
cantilever surface and the chemical interaction between receptors and ligand molecules
causes surface stress change resulting in cantilever deformation; however, in the competition
mode of sensing, the cantilever surface is covered with complex molecules and after
immerging cantilever in the solution of target molecules, ligand molecules diffuse away from
the cantilever surface and causes cantilever deflection. In this method, the rate of ligand
dissociation can be measured as a sensing tool.

In this report, both mode of sensing is considered and theoretical models are
developed to understand the mechanism of cantilever tip deflection in conventional mode of
sensing and ligand dissociation rate in competition mode of sensing.

For the conventional mode of sensing, it is shown that, the molecular interaction
model, which is based on interaction energy between double strand DNAs, can predict the
cantilever deflection better than entropy model.

Also, it is proved that the competition mode of sensing can be a good method of

sensing and its advantages and limitations are shown.



CHAPTER |

INTRODUCTION

1.1 Introduction to micro-cantilever biosensors

In last fifteen years, microcantilever sensors have been emerging for the detection of
chemicals and biological substances [1-7]. A cantilever biosensor consists of a layer of
biomolecules that can bind with target molecules in the solution, cause surface stress change
and consequently mechanical deformation of the microcantilever. The cantilever deflection
can be measured and used as a tool for detection of specific molecules [8].

Detection of biomolecules by using cantilever biosensors has become significant in
variety areas like medical diagnostics because of small size, lightweight, and high sensitivity
of these biosensors [3, 8]. Many experimental and theoretical studies have been conducted to
investigate the sensing mechanism. Fritz et al. [9] performed hybridization experiments with
single stranded DNA (ssDNA) of 12 nucleotides and different concentration values of
complementary strands in hybridization buffer. The cantilever array was immersed in liquid
cell and cantilever deflection was measured by an optical beam deflection technique. It was
shown that the cantilever nano-mechanical responses can be measured for not only
recognition of complementary DNA strands in the solution, but also discrimination of DNA
strands with single base-pair mismatch. Followed Fritz et al. Hansen et al. [10] also
conducted experiments with 20 and 25-nt probe DNAs and 10-nt target strands with one or
two internal mismatches and showed that the cantilever based biosensors can detect DNAs

with different number and position of mismatches.



To understand the mechanism of transducing chemical energy to mechanical work in
such biosensors, Stachowiak et al. [11] performed experiments with DNAs with three
different molecular lengths. He also used different salt concentration in buffer during
immobilization and hybridization to control the immobilization density and hybridization
efficiency. Results of his experiments showed that although the immobilization density,
hybridization efficiency and the molecule length affect cantilever deflection, the effects of all
three parameters can be coupled and surface stress produced by DNA hybridization can be
directly related to hybridization density or surface coverage.

To predict cantilever deflection, Hagan et al. [12] proposed a mathematical model in
which he assumed hexagonal arrangement for immobilized ssDNAs and considered
hydration and electrostatic forces as well as conformational entropy. Based on his model, he
concluded that hydration forces dominantly influence the cantilever deformation during
hybridization. Begley et al. [13] also proposed another model based on the thermodynamics
of adsorption and interaction energy between adsorbed molecules on the surface of biosensor
array. He showed that the change in surface stress can be expressed by pair interaction
potential and pair correlation function and considered three different boundary conditions
(cantilevered, pinned and clamped boundary conditions) for sensing films to calculate the
deformation of the sensor array. The equation explained surface stress change based on pair
potential and correlation function was based on Virial theorem. Unfortunately, there are some
mistakes in driving this equation. Later in this report, that equation will be modified.

Huang et al. [14] suggested that the orientational entropy of dsDNAs are changed
after the molecule is absorbed to the sensor film because the neighboring molecules occupy

the space needed for freely rotation of molecule and eliminate a fraction of possible



configurations of the molecule. Considering hexagonal arrangement for immobilized
ssSDNAs and hundred percentage for hybridization efficiency, he proposed interaction
potential between dsDNAs based on entropy change and using the same idea of calculating
surface stress change by pair interaction potential and pair correlation function, he predicted
the deformation of circular membrane as sensing film. His model had some limitation. First,
the pair interaction potential could be considered for just neighboring molecules and
interaction of molecule with other molecules was eliminated. Also, the Monte Carlo
simulation showed that this model could be used for very small molecular separations where
the ratio of separation and effective molecular diameter was less than 2. The model suggested
an effective molecular diameter based on salt concentration and molecular bending that made
no sense. The Author also asserted other interaction potentials like the one proposed by Stery
et al. [15, 16] could capture the same trend as the mentioned pair potential that was a wrong
claim. In addition, that model could not capture the effect of hybridization efficiency.

Zhao et al. [17] suggested a mathematical and numerical model based on Strey
interaction potential. He assumed four different DNA ensembles: average spacing, random
selection, energy minimization, and Gaussian-perturbed and instead of directly calculating
surface stress change by the concepts of pair potential and correlation function, the energy of
molecular samples were calculated numerically and the total energy of the system including
interaction energies and bending energy were minimized to determine the cantilever tip
deflection. While the advantages of random selection and energy minimization ensembles
over average spacing samples were that they could present the effects of different
hybridization efficiencies, Gaussian-perturbed samples could capture the effect of molecular

disorders as well. Based on numerical calculations, average spacing, random selection,



energy minimization ensembles could predict experimental results for high immobilization
densities equal or over 0.13 nm?, but for lower densities between 0.01 to 0.1 nm¥
reasonable results could be given by Gaussian-perturbed ensembles.

In all mathematical and experimental studies mentioned above, the same mechanism
for the sensing was assumed: the cantilever surface was covered with receptor species that
could combine with ligand molecules in the solution and cause cantilever bending. Kang et
al. [18] called this sensing method as conventional or direct mode of sensing and found some
limitation in sensing with this method especially when the concentration of ligand molecules
in the solution were so low. He proposed an alternative method of sensing called competition
mode of sensing. In this method, the surface of the cantilever is covered with ligand-receptor
complexes and the cantilever is immersed in the solution of receptors. Because of the
competition between surface receptors and soluble receptors to react with ligand molecules,
the ligand molecules diffuse away from the cantilever that causes cantilever deflection.

In this report, both conventional and competition mode of sensing is considered. First,
equations for calculation of surface stress change based on pair potential and change of
entropy is modified and then based on entropy change, a model for prediction of cantilever
deflection is expressed. In this model, the effect of attraction forces between molecules and
gold surface of cantilever is taken to account. Then, a mathematical model for explaining the

mechanism of competition sensing mode IS reported.

1.2 Molecular arrangements
As mentioned above, for detection of special molecules in a solution, surface of

micro-cantilever bio-sensor is covered by single strand DNAs (ssDNAs) with certain



immobilization density. After immersing cantilever in the solution of target molecules, the
complementary parts can hybridize with a certain percentage of these sSDNAs and form
hybridized double strand DNAs (dsDNAs). In our model, we assume the arrangement of
ssSDNAs having been immobilized on the surface of cantilever is hexagonal and the
complementary parts hybridize with them based on hybridization efficiency.

For the numerical studies, two configurations of molecules are considered (Figure
1.1). SsSDNAs (light blue circles in Figure 1.1) are flexible molecules that can rotate around
themselves; however, dsDNAs (dark blue rods) can be assumed as stiff cylindrical rods since
the length of dsDNAs in our model is maximum 30 nucleotides and can be considered short
DNAs in comparison with persistence length of dsDNA. In the stand-up configuration,
dsDNA are assumed to be vertical to the surface of the micro-cantilever and parallel to each
other. In lie-down configuration, the molecules lie on the surface of the cantilever due
attraction forces between molecules and the layer of gold on the surface of cantilever. In this
configuration, dsSDNAs tend to have the same directions to minimize the energy interaction

between molecules.



(a)
(b)

Figure 1.1. Two configuration of molecules: (a) stand-up and (b) lie-down configuration




CHAPTER II

CONVENTIONAL MODE OF SENSING

2.1 Molecular interaction model

The molecular interaction model is based on interaction forces between dsDNAs.
Since the interaction forces between dsDNAs are much stronger than sSDNAs, the interaction
energy after hybridization causes cantilever deflection. To find the cantilever tip deflection,
Virial theorem can be used. Virial theorem is based on energy conservation theory and can
be written as follow [19]:
(Wtot) — (Wl'nt> + (Wint>’ (21)
where (Wtt) is the total virial, (W) is the internal virial and (W*¢*t) is the external virial.
The total virial over N molecules is
(Wtoty = (Zl 1 fOty = —NK,T, (2.2)

tot

where Kj is Boltzmann constant and T is temperature. The symbol f;"°* shows the sum of

intermolecular and external forces. The internal virial and the external virial are
(Wint) — (Zl LT flint>’ (2.3)
(Westy = Z(TI i, £ = =04, (24)

where the y, is surface stress and A is the surface of the cantilever. The internal virial can be

written as function of pair virial, w, as follow:
(winty = —%(ZiZ]-»W(m)), (2.5)

where r;; is the vector between the molecular centers and



_ . 0v(i)) 2.6
W(T'l'j) = rl'j arl-jj , ( )

where v(r;;) is pair potential and we have

(% 2j5iw(ry)) =3 Np [, w(r)g(r)(2mr)dr, 2.7)
where g(r) is the pair distribution function. From equations (2), (4) and (7) we have

2 o) ,
Yo = pKpT === [ r2g(r) v' (r)dr. (2.8)

Since the molecules are attached to the surface of the cantilever, we can assume the
kinetic energy of the molecules are zero and the first term of the left side of the equation (8)
can be ignored. For the molecules attached on the cantilever surface, the pair distribution

function can be written as follow:

gr) =32, s — 1), (2.9)

i=1 21rp

where § is Dirac delta function. By substituting equation (9) into equation (8) we have:
Vo =—5Z2 Niryv'(r). (2.10)
The pair interaction potential between dsDNA molecules can be calculated based on

Strey et al. [12, 13] model. The Strey pair potential can be written as follow:

02vo(r) 1 9vo(ry) (2.11)

'U(Ti) = vo(ri) + CKBTKC—:L/[LLDNA‘:/

arf r; or;
where ¢ is a dimensionless constant, Lpy, is the length of DNA, K is KgTl,, L, is

persistence length of dsDNA molecules and v, (r;), the summation of energy of electrostatic

repulsion and hydration force interactions, is as follow:

N _ g exp(-Ti/Ta) exp(=Ti/TH) (2.12)
vo(rl) - 19D m + 19H m

where 9, and 9y are empirical constants, r; is Debye screening length and ry is the

correlation length of water.



Figure 2.1 shows the results of molecular interaction model for the three Zhao et al.
[17] ensembles, average spacing, random selection and energy minimization, considering
stand up configuration. Numerical study of this model having been shown in Figure 2.1, has
given us exactly the same results as Zhao’s energy minimization model for different
immobilization density and hybridization efficiencies; therefore, it can be concluded this
model can be a good modification for Begley et al. [13] model and an easier method of

calculating the surface stress change in comparison with Zhao’s model.

14 T T T T T T T T T

Average Spacing
12

Monte-Carlo

10r Random Selection

Cantilever deflection per nucleotide [nm)

5 :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Hybridization Efficiency

Figure 2.1. Cantilever deflection as a function of hybridization efficiency for immobilization
density at 0.13 nm ™2
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2.2 Entropy model for stand-up configuration of molecules

In this model, the hexagonal arrangement of sSDNAs (Figure 2.2) and high packing
density is considered and the Boltzmann’s entropy equation can be used to calculate the
change in entropy of molecules after hybridization based on the number of ways that the
DNA molecule is mostly arranged. Boltzmann equation can be written as follow:
S = Kgln(W), (2.13)
where W is the number of microstates. From the first law of thermodynamics, we have:
AE = N,TAS, (2.14)
where AE is the change in energy of all molecules after hybridization that causes surface
stress change, N,is the number of molecules (ssDNAs) in smallest sample area, A (Figure 2),
and AS is the change in entropy of molecules. For hybridization efficiency of 100%, N, is
equal to 1. For hybridization efficiencies lower than 100%, N,is equal to hybridization

efficiency.

Figure 2.2. Hexagonal arrangement of molecules

The surface stress change, y,, causes cantilever deflection is

_0AE , _ V3 (2.15)
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Huang et al. [14] suggested that for 100% hybridization efficiency, each dsDNA is
surrounded by six other dsDNAs and limited its rotation. He assumed the number of

microstates for the surrounded DNA could be related to the solid angle accessible to that

Q
A
|/

Figure 2.3. DNA motion and solid angle accessible by DNA

molecule (Figure 2.3).

DNA

The solid angle, Q, can be written as follow:

Q=[2nsingdo =2n [1 —J1- (%)Zl (2.16)
where d is the diameter of the molecule and L is the length of the molecule. Therefore

AE = N,TKpIn(5), (2.17)
and

Yo == NaTKg %’((:)). (2.18)

For very high packing densities and hybridization efficiencies lower than 100%, still
we can assume the molecule rotates in a cone like Figure 2.3 but for very low concentrations,
this model may not work. The surface stress change calculated by this equation can be a

modification for Huang’s model.
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2.3 Entropy model for lie-down configuration of molecules
DNA molecules tend to lie on the surface of the cantilever because of the attraction
force between gold and DNA molecules. When dsDNA lies, it may be surrounded by other
dsDNAs or ssDNAs and those molecules can limit the motion of the molecule and

consequently cause surface stress change. If the molecular separation is r, we assume every
molecule occupies g (Figure 2.4). Also, we assume the free end of dsSDNA molecule can be

separated from the cantilever surface. The height that the free end of molecule can goes up is
considered so small and about few nanometers to model lie-down configuration. Figure 2.5
shows the cross section area of the dsSDNAs. a and b are the height of the separation of
molecule from cantilever surface and the distance the molecule can rotate respectively. Like
for stand-up configuration, the surface area accessible for the free end of dsDNA can be

calculated as number of microstates as follow:

x2 2.19
¢ = foa fob\/l__;\/%z_yz dydx. (219)
The change in energy is
AE = N,TKpIn(-2), (2.20)
and
Yo = %NA B (Z,,((:))- (2.21)
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dsDNA

ssDNA

Figure 2.4. Geometrical modeling of lie-down configuration

a

asDNA—
€«—>

b

d

Figure 2.5. Height of separation and rotational distance

2.4 Discussion on entropy model for lie-down configuration
In order to find surface stress change for different immobilization densities and
hybridization efficiencies, the function ¢ and its derivative can be calculated numerically.
Figure 2.6 shows the change in surface stress as a function of molecular separation when the

diameter of the dsDNA is about 2 nm. It can be seen that when the molecular separation is a
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value close to twice the dsDNA diameter, the surface stress change can be so high. From
Figure 2.7 also the same result can be seen. Figure 2.7 has been plotted for when the
molecular separation is 4 nm. When the diameter of the molecule is approximately 2 nm, we

get very large results for surface stress value.

90 1 T T ] T I T ] I

80 =

70 o

60 =

S50}

40}

30 =

Surface Stress Change,yo, [mN/m]

204 g

N .

0 L L 1 i ] 1 1
4 401 402 403 404 405 406 407 408 409 41
Molecular Separation, r, [nm]

Figure 2.6. Surface stress change as a function of molecular separation

Figures 2.6 and 2.7 confirms the Hagan et al. [12] claim that the change in entropy of
molecules after hybridization doesn’t have the dominant contribution in cantilever deflection
when the molecular separation is large in comparison with molecule size, but for small
separation, the effect of entropy change should not be ignored. To the best of author

knowledge, still there is no explicit equation to show the dependence of effective diameter of
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molecule with hybridization buffer salt concentration, but Figure 2.6 and 2.7 show that, the

salt concentration of buffer also can be significant for small separation of molecules.

3{] I ] I ] I ] ! I
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U | £ 1 £ 1 I L 3
1.9 191 192 193 194 195 196 197 198 199 2
Diameter of dsDNA, [nm]

Figure 2.7. Surface stress change as a function of dsDNA diameter

Figure 2.8 shows the results of this model in comparison with Stachowiak
experimental results [11]. The simulation has done for dsDNA diameter of 2 nm and the
molecular separation of approximately 4 nm. We have slightly changed the molecular
separation from 4.0001 to 4.0008 and hybridization efficiency from %22 to %45. Authors do

not claim that the Stachowiak’s experiments have been done exactly at these molecular
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separations and hybridization efficiencies. This plot just shows that the results of this model

are in the reasonable range when the molecular separation is small with respect to DNA

molecule size.
18 T | T T T T T T T
Y 4
16| | === Simulation results fo 20 nt DNA ¥ | i
—— Simulation results for 30 nt DNA 'I
. - Stachowiak et al. experimental 7
:_25 14} results for 20 nt DNA ’ -
E ® Stachowiak et al. experimental /
i results for 30 nt DNA ,"
= 12} -
o)
®)]
C
‘6" 10}
(7]
w
£
n 8 i
@
[&]
=
8 o T
4 - ]

I

2 L | 1 1
14 1.6 1.8 2 2.2 24 2.6 2.8 3 3.2 3.4

Hybridization Density, [#/m?] x 10"

Figure 2.8. Comparison of simulation results with experimental results

Since this model is too sensitive to molecular separation and cannot predict the
surface stress change when the molecular separation is large, we cannot consider this model
as a good model for prediction of cantilever deflection. The only conclusion for this model is
that, the change in entropy of the system can be important for some special molecular

separation.
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CHAPTER Il

COMPETITION MODE OF SENSING

3.1 Theoretical model for competition sensing mode
In competition sensing mode, the surface of micro-cantilever biosensor is covered
with complex molecules (Figure 3.1 (a)). The concentration of ligands in the solution of
receptors is initially zero but after immersing biosensor in the solution of target molecules,
ligand molecules are immediately unbound from the cantilever and distributed uniformly
within the local layer with thickness of & (Figure 3.1 (b)). These molecules can bind again
with receptors on the surface of cantilever, or reversibly bind with available receptors in the

local layer. They are also transported out of the local layer by diffusion.

A R
e 9 @ N
v 4
<x > e s
S ® ¢
(a) @
[ 5 2
N
> ")
v [ <]
(b)

Figure 3.1. Physical model of competition sensing mode
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Since the micro-cantilever size is so small in comparison with the size of container of
solution, we can assume the micro-cantilever is a small particle like a spherical cell with
radius a and a reversible binding of ligands, with receptors on the surface of the cell can take
place in a local layer (Figure 3.2). The mathematical analysis of competition between
receptors on the cell and receptors in the solution for binding with ligands is not a new topic.
Kimberly et al. [20, 21] theoretically analyzed the competition of soluble receptors and cell
receptors in secretion of ligands in order to inhibit cellular receptor bindings in tumor cells.
His model can be modified to develop a new mathematical model which can be used to

investigate the completion sensing mode.

]
@

N 6
0
o
- <
° 6 o

Figure 3.2. Spherical cell model

The change of complexes or bound receptors, C and unbound surface receptors, R can

be expressed as follow:
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dR .
=== —konL'R + kogfC, 3.1)

dc .
= = konl'R — kogyC, (3.2)
where, k,, and k, ¢ are on- and off-rates of binding and L is concentration of ligand. The
kinetic characteristic of transporting ligands between the local layer and surrounding media

also can be expressed by the Smoluchowski diffusion-controlled theory [22, 23] for a sphere

cell as follow:

dL*
dt

V* === —konL'R + kopsC — V' k$,L*S* + V'k3:X* — 4Dy (a + 8)L*, (3-3)

where V" is the local volume, S* is the concentration of soluble receptors, kg, and k., are

binding and unbinding rate constants of ligand and soluble receptor, D, is diffusion
coefficient and X* is the concentration of complexes in the local volume. Ligand molecules
out of the local volume may be transported into the layer with a diffusion coefficient D, and
transport to the local layer again can be characterized by the Smoluchowski diffusion-
controlled constant to a sphere. Kinetic expressions for the change rates in soluble receptors

and complexes within the secretion layer, S* and X* are:

ds*
dt

V*=— = —Vk§,L'S + V*k3; ;X" + 4nDg(a + 8)(Sp — S™), (3.4)

VD = Vi kLS — VUK X" — 4mDg(a + 6)(X7), (3-5)

where Sp is the initial concentration of soluble receptors. To investigate the effects of

different parameters, it is convenient to nondimensionalize surface coverage with C,A,

1
off

concentrations with % and time with where C, is the initial surface density of complexes

on the cantilever surface and A is the outer surface of the cell. The nondimensional form of

equations (3.1)-(3.6) is:
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= ~AnLiRn + Gy, 3.7)
TR = AnLyRn = G, (3.7)
dty
Z? = —ApLnRy + Gy — knAn Ly Sy + Ke Xy — Dyp Ly, (3.8)
ds; o . .
e = “knAnLnSi + kpX — Dsn(SBy — S5, (3.9)
ax; o . .
2o = knAnLySn — kpXp — Dsn Xy, (3.10)
where
k3 kS

= _ korr

kn Kon kf - m
__ 4nDi(a+6) __4nDg(a+9) (3.11)

Din = ASkors Dg, = “asky,

— Lo _ kol
An - SkD kD - kon

3.2. Numerical results and discussion

As it stated before, micro-cantilever biosensor with complexes on its surface is
immersed in the solution of target molecules. Prediction of the change in number of
complexes and receptors on the surface of the cantilever with time, therefore, can be a strong
tool for evaluating existence of a special target molecule, its concentration in the solution and
cantilever tip deflection. In this section, the effects of different physical parameters on
number of complexes and receptors are discussed. In order to apply for specific geometry,
the outer surface of the cell, A, for about 10000 um? and local layer thickness,
6, for about 5 um is used in numerical examples throughout this paper.
Figure 3.3 shows the change of nondimensional number of complexes and receptors on the

cantilever surface with time when the ligand molecules are small. Here, the constant rate of
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binding, k,,, is 3.5 x 102 M~1s~! [24] and the equilibrium constant, kj, is 20 uM. The
diffusion coefficients for small receptor molecule like cocaine, Dy, is 1.6 X 107° ¢m?/s and
large ligand like 30 nt DNA aptamer, D;, is 5.2 X 107® ¢m?/s. These numbers can be
estimated based on the molecular weight of the molecules. The rate constant of the ligand
and soluble receptors, k3, and the equilibrium constant, k7 are assumed to be equivalent to
k,n and kp respectively. Fig. 2 shows that after the cantilever is put into the solution, ligand
DNA:s are dissociated into the solution and the rate of dissociation is larger in the first time

intervals.

Figure 3.3. Change of number of complexes and receptors on the cantilever surface with
time
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In this model, two nondimensional parameters, 4,,, and D;,, have important effects on
dissociation of ligands and diffusion from local layer. A, determines the release rate of
ligands from the cantilever surface. For special molecules with specific kp, 4, has a limit
based on surface coverage. When A,, is larger than D;,, we are in reaction control regime
where the effect of unbinding of ligands from receptors on the cantilever surface and binding
of ligands to receptors in the solution is dominant. In diffusion control regime, when D,,, is
much larger than A,,, ligand molecules tend to diffuse away from the local layer quickly and
therefore, the diffusion effect is more dominant. We investigate the effects of these two
parameters for different concentration of soluble receptors by considering three cases as
follow:

Case 1: A, > Dy,
Case 2: A, = D;,,

Case 3: A, < Dy,

3.2.1.Case 1: 4,, > Dy,

When A,, is about 2 and D, ,is about 0.02, we are in reaction control regime. Figure
3.4 shows the effect of different initial concentrations on number of complexes on cantilever
surface at this regime. As it can be seen from this plot, all the curves overlap each other at
first time intervals when ligand molecules dissociate from the cantilever. After that, soluble
receptor molecules penetrate the local layer and react with free ligands. Ligands are also
diffuse from local layer to the bulk. When the concentration of receptors increases, these

processes take place faster.
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Figure 3.4. Effect of soluble receptor concentration in reaction control regime

3.2.2.Case 2: A,, = Dy,

Figure 3.5 shows the effects of different initial concentrations on complex number
when A,, and D;,, are 2. Ligand molecules diffuse away from the local volume more quickly
than in case 1 and the soluble receptor concentration has fewer effects on complexes number;

therefore, detecting target molecule by competitive sensing method is difficult in this case.
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Figure 3.5. Effect of soluble receptor concentration when 4,, and D, ,, are equal

3.23.Case 3: 4,, < Dy,

By comparing Figure 3.4 and 3.6, the difference in detecting target molecules in
reaction control regime and diffusion control regime can be seen. In Figure 3.6, ligand
molecules diffuse quickly from the local layer and interaction between these molecules and
local soluble receptors less likely to happen in comparison with the situation when D;,, was
much smaller than A,,; therefore, the concentration of receptors in solution has almost no
effects and detection of target molecules in this regime is almost impossible with this

method.
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3.3. Effects of different parameters on reaction control regime
Figure 3.7 summarizes the effects of soluble receptor concentration in reaction
control regime and diffusion control regime. Detection of target molecules in solution is
easier when molecules are in reaction control regime and A,, is much larger than D, ,,.
Figure 3.8 shows the effect of different D;,, on number of complexes when A,, is
about 2 and SB,, is 0.5. For D;, of 20 and 200, we are in diffusion control regime and
because in this regime, the model is less sensitive to reaction of molecules, it can be seen that

the curves approximately overlap each other.
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Figure 3.9 shows the effects of different A,, on approximation of complex number

rate for two different A,, where the complex number rate can be found from following

equation:
Aﬂ — Cn(tnz)_cn(tnl) (312)
Aty tha—tn1

Higher 4,, is given for higher surface coverage and the curve trend for higher 4,, can
be compared with experimental results by Kang et al that have been shown in Figure 3.10
and prove that competition sensing mode works well in detection of target molecules in

solution. This method is even able to detect different target molecules in the same solution
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when the unbinding rates of the molecules in the solution are different. Assuming the same

binding rate for different molecules, Figure 3.11 has been plotted for different krs when A,

is 20, D;,, is 0.02, t,;; is 0.4 and t,, is 0.8. The different complex number rate curves prove

the ability of this method in sensing different target molecules.

Figure 3.8. Effect of different D;,,on nondimensional complex number
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CHAPTER IV

SUMMARY AND CONCLUSION

4.1 Summary
Micro-cantilever biosensor can be used to detect target molecules in the solution with
at least two different methods: conventional mode of sensing and competition mode of
sensing. In conventional mode of sensing, interaction between molecules can cause
cantilever deformation that shows the existence of target molecules in the solution.
Electrostatic and hydrostatic forces as well as change in entropy of the system can have
contribution in surface stress change in outer surface of the cantilever and consequently,
cantilever tip deflection. In competition mode of sensing, the rate of cantilever deformation
can shows the existence of target molecules. This method is useful when the concentration of
target molecules in the solution is low and conventional method of sensing is unable to detect
molecules.
4.2 Conclusions
In this report, two theoretical and mathematical models, molecular interaction model
and entropy model for stand-up configuration of molecules were modified considering
conventional mode of sensing and another model for lie-down configuration based on
entropy change was proposed. The numerical results showed that the entropy model was
unable to predict cantilever deflection when the molecular separation is much larger than
molecule size; however, the molecular interaction model that is based on interaction between

dsDNAs can give us reasonable results.
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In addition, another model was developed for competition mode of sensing. It was
shown that the competition sensing worked in reaction control regime when ligands
molecules interacted with available receptors in the local layer before they diffused away
from it. Also, sensing could be stronger when surface coverage of complexes were higher
resulted in higher nondimensional number A,,. The trend of the curve for higher A, was
comparable with experimental results. The model also showed the competition sensing could
be able to detect different target molecules with different unbinding rate constant in the same

solution.
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