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Abstract The influence of the hybridization exothermic effect on nanomechanical
deflections of DNA chips in label-free biodetections is investigated. First, from the
related experimental curves, the thermal variation of the biolayer during the linkage
of DNA base pairs is estimated by Breslauer’s method and the Langmuir adsorption
isotherm. Second, the temperature field of the chip is obtained by the lumped parame-
ter model and the classical Fourier’s method. Third, the nanomechanical deflection of
the chip is predicted by an alternative model for thermoelastic problems of laminated
cantilever beams. The effect of a DNA base sequence on thermal deflection of chips
is also investigated. In the case of adiabatic conditions, numerical results show that
the theoretical predicted value of 1.5nm to 2nm deflection is within the scope of the
optical-beam-deflection readout system’s accuracy.

Keywords Cantilever-DNA chip - Hybridization exothermic effect - Langmuir
adsorption isotherm - Lumped parameter method - Nanomechanics

1 Introduction

In recent years, microcantilever-based biosensors have attracted much attention
[1-10]. The low-cost sensors not only show fast response, high sensitivity, and
suitability for parallelization into arrays [11] but also provide common platforms for
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label-free analysis such as DNA hybridization, antigen—antibody binding, and drug
discovery.

Experiments reveal that the chip deflection can arise from numerous factors, such
as salt concentration in buffer solution [9], concentration [10], length and sequence
[5] of DNA molecules, grafting density, and hybridization density [4], time, temper-
ature, etc. The deflection is measured by a single- or multiple-point optical deflection
technique [12].

A number of bending mechanisms were proposed to explain the origin of nanome-
chanical cantilever motion generated from chemo-mechanical interactions between
adsorbed biomolecules and substrates, but they are the subject of great controversy
in the scientific community. Based on different experiments in different conditions,
they are attributed to surface stress [4-6,10,13], surface energy [14], configurational
entropy and intermolecular energetics [9], physical steric crowding [8], the covalent
attachment to the gold surface [6], the curvature electricity effect of biomembrane
[7,15], or the piezoelectric effect of biolayer [2,3]. Obviously, many discrepancies
slow the advance of the application of this new technology. This also draws more
attention to this new area.

When the temperature changes, bimaterial microcantilevers undergo bending due
to dissimilar thermal expansion of two different materials composing the cantilever.
This phenomenon is frequently referred to as the “bimetallic effect” [16,17]. The
biochip is actually a microcantilever-laminated structure made of a single- or dou-
ble-stranded DNA (ssDNA or dsDNA) biolayer and three non-biolayers. In addition,
there exist various noises, including thermomechanical noise, Nyquist—Johnson noise,
adsorption—desorption noise, defect motion-induced noise, etc. [18]. So the bimetallic
effect is inevitable in the label-free biodetection process. A fast relaxation process
was observed during the hybridization process [10], which is assigned to bimetallic
effects arising from a slightly different temperature of the injected sample solution
compared to that of the buffer in the liquid cell. Usually, the deflection induced by
thermal drifts can be eliminated by the differential deflection technique. In fact, the
use of microcantilever arrays enables detection of several analyses simultaneously
and solves the inherent problem of thermal drift often present when using single
microcantilever sensors, as some of the cantilevers can be used as sensor cantilevers
for detection and other cantilevers serve as passivated reference cantilevers that do
not exhibit affinity to the molecules to be detected. However, experimental studies
[11] revealed that only about 40 % of the cantilevers fell into the “tracking” category,
where the drift of the cantilevers was correlated for periodic temperature cycles. This
indicates that the differential deflection technique is not applicable to “non-tracking”
cantilevers, especially for dynamic modes.

Besides temperature fluctuations in the background, there is also a temperature
fluctuation induced by biochemical reactions during hybridization processes. Titra-
tion, differential scanning calorimetry, and van’t Hoff analysis of ultraviolet (UV)
thermal scanning experiments [19,20] showed that heat loss exists in the formation of
an oligomeric DNA duplex. So, the hybridization process is exothermic. The variation
of free energy depends on a DNA chain’s base sequence. More specifically, it depends
primarily on the identity of the nearest-neighbor bases. Ten different nearest-neighbor
interactions are possible in any Watson—Crick DNA duplex structure. These pairwise
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interactions are AA/TT, AT/TA, TA/AT, CA/GT, GT/CA, CT/GA, GA/CT, CG/GC,
GC/CG, GG/CC. Breslauer etal. [19] presented a method to predict the free-energy
change in the formation of DNA duplex structures by the sum of its nearest-neighbor
thermodynamic experimental data. These predicted values are in excellent agreement
with the corresponding values determined experimentally. However, up to now, related
studies on the hybridization exothermic effect in the chip technology area are not avail-
able in the literature.

Different from previous nanomechanical models [1,21] and piezoelectric models
[2,3], this article is devoted to prediction of nanomechanical deflections for DNA
chips induced by the hybridization exothermic effect in label-free biodetections. First,
Breslauer’s nearest-neighbor method [19] is used to predict the heat loss in associa-
tion of two complementary ssDNA chains. The total heat of the biolayer generated
during hybridization depends on the packing density and hybridization efficiency. The
amount of hybridization DNA molecules can be simulated by the Langmuir adsorp-
tion isotherm. So by the above predictions and the related experimental curves [8], the
time history of the thermal variation of the biolayer is obtained. Second, three models,
including the three-layer Au-Ti—Si-beam model, the single-layer Si-beam model and
the lumped parameter model are used to predict the temperature field of the chip. Con-
sidering the good thermal conductivity of the Au-layer and the limitation of detection
time, the heat loss to the surroundings is neglected. This means that the heat loss of the
biolayer is fully adsorbed by the non-biolayers. Third, Zhang’s two-variable method
[22-25] for thermoelastic problems of laminated cantilever beams is used to predict
the nanomechanical deflection of the chip. The effect of a DNA base sequence on
thermal deflection of the chip is also investigated.

2 Mathematical Model

As shown in Fig. 1, a DNA chip with length / and width b consists of a Au/Ti/ Si-layer
with individual thickness /; (i = 1, 2, 3) and a DNA-layer immobilized by self-assem-
bly technology of the thiol group. The interface between the Au-layer and the biolayer
is taken as the coordinate axis x. The thermoelastic properties of the non-biolayers are
E;, a;, ki, Ai, pi, ci, where E is Young’s modulus, « is the thermal expansion coeffi-
cient, k is the thermal diffusivity, A is the thermal conductivity, p is the density, and

DNA-layer
Au-layer hy X g
Ti-layer h,

¥ ¥
Si-layer hs

A\ y

Fig. 1 Longitudinal section of a DNA chip and its coordinate system
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Table 1 Thermodynamic data
of the nearest-neighbor

free-energy variation dA dc dG dT
(kcal - mol_l)

First nucleotide Second nucleotide

dA —-1.9 —1.3 —1.6 —1.5
dC —-1.9 -3.1 -3.6 —-1.6
dG —1.6 -3.1 -3.1 —1.3
dT —-1.0 —1.6 -1.9 —-1.9

c is the specific heat capacity. Here and after, the subscripts 1, 2, 3 represent the Au/Ti/
Si-layers, respectively.

2.1 Thermal Output of the Biolayer

Related experimental and theoretical studies [19,20] indicate that the free-energy var-
iation during formation of a DNA duplex structure can be estimated by the sum of
the nearest-neighbor thermodynamic interactions. The nearest-neighbor free-energy
variation data are obtained experimentally and listed in Table 1 [26]. For example,
when a thiolated probe DNA sequence ACATTGTCGCAA hybridizes with its com-
plementary target DNA sequence TTGCGACAATGT, the free-energy loss is predicted
as

AG(ACATTGTCGCAA) = AG(AC) + AG(CA) + AG(AT) + AG(TT)
+ AG(TG) + AG(GT) + AG(TC) + AG(CG)
+ AG(GC) + AG(CA) + AG(AA)
=—(13419+15+19
+194+134+1.64+3.64+3.14+1.9+1.9)
= —21.9kcal - mol ™! (D)

So, the thermal output during the formation of a single-DNA duplex chain is given as
Qs = AG/No, @)

in which Ny (= 6.02252 x 10>3) represents Avogadro’s number.

The total heat of the biolayer depends on the amount of DNA molecules, which is
related to the packing density and hybridization efficiency. In McKendry’s experiments
[8], a maximum signal or packing density of 1.3 x 10'3 probes/cm?, was obtained only
after 5min of incubation. The density of probe DNA was unaffected by the salt con-
centration of the buffer or dilution with ethanol. This value is in agreement with other
reports for 12-mers [27,28] and corresponds to 1.5 x 10'? probes/cantilever, where a
ssDNA molecule occupies an area of 3.2 nm?, which approaches the theoretical max-
imum packing density (this estimate does not take into account the surface roughness
of the gold film). The hybridization efficiency is a ratio of the number of bound mol-
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ecules to the total number of available binding sites. The hybridization efficiency was
reported as 10 % to 100 % for different self-assembly techniques and different reac-
tion conditions [27-29]. However, even for 10 % hybridization efficiency, McKendry
etal. [8] predicted that the number of double helices on a tiny reaction area (cantile-
ver dimensions, 500 x 100 pmz) exceeds 10°. By exact calculations, we obtain that
the number of double helices attains 6.5 x 1019, So, it is necessary to consider the
hybridization exothermic effect induced by crowded DNA chains on such a tiny chip.

Next, a description of the hybridization efficiency r will be provided. Assume the
target-probe binding events are independent and unaffected by surface coverage, the
Langmuir adsorption isotherm states [8] that

r=c/(K~' +0), 3)

where c is the concentration of target molecules in solution and K ~! is the thermody-
namic equilibrium dissociation constant related to buffer salt concentrations [8]. So,
the total thermal output Q, of the biolayer can be predicted by

Q. =1rnSQs, 4

in which § = [b is the surface area of the chip and 7 is the packing density of ssDNA
chains. By using Eqs. 1-4 and the related experimental conditions [8], the total thermal
output of the biolayer in 1 M NaCl buffer solution is 1 nJ, which might be detectable
by a micromechanical sensor with an estimated sensitivity of 1 pJ [30].

The cumulative number of bound molecules was simulated by a first-order chemical
reaction equation [16]. An exponential function was obtained for the number of bound
molecules. For simplicity, the time history of the hybridization exothermic reaction
can also be described as follows:

(1) = Qa(1 — ™). (5)
The experimental data in Refs. [8] and [10] show that the chips can attain steady-state

responses after 12 min to 15 min. Assume that 99 % hybridization heat in the biolayer
is released when the time ¢ = 1,200, then we obtain & = 0.004 s~ !,

2.2 Temperature Field of the Non-biolayers
2.2.1 Three Models for the Temperature Field

Based on Fourier’s law, the temperature distribution in the non-biolayers can be pre-
dicted by

Tivt:kiTivyyy i=12,3, (6)

in which 7; is the temperature. For simplicity, the heat exchange in the biolayer is not
considered here. As the heat loss to the surroundings is neglected, the thermal output
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of the biolayer is totally transformed into the thermal input of the abiological layers
(Au/Ti/Si-layer). So, the boundary condition at the interface between the Au-layer and
the biolayer is

— 1Ty =0®/S. y=0, @
The interface continuous conditions are given as

J
T =Tiv1, AjTj,y=Ajr1Tjq1.y, y=zhi, Jj=12, )

i=1

For a thermal conductivity of air much less than that of silicon, the condition at the
bottom of the Si-layer is given as

3
T37y=07 y = Zhla (9)
i=1

The initial temperature of the non-biolayers is assumed to be same to the room tem-
perature, so the initial conditions are as follows:

T, =Ty, t=0. (10)

in which Tp is room temperature. The governing Eq. 6, the boundary conditions of
Eqgs. 7 and 9, the continuous conditions of Eq. 8, and the initial conditions of Eq. 10
form the three-layer Au—Ti—Si-beam model.

Considering that the thickness of the Au/Ti-layer is much thinner than that of the
Si-layer, the single-layer Si-beam model can be reduced from the three-layer Au—Ti—
Si-beam model, Egs. 6-10:

U,y =k3U,yy, (11a)
— MU,y =00)/S. y=0, (11b)
U,y=0, y=hs, (11c)
U=Ty, t=0. (11d)

Considering the microscale thickness of the chip, the minute-level reaction time,
and the good thermal conductivity of metals, the temperature distribution in chips can
also be predicted by the following simplified lumped parameter model:
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3
> picihiT (1) = 0(1)/S, (12a)

i=1

T=Ty t=0, (12b)
in which T is the temperature.
2.2.2 Some Analytical Solutions to the Temperature Field
Considering the difficulty of an inverse Laplace transformation, it is impossible to
obtain an analytical solution to the three-layer beam model, Eqs. 6-10, by the Laplace
transformation method. However, the method of variable separation can be applied
to the single-layer beam model, Egs. 11a—d. For the homogenous conditions, let ¢ =

& y2 + ¢y conform with the boundary conditions, Eqgs. 11b, c, i.e.,

py=0=Ae™, y=0, (13a)

¢.y=26h3+¢ =0, y=hs3, (13b)
in which A = —Q,a/(SX). From Egs. 13a, b, one obtains

£ =—Ae ¥ /(2h3), ¢ = Ae ™, (14a)

@ = —Ae"y2/(2h3) + Ae ¥ y. (14b)

Let V(y,t) = U(y,t) — ¢(y,t), then the following initial-boundary-value problem
is given as

Vi —k3V,yy = Aae 'y — Aae ™' y?/(2h3) — Akse ™'/ h3, (15a)
V,,=0, y=0andhs, (15b)
V = Ay?/(2h3) — Ay, 1=0. (15¢)

Let V(y,t) = v(y,t) + u(y, t), where v and u, respectively, are the solutions to the
following initial-boundary-value problems:

U,t _k3v,yy=0, (16a)

v,y =0, y=0and h;, (16b)
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v=Ay*/(2h3) — Ay, t=0, (16¢)
and
U, —k3ut, ey = Aae ™'y — Aae™ " y? /(2h3) — Akse™ '/ h3, (17a)
u,y=0, y=0andhs3, (17b)
u=0, t=0. (17¢)

By the method of variable separation, an analytical solution to the problem,
Egs. 16a—c:

h3 +0o0 h3
1 AE? 2 AE?
n=— [ (= —ac)d Z(E—a
V. 1) hs/(2h3 %') E+Z“hs/(2hs s
0 n=l "7
2
X COS nws déefk(ﬁ) " cos Y (18)
h3 h3

Letu(y,t) = f(; ¥ (y, t, v) dr, then the problem, Eqs. 17a, b, can be transformed into

Y _k3w7yy =0, (19a)
Y,y =0, y=0and hs3, (19b)
VU = Aae Ty — Aae %" x?/(2h3) — Akze T /h3, =T, (19¢)

By introducing the coordinate transformation s = ¢ — 7, Egs. 19a—c can be changed
into

Vs —k3p,yy =0, (20a)
¥,y =0, y=0andh3, (20b)
VU = Aae %"y — Aae % x%/(2h3) — Akse T /h3, s =0, (20c)
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Applying the method of variable separation to the problem, Eqs. 20a—c, one obtains

ae—ar

h3
1 kze™ T
,t, — A —UTg& 2 _ d
v = | (ae § G T ) £
0

—T

h3
+o00 . _
2 ae ke~
“Z|a —aTg 2 _
+2 )/ (“e T R )
= 0

2
niw k(=) (- nmw
x cos —&dEe k(”3) =D cos —,
h3 h3

2n

Using u(y, t) = fot ¥ (y,t, t) dr and Eq. 21, the solution to the problem, Egs. 17a, b,
is given as

t h

3
1 ae” T ke~
,t — . A —oT & 2_ d
u(y, 1) O/ h30/ (ae e )s
+°°2 h ae—oT kze~ot nm k("”)z(t )
il Y\ —aTg 2_ T Ed 3\ 3 -t
+,§h/ (oae & s & i )cos h3€ Ee
=l 0
X COS ﬂy] dr, (22)
h3

From U(y,t) = V(y,t) + ¢(y,t), V(y,t) = v(y,t) +u(y,t), and Egs. 14b, 18,
and 22, one obtains

h3

Ae ¥, =2 g2 nm —k (M)zt

U(y,t) = — Ae —/A R L edee s

0.1 T ”;m (%3 s)cos s Sdge
- 0

L+
nmw
X COS —y+/
h3

0 L=

o0

h3
2 F et b
! h3 2h3 h3
0

2
X COS Eédée_k’g(ﬂ) =0 os Ey dr, (23)
h3 h3

As for the simplified lumped parameter model, Eqs. 12a—c, it is not difficult to obtain
its analytical solution as follows:

3
AT =T() = T(0) = Qu(l - e“’>/(52picm,~). (24)

i=1
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Table 2 Physical parameters of the chip

Materials p (kg-m~3) E (GPa) A(W-m~ ! K1) « (100K~ k(107%m2 - s~ 1) ¢ J-kg~! - K1)

Au 19,300 73 315 14.2 130 127
Ti 4,500 106 22 10 9.4 520
Si 2,328 100 150 2.6 92 700

2.3 Deflection of DNA Chip

Based on Zhang’s two-variable model for laminated cantilever beams [22-25], the
free-end deflection of the chip can be predicted as follows:

w = 32 AT{Eh3[E hy (@) — ) + E3hz(@ — a3)] + hol Ey Exh}(@) — o) + Er E3h3 (e — a3)
+2E3E1hihy(@) — a3)] + E3Eyhihs(hy + h3)(@) —a3)}/[EshS + EThT +4E3E\hihs
+6E3E1hh3 + 4E3E1hih3 + E3hS + 4Exh3(E1hy + Esh3) + 6h3(E1 Exh? + 2E3E hihs
+ Ey E3h3) + 4ho(E1 Eahi 4 3E3E1h3h? + 3E3E hh3 + E2E3h3)]. (25)

3 Numerical Results

In computation, the physical parameters of the chip are listed in Table 2 [8,10]. The
geometrical parameters / = 500um, b = 100um, 2z; = 20nm, i = 2nm, and
h3 = 1pm. The initial temperature 7'(0) = 295 K. The other parameters are n =
1.3 x 10'7 chains - m™2, ¢ = 1M, and K~ = 31 x 107" M.

Based on the three-layer Au-Ti—Si beam model, Eqs. 6—10, the single-layer Si-beam
model, Egs. 11a—d, and the lumped parameter model, Eqs. 12a, b, comparisons of the
steady-state temperature change induced by the hybridization exothermic reaction are
shown in Table 3. The thiolated probe DNA sequence is ACATTGTCGCAA and its
complementary target DNA sequence is TTGCGACAATGT. During calculations, the
two-term truncated approximation is taken in the formula, Eq. 23. The DINLAP func-
tion in the software of Fortran PowerStation is used for the numerical inverse Laplace
transformation. Various predictions based on different models by different methods
give almost the same results. This indicates that the lumped parameter model is a good
choice for temperature analysis of the chip if the temperature distribution across the
thickness can be viewed as homogenous.

The time history of the temperature variation induced by the hybridization exother-
mic reaction of the above-mentioned DNA sequences is shown in Fig. 2. As a function
of time, the temperature variation of the chip approaches its steady-state value of
0.012K.

Comparisons of the temperature variation and thermal deflection induced by dif-
ferent DNA sequences are shown in Table 4. Obviously, the temperature variation and
the thermal deflection enhance with the increase of GC base pairs. During the DNA
hybridization process, the temperature rise of the chip is of the order of 1072 K, and
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Table 3 Steady-state

temperature change of the chip Model Temperature change (K)

Single-layer model (variable 0.0120395

separation method)

Single-layer model (Laplace 0.0120390
transformation method)

Three-layer model (Laplace 0.0121630
transformation method)

Lumped parameter model 0.0119148

0.012 +
0.010 4
0.008

0.006

AT, K

0.004 -

0.002 A

0-000 T T T T T T 1
0 200 400 600 800 1000 1200
ls

Fig. 2 Time history of temperature variation of the chip

the thermal deflection is 1.5nm to 2nm, which is consistent with 0.5 nm deflection
estimated for a micromechanical sensor caused by the reaction heat [31]. McKendry
etal. [8] pointed out that the uncertainty of the optical-beam-deflection readout system
has reached the order of 0.1 nm. And experimental studies [5] showed that the dif-
ferential deflection induced by mismatches at internal, distal, and proximal locations
on the complementary strand is only 1 nm to 4nm. So, we believe that a deflection
of the order of 1.5nm to 2nm might be detected by the readout system. The present
prediction of thermal deflection is about 15 % of the total hybridization deflection,
which might be a little higher than the experimental values because the heat loss to the
surroundings is neglected. However, the result will help to reconsider detection of the
time span because fast response is one of the claimed merits for this new label-free
technology. It is advisable to detect nanomechanical deflections of the chip after the
reaction system is sufficiently cooled.

4 Conclusions
A simple mathematical model is provided for temperature variations and sequence-

dependent nanomechanical deflections of DNA chips induced by the hybridization
exothermic effect. In label-free biodetections, if the heat loss to the surroundings is
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Table 4 Temperature change

and thermal deflection induced Probe DNA sequence Ter.np.erature Free-er.ld
by DNA hybridization variation (K) deflection (nm)
ACA TTG TCG CAA 0.012 1.66362
TGC TGT TTG AAG 0.011 1.52499
CCG GAA GAT TGC 0.014 1.94089
GGA AGC CGA GCG 0.015 2.07953

neglected, the total thermal output of the biolayer is about 1nJ, the temperature rise
of the chip is 1072 K, and the thermal deflection is 1.5nm to 2nm, which might be
detected by the optical-beam-deflection readout system. One should be careful to
control the detection time if more precise requirements are needed.
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