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Abstract

The main causes for the deflection of microcantilevers embedded in micromechanical biodetection systems are investigated. The primary
deflection due to the chemical reaction between the analyte molecules and the receptor coating, which produces surface stresses on th
receptor side is analyzed. Oscillating flow conditions, which are the main source of turbulence, are found to produce substantial deflections
at relatively large frequency of turbulence. Bimaterial effects influencing the microcantilever deflections are established analytically, and
found to be prominent at a relatively low frequency of turbulence. In the absence of bimaterial effects, turbulence increases the deflection
due to chemical reactions at relatively large frequency of turbulence yet it increases the noise due to the increased dynamical effects of the
flow on the microcantilever. The mechanical design and optimization of piezoresistive cantilevers for detecting changes in surface stress
via finite element analysis is also discussed. The introduction of stress concentration regions (SCR) during cantilever fabrication greatly
enhances the detection sensitivity. Biosensing experiments based on resonance frequency shift are presented, which show that the result
strongly depend on the interaction of specific analytes with the receptor surface. Finally, novel microcantilever assemblies are presented
for the first time that can increase the deflection due to chemical reaction while decreasing those due to flow dynamical effects.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ods. Biochips with mechanical detection systems use micro-
cantilever bi-material (e.g. Au-Si) beams as sensing ele-
The rapid growth of nanotechnology has led to new hori- ments. The Au side is usually coated with a certain receptor.
zons for the development of biosensors that are suitable forUpon the binding of the analyte (e.g. biological molecules,
intracellular measurements and for monitoring biomolecu- such as proteins or biological agents) with the receptor (each
lar processes within a living cell. These biosensors have theindividual protein interacts with a unique receptor), the re-
advantage to accurately, quickly, and economically screenceptor surface is either tensioned or relieved. This causes
patients for the presence of various diseases. The developthe microcantilever to deflect and the deflection was found
ment of integrated biosensors for the detection of multiple to be proportional to the analyte concentration. Examples
biologically significant species has led to the concept of of bindings in biomolecular (receptor/analyte) applications
Biochips. Biochips are defined as substrates having mi- are: antibody—antigen (receptor/analyte) bindings or DNA
croarrays of bioreceptors. These biochips are known underhybridization of a pair of DNA strands (receptor/analyte)
different names in the literature as DNA biochip, DNA having complementary sequencgy. The deflection is
chip, genome chip or DNA microarray. An example of these usually in nanometers and can be measured using optical
biochips is the biological IC chip which is described in the techniques. Biochips having microcantilevers as sensing
work of [1]. elements do not require external power, labeling, external
Recent advances in biochips have shown that sensorselectronics or fluorescent molecules or signal transduction
based on the bending of microfabricated cantilevers havefor their operation. These types of biochips can be used
potential advantages over previously used detection meth-in screening certain diseases such as cancer and detecting
specific chemical and biological warfare agents such as
botulinum toxin, anthrax, and aflatoxin.

* Corresponding author. Tek:1-909-787-5016; fax:-1-909-787-2899. In spite of the distinct superiority of the biochips with me-
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Nomenclature

List of symbols

Ae

Am
B

Cm
Co
Coo
De

Zs, &, 4

effective area of the microcantilever
subject to drag

area of receptor coating

length of the fluidic cell

thermal capacitance of the microcantilever
flow drag coefficient

free stream concentration

diffusivity of analyte

Young'’s modulus

velocity correction factor

Gibbs free energy

fluidic cell thickness

height of substrate/height of self
assembled monolayer

convective heat transfer coefficient
moment of inertia

moment of inertia of substrate/self
assembled monolayer

adhesion rate

effective reaction rate

Effective stiffness of the microcantilever
Association/dissociation rate

length of the microcantilever

mass of microcantilever

effective mass of microcantilever

molar mass

number of cells

resistance of the peizoresistive cantilever
squeezing number

Time

microcantilever thickness

dimensionless and dimensional translational
velocity

dimensionless and dimensional normal veloc|
reference inlet velocity for the fluidic cell
width of the microcantilever
dimensionless and dimensional axial
coordinate

dimensionless and dimensional normal
coordinate

microcantilever deflection

deflection due to surface stress, biomaterial
and dynamical effects

Greek letters

Bel BT

r
8

amplitude of concentration/thermal expansion
coefficient

mass of bound analyte per unit area

upper plate motion amplitude for the

fluidic cell

dimensionless slope for the fluidic cell

The linear density of the beam

ity

List of symbols

L piezoresistive coefficient along110> axis

ol density of the fluid

05l o density of substrate/self assembled monolayer

o surface stress

v Poission’s ratio

wlwn turbulence frequency/natural frequency of the
microcantilever

such as turbulence in the liquid flow which affects the
accuracy of the measurements as showfRj8]. Also, the
primary type of microcantilevers used in these detection
systems have low sensitivity especially for low analyte con-
centration and variations in liquid temperature can produce
unwanted deflections due to bimaterial effects as discussed
by [3].

Conventional (non-piezoresistive) cantilevers are used
along with an optical detection system in many conventional
scanning probe systems, which require rigorous alignment of
the detecting laser beam with respect to the cantilever beam.
In some cases, the laser beam is aligned to hit a shiny silicon
surface or a metal coated sensing area on the back of the can-
tilever. In a liquid cell environment, turbulence effects could
result in additional three dimensional deflections of the can-
tilever beam which could render any detection measurements
useless. In addition, the presence of focused laser beam in a
liquid cell environment can result in additional thermal man-
agement issues giving rise to extraneous readings. Piezore-
sistive cantilevers can be utilized to avoid these problems.
Alcohol detection in gases has been performed on a poly-
mer coated cantilever bj#]. The detection of alkanethiol
monolayer formation on gold coated cantilevers in gases by
[5,6]. Boisen et al. (2000) have indicated the change in the
surface stress as a function of ethanol concentration in water
by using commercially available piezoresistive cantilevers.

The resonance frequency of microcantilevers is very
sensitive to the properties of the microcantilever surface.
Changes in the surface properties of the microcantilever
through binding or hybridization of analytes to receptor
molecules will directly influence its resonance frequency
by changing the overall cantilever mass and the thickness
of the binding layef7].

In this work, microcantilever deflections are analyzed in
the presence of chemical reaction at the receptor surface
as well as bimaterial effects and the dynamical effect of
an oscillating flow representing flow turbulence, on the
micocantilever. This analysis will help in establishing the
parameters that can be used in reducing the associated noise
due to microcantilever deflections. Further, the effects of
certain design features for piezoresistive cantilevers that can
cause enhancements of the surface stress are also discussed.
Finally, experiments based on measuring the resonance fre-
guency shifts as a result of the interaction of analytes with
the receptor substrate will be performed and the results will
be discussed.
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Receptor where Cx)o and B¢ are the mean free stream analyte con-
centration and the amplitude of concentrati@gnincreases
Analyte § with the vibrational frequency of the moleculg9]. Also,
Ramakrishnan and Sadana show that the turbulence at the
\ receptor surface which is produced by varying the surface
4 roughness of the receptor results in an increase in the ef-
Fig. 1. Schematic illustration of an ordinary microcantilever. fective reaction rate at the surfafi?]. They ascribed it to
the mixing effect that the turbulence produces which results
in increasing the vibrational frequency of the molecules.
Turbulence at the receptor surface can also be produced by
disturbances in the flow. In this work, the relation between
the effective reaction rate and the turbulence frequency is
taken to be linear for simplicity.

Flow

2. Analysis
2.1. Deflection due to surface stresses

The deflectionZ) of the tip of an ordinary microcantilever

as seen irFig. 1 can be calculated from using Stoney’'s ki = ki (14 aw) (7)
equation[8] whereks anda are the effective reaction rate in the absence
302(1 — v) of the turbulence and a constant, respectively. TEqs(5)
7= TAO‘ 1) reduces to

dNp

where(, v, E, Ao, andty are the microcantilever's effec- (o = np) ki (1+ aw)[(Coo)o — BeSiN(@n]Nr dr - (8)
tive length, Poisson’s ratio, Young’s modulus, differential
surface stress and its thickness.

The differential stres&\Sis proportional to the number i
of analytes molecules attached to the receptor surface. Thisyy, = Ng[1 — ek Nr(1Ha@)(Coo)or+(Be/w) (CoSwn 1)) (9)
relation has the following form according [8]

This is a first-order differential equation and has the
following solution given thatV,(r = 0) = 0

L The parameteNy can be related td” by the following
Ao =AGIM™ 2) relation:

where AG is the change in the Gibbs free energy caused Mo =TIM A (20)

by the adsorption process, the mass of the bound analyte m

molecules per unit area aiithe molar mass of the analyte. wherel”, M, AandAy, are the mass of the adsorbate per unit
This equation is based on the Dupre equation that relates thearea, molar mass, number of analyte molecules per mole and
surface free energy of the substrate and the adsorbate anthe area of the receptor coating, respectively. Therefore, the

the work of adhesion. time history for the surface stress can be relateBdo (9)
by applyingEgs. (2) and (10and the result is
2.1.1. Rate of reaction —kt Ny (1+aw) ((Coo)ot+(Be/w) (Cotwr) —1))
) . . L Ao=(A 1—e ™ )0t Pe 11
The first order chemical reaction equation is o=(Ao)[l—e I (1)
AN, where(Ao)o = AG NoA7tA™L. Thus
5 = kad(No — Np) €) 26 = z0[1 — & KN (LHa0)(Coodot+(fo/w) OT)—1))] (12)

where kag, Np and Np are the adhesion rate, cumulative wherezg = (3¢2(1 — \))/E[I?n)(Ao’)o_ It was found that the
number of bound cells and the total number of cells bound adhesion rate is inversely proportional to the translational
on the substrate after the experiment, respectively. Thevelocity,u, of the analyte molecules for wide range of trans-
adhesion rate according [0] is lational velocities. According to the data present in the work
- of [13], the effective binding rate can be linearly correlated
kad—kfcooNr (4) . . . .
to the analyte rolling velocity and the translational velocity,

whereks, Co, andN; are the effective reaction rate, surface such that

analyte concentration and the number of available receptors.i; — i, — pju| (13)
respectively. The results dil1] agrees with the previous _
equation. ThusEq. (3)reduces to following whereks, and b are constants greater than zero. Therefore,

AN Eq. (12)is further reduced to

b _

Moo N = kt Coo Ny dt %) ze= z0[1—e~ (ko —bluDNr(1+ae)(Coo)or+(Bo/w) (COwN—=D)] (14)

The analytes concentration due to turbulence can beWhenu is greatly dependent on the time, the solution to
written according to Eq. (9)is

Coo = (Coc)o — Besin(en () o= zoll — & o tlDN I (Cxho-esinendy (15
oo — oo
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Fig. 2. Schematic illustration of the model system used for the analysis
of analyte—receptor binding.

Gold coated glass slide i

2.1.2. Chemo-mechanical binding analysis

We have developed a finite element computational model
for simulating the chemo-mechanical binding of analytes
to specific binding molecules on fucntionalized surfaces
using CFDRCM from the CFD Research Corporation. We

have conducted simulations using a model where a sub-

strate functionalized with the binding molecules is inserted
in a thin plate-shaped flow cell. The simulation system is
schematically illustrated ifrig. 2 A liquid solution con-
taining the analyte passes through an orifice with a circular
inlet port connecting to the flow cell. A functionalized sub-

strate surface (such as a gold-coated glass-slide) on which

the binding molecules are attached is located in the bottom
of the flow cell. For the simulations, we have assumed an
arbitrary set of analyte and binding moelcues that have a
strong binding affinity. The initial analyte concentration in
the bulk solution was taken to bex510-% M, and the inlet
volumetric flow rate was 30QI/min (Table J).
Analyte—receptor binding is a very common biologi-
cal process in nature, which include protein, DNA and
protein-DNA interactions. Depending on the chemistry, the
binding reaction can be reversible or irreversible. The extent
of the binding process depends on the affinity of the analyte
to the receptor for chemical reaction, or to the chemical po-
tential of the system. In the presence of multiple analytes and
receptors, the binding process can be competitive (different
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Table 1

Various parameters used in the chemo-mechanical binding analysis

Property Value

Association rate constan, (M~1s™1) 1 x 1019

Dissociation rate constamty (s™1) 0.001

Initial analyte concentration in bulk solutio®y (M) 5x 1076

Maximum possible surface analyte 2x10°
concentratiorPs (M m~2)

Density of sample (kg ) 1000

Viscosity of sample (rhs™1) 0.86 x 1076

Diffusivity of analyte D (cn?s™1) 4% 1077

Inlet volumetric flow rateQ (pul min—1) 300

between each individual analyte—-receptor complex deter-
mines the partitioning of total receptor sites in a competitive
binding environment. For the modeling problem considered
here, the analyte binds to its receptor forming a reversible
analyte—receptor complex indicated with an association rate
constantK,. This complex subsequently dissociates with a
rate constanty. This complex again can further form an
immobilized complex with a rate constan;

A+ B_>AB—>AB*

Kq

The distribution of analyte concentration over the reac-
tion surface as a function of time is illustrated kigs. 3
and 4 After a certain time, when the analyte concentration
reaches a saturated levétig. 4), the process of binding
will reach a state of dynamic equilibrium. The irreversible
analyte concentration is uniformly distributed over the reac-
tion surface. This means that the stable chemo-mechanical
binding stress gives rise to a uniform distribution for sur-
face stress which can be utilized for bio-sensing using a
cantilevered detection system.

2.2. Deflection of the microcantlever due to
bimaterial effects

analytes compete for the same receptor) or non-competitive The temperature of the fluid near the microcantilever is

(each analyte binds to a different receptor). The affinity

expected to vary sinusoidaly with amplitude aff, due

5.0000E-008

4.0000E-006
2.0000E-006 -2

2 0000E-008
1.0600E- 008

8.8351E-013

Fig. 3. Distribution of analyte concentration at 5s.
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Fig. 4. Distribution of analyte concentration at 60s.
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to oscillations in the flow conditions. Therefore, the thermal cell. The studied fluidic cell is considered as a thin film
lumped analysis predicts the following for the deflection in having linearly varying clearance. The lower plate of the

the microcantilever due to biomaterial effects fluidic cell is assumed fixed and horizontal while the upper
m sin(wf) — w CoSwr) plate is inclined and its vertical motion due to the external
2t = frm AT 2+ o2 (16a) noise is assumed to have sinusoidal behavior according to
the following relation:
wheregt is a constant depending on the thermal expan- X

sion coefficient of the two layers of the microcantilever and # = hg (1 —dcogyr) + KE) (19)

the relative dimensions of these layers. The paranmatisr

equal to wherehg, «, 8,  and B are the reference thickness of the
b quid_ic cell, di_mensior_lless s_lope of the thin film, upper plate

m= < (16b) motion amplitude, dimensionless time & wr) and the
CmMm channel length, respectively, y andxis a reference vibra-

wherehe, W, ¢, andmy, are the convective heat transfer co- tional frequency, dimensionless frequency and the horizon-
efficient between the microcantilever and the fluid, width of tal distance starting from the inlet, respectively.

the microcantilever, specific heat of the microcantilever and ~ The velocity field, the horizontal dimensionless compo-
the total mass of the microcantilever, respectively. (16a) ~ nentU and the vertical dimensionless componenfor the
Suggests that biomaterial effects can be minimized for the fluid flow inside the fluidic microchannel is shown below
conditions where m is very small as for minimum heat trans- Which was derived using the reduced continuity equation
fer convection or for maximum thermal capacitance of the and Navier Stokes equations for creep flows
microcantilever. u 1
UX,Y, 1) = —— = —[S8yX sin(y1)

2.3. Dynamic modeling of the microcantilever (Vo+wB)  2H

Y Y
~az-91(3) (7 -1) (20)
The one degree of freedom model that can best describe H H
the dynamic behavior of the deflection at the tip of the mi-

corcantilever,zy, due to flow turbulences is shown in the v 2 X ¥\ 2
i i i ion: V(X, Y, )= — = dysin 3(1——— )| =
following differential equation: (X, ¥, 7) how Y (y0) ( I ) (H)
meZd + kezd = 3CopIAe(how Fy)? sin(wr) (17) 3ex\ /703
whereme, ke, Ae, Fv, hg andp; are the effective mass of the —2 (l H ) (E) }
cantilever, effective stiffness, effective area of the microcan- 3 5
tilever that are subject to flow drag, a velocity correction fac- _6 (1_2 _ 1) X (K) _ ({) (21)
tor which is the ratio between the magnitude of the velocity S H|\H H

at the microcantilever to the velocity magnitude at the source . . . . .
of disturbance which is assumed to lig), characteristic whergu, v, X, Y andVo are d|men_3|onaI.aX|aI Ve.|OC'tY’ di-
length for the turbulence at its source and the density of the men§|onal normallvelouty, thF." dimensional ‘."‘X'al @stance
fluid, respectively. The double dot sign represents the second>t@ting f'rom the mle’F normalized b, the d|men5|ongl
derivative with respect to time. The right side B§. (17) normal distance starting from the lower plate normalized

represents the drag force excreted by the flow of the fluid on bygo ;;d a re[z)ferer(;ce inlﬁt velocity, rgspeﬁtivdlﬁsﬁ(ZO)
the microcantilever due to oscillating effects. The parameter an (21)are ahse_ Ion t_e assulmp::/ohn t :tl tse. O;’]V rate
Cp is the drag coefficient and depends on the geometry of the'S constant at the in et Is equal toh/hy while Sis the

mirocantlever and the direction of the flow with respect to the squeezing number. Itis defined as

microcantlever. The steady periodic solution Exy. (17)is §— 12 (22)
- 1+ Vo/wB
_ _(Ume/k9o?) OSpAehol)’Co (o + Vo/w
=7 (me/ ke)®? e (1) where the flow rate at the inlet is equalVghy. When the

) microcantilever is placed near the lower plat¢ H ~ 0,
Eq. (18) suggests that the main parameters that control {henEgs. (20) and (21)educes to the following at the exit

the dynamical effects a_reﬁD, Fv, olog (wn = kelme), of the channel
plAehg/me. A decrease in any of these parameters reduces 1 %
the dynamical effects. U, o = —ﬁ[&sy sin(yt) — (12— S)]ﬁ (23)

2.4, Effects of turbulence produced by external squeezing

12
N v o= [y singm (1-2(5)) -6 (5 - 1) 5
The analysis below is done for flow turbulences that are H S H
produced by external noise at the upper plate of the fluidic (24)
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Eq. (24) suggests thafy can be approximated by the
following for fluidic cells having inclined clearances and
having the microcantilever set-up placed near the fixed plate

ra(-2(5) (3) @)

Therefore, the ratio of the deflection of the microcantilever
due dynamical effects for an inclined channel to that for a
flat channel can be approximated by the following for lower
amplitudes of the upper plate’s vibrations

e (1—x)2 (26)
(zd=0 \l+«k

Eq. (26) suggests that dynamical effects on the micro-
cantliever deflection can be reduced for divergent fluidic
cells. However, this reduction is prominent ngae= 1 at
relatively low values of as shown irFig. 5. Furthermore,
inclined channels create a permanent drag on the micro-
cantlilever because the mean flow will have normal velocity
components, the second term lyg. (24) However, the
reduction in the dynamical effects is greater than the deflec-
tion due to the induced permanent drag. It is worth noting

N 15+
N
1.2
0.9 -
0.6 -

0.3

0.0 1+
0.0

T T T T T T T T T
05 10 15 20 25 3.0 35 40 45 50

K

Fig. 5. Effects ofk on (zq)«/(zd)«=0-

that the permanent drag can be minimized by aligning the of [10] which shows the adhering of lymphoid cells CD8
molecules into anti-CD8-coated surface by a shear flow.

The parameters a and b are assumed due to lack of ex-
perimental valuesTgable 9.

Figs. 6 and 7describe the effects of the dimensionless
slopex on translational and normal velocities, normalized

The following table lists typical values of the parame- with respect toVy, at the exit for two different times,
ters specifying the microcantilever deflection. Note that the respectively. They are based on the fact that the microcan-
tilever is placed near the lower plate in the presence of an

microcantilever along the stream lines.

3. Typical values of cantilevers

data for(Cuo)oNr, Ny Bc andkso are extracted from the work

25
1=4.712
oo e 1=5.75
20 7 $=5.0,6.0,8.0 v=3.0
15 .
T 10 -
7 R T
Q e
E 5 —
0 —]
-5 -
$=5.0,6.0,8.0
-10 T T T T
-0.25 0.00 0.25 0.50 0.75 1.00

Fig. 6. Effects ofx on

K

(u/Vo)1/(Y/H).
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Table 2 1.0
Typical values of the parameters specifying the microcantilever deflection

0.9
Material Properties (8N4 coated

with thin layer of gold) 0.8

£ (pm), w (um), tyy (M) 120, 40, 50
M (kg), me (k) 5.50 (1013), 1.34 (1013 077
ke (N/m), p (kg m=3), (Coo)oNr (wm2)  0.06, 2330, 410 1 0.6 -
Zp (nm), hg (mm), B (mm) 50, 0.4, 70 ’
3, NiBe (pm~2) 0.3, 82 & g5
ho (mm), Fy, Y/H, Vo (m/s) 0.2, 0.2, 0.1, 0.05 N
kto (Lm?/s), a (s) 17.1(10%), 0.1 0.4
m(s ), « 100, 0.0 (unless stated)
Co, m (kg/m?®), Ae (W) 1.0, 800, 0.5 0.3 -

0.2
external sinusoidal noise at the upper plate. The values of 0.1
T = 4.712 andr = 5.75 represent the cases when the up-
per plate reaches its maximum relief and squeezing speeds, 0.0 +——— T

respectively. It is noticed that the absolute value of the 0.001 0.01 01 1 10 100
translational velocity decrease with increaseskinThis ®
will result in increasing the adhesion rate. Increases in the
squeezing numbe$can cause reductions and enhancements
in rolling velocities during relief (as long as the flow is not
reversed) and squeezing stages, respecti$ghcreases by  asymptotical value for the selected parameters. This behav-
increases in the turbulence frequency. Variations in normal jor is mainly due to increases in the vibrational frequency
velocities are noticed to decreasexaimicreasesKig. 7). of the analyte molecules asincreases when the effects of
Fig. 8 shows the deflection spectrum of the microcan- the rolling velocities on the binding are small, otherwise the
tilever due to surface stress fit="5s. The deflection at  deflection will decrease. The spectrum for the intermediate
relatively small values ofv is mainly influenced by the  region ofw contains small noise levels due to the interfer-
noise in the analyte concentration near the microcantilever.ence between the effect of the noise in the concentration
In this region, the noise in the deflection spectrum is clearly and vibrational/rolling effects of the analyte molecules.
recognized as shown iRig. 8 At large values ofw, the Decreases in the deflection are noticed ascreases due to
deflection is found to increase smoothly until reaching an increases in the rolling velocity effects. At relatively large
frequencies, bimaterial effects on the deflection decreases
as shown irFig. 9.

Fig. 8. Effects ofw on zs/zp att =5s.

0.08
1=4.712
---------- 1=575 1.0
0.06 - =30 g i
0.9 - ------------ T=n/2
004 - 0.8
N $=5.06.08.0 0.7
f 0.02 —
>\; |_8 0.6
= 3
3 o000 S 051
N
(72}
2 0.4
0.02
) 0.3
P S$=5.06.08.0
0047 027
0.1
-0.06 T T T 0.0 = T T T '”“»‘];1__ r
025 000 025 050 075 1.00 0 b 10 100 1000
K [0)

Fig. 7. Effects ofx on (v/ Vo)(1/(Y/H)?). Fig. 9. Effects ofw on |z;|/81ATx.
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0.40 p— 4. Different cantilever assemblies
0-36 It was found that oscillations in flow conditions can en-
032 hance the detection of the microcantilever in the absence of
the dynamic effects of the flow. Therefore, it is suggested to
0.28 have new generations of microcantilevers that are less sen-
sitive to turbulence and have enhanced deflections. Below
0.24 1 are few designs for the microcantilever assembly. Assembly
& 020 - (a) and (b) ofFig. 11 have a large effective stiffness hence
N lower turbulence effects. Also, they have larger deflection
0.16 as compared to an ordinary microcantilever. Specifically,
there is a substantial enhancement in deflection at the mid
0.12 1 point of the connecting beam for assembly (a) and at the
0.08 - free end of the intermediate beam and for assembly (b). The
receptor coatings on the connecting and intermediate beams
0.04 for assemblies (a) and (b), respectively, are on the opposite
surface to those for the other beams where their receptor
0.00 A coatings are on one side as showrFig. 11 Assembly (c)
0.1 1 10 100 will be subjected to lower drag amplitude than the ordinary
© microcantilever because it is close to the wall (has lokgr
Fig. 10. Effects ofw on zq4/zo. values).

Assembly (d) is an ordinary microcantilever with the
receptor coating being placed on one half of the upper sur-
face of the microcantilever and along the opposite half of

Although, the deflection of the microcantilever is en- the lower surface of the microcantilever as showhim 11
hanced at large frequencies, the noise due to dynamicalFurther, this microcantilever has a long slit along the in-
disturbances on the microcantliever increases drastically asterface between the receptor coating and the surface that is
shown inFig. 10 With regards to bimaterial effects, they can free from receptor as shown Fig. 11 This slit allows the
be reduced by geometrical considerations for the chamberseparated sides of the microcantilever to have deflections in
such as using convergent chambers or using special cooler®pposite directions upon analyte bindings with the receptors
as in the works of14]. This reduction can also be accom- on the shown alternating surfaces. The analyte concentra-
plished by comparing the deflection of the microcantilever tion can then be related to the opening of the Alit. The
with an idle one to eliminate these effects as illustrated in opening is almost unaffected by dynamical effects because
the work of[3]. both surfaces are subjected to almost similar flow drags.

Receptor coating

Fixed end

Fixed end ._

Fixed end Fixed
(a)

Fixed end

Biochip side

R
- 1 Receptor on upper surface

Row direction Receptor on lower surface
——— Long slit

(c) (d)

Fig. 11. Suggested different designs of the microcantilever assembly.
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Table 3
Summary of the performance of the different microcantilever assemblies

z Ordinary M/C Assembly (a) Assembly (b) Assembly (c) Assembly (d)

Maximum zs Zo M/C length=L 1.257y beam length= L ~2.0zy intermediate 7y total length= L AzZs < 79 slit length=L
beam length=L

z Zo 1.257, ~2.0 Zo 1.0z Az < zZo

Z4 Zdo <Zgo at low w <Z4o at low w <Zgo ~0

Table 3 shows a comparison between the suggested The 3D piezoelectric matrix (C/f
microcantilever assemblies and the ordinary microcanti- -~ i
lever, M/C, according to their corresponding valueszgf 0 0 388
z andzq. Note that the length of the intermediate beam for 0 0 _388

assembly b is assumed to extend to the fixed end.
0 0 1391

[D] =
0 0 0
5. Design and optimization of piezoresistive cantilevers 0 1034 0
In this section, we discuss the mechanical design and | 1034 O 0

optimization of piezoresistive cantilevers for use in detecting Al th imulati ducted with th
changes in surface stress upon analyte-receptor binding. The ree simuiations were conducted wi € same

fractional change in resistance g/R) of a piezoresistive condltl_ons of analyte concentration and the same analyte
cantilever is described by the following expression, capturing area. For the double cantilever beam arrangement,

the capture area was designed to be the whole area of the

AR _ ﬂ37TL(1 —v) (61 — 09) connection beam. For the regular piezoresistive cantilever as

R I'm shown inFig. 12 the quantity of stress differencei(— o2)
wheren, is the piezoresistive coefficient of Silicon along 1S maximized near the cantilever beam support area as ex-
the (110 axis, o1 is the longitudinal stresss, the trans- pected Fig. 13shows the integrated value afi(— o2) over

verse stress;, the thickness of the cantilever, afida factor the length of the cgntilever where over the capture area, the
that adjusts for the thickness of the piezoresigtéi. From value of g1 — o2) is constant around 0.06 MPa. Towards
the above expression, thé\ R/R) ratio is proportional to  the beam support area, the value ef ¢ o2) increases to
the stress differencer{ — o). The stress difference distri- ~around 0.1 MPa. For the case of a single piezoresistive can-
bution depends on the geometric factors of the layers andtilever with SCR as shown iRig. 14 The value of ¢1 —02)

the chemo-mechanical forces between the biomolecules andurther increases near the support area reaching a maximum
the capture or hybridization layers. Therefore, the deflection Value of 0.6 MPa over a plateau, that is, |88 in length
signal can be increased by maximizing the stress difference(Fig- 19. This would be the optimum region for placing the
(o1 — o) in the way of changing the geometric factors. In piezoelectric layer to collect sufficiently large displacement
addition, the method of stress concentration regions (SCR)signals. For the double piezocantilever arrangement with
can be employed (as discontinuity holes) to further increase SCRS inFig. 16 the maximum value of the stress difference
this stress difference, giving rise to an increased sensitivity increases to nearly 1 MPa, and the length of the “flat roof”
in biodetection. Furthermore, the use of a double cantilever aréa increases to §0n, which means that the effective
arrangement can increase the amount of “large stress differ-Signal collecting area is further increasédg( 17).

ence area’.

Modeling and simulations for piezoresistive cantilevers
were conducted using the CFDR¢. The cantilever beam
was assumed to be 40n in width and 15Qum in length.

In addition, the length of the piezoresistive layer was taken ”

1.6262E+003

1 0000E+003

to be 10Qum. For the properties of the piezoresistive layer, 0-0000E+000 2
we have utilized the parameters of the PZT-8 system from 3
Morgan Matroc, Inc[17] The following matrices represent —"~GOUUE+G@3—;
the piezoressitivity parameters of the PZT-8 system. :
The 3D dielectric matrix (F/m) ~2D000E+003—
8003 0 0 |_ j -2.8615E+003
[]=| O 8003 0 |x107°

Fig. 12. Distribution of stress differenceri(— o2) in a piezoresistive
0 0 2252 cantilever beam.
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Fig. 14. Distribution of stress difference in a piezoresistive cantilever with

SCRs.
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Fig. 13. Integrated stress difference along the longitudinal axis of the cantilever beam.
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6. Biodetection based on resonance frequency shift

In this section, we present results from experiments
where we utilized the resonance frequency shift of micro-
cantilever beams for biosensing. For our experiments, we
have used commercially available silicon microcantilevers
for biosensing from Thermomicroscopes, Inc., Sunnyvale,
CA (ultralevers, types A, B, C and D) whose properties are
provided inTable 4 The changes in the resonance frequency
of the cantilevers were detected optically using an atomic
force microsopy system (CP-Research, Thermomicroscopes
Inc.).

Microcantilevers are mounted to a cartridge with a
piezoresistive film stack for operation in the non-contact
or tapping mode. An optical detection system with a
four-quadrant photodetector is used to detect the cantilever
detection and the resoance frequency. The ultralevers have a

(MPa)

0.6

0.5

0.4 4

Stress

0.3

0.2

01

]

0.00E+00  2.00E+01

T

4.00E+01 B.00E+)1 B.00E+)1 1.00E+02 1.20E+D2
Longitudinal Distance {um)

Fig. 15. Integrated stress difference along the longitudinal axis of the cantilevers with SCR’s.



Fig. 16. Distribution of stress difference for the double piezocantilever

arrangement.
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cantilevers into saturated solutions of aminoethanethiol and
dodecanethiol for a duration of 12 h, followed by a 24 h dry-

ing process. After that, the modified cantilever’s frequency
response was recorded.

The height of the aminoethanethiol and dodecanethiol
self assembled monolayers were taken to be 8 and 20A,
respectively. Compared to the thickness of the cantilever
beam (1.8wm), these SAMs are considered to be ultra thin
films [8]. When a cantilever beam is coated with a thin film,
the flexural rigidity will change, and the change in stiffness
as well as the mass will directly affect the resonance fre-
quency of the beam’s vibration. The stiffness change will
be reflected as a change in the force (cantilever bending)
versus distance (scanner extension) curve of the cantilever,
which is directly obtained from AFM, and the slope of the

gold coating on the backside for enhanced surface reflectiv-linéar portion of the curve is inversely proportional to the
ity, which is also useful for chemical modification to obtain Stiffness of the cantilever.

selective binding of specific analytes. For our experiments,

A cantilever beam is considered to be a long, thin beam

self assembled monolayers (SAM) of aminoethanethiol and With one end fixed and the other end being free. Assuming
dodecanethiol were utilized as receptor molecules to mod- the cantilever behaves linearly elastic and uniform in dimen-
ify the cantilever surface. The sulfur group in the thiol chain Sion, and only a small deflection is issued, the resonance
has high affinity for binding to gold surfaces and hence frequency of the beam, can be determined by

well defined monolayers are generated, which are dense and
stable[3,16]. Before doing the chemical modification, we wn = kn?,/ —
have measured the blank cantilever's frequency response

El
A

(first-order resonance) using our AFM in the non-contact wherek, is constantEl the flexural rigidity,E the elastic
mode. Chemical modification was achieved by dipping the modulus, the moment of inertia, andthe linear density of

Table 4

(MEa) 4 7
1 R
AN
N
S
0.8 ‘\.(
1
i
\\
Stress 0B b
N
=
0.4 -
e
—
\-
0.2
0 T T T T T
000EH0 200E+01 4.00E+01 B.00E+D1  B.00E+M 1.00E+02 1.20E+02
X axis ()

Fig. 17. Integrated stress difference along the longitudinal axis for the double piezocantilever arrangement.

Geometrical and physical parameters of the cantilevers used in the experiments

Type L (um) W (pm) Typical Typical force Typical resonance
thickness m) constant (N/m) frequency (kHz)

UL20A 180 25 1.8 1.9 53

uUL20B 180 38 1.8 2.8 64

uL20C 85 18 1.8 13 300

UL20D 85 28 1.8 18 360
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the beam. After the surface modifications, the characteristics
of the cantilever beam change due to the formation of the
self assembled monolayer. The linear mass density of the
modified cantilever will become,

Ac = psAs + pt A
and its flexural rigidity will be redefined as,

A.-R.A. Khaled et al./Sensors and Actuators B 94 (2003) 103-115

Consequently, the new resonance frequency and the
frequency shift are given by the following expressions:

Esl Es [
a)(;:k,% sls + Ei I
\ Ac
Esl. Ex [ El
Awe = k2| st EE  JE
Ac A

These equations show that both the stiffness and the mass

where ‘s’ represents the substrate that the beam is fabricatedoading affect the resonance frequency of the cantilgxjer

from and ‘f’ represents the self assembled monolayer. In
addition, the modified center of mass of the cantilever is
given by,

_ Esh3+ Et(2hsht + h?)
)’Cm - 2Eshs + 2Eshf

The moment of inertia of the modified beam will also
change to
hs\ 2
Yem 2

(s

h3
& + whs

I =
ST 12

wh?
—t + why

s =
=12

f
4 he—
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Fig. 18. Frequency response before and after modification, for (a)
aminoethanethiol SAM, (b) dodecanethiol SAM.

Figs. 18(a and b¥how the results of resonance frequency
change measured using ultralevers of typeTBb{e 4 for
aminoethanethiol and dodecanethiol coatings respectively.
For the case of aminoethanethiol coating Rig. 18(a)

we have observed an increase in the resonance frequency
while the resonance frequency dropped for the case of do-
decanethiol coating ifrig. 18(b) Fig. 19 shows the force

vs. deflection curves for both SAMs. We see that while for
the case of aminoethanethiol coating the stiffness of the
cantilever has increased, a little change was observed in the
case of dodecanethiol coating. An aminoethanethiol has a
hydrochloride group at the end which leaves a proton upon
salvation. The charged end of aminoethanethiol molecules
can interact via van der Waals forces to form highly rigid
three dimensional networks. In addition, the amino group
of the molecule is oriented at a non-coplanar angle to the
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Fig. 19. Force vs. distance curves for the case of (a) aminoethanethiol
and (b) dodecanethiol coatings.
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