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This article describes a surface micromachined cantilever beam-based resonator for biological
sensing applications. The study used a novel microfabrication technique of merged epitaxial lateral
overgrowth (MELO) and chemical mechanical polishin®MP) to fabricate thin, low stress,
single-crystal silicon cantilever beams. The vibration spectra of the cantilever beams, excited by
thermal and ambient noise, was measured in air using a Dimension 3100 Series scanning probe
microscopg SPM), and in certain cases, a Polytec MSV300 laser Doppler vibrometer. The sensors
were used to detect the massldasteria innocuabacteria by applying increasing concentration of
bacteria suspension on the same cantilever beams and measuring the resonant frequency changes in
air. Cantilever beams were also used to detect the mass of proteins such as Bovine Serum Albumin
(BSA) and antibodies folListeria that were attached to the cantilever’s surfaces by physical
adsorption; following which they were used to capture and detect the mass of the bacterial cells on
the functionalized cantilever beam surfaces’. The effects of critical point drying of the proteins were
evaluated and the results indicate that the functionality of the antibodies was not reduced once
rehydrated after critical point drying. The developed biosensor is capable of rapid and ultrasensitive
detection of bacteria and promises significant potential for the enhancement of microbiological
research and diagnostic®. 2004 American Vacuum SocieffpOl: 10.1116/1.1824047

[. INTRODUCTION Silicon microfabrication technology has many advantages
which include:(i) precise control of dimensiongj) minia-
Cantilever beams were introduced to nanotechnology withrization of devicesiii ) fabrication of an array of devices
their use as probes in atomic force microscopiFM).” Can- with very close physical parameter valués;) batch fabri-

tilever beams can l:_)e considered as a link between_ the phys&ation leading to decrease in production cost, andossi-
cal realms in the microscale and the nanoscale regimes. Th,%YIity of integration of various functional devices on the

have attracted a lot of attention in the microelectromechanic_ platform leading to the ultimate goal of a “lab-on-a-

cal systemgMEMS) and nanotechnology community due to chip.” Single crystal materials such as silicon are preferred

their simple structure and fabrication process flow, alongm . . .
: - S . : aterials to make sensor elements due to their high mechani-
with their displayed versatility in a wide range of applica- )
cal quality factof

tions as sensors and actuatdidicroscale cantilever beam- . ) .
The purpose of this article is to present the use of a sur-

based resonators have been shown to be extremely sensitive I ) N )
biosensoré? The change in resonant frequency of the Can_face micromachined silicon cantilever beam as a resonant

tilever beam, due to mass change after analyte binding, igiosensor for the detection of mass of bacterial cells and
used as the detection scheme. This technique can fundame#itibodies. In the present study, nonspecific binding of bac-
tally be used to detect single bacterial c8llEhe advantage terial cells on cantilever beams was carried out in order to
of this method over traditional diagnosis systems such ageasure the effective dry mass of thisteria innocuabac-
Enzyme-Linked Immunosorbent Assé§LISA) (Ref. 6 or  teria. The mass of antibody layer was also measured in order
oligonucleotide(DNA or RNA) (Ref. 7) based assays is that to demonstrate the sensitivity of the cantilever beams to the
whole, intact bacterial cells are detected. Hence, the presentass of the protein layers and to demonstrate antigen—
method can be not only ultrasensitive but can also be a lessntibody interactions of bacterial cells adhering to function-
time consuming and a more energy efficient process. Funalized surfaces more efficiently than on nonfunctionalized
tionalizing of arrays of cantilever beams with receptors to(bare surfaces. Critical point dryingCPD) was performed
different analytes can also allow for the detection of multiplepefore every step of measurement of the resonant frequencies

agents on the same chip. in air, in order to avoid stiction. The functionality of the
antibodies after CPD was qualitatively evaluated in the
¥Electronic mail: bashir@ecn.purdue.edu present study in order to the gauge their effectiveness.
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TaBLE |. Planar dimensions and measured values of unloaded resonant fre-

Released Silicon Anisotropically quency, quality factor, spring constant, and mass sensitivity.
Cantilever Beam Etched Well
Resonant Spring Mass
Substrate - Cantilever Length and frequency Quality constant sensitivity

designation width (pm) (kHz) factor, @ (N/m)  (Hz/pg)

1 L=78 W=23 85.6 56 0.145 65
2 L=79W=24 80.7 54 0.097 90

Jion by achieving a higher quality factor, as described below.
The vertical deflection signal of the cantilever beam was ex-
tracted from the SPM using a Digital Instrument Signal Ac-
Il. MATERIALS AND METHODS cess Modulg'SAM) and then digitized. The power spectral
density was then evaluated usimgrLAB software. The ther-
mal vibration spectra data was fitising the least square
method to the amplitude response of a simple harmonic os-
A novel fabrication technique was developed to fabricatecillator (SHO) in order to obtain the resonant frequency and
thin, low-stress, single-crystal cantilever beahiBhe pro- the quality factor. The amplitude response of a SHO is given
cess flow involves using merged epitaxial lateral overgrowthas
(MELO) and chemical mechanical polishig@MP) of single

Fic. 1. SEM micrographs of a released rectangular shaped cantilever bea

A. Cantilever beam fabrication and mechanical
characterization

crystal silicon. MELO can be regarded as an extension of f02
selective epitaxial growtiSEG) and epitaxial lateral over-  A(f) :Adcﬁa 1)
growth (ELO). Descriptions of the various forms of selective \/[(fo -+ F]

silicon growth have been reported previou@h]/.1 Figure 1

shows a scanning electron micrograph of a rectangulagheref is the frequency in Hzf, is the resonant frequency,
shaped cantilever beam obtained using the present procegsis the quality factor, and is the cantilever amplitude at
flow. Among the previous works that have reported on thezerg frequency. All the reported values of resonant frequency
fabrication of ultrathin cantilever beams, virtually all of them g quality factor presented and used in this work are those
. 213 .

employ a SOl wafer as the starting mateffal’ The fabri- that have been obtained by curve fitting. The cantilever
cation method used in this study has the advantage of fabrieams were calibrated by measuring their spring constant
cating all-silicon structures without any oxide layer being using the added mass methGdTable | shows the planar
present under the silicon anchor of the cantilever beam. Thigimensions and mechanical characterization results for spe-
eliminates any mismatch in material properties between thgjfically two cantilever beams, designated cantilever 1, and
silicon and silicon dioxide material that exists when usingqantilever 2, which have been used in this study. Different
SOl as the starting material. This in turn eliminates, or ceryegonant frequency and spring constant was measured for
tainly decreases, the residual stresses in cantilever beams thferent cantilever beams with around the same planar di-
are a source of vibrational energy Idsshe present fabrica- mensions due to difference in thickness of these cantilevers.
tion method also has the potential of fabricating arrays ofgased on the mechanical parameters of the cantilever beams,

cantilever beams with varying length, width, and thicknesst s possible to determine the minimum detectable frequency
dimensions on the same substrate. This can allow the fabrihangeaf,;,, which is limited by thermal noist*’ as given

cation of arrays of cantilever beams with a range of mechanipg|o-
cal resonant frequencies and sensitivities. The current fabri-

cation method can be extended to confined lateral epitaxy or 1 [frTB
tunnel epitaxy to fabricate nanoscale thick cantilever beams Af, . == /22— 2
for ultrasensitive-detection applications. AN 27kQ

Thermal and ambient noise was used to excite the canti-
lever beams and their corresponding vibration spectra washereA is the square root of the mean-square amplitude of
measured in air using a Dimension 3100 Se(emital In-  the cantilever beamkg is Boltzmann’'s constant] is the
struments, Veeco Metrology Group, Santa Barbara,) CAtemperaturef, is the resonant frequenc, is the spring
scanning probe microscop&SPM) and in certain experi- constant, and is the measurement bandwidth. This is cal-
ments a MSV30QPolytec PI, Auburn, MA laser Doppler culated to be around 150-200 Hz for the cantilever beams
vibrometer(LDV). Thermal noise excitation was used sinceused in this study. It can be seen that externally driving the
it does not require any power and it does not excite othecantilever beam will lead to an increase in the amplitude and
stiffer, higher mechanical resonance modes such as that tiie quality factor, resulting in the decrease of the minimum
the cantilever holder. The advantage of externally driving thedetectable frequency shift, leading to an improvement in the
cantilever beam will be of course more sensitive mass deteanass detection sensitivity.

J. Vac. Sci. Technol. B, Vol. 22, No. 6, Nov/Dec 2004
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B. Bacterial growth conditions and chemical and then treated in increasing concentrations of methanol in
reagents used PBS ranging from 1% to 100%. Finally, placing the cantile-

Listeria innocuabacteria were grown in Luria—Bertani Vers in a 100% methanol solution, they were dried using
(LB) broth at 37 °C placed in an incubator. The initial con- critical point drying. The resor?ant. frlequency of the cantile-
centration of the bacterial suspension was estimated to h&" Péam was then measured in air in order to get the change
around 5< 10F cells/ml. The buffer used in all the experi- 1N frequency due to the antibody and BSA mass.
ments in the present study was phosphate buffered saline The antibody-coated cantilevers were treated in PBS
(PBS with pH 7.4 (137 mM NaCl, 2.7 mM KCl and 10 mM buffer for 15 min(in order to rehydrate the antibodjef®l-
phosphate buffer solutionThe bacteria were transferred to l0wed by & short rinse of arodrb s in DI. Thecantilevers
the PBS buffer for further dilution. Bacterial suspensions inWere then treated with a bacterial suspensioiisferia in-
concentration varying from % 10° to 5x 108 cells/ml were ~ NOcug at an estimated concentration oKAa.C? cells/ml for
introduced on the cantilever beam surfaces. Goat affinityl> min. The sample was rinsed in DI for around 30 s follow-
purified polyclonal antibody fot.isteria innocuawas used Ng which the sample were gently shaken in a solution of
(Kirkegaard & Perry Laboratories, Gaithersburg, MBSA 0.05% Tween-20 in F_’BS for 5 min. Followmg.a short rinsing
(Bovine Serum Albumin was used as a blocking agent in Step in DI, the cant!lever beams were again treated in in-
order to prevent nonspecific binding of bacteria cells in area§'€asing concentration of methanol in PBS before being
not covered by the antibody lay¥r.Tween-20(0.05% by dried using a critical point dryer. The resonant frequency was
volume in PBS was used as a surfactant in order to removéhen measured in order to determine the change in resonant

the loosely bound bacteria attached to the surfaces. frequency due to the bound cells.
As the resonant frequency of the cantilever beam was

measured after both the antibody and BSA were attached to

the surface, it was desired to find the separate effects of BSA
Nonspecific binding of bacteria was performed on theand antibodies on the resonant frequency due to mass load-

cantilever beam surfaces in order to obtain the effective dryng. The cantilever beam was initially cleaned to remove all

mass ofListeria innocuabacteria. All the resonant frequency the organics using piranha solution as before and measured

measurements in the present study were done in air. Thg obtain the unloaded resonant frequency. The cantilever

measurements were performed using a laser Doppler vibrayas then treated with BSA for around 15 min, rinsed in DI

meter due to resources constraints. In order to prevent stigor around 30 s, and measured to obtain the loaded resonant

tion of the cantilever structures onto the underlying SUbStratﬁequency_ The same cantilever was cleaned again in piranha,

after removal from liquid, the structures were dried usingmeasured to obtain the unloaded resonant frequency, treated

critical point drying(CPD). Following the introduction of the  with antibodies, rinsed in DI, and finally, measured to obtain

bacterial suspension over the cantilever beam for thirty minthe new loaded resonant frequency.

utes, the cantilever beams were immersed in ethanol and

dried using CPD. The above procedure was repeated on the

same cantilever beams with increasing bacteria concentration

in order to get frequency shift as a function of cell number

bound to the cantilever. The number of bacteria on the cang. Critical point drying of antibody layers

tilever was counted using a dark-field microscope and

doubled to account for the bacteria bound at the bottom of A dualitative experiment was conducted in order to gauge
the cantilever. the effect of critical point drying on the effectiveness of the

antibodies in capturing the bacterial cells. Silicon pieces of
size around 8 mmx 8 mm were used in this experiment.
They were treated with piranha solution in order to remove

BSA and the antibody td.isteria innocuabacteria were any organics on them, rinsed in DI water, angltNown dry.
immobilized on the cantilever beam surface using physicallwo of the chips were treated with antibody and BSA while
adsorption. Both BSA and the antibody solution were intro-two others, to be used as controls, were not treated at all and
duced on the cantilever beams by dispensing 1Q4t6the  left bare. One of the functionalized chips as well as one of
solutions using micropipettes over the cantilever beam locathe control chips were then immersed in methanol for 5 min
tions on the chip. and critically point dried, while the other functionalized and

The cantilever beams were first cleaned using piranha sasontrol chips were air dried. All the four chips were then
lution (H,O,:H,SO,=1:1) and then immersed in ethanol treated in PBS buffer, placed in fluorescein isothiocyanate
before being critical point dried. The resonant frequency wagFITC) labeled bacterial suspensions bisteria innocua
measured in order to obtain the unloaded resonant frequenaigonc. of around % 10° cells/ml, rinsed in DI water, fol-
The cantilevers were immersed in thisteria antibody, at a  lowing which they were observed under a fluorescent micro-
concentration of 1 mg/ml, for 15 min. The cantilevers werescope. Finally after excess water on the chips’ surfaces was
then rinsed for around 30 s in deionizéDl) water and removed by air drying, they were treated in PBS-Tween
treated with BSA, at a concentration of 2 mg/ml, for 15 min. (0.05% for 5 min, dipped in DI water and were observed
Then the samples were again rinsed in DI for around 30 sgain using a fluorescent microscope.

C. Dry mass measurement of bacterial cells

D. Antibody coating of cantilever beams

JVST B - Microelectronics and  Nanometer Structures
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Fic. 2. SEM micrographs showing nonspecific binding
of Listeria innocuabacterial cells to cantilever 1 and
surrounding area of sample. Inset: Higher magnification
view showing the individual bacterial cells.

[ll. RESULTS AND DISCUSSION was concentrated at the free end. In order to get a value for

A. Detection of bacterial cell mass using the dry ceI-I mass of a single. innocuabacterium, each of

nonfunctionalized cantilever beams the bacterial cells that were counted on the surface was
weighted by a factor ofx/L), wherex was the distance from

The nonspecific binding experiment was performed in Or'the fixed end and. was the length of the cantilever bedm.

der to see the smallest number of bacterial cells that could bX h lis attached isicall h i i
detected with the smallest observable shift in resonant fre=> 1€ CEIIS attached nonspecifically over the entire cantile-

quency of the cantilever, as well as to test for the linearity of/€" P€am and as it was not possible to count the cells on the
the measurements, thus proving them to be valid. After thdottom of the cantilever it was estimated that the same num-
last and highest concentration of bacterial cells was introber of cells attached at the bottom as on the top. Making this
duced on the cantilever beams and the resonant frequen@gsumption and taking an average of the dry cell mass ob-
were measured, cantilever 1 was sputtered with a layer dhined for the three increasing concentrations from different
Au/Pd and SEM micrographs were taken of the cantileveicantilever beams, the dry cell weight was estimated to be
beam. Figure 2 shows SEM micrographs depicting unseleGaround 85 fg. Figure (8) shows the frequency shift as a
tive binding of bacterial cells on cantilever 1. A uniform fynction of effective number of bacterial cells bound on sur-
distribution of the bacterial cells can pe seen over the cantiry e of cantilever beams with around the same frequency
e o ot o e e e 0. FQUE & tows h vbraon speta mezired o
Cantilever 1 before and after binding of around 180 bacterial

micrographs is due to the stress caused by the Au/Pd layer .
on top of the cantilever beam. cells. The resonant frequency shift was close to 1 kHz.

After each bacterial binding and resonant frequency mea- 1€ typical shape oListeria bacteria is cylindrical with
surement step, the number of bacterial cells were countedimensions of length around 0.5z#n and width of around
(and doubled to account for the top and bottom supfécen 0.4-0.6um. Assuming that the density of a bacterial cell is
the photomicrographs. The change in mass due to a changéightly higher than that of watér-1.05 g/cnd) with length

in resonant frequency can be giveﬁgas of 2 um and width of 0.4um, and that around 70% of the cell
K /1 1 mass is due to water, calculations show the dry cell mass is
Am= m(ﬁ - f—) (3)  expected to be around 79 fg. This is certainly close to the
1 0

measured range of around 85 fg. Ultrasensitive cantilever

wherek is the spring constant of the cantilever bedigis  beams that can detect single cells can be achieved by scaling
the initial resonant frequency before the addition of the massgown the planar dimensions of the cantilever bedmsith

f1 is the resonant frequency after the mass addition,rand 5 proportionate decrease in the thickness of the cantilever
=1in the case the added mass is placed right at the free e, s in order to decrease the bandwidth of the cantilever
andn-~0.24 for the case when the additional mass is UM heams. The sensitivity of the resonators can also be increased

formly distributed over a rectangular shaped Cam"everb%improving the quality factofQ) of the cantilever beams,

beam. The assumption is made that the spring constant does . . . .
not change after the mass addition. Hence, all the values th¥ ich can be achieved by externally driving the cantilevers,
rforming the measurement in vacuum and the like.

were obtained for the mass change assumed that all the ma2$

J. Vac. Sci. Technol. B, Vol. 22, No. 6, Nov/Dec 2004
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PSD of cantilever 2 at dlflersm stages of the biosensor analysis

10- 1 1 1 1 1 1 1 1 1
5 55 6 65 7 75 8 85 9 95 10

Frequency(in Hz) x10*

Fic. 4. Resonant frequency measurement showing unloaded cantilever beam

10° : y T e (-), after antibody+BSA immobilizatio-) and after bacterial cell binding
S cteria - i i
e [ o e e comen 6 iy e e o s
Loaded Unloaded
resonant resonant
frequency, frequency, critical point drying was done in order to avoid the stiction
0 s e *,-,,,-"" \ fo=856kHz | problem that normally occurs for surface micromachined
) : M e structures after being pulled from a liquid medium.
3 3 : e M '-’"l.\ﬁ The largest frequency change was measured after the an-
g (;Yém mil\ i A S,- ¥ "'-.\,ﬁ r,;“. e tibody plus BSA immobilization step which was about 2
g Y ‘? o e W\‘J/‘ ‘z kHz. Using Eq.(3) and assuming that the antibody and BSA
wp Y ‘v'\*?..,‘.h""' ”1\;,, b ‘f‘;* form a uniform layer over the cantilever beam surface, the
o i x,',.w‘«”"" "m','v,' P aﬁ; g added mass was calculated to be around 93 pg for cantilever
R T 2. The cantilevers were not bent indicating that the adsorp-
tion was on both sides of the cantilever. There was a shift in
resonant frequency of around 500 Kzorresponding to a
0" : A : : , : mass change of 5.3 pafter the attachment of the bacterial
C& i s Ffmonng’) 9 85 m‘f cells, as shown in Fig. 4. The effective number of bacterial

cells that were captured on cantilever 2 was estimated to be
around 62 bacterial cell@ssuming the mass of each bacte-
Fic. 3. (a) Measured resonant frequency shift versus effective number of i@l Cell to be around 85 fg
Listeria innocuabacterial cells binding to cantilever ib) Resonant fre- The mass of the antibody and BSA layer that was ad-
o T v i o s v o agoroed on the cantlever beam surace was measure fo be
&i\'ﬁ:eaesired curves to B (the fitted o e o shown @round 90 pg. In order to estimate whether the values were
reasonable, one can make some rough calculations. The mo-
lecular weight of an antibody molecu(igG) is estimated to
be around 150kD#’ with an effective area for a single mol-
ecule to be around 45 rfimThe molecular weight of a BSA
molecule is around 66 kDa with an effective area of around
Cantilever beam 2 was used to measure the mass of th&t nn? (assuming BSA to be an ellipsoid with dimensions of
adsorbed antibodies and BSA, followed by the mass of thd4 nm by 4 nm.?* Since the antibody was first attached to
bacterial cells along with the protein layer. Figure 4 showsthe cantilever beam, followed by BSA, it is safe to assume
the change in resonant frequency of cantilever 2 at differenthat the BSA covers only those areas not covered by the
stages of the experiment of selectively capturing bacteriahntibody itself and that they do not attach to the antibody
cells on the cantilever. The resonant frequency was measuréglyer. It should be reasonable to assume that the antibodies
after a piranha clean of the cantilever beams, after the antcover the majority of the surface area of the cantilever beam.
body plus BSA immobilization, and finally after the bacterial Assuming total coverage over the entire cantilever surface
introduction. It should be pointed out that each of the stepsrea(top and bottom of the cantileveby the antibody, a
was followed by a critical point drying step as the resonanimass of around 87 pgmass of antibody layer divided by
frequency needed to be measured in air. As stated before, tiie24) is calculated. Since the antibodies and BSA are non-

(b)

B. Detection of bacterial cell mass using
antibody-coated cantilever beams

JVST B - Microelectronics and Nanometer Structures
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PSD of cantilever 2 showing the resonant frequency shift after the attachment of antibodies PSD of cantilever 2 showing the resonant frequency shift after the attachment of BSA
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Fic. 5. Resonant frequency shift after the attachment of the antibody to

Listeria innocuato cantilever beam 2. The values of resonant frequenciesFic. 6. Resonant frequency shift after the attachment of BSA to cantilever
are extracted from fitting the measured curves to @y(the fitted curves  beam 2.
are not shown

y _ assumptions as were made in the case for the antibody. One
specifically adsorbed, they will be randomly attached to theyossible reason for the difference could be that the BSA

cantilever and could also be attached in multiple layers. Th?no|ecu|es are stacking on top of each other forming mu|t|p|e
measured values of added mass are, however, in the expectggers.

pg range.
In order to better ascertain the effect of mass loading, by ) L . .

BSA and the antibody, on the resonant frequency, they wer r :Enffecnveness of antibodies after critical point
separately attached to the cantilever beam and the resonant "'
frequency shift was measured. The antibogyonc. of Critical point drying was done before many resonant fre-
1 mg/ml) gave a frequency shift of around 1.48 kHz, which quency measurement steps, so as to minimize stiction of the
corresponds to a mass change of 59(pge Fig.  BSA  cantilever beams to the underlying substrate. Figure 7 shows
(conc. of 2 mg/ml gave a frequency change of around 3.94fluorescent photomicrographs taken after all the sanisles
kHz which corresponds to a mass change of around 166 p8ec. Il B with the bacteria were treated in PBS-Tween
(see Fig. 6. In the case of BSA, theoretical calculations give (0.05% for 5 min and rinsed in DI water, and were taken at
an expected value of around 40 pg, when making the sam& magnification of 408. Figure {a) shows the sample with

FiG. 7. (a) Photomicrograph showing a sample with an-

tibody and BSA that were not dried with CP[) Pho-

@ ®) tomicrograph of sample with antibody and BSA that

was dried using CPD(c) Control sample with no anti-
body and no BSA and that was air drigdl) Control
sample with no antibody and no BSA that was dried
with CPD. (Note: The magnifications of all the photo-
micrographs were at 400,

i @

J. Vac. Sci. Technol. B, Vol. 22, No. 6, Nov/Dec 2004
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attached antibodies and BSA that had been air dried. Figummicrographs of the cantilevers with bacteria attached, R.
7(b) shows the sample with the antibody and BSA that hadGémez for his help with the bacterial growth, and T. Huang
been dried using CPD. Figuregcy and {d) show the con- for his helpful comments. This work was supported by Na-
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