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Without using the laser and optical detection method of an atomic force micros&Bpd), direct

force measurements of biomolecular interactions in biological solution are accomplished by a
nanomechanical force gauge. The device consists of integrated nanoscale single-crystal Si cantilever
and reading scales, which allow the direct measurements of biomolecular interactions by reading the
deflection of the cantilever with an optical microscope. The spring constant of the cantilevers was
calibrated by measuring the resonant frequency under electrostatic force excitation, and the
minimum value among the designed devices shows 8QupN/ The piconewton regime
dissociation force between a biotinylated bead and streptavidins in an aqueous solution was directly
measured with this device. @005 American Institute of PhysidDOI: 10.1063/1.1906332

Highly sensitive microprobes such as atomic force mi-As an example of the biomolecular applications, the direct
croscopegAFM), fluorescence detection, and optical trappingmeasurements of the dissociation strength of proteins in an
have been recently introduced as proper tools to quantitaaqueous solution were demonstrated.
tively characterize molecular interactions at the piconewton  The NFG consists of a freestanding ultra thin nanoscale
level such as single molecular mechanics, cell adhesion, @antilever with a sample holding stage at the free end as
dissociation strength between biomolecules. In particular, aghown in Fig. 1. The constrained end of the cantilever is

AFM consisting of a microcantilever, laser, optical appara-anchored to a stationary frame, which includes a reading
tus, and detector, has been used for the studies of the me-

chanical behavior of biomolecules or living cells in both air
and liquid environments. Many efforts have been put into the
development of microcantilever-based sensors such a
atomic force microscope for the detection of physical phe-
nomena and chemical reactioh&.However, most sensors
require extra optical components and detectors. In addition
the laser optical alignment is often a cumbersome and time-
consuming task.

Unlike an AFM or other microprobes, a nanoscale
single-crystal Si cantilever with reading scales called nano-
mechanical force gaugdFG) is an alternative to having a
capability of direct reading without laser amplification. The |
force gauge is also cost effective to measure the interaction:
between biomolecules in the piconewton regime since it is
fabricated with a similar cost of an AFM tip. The device can
be easy to set up with an optical microscope and the simple
and direct force measurement can be conducted by readin
the lateral deflection of a highly sensitive nanoscale cantile-
ver through microscope objective. 1 i

This article presents the fabrication, calibration, and 2 : "
demonstration of nanomechanical force gauges. The micro e ] | 290nm
fabrication of a nanoscale cantilever with lateral flexibility . ’
was based on thermal oxidation of single-crystal silicon. The ‘ “ ;
calibration of the devices was carried out by measuring the ai ' Sample holding stage
resonant frequencies under an electrostatic force excitation === ‘

Nanoscale cantilever

UCB BSAC BioPOEMS

Reading scale

FIG. 1. SEM images of a nanomechanical force gauge consisting of a
dAuthor to whom all correspondence should be addressed; electronic maikample holding stage, a nanoscale cantilever, a reading scale with 13 ticks,
Iplee@socrates.berkeley.edu a frame, and a tether.
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FIG. 4. Calibration of the spring constants through resonant frequency mea-
surements of two different NFG@lifferent length by electrostatic force

excitation.
Biotinylated Migros_cope -
Polystyrene beads Objective lens 100 to 1(0.29 umx 30 um). The sensitivity of a NFG can
be improved by either increasing the length of the cantilever
(® or thinning the width, and the resolution is determined by the
distance between ticks in reading scales.
FIG. 2. Principle of measurement in a NF@) top view, wheredg is The outline of the batch microfabrication procedures of
translation andb) an experimental setup on a optical microscope. the NFG is shown in Fig. 3. First, 30m deep trenches were

made in a silicon substrate by deep reactive ion etcttitep
scale with 13 ticks spaced @m distance apart to measure 1). The trenched structure was covered with @rh thick
the displacement of the cantilever relative to the stationaryxide by the first thermal oxidatioStep 2. In order to
frame. This device is glued with a stainless steel rod and themake the 3Qum deep single-crystal silicon structure with a
operated with a three-axis manipulator. Once the sampleantilever, the wafer was wet-etched in tetramethyl ammo-
holding stage contacts a target sample, which is bound onteium hydroxide(TMAH), until the illuminating light came
the surface by biomolecular interactions such as protein ashrough the thermal oxide layer on the front sicgtep 3.
sociation, small force at the piconewton level for dissociatingFinally, the nanoscale thickne§290 nn of a single-crystal
the molecular interaction is applied to the sample target byilicon cantilever was precisely controlled by the second oxi-
precisely translating a NFG with a three-axis manipulatordation(Step 4. After the thermal oxide layer on the structure
The cantilever in the NFG is deflected until biomolecularwas completely removed in HFStep 5, the structure was
interactions are dissociated & as shown in Fig. @). The  still anchored to the substrate with a silicon tether, which was
deflection () is directly measured by reading the tick designed large enough to see by eye. The NFG was set free
changes in the reading scales relative to the frame throughfeom the substrate by breaking the tether. The gauge was
microscope objective as illustrated in FigtbR The exact carefully glued on the surface of a silicon block that was
force for each tick movement can simply be calculated by
multiplying the number of ticks of a sample holding stage by 4409

the spring constant of a cantilever. In order to increase the
stability of the device during the operation and preventing 1400 - Applied force 16 ”
. . . though NFG
the cantilever from being bent out of plane, the cantilever 00l °”9:> | Bitinated o
. . . - olystyrene bead =
features a rectangular area with a high aspect ratio of ove = |  Biotin Qi daraien 2 8
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TI1. Backside etching in TMAH FIG. 5. Dissociation forc€636+176 pN,2.7+0.8 ticksof streptavidins-
biotins measured by a NFG with the spring constant of 804pN/and each
FIG. 3. Microfabrication procedures. reading tick of 236 pN.

Downloaded 19 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



193901-3 Jeong, Keller, and Lee Appl. Phys. Lett. 86, 193901 (2005)

TABLE I. Physical dimensions of nhanomechanical force gauges and a comparison between the measured and calculated spring constants.

Dimensions of nanoscale cantilever Measured resonant frequency Spring constant
[(em) t(um) d(um) M(pgy) m'(pgy,) wn(H2) Measuredk(pN/um) Calculatedk(pN/um)
NFG 1 744 0.29 30 0.3 3.67 714+10 802 71
NFG 2 395 0.29 30 0.3 1.95 2,360+50 494+20 526

mounted on the end surface of a stainless steel rod wittx 1 cm dies. The dies were soaked overnight in a biotin
silver epoxy. bovine serum albumiiBBSA) solution. The next day, the
The sensitivity of a NFG is determined by the spring solution was removed and each die was washed twice with a
constant of the nanoscale cantilever. The cantilever is corfresh phosphate buffer saliieBS buffer. The samples were
sidered as an end-loaded beam of a rectangular cross sectidmcubated with avidin from egg white for 20 min at room
since it has a mass of the sample holder at the end. Themperature and then washed several times with a fresh PBS
spring constant estimated by using beam theory is given biguffer solution. Both the BBSA and the avidin were pur-
k=Et3d/ 413, whereE is the elastic modulus of single crystal chased from Sigma-AldrictiSt. Louis, MO. Biotinylated
silicon, tis the thicknessd is the depth, antlis the length of  polystyrene latex beads of dm in diameter{Bangs Labo-
the cantilever. After the measurement of the mass and reseatories, Fishers, INwere added immediately afterward and
nant frequency of the cantilever, the spring constant is givemllowed to bind to the substrate with avidin. After the sample
by k=(2mv)*m’ +M), wherev is the resonant frequency of preparation, NFG was set up under@®bjective lens and
the cantileverm’ is the effective masém =0.24m,, where  manipulated by a three-axis positioner to pick a target bead
my is a mass of the cantileverandM is a mass added at the among the randomly distributed beads. Several measure-
free end corresponding to the sample holding stage in &nents on the sample with avidin concentration of 1 mg/ml
NFG! The massesm, and M) were calculated from the were made on the different beads. As shown in Fig. 5, the
measured geometry of the cantilever and the bulk density ahean value and standard deviation of the deflection were
silicon (2.32 g/cn). The resonant frequency was measured.7+0.8 ticks, which correspond to 636+176 pN.
with an electrostatic excitation method. DC bid$ V) and In this work, a piconewton regime measurement of bio-
ac voltageq20 V) between electrode (imetal tip and elec- molecular interactions in an aqueous solution by the NFG
trode Il (NFG) were applied and then the resonance of thewas presented. The NFG has a capability of direct reading
cantilever was clearly observed in air as shown in Fig. 4. Thevithout any optical amplification. The optimization of the
spring constants measured by resonant frequencies reasafesign and microfabrication can offer the NFG with the sen-
ably corresponds to the estimated values within ten percentsitivity of 1 pN/um. We believe the device may provide a
as shown in Table I. simple and useful tool for quantifying folding and unfolding
The measurement of the dissociation force betweemanomechanism of individual proteins and binding of single
streptavidin and biotin on polystyrene latex microspheresigand receptor pairs.
with 11 um diameter was demonstrated using a NFG with a
nanoscale cantilevéNFG 1). The samples were prepared on 'Deborah Leckband, Annu. Rev. Biophys. Biomol. Stru2, 1 (2000
a single-crystal silicon wafer deposited with 3000 A thick 2('\2-0*(3)8“0“, D. Gabriel, G. Gerisch, and H. E. Gaub, Nat. Cell B@|313
silicon nitride. Alternatively a transparent slide glass can also - .
be used to test with an i¥1verted Fr)nicroscope gwhich allows3o' H. Willemsen, M. M. E. Snel, A Cambi, J. Greve, B. G. . Grooth, and
. A . T ! . C. G. Figdor, Biophys. J79, 3267(2000.
manipulating the NFG without the restriction of the working 43, p. cleveland, S. Manne, D. Block, and P. K. Hansma, Rev. Sci. Instrum.
distance. The wafer was diced into approximately 1 cm 64, 403(1993.
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