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Suspended microchannel resonators for biomolecular detection
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We present a resonant mass sensor for specific biomolecular detection in a subnanoliter fluid
volume. The sensing principle is based on measuring shifts in resonance frequency of a suspended
microfluidic channel upon accumulation of molecules on the inside walls of the device. Confining
the fluid to the inside of a hollow cantilever enables direct integration with conventional
microfluidic systems, significantly increases sensitivity by eliminating high damping and viscous
drag, and allows the resonator to be actuated by electrostatic forces. Fluid density measurements
reveal a mass resolution of 18 g/um? in a 4 mHz—4 Hz bandwidth. To demonstrate
biomolecular detection, we present real-time measurements of the specific binding between avidin
and biotinylated bovine serum albumin. Based on these measurements, we expect that changes in
surface mass loading on the order of 1% g/um? can be detected in an optimized system.

© 2003 American Institute of Physic§DOI: 10.1063/1.1611625

Label-free detectors for biomolecules in solution havedensity of biological molecules is greater than the mass den-
great potential for improving the throughput and utility of sity of the fluid(e.g., proteins typically range from 1.3 to 1.4
assays for pharmaceutical and biological research as well agcnt),'* the resonance frequency of the suspended micro-
for medical diagnostics and environmental monitoring.channel is decreased by the adsorption of molecules to the
While fluorescent and radioactive labeling methods providechannel walls. This is illustrated schematically in Figb)1
high sensitivity, the necessary sample preparation and th€o detect specific biomolecules, the channel walls are first
modification of the molecules of interest are often undesirfunctionalized with a layer of capture molecules. Subsequent
able. Label-free alternatives such as surface plasmon resaecumulation of target molecules on the functionalized walls
nance (SPR sensors and quartz crystal microbalancesdecreases the resonance frequency.

(QCM) eliminate the need for chemical modification by pro- ~ The device with internal surface aréacan be modeled
viding a direct measure of surface binding based on the inas a harmonic oscillator with an effective massand reso-
trinsic properties of the molecules. However, the QCM andhance frequency. The relative frequency shifif/f result-

SPR sensors are significantly less sensitive than fluoregag from a small surface mass loadidgr=Am/A is given

cence, they require large sample voluniggically in the  to first order by

10-1000uL range and are generally difficult to scalboth

down in size and up in numbewithout degrading sensitiv- ﬂz B }(é) Ao 1)
ity. As a result, their utility for biological applications is f 2\m '
often limited.

There are several emerging approaches based on micréguation (1) shows that for a given detectable frequency
fabrication that are aimed at addressing these limitations. Rghift Af and a resonance frequentythe smallest detectable
cent examples include field-effect sensbr$,integrated surface mass loading is fully determined by the ratio of sur-
opticg"® and surface stress sensbré Resonant beam mass face area to total mass. This ratio can be improved by reduc-
sensors, while successful for chemical sensing in gaseod8d the thickness of the fluid layer as well as that of the
environment$;*! have received less attention for biomo- channel walls.
lecular detection in solution. This is primarily because the  Various processes for fabricating suspended microchan-
mass sensitivity and frequency resolution are significantly€ls designed for measuring volumetric mass density have
degraded by the low quality factor and large effective mas$een reported earlié:*®As described earlier, suspended mi-
that is induced by viscous drag. While the quality factor carcrochannels for biomolecular detection must be sufficiently

control}23the mass sensitivity, in terms of frequency shift fluidic delivery for real-time measurements. To address both

per mass loading, is not improved. of these requirements, we combined a polysilicon Dama-

In this letter, we show that the problems of damping andSCene process, sacrificial layer etching in hot potassium
viscous drag associated with a resonant beam mass sensorhi\‘\drox'de%7 and bulk micromachining to fabricate sus-
fluid can be circumvented by confining the fluid to the insidePended microchannels with a wall thickness of 800 nm and a
of the resonant beam while leaving the channel exterior in duid layer thickness of 1.2um. The fabrication starts by

gaseous environment, or vaculiffig. 1(@]. Since the mass €tching the microfluidic channels in a stand&t@0 silicon
wafer using photolithography and reactive ion etchiR¢E).

_ o ~ The wafer is subsequently coated with 800 nm low-stress
dAlso at: Department of Electrical Engineering and Computer Sc'enceiow-pressure chemical vapor deposited silicon nitride and
Massachusetts Institute of Technology.

bAlso at: Division of Biological Engineering, Massachusetts Institute of 1-9 #M POlySiliC_on-_ followed by planarization Wit_h C_hemica|
Technology; electronic mail: scottm@media.mit.edu mechanical polishingCMP). The CMP process is timed to

0003-6951/2003/83(13)/2698/3/$20.00 2698 © 2003 American Institute of Physics
Downloaded 16 Oct 2007 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 13, 29 September 2003 T. P. Burg and S. R. Manalis 2699

@ _ (®) 1.0
= ; ’ G-B
0.6|

2-Propanol |

0.4

|
0
f 4
S
J
Amplitude (arb)

0.2

FIG. 1. (Colon (a) High damping and the large effective mass in liquid el ' .
phase resonant mass sensors are avoided by using suspended microfluid a8 ag 40 41 42 43 44
channels as resonatotb) Analytes are detected based on their mass density Freq uency {kH Z}

difference relative to the surrounding solution.

FIG. 3. (Color) The normalized frequency response curves of a 260
. o . long cantilever filled with air, 2-propanol and water are shown. The three
stop as soon as it reache_s the SIII(_:(_)n nitride Iayer so that thc%nter frequencies are 42.7, 40.1, and 39.6 kHz, respectively The mechani-
channels remain filled with polysilicon. After the CMP, a ca| quality factor in air is~90 and does not depend on the filling medium.

second layer of low-stress silicon nitride with the same thick-

ness as the first layer i§ deposited. T_his Iay_er close§ _the mBon(dimethylsiloxanaa (PDMS) was bonded to the chip sur-
crofluidic channels, which are now filled with polysilicon. tace The inlets to the nitride channels were located within

Again, standard photolithography and RIE are used 10 paly.ghaped channels in the PDMS so that solutions could be
tern the two silicon nitride layers in order to define the OUt'transported with low flow resistance to the low-volume mi-
line of the resonators as well as access ports to the insides gfochannels. The device was actuated electrostatically, and
the channels. The wafer backside is also patterned in thge geflection was measured with the optical lever method.
same step to define the locations of through-holes under thgooq electrical conductivity and high optical reflectivity

suspended sections of the channel. Finally, the sacrificigyere achieved by coating the suspended channels with a 100
polysilicon and the wafer through-holes are etcfredi6 M ;3 aluminum thin film. The aluminum was connected to

aqueous potassium hydroxide solution at 80°C. We foun%round, and a drive electrode was brought to within.50
that at this temperature, diffusion does not severely limit the the device by means of a micrometer stage.
etch rate for the sacrificial layer. We were able to completely Frequency responses were recorded using a function

release channels up to 1 mm in less than 20 h with a yield 0fenerator in frequency sweep mode and a lock-in amplifier.

80%. ] ) To obtain time plots of the resonance frequency, the device
An electron micrograph of three suspended microchany, s placed in a feedback loop, with the output of the deflec-
nels is shown in Fig. @), and a phase contrast optical image tjon sensor connected directly to the drive electrode via a

is shown in Fig. 2b). To obtain co_ntinuo_ug fluidic delivery to saturating voltage amplifier with-5 V output swing. The
the suspended channels, a microfluidic network made Ofjjye signal was offset by-60 V with respect to ground, and
the oscillation frequency was measured by means of an
HP53131A frequency counter. In this configuration we ob-
served a frequency noise level of 80 mHz rmsi4 mHz—-4

Hz measurement bandwidth.

In order to evaluate the mass resolution, we measured
the frequency response for a 3@@n cantilever in the un-
filled state, as well as filled with isopropyl alcohol, and filled
with water. The resulting spectra are shown in Fig. 3. Taking
into account the known mass densities of the different media
and the design volume of 27 pL, we find a mass sensitivity of
107 mHz/pg for small loadings of a water filled microchan-
nel. Given this sensitivity together with the 80 mHz noise
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FIG. 2. (a) (Color) Suspended microfluidic channels up to 5a@ in length
were fabricated using a polysilicon sacrificial layer process. The inset showEIG. 4. (Color) The relative frequency shift for a 40 kHz resonant micro-
a channel with a height of 500 nnib) The optical micrograph shows a channel after injection of different solutions is shown faj buffer, (b)

single 300um long cantilever holding six parallel fluid channels. avidin, (c) bBSA, and(d) avidin.
Downloaded 16 Oct 2007 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



2700 Appl. Phys. Lett., Vol. 83, No. 13, 29 September 2003 T. P. Burg and S. R. Manalis

level and a surface area of 53 02@n?, our current detection gration limitations of conventional label-free methods with a

limit is approximately 1.4 10" g/um? over a 4 mHz—4 detection principle based on mechanically resonant micro-

Hz bandwidth. fluidic channels whereby the channels themselves are the de-
We demonstrated biomolecular detection by functionaltectors. We have demonstrated that a resonant channel of 27

izing the interior channel walls with biotinylated bovine se- pL volume can be integrated with conventional PDMS mi-
rum albumin(bBSA) and performing several experiments to crofluidics, and in an unoptimized system, we have achieved
detect the subsequent binding of avidin and bBSA. Constar@t surface mass resolution of 1§ g/um?, which is compa-
fluid pressure was maintained at all times, except during théable to most commercial QCMs. We estimate that reducing
switching between reagents. Avidin and bBSA were disthe microchannel thickness and increasing resonance fre-
solved in phosphate buffered saline at 5@/mL and 1  quency by a factor of 3 will improve the sensitivity by ten-
mg/mL, respectively. The results of these experiments aréold, and based on previous frequency measurements of mi-
summarized in Fig. 4. Each section represents the relativerocantilevers, we anticipate that improved environmental
frequency shift over time, zeroed at the point at which fluidscontrol will enhance frequency resolution by tenféfdThe
were switched. Figure(d) shows the base line signal after combined improvements would result in a surface mass reso-
disconnecting and reconnecting buffer. Figutb)4s the re- lution of 107 g/um?, which is approximately equivalent
sult of switching from buffer to avidin solution. The reso- to one protein per square micron. We envision that an array
nance frequency dropped sharply by more than 2 Hz a fewof suspended microchannel detectors with this resolution
seconds after changing fluids. This delay was expected du®ay provide an alternative to fluorescent-based detection for
to the time required for the liquid to flow from the point of protein microarrays.

switching to the beginning of the suspended channel. When .
we switched back to buffer, the resonance frequency re- This wgrk was supported by. Defen;e Advanced Re-
mained unchanged, indicating that fluid density differencesearCh Projects Agend)DARPA) Bio-Info-Micro Program,
did not cause the signal. Next, we verified that the frequencand Center for Bits and Atoms Contract No. CCR-0122419.

also remained unchanged when we reinjected avidin into thyrhe device was fabricated in MIT Microsystems Technology
9 ) Eaboratories. The authors thank R. Chakrabarti and M.

buffer filled microchannel. This suggests that all available T . . . .

Co ) - . Shusteff for providing valuable input in preparing this manu-
binding sites for avidin had already been occupied. Next, W%cri i
switched to bBSA solution, followed again by avidin. In both Pt

cases, a rapid drop in resonance frequency could be observed
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