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(57) ABSTRACT 

A method of using micromechanical devices as sensors for 
detecting chemical interactions betWeen naturally occurring 
bio-polymers Which are non-identical binding partners is 
provided. The method is useful Whether the reactions occur 
through electrostatic forces or other forces. Induced stress, 
heat, or change in mass is detected Where a binding partner 
is placed on a cantilever for possible reaction With an analyte 
molecules (i.e., a non-identical binding partner). The method 
is particularly useful in determining DNA hybridization but 
may be useful in detecting interaction in any chemical assay. 
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METHOD FOR DETECTING CHEMICAL 
INTERACTIONS BETWEEN NATURALLY 
OCCURRING BIOLOGICAL ANALYTE 

MOLECULES 

FIELD OF THE INVENTION 

[0001] The present inventors claim priority to US. Pro 
visional No. 60/049,707 ?led Jun. 16, 1997, Which is hereby 
incorporated by reference for all it discloses and for all 
purposes. 

[0002] The present invention relates to the ?eld of micro 
mechanical devices as sensors for detecting physical or 
chemical changes caused by chemical interactions betWeen 
naturally occurring bio-polymers Which are non-identical 
binding partners, such as can occur With polyamino acids, 
polynucleotides, and the like. The method of the present 
invention is useful Whether the reactions occur through 
electrostatic forces or through other forces. In particular, the 
present invention provides a method for detecting chemical 
interactions betWeen naturally occurring bio-polymers 
Which are non-identical binding partners Where one binding 
partner or probe molecule is placed on a cantilever for 
possible reaction With a sample analyte molecule (i.e., a 
non-identical binding partner). The physical or chemical 
change may be induced stress, heat, or mass, for example. 
The present invention is particularly useful in determining 
DNA hybridiZation but may be used in detecting interactions 
betWeen any analyte molecules, Whether monomeric or 
polymeric. Examples of polymer arrays Which can be used 
With the method of the present invention include nucleic 
acid arrays, protein or polypeptide arrays, carbohydrate 
arrays, and the like. 

BACKGROUND OF THE INVENTION 

[0003] As knoWn in the art, various techniques have been 
used to determine Whether a chemical interaction has 
occurred betWeen tWo materials, such as betWeen a probe 
carrying a binding partner and a sample. In the speci?c 
example of determining Whether DNA hybridiZation has 
occurred, various techniques have been used to extract 
information from a sample. For example, detection schemes 
have been used that are responsive to ?uorescence in order 
to reveal speci?c interactions or hybridiZations. US. Pat. 
No. 5,578,832, “Method and Apparatus for Imaging a 
Sample on a Device,” issued to Trulson et al. (“the ’832 
patent”) and US. Pat. No. 5,631,734, “Method and Appa 
ratus for Detection of Fluorescently Labeled Materials,” 
issued to Stem et al. (“the ’734 patent”) provide methods and 
systems for detecting a labeled marker on a sample located 
on a support through the use of an excitation radiation source 
and radiation optics. The ’832 patent and the ’734 patent are 
hereby incorporated by reference for all they disclose and 
for all purposes. As described in the ’832 and ’734 patents, 
these techniques employ the use of a label, for example, the 
DNA probe is labeled With a ?uorescent molecule, such as 
?uorophore or biotin. Once the DNA probe is labeled 
according to prior methods, an optical system can be used to 
determine Whether hybridiZation has occurred by measuring 
?uorescence activated betWeen the labeled sample and the 
probe material. 

[0004] The present invention provides a method for deter 
mining Whether a chemical interaction has occurred betWeen 
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naturally occurring bio-polymers Which are non-identical 
binding partners through detecting a physical or chemical 
change on a micromechanical device called a cantilever. A 

cantilever, by Way of analogy, can be thought of as a diving 
board Which has been reduced to a very small siZe. More 
speci?cally, a cantilever is a physical device that is attached 
to another object at one end and remains free to move on the 
other end. De?ection or up and doWn movement of the free 
end of the cantilever can then be detected. The method of the 
present invention can be used With any chemical analyte to 
generate a physical or chemical change, Whether through 
af?nity binding, Which may include hydrogen bonding, 
electrostatic attractions, hydrophobic effects, dipole interac 
tions, or through other forces. 

[0005] The use of micromechanical sensors is advanta 
geous in the method of the present invention for several 
reasons. Various signals such as force, heat, stress, magne 
tism, charge, radiation and chemical reactions can be readily 
transduced into a micromechanical de?ection by an appro 
priately coated structure, such as a cantilever. In addition, 
silicon-based micromechanical devices can easily be inte 
grated into microelectronic processing systems such as 
CMOS (Complementary Metal-Oxide-Semiconductor), as 
knoWn to one of skill in the art. As a result, it is possible to 
produce seamless sensors as loW cost and to integrate them 
directly into computers. Moreover, micromechanical sen 
sors are very small, typically approximately 400 pm in 
length, approximately 40 pm Wide and approximately 1 pm 
thick. As a result, it is possible to obtain a short response 
time, generally measured in microseconds, as Well as sen 
sitivity superior to standard techniques. Finally, it is possible 
to construct arrays of micromechanical devices, thereby 
permitting complex analysis of a variety of signals as Well 
as the use of a variety of sensing materials. 

[0006] By Way of background, it is knoWn that stress 
induced by self-assembled monolayers can be detected by 
observing the de?ection of a micromachined cantilever 
similar to those used in the commercial Atomic Force 
Microscope (“AFM”), as described by Berger et al., in 
“Surface Stress in the Self-Assembly of Alkanethiols on 
Gold,” Science, Jun. 27, 1997, Vol. 176, p. 2021 (“Berger 
I”), Which is hereby incorporated by reference for all it 
teaches. The Berger et al. paper studied the surface stress 
changes during self-assembly of selected molecules, includ 
ing alkanethiol molecules self-assembled on gold. The 
researchers found that the stress increases linearly With the 
length of the alkyl chain of the molecule. In addition, the 
researchers detected a change in the state of stress With the 
formation of salt bridges formed When mercaptohexade 
canoic acid Was deposited on a functionaliZed surface coated 
With the self-assembled thiols. This change in cantilever 
stress Was used to detect the formation of the salt bridges 
When the analyte molecules Were introduced. 

[0007] Other pertinent Work involving michromechanical 
sensors is re?ected in a paper by Berger et al. entitled 
“Nanometers, PicoWatts, Femtojoules: Thermal Analysis 
and Optical Spectroscopy Using Micromechanics,” Analyti 
cal Methods & Instrumentation, Special Issue, pTAS ’96 
(“Berger II”), also incorporated by reference for all it 
discloses and for all purposes. In Berger II, examples of 
loW-cost, disposable micromechanical devices are described 
Which perform optical absorption spectra, calorimetric and 
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thermal analysis, electrochemical stressograms, gas phase 
adsorption and surface reaction monitors. 

[0008] Other Work in the area of micromechanical sensors 
is reported by GimZeWski et al. in “Observation of a 
chemical reaction using a micromechanical sensor,” Chemi 
cal Physics Letters, Vol. 217, No. 5,6, Jan. 28, 1994, 
(“GimZeWski”) Which is hereby incorporated by reference 
for all it discloses and for all purposes. GimZeWski discloses 
a calorimeter for sensing chemical reactions. The device is 
based on a micromechanical silicon lever coated With a layer 
of aluminum. A sample is deposited on the lever in a thin 
layer. Heat ?uxes are detected by measuring the de?ection 
of the cantilever induced by the differential thermal expan 
sion of the lever. Speci?cally, GimZeWski discloses using 
this technique to revieW the catalytic conversion of H2+O2 
to obtain H20. 

[0009] It is further knoWn to operate multiple probes for 
the atomic force microscope. As described by Minne et al., 
“Automated parallel high-speed atomic force microscopy,” 
Applied Physics Letters, Volume 78, No. 18, May 4, 1998 
(“Minne”), Which is herein incorporated by reference for all 
it discloses and for all purposes, an expandable system is 
provided to operate multiple probes for the atomic force 
microscope in parallel at high speeds. The cantilever foot 
print is only 200 pm Wide Which alloWs the devices to be 
placed in a one-dimensional expandable parallel array. 

[0010] Yet another contribution to the art of microme 
chanical sensors is described by Manalis et al., “Interdigital 
cantilevers for atomic force microscopy,” Applied Physics 
Letters, Vol. 69, No. 25, Dec. 16, 1996 (“Manalis I”), Which 
is hereby incorporated by reference for all it discloses and 
for all purposes. In Manalis I, an AFM sensor is described 
in Which a silicon cantilever is micromachined into the 
shape of interdigitated ?ngers that form a diffraction grating. 
When detecting a force, alternating ?ngers are displaced 
While remaining ?ngers are held ?xed. As a result, a phase 
sensitive diffraction grating is created Which alloWs the 
cantilever displacement to be determined by measuring the 
intensity of diffracted modes. 

[0011] Another paper by Lang et al., “Sequential position 
readout from arrays of micromechanical cantilever sensors,” 
Applied Physics Letters, Vol. 73, p. 383, 1998 (“Lang”) 
describes using a reference cantilever for canceling envi 
ronmental noise. Lang is hereby incorporated by reference 
for all it discloses and for all purposes. In Lang, chemically 
speci?c responses are extracted in a noisy environment 
using a sensor to detect speci?c chemical interactions and an 
uncoated cantilever as a reference. 

[0012] Finally, another paper by Manalis et al., “TWo 
dimensional micromechanical bimorph arrays for detection 
of thermal radiation,” Applied Physics Letters, Jun. 16, 
1997, (Manalis II) hereby incorporated by reference for all 
it discloses and for all purposes, describes fabricating arrays 
of cantilevers and using them as sensitive detectors of head 
induced stress. Speci?cally, the cantilevers described by 
Manalis II Were placed on a grid With 50 microns on centers. 
The present inventors have determined that this type of array 
is a suitable substrate for determining, for example, hybrid 
iZation. 

SUMMARY OF THE INVENTION 

[0013] Rather than using traditional labeling, such as 
optical or electrochemical labeling, in order to detect chemi 
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cal interactions betWeen naturally occurring bio-polymers 
Which are non-identical binding partners, the present inven 
tors have determined a neW and useful method for “reading” 
a substrate to determine Whether a particular chemical 
interaction has occurred. In traditional labeling, sample 
analyte molecules are modi?ed in some Way to permit their 
detection When they combine With the probe molecules. The 
method of the present invention is particularly useful in the 
detection of hybridiZed sites on a DNA probe array. The 
method of the present invention alloWs detection of hybrid 
iZation Without modifying either the analyte or the probe 
molecules, i.e., it requires no labeling. 

[0014] According to the method of the present invention, 
a chemical interaction betWeen naturally occurring bio 
polymers Which are non-identical binding partners is moni 
tored by detecting a physical or chemical change through 
de?ection of a cantilever. The physical or chemical change 
can be, for example, induced stress on the cantilever Which 
causes the cantilever to move or de?ect. Standard AFM 
techniques are then used to detect the de?ection of the 
cantilever. The physical or chemical change can also be in 
the form of a heat reaction, Which similarly causes the 
cantilever to de?ect or bend Where the cantilever is made of 
tWo materials, i.e., is a bimorph. A physical or chemical 
change might also result in a change in mass on the 
cantilever. In such an example, the resonant frequency of the 
cantilever Will change due to the mass change. Measuring 
the resonant frequency of the cantilever under such circum 
stances Will alloW the physical or chemical change to be 
detected. 

[0015] In a speci?c embodiment of the present invention, 
oligonucleotides are deposited onto a cantilever. The stress 
induced by hybridiZation is detected With methods com 
monly used for detecting cantilever de?ection in the AFM. 
As is Well knoWn to one skilled in the art, these methods are 
sensitive to the point Where de?ections less than 0.01 nm can 
be easily detected. The substrate used according to the 
method of the present invention alloWs exploitation of the 
cantilever’s properties in order to detect the hybridiZed sites. 

[0016] Speci?cally, the stress in the individual cantilevers 
is monitored in the manner shoWn by Manalis II, noted 
above. First, the surfaces of the cantilevers are prepared in 
the same manner noW common in immobiliZed sensor 

technology, as knoWn to one skilled in the art. Next, a 
binding partner, such as oligonucleotides, is deposited on the 
cantilevers to form an array of probes. This deposit Will 
change the state of stress on the individual cantilevers and 
this stress pattern is used as the reference. When sample or 
analyte molecules (i.e., a non-identical binding partner) are 
introduced to the cantilever and interact With the binding 
partner (probe molecules) at appropriate sites, the stress on 
the cantilever at the particular site Will change as a result of 
the interaction. The change in stress With the introduction of 
the sample molecules Will be monitored With standard AF M 
techniques. 

[0017] The present invention does not use optical or 
electromechanical labels, as previously described. In addi 
tion, it serves as a tool for understanding the processes 
involved in chemical interactions betWeen naturally occur 
ring bio-polymers Which are non-identical binding partners, 
such as DNA hybridiZation, by providing additional Ways to 
measure events such as the length of the chemical interac 
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tion and the number of molecules hybridized. Moreover, it 
provides an additional, highly sensitive, loW-cost means to 
monitor chemical interactions, as described in detail beloW. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0018] According to the present invention, a physical or 
chemical change on a cantilever is measured in order to 
monitor the occurrence of a chemical interaction betWeen 
naturally occurring bio-polymers Which are non-identical 
binding partners, for example, betWeen biological polymers 
or other analytes, monomeric or polymeric. Typically, the 
cantilever as used With the method of the present invention 
is approximately 100 pm in length, 50 pm in Width and 
approximately 1 pm in thickness. When a chemical interac 
tion occurs on the cantilever, a physical or chemical change 
occurs causing the cantilever to be de?ected, i.e., moved up 
or doWn at its free end. Such de?ection motion can be 
detected to a very ?ne degree, for example, up to a fraction 
of a diameter of an atom. 

[0019] Turning to the speci?c example of using the present 
method to detect DNA hybridiZation, as shoWn in FIG. 1, 
the surface of a cantilever 110 is ?rst prepared in order to be 
able to attach single strands of DNA. Such surface prepa 
rations are knoWn to those of skill in the art of DNA 
hybridiZation detection methods. More speci?cally, cantile 
vers made of a solid substrate, for example silicon or similar 
materials, are prepared With special surfaces of silicon 
dioxide (SiO2) and standard procedures are used for making 
a functionaliZed layer that alloWs attachment of probe mol 
ecules. Next, a binding partner or probes molecules, for 
example, single stranded DNA 120, are introduced onto one 
surface of the cantilever. 

[0020] As shoWn in FIG. 2, the device is then preferably 
mounted into a liquid cell 130, for example, containing an 
aqueous buffer 140. A detector 150 is employed in Which a 
laser beam 160 is shoWn on the cantilever and re?ects off of 
the cantilever. The re?ected spot 170 of light is used to 
determine the relative position of the cantilever. In other 
Words, movement of the cantilever can be determined by 
directly detecting the movement or angle of the re?ected 
laser beam light. This provides a particular advantage in the 
present method in that it is alWays possible to obtain a strong 
signal from the re?ected light. 

[0021] The response from this ?rst de?ection on the 
detector is used as a reference to determine cantilever 
de?ection, as further described. Next, sample analyte mol 
ecules, such as DNA is introduced to the surface of the 
cantilever containing single stranded DNA. The sample 
analyte molecules Will hybridiZe With selected strands of 
DNA on the cantilever, as re?ected at numeral 180 in FIG. 
3. As a result, stress is induced on the cantilever Which Will 
cause the cantilever to de?ect. More speci?cally, When 
hybridiZation occurs, surface pressure results by the addition 
of negative charges on the surface of the cantilever because 
DNA is a polyanion. In other Words, hybridiZation causes 
more electrostatic charges to build up on the cantilever 
surface Which tend to repel one another. Because the sample 
analyte molecules are only on one surface of the cantilever, 
the surface of the cantilever de?ects due to this repelling 
action. This de?ection Will appear on the de?ector as a signal 
170‘ in FIG. 3 Which can be correlated against the reference 
signal. It should be noted that the method of the present 
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invention can be used With negatively charged analytes 
(such as DNA) or positively charged analytes. In addition, 
the method of the present invention can also be used With 
uncharged analytes because forces other than electrostatic 
forces, such as dipole forces, can be employed With the 
present method. 

[0022] The detector used With the present invention can be 
any optical detector capable of tracking re?ected laser light 
as knoWn to one of ordinary skill in the art, for example, can 
be a split photodiode, linear array of photodetectors, pieZo 
resistance elements or the like. 

[0023] In an alternative embodiment, shoWn in FIG. 4, a 
second cantilever 190 can be used as a reference cantilever. 
The second cantilever 190 is preferably mounted side by 
side With cantilever 110. In such an embodiment, a surface 
of the second cantilever 190 is prepared in the same manner 
as the ?rst cantilever 110 Which Will be used for hybridiZa 
tion. HoWever, the second cantilever 190 does not have a 
binding partner, such as single stranded DNA, attached onto 
one of its surfaces and is not treated With sample analyte 
molecules, such as DNA. In this case, one signal (numerals 
170 and 170‘ in FIG. 4) from each cantilever is detected by 
the detector and the difference betWeen the re?ected light 
betWeen the tWo cantilevers is analyZed. The embodiment 
shoWn in FIG. 4 cancels any spurious motion of the canti 
lever caused, for example, by the environment, such as the 
liquid in the container. 

[0024] In either embodiment, the signals detected by the 
detector are then analyZed in order to determine Whether 
hybridiZation, for example, has occurred. If there is a change 
in position after the sample analyte molecules, such as DNA, 
have been introduced on the single cantilever (single canti 
lever embodiment), or if the cantilever carrying the sample 
analyte molecules, such as DNA, has changed its position in 
relation to the reference cantilever (tWo cantilever embodi 
ment), hybridiZation has been detected. 

[0025] In yet another embodiment, several pairs of canti 
levers could be used, With one cantilever carrying a speci?c 
probe molecules and the other cantilever of the pair carrying 
a non-speci?c probe molecule or no probe molecule at all. 
In the context of DNA hybridiZation, for example, several 
pairs of cantilevers could be used each carrying a different 
sequence of single stranded DNA. Multiple pairs of canti 
levers organiZed in such a fashion are knoWn as an array of 
cantilevers. In an array, each cantilever pair includes one 
cantilever for hybridiZation and one neutral or reference 
cantilever. The difference betWeen signals of each cantilever 
pair in the array provides the true hybridiZation signal for 
that pair, similar to the system described With respect to 
FIG. 4. 

[0026] With a cantilever array, it is possible to introduce a 
complex mixture of molecules into the liquid ?oW cell 
encompassing the array and to identify those molecules in 
the complex by determining Which cantilevers hybridiZe. 
The number of cantilever pairs Which can be used in an array 
is unlimited. Such a cantilever array has practical utility in 
both biomedical and environmental applications. An 
example of an environmental application Would be to use 
such a detector to identify an unknoWn contaminant in a 
sample of air or Water Which might have been infected by 
environmental terrorists. The possible applications for the 
method of the present invention are limitless. 
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[0027] In still another alternative embodiment, an inter 
digital array of cantilevers, as described above by Manalis I, 
can be used in the method of the present invention. In an 
interdigital cantilever array, interleaved ?ngers are built onto 
a cantilever in the form of a grid. The cantilever de?ects one 
pair of ?ngers While the other remains stationery. 

[0028] The method of the present invention is not limited 
to the particular embodiments disclosed herein and can be 
employed to detect any chemical interaction betWeen natu 
rally occurring bio-polymers Which are non-identical bind 
ing partners With accuracy and at a loW cost. 

We claim: 
1. Amethod of detecting the chemical interaction betWeen 

naturally occurring bio-polymers Which are non-identical 
binding partners comprising: 

preparing the surface of at least one cantilever With a 
binding partner; 

introducing analyte molecules to said surface of said at 
least one cantilever; 

detecting a physical or chemical change on said at least 
one cantilever. 

2. A method as claimed in claim 1 Wherein said analyte 
molecules are DNA. 

3. The method of claim 1 Wherein said detecting step 
comprises detecting induced stress on said at least one 
cantilever. 

4. The method of claim 3 Wherein said detecting step 
detects induced stress resulting from electrostatic forces 
betWeen said binding partner and said analyte molecules. 

5. The method of claim 3 Wherein said detecting steps 
detects induced stress resulting from heat produced through 
the interaction of said analyte molecules With said binding 
partner. 
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6. The method of claim 1 Wherein said detecting step 
comprises detecting heat on said at least one cantilever. 

7. The method of claim 1 Wherein said detecting step 
comprises detecting mass on said at least one cantilever. 

8. The method of claim 1 Wherein said chemical interac 
tion is a non-covalent chemical interaction. 

9. The method of claim 1 Wherein said chemical interac 
tion is a non-catalytic chemical interaction. 

10. A method of detecting the occurrence of a chemical 
interaction betWeen naturally occurring bio-polymers Which 
are non-identical binding partners comprising: 

making at least one cantilever; 

preparing the surface of said at least one cantilever With 
a ?rst material Which can act as a binding partner to a 

second material; 

introducing said second material to said at least one 
cantilever; 

detecting a physical or chemical change on said at least 
one cantilever. 

11. A method of detecting hybridiZation comprising: 

preparing the surface of at least one cantilever With a 
binding partner; 

introducing DNA to said at least one cantilever; 

detecting stress induced on said at least one cantilever. 
12. The method of claim 11 Wherein said detecting step 

detects induced stress resulting from electrostatic forces. 
13. The method of claim 11 Wherein said detecting step 

comprises measuring relative motion of said cantilever by 
re?ecting a laser beam off of said at least one cantilever both 
before and after said introducing step. 

* * * * * 


