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Microcantilever resonance-based DNA detection with nanoparticle probes
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Microcantilevers are used to detect DNA strands with a specific sequence using gold nanoparticle
modified DNA. The hybridization reactions lead to the attachment of gold nanopatrticles. After the
amplification process by catalyzing the nucleation of silver, the shift of the cantilever frequency
signals the binding events. The method can detect target DNA at a concentration of 0.05 nM or
lower. Combined with stringency washing, a single base pair mismatched DNA strand can be
discriminated. The cantilever is 1/100 times smaller than its macroscopic counterpatiz crystal
microbalancg and can be mass produced as miniaturized sensor arrays by current processing
technology. Multiple DNA detection is possible by coating multiple cantilevers with various capture
DNA strands and monitoring the change in their resonance frequenciegZ)0® American Institute

of Physics. [DOI: 10.1063/1.1576915

Highly sensitive and selective DNA detection has at-the cantilever. The hybridization is reflected by the attach-
tracted extensive attention for its importance in clinical diag-ment of gold nanoparticles on the cantilever and then chemi-
nostics, treatment, and various genome projects. Recentlally amplified by gold nanoparticle-catalyzed nucleation of
there has been a flurry of activities with the use of nanoparsilver in a developing solution.
ticle labels to detect DNA and proteifst® These detection As shown in Fig. 1, capture DNA strands are linked on
methodologies strongly depend on the availability of athe cantilever by gold-thiol covalent bonding; after that the
mechanism that traduce and amplify specific DNA bindingcantilever is dipped into the target DNA solution for hybrid-
events to detectable signals. DNA strands with a complemerization. Next, gold nanoparticle labeled DNA strands are hy-
tary sequence to that of target DNA are chemically linked orpridized on the other end of target DNA through complemen-
gold, magnetic, or semiconductor nanoparti&@?gAfter the tary interactions. Gold nanoparticles then act as a nucleating
hybridization with target DNA, the unique opticil® agent for the growth of silver when exposed to photographic
electric! or magneti&® properties of nanoparticle probes or developing solution. The growth of silver particles leads to a
the presence of nanoparticle are used to detect the existen@gtectable frequency shift by increasing the effective mass of
of certain DNA strand. the microcantilever, which can be readily detected.

The “mechanics-based” detection of certain chemical or ~_The ~ sequence  of thiol modified  capture
biological materials has been realized in several systems i8SDNA is 3 —HS—(Ch)s—Az— CTCCCTAATAACAAT—
cluding DNA® and proteirf2!3One approach is to forma 9 - The sequence of thiol modified probe ssDNA
compact molecular film on one side of a microcantilever thatS 3'—TTATAACTATTCCTA-Az—(CH,),—SH-5.
leads to a detectable asymmetric stress within the film witd&/98t ~ SSDNA ~ has a  sequence  of '-5
appropriate binding evedf.The stress is mostly determined CAGGGATTATTGTTAAATATTGATAAGGAT-3".  Gold

by the physical properties of the molecule such as its length,
electrostatic interaction between each molecule, and the for pms . mEEFEF
mation of hydrogen bonding. Generally, short molecules pro- h —_— h
duce less stress in the film and are thus difficult to detect.
Another way is to use such cantilever as a minibalance to 1‘“”'”’
weigh microbeat? or solid chemical materialby mechani- é E E E E é é é é é
cal displacement or frequency shift. Practically, however, the- "";' -
mass change of most molecular process is too small to be
weighed directly and accurately. 1A9

In this report, we demonstrate a microcantilever based
mechanical resonance DNA detection using gold
nanoparticle-modified probes. We believe that the method tg
traduce and amplify signal has much wider implications for
many binding assays in chemistry and biology, such as thai
in immunoassay. The core idea is to measure the mas: ™ (CHz)Ax-CTCCCTAATAACAAT TTATAACTATTCCTA-Ay-(CH,)~(l)

change of a microfabricated cantilever induced by DNA hy- BAGEEALTATTCTIAARAIATICAIAACGAT
bridization through the shift of the resonance frequency of & CADCEAT TALLGLIAAATATTCATAASEAT

—™ Capture DNA
wunw Target DNA

m® Probe DNA

FIG. 1. Scheme of microcantilever based DNA detection using nanoparticle
dauthor to whom correspondence should be addressed; electronic maiprobe and the sequences of capture DNA, target DNA, probe DNA, and
v-dravid@northwestern.edu single base pair mismatched DNA.
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buffer solution(PBS at pH 7, centrifuged and dispersed in Frequency {k+iz) Time (minutes)

0.01% azide and 0.3 M PBS solution. 254 (©) vol teees (D)
Microfabricated silicon nitride cantileverfigital In- 20 4 :

strumen} are coated with a thin gold layer on top of a tita- = | 1 (1):5’ _5(2)

nium layer on one side. The length, width, and thickness of
the triangle cantilever are 150, 90, and @@, respectively.
The other sidébare silicon nitrid¢ is passivated to avoid the
nonspecific adsorption gold nanoparticles by forming a hy- et—r——————-—"-—7

drophobic layer at 150 °C fa h in thevapor of hexameth- Log [concentration (M)]

yldISIIazane (Ald“Ch)' Althoth the hydrOphObIC surfaces FIG. 2. The resonance curves of a cantilever before and after silver devel-

might have a high binding energy to DNA chains, the ran-gping (a) and the frequency as a function of the developing tiime The
domly physical adsorption prevents the further hybridizationcantilever was modified with capture, target and probe ssDNA before dip-
of the flatly adsorbed DNA chains. The resonance frequencg)ing in the enhance solution. A linear relation exists between the magnitude

f h til . di . t ic f of frequency shift and the concentration of target ssD{dA The hybrid-
o . each cantiever Is measured in ajlr_ on an alomiC 10rCq,4tion and the enhance time are fixedah and 18 min. Thehermal
microscope(AFM) (Nanoscope llla, Digital Instrumentis-  melting curves(d) of DNA duplex formed by complementary sequence
ing the same operative procedure as that used in tappir(gurve 2 and DNA duplex formed by ssDNA strands with single base pair

: :_mismatched sequencésurve 1.

mode AFM. The controller provides the power for the canti-

lever vibration, laser detector, and preamp electronics. The

same cantilever is used in one experiment to avoid variationgoating by itself.(2) Without target ssDNA, there is no de-
in the resonance frequency. A similar frequency-basedectable frequency shift even if a cantilever with capture ss-
method has been used previously to measure the spring CODNA is dipped in the solution of probe ssDNArfé h and
stant of single cantilevef. then developed in the enhance solution for 18 min. This
Capture ssDNA strands are attached on the cantilevefieans no hybridization occurs between the noncomplemen-
through gold-thiol covalent bond by dipping m& 1 MM tary capture ssDNA and probe ssDN/8) A similar fre-
solution of the alkylthiol-modified ssDNA in 0.3 M PBS quency shift is observed when a chemical linker
(pH 7) for 24 h. After the cantilever is equilibrated in 0.3 M 3-aminopropyltrimethoxysilane is used to attach 5 nm gold
PBS solution of target ssDN&oncentration from 10 to 0.05 nanoparticlegsigma and developed in the enhance solution
nM) for 4 h, it is treated with 0.3 M PBS solution of 2 nM  for 20 min. The linker forms Nl terminated self-assembled
probes ssDNA for 4 h. The cantilever is then rinsed by 0.3 Mmonolayer on silicon nitride surfacghe other side of the
PBS to remove physically adsorbed probe ssDNA, followeccantilevej. The positively charged film has strong affinity to
by developing in silver enhance solutidiydroquinone and  sodium azide coated gold nanoparticle in solution.
AgNOs) (Sigma for certain times. The enhance solution is  We studied the dependence of frequency shift as a func-
changed every 3 min to avoid the formation of silver par-tion of the concentration of target ssDNA by fixing hybrid-
ticles in the solution. The frequency is measured after thgzation time and enhance time¢ 4 h and 18 min. The con-
cantilever is rinsed with 0.3 M PBS and dried with N centration of target sSSDNA as low as 0.05 nM is detected. A
In a typical experiment, the resonance frequency of dinear relation exists between the frequency shift and the
cantilever after sequential attachments of capture ssDNAgoncentration of target ssDNA over the range of 10—-0.05 nM
target ssDNA, and probe ssDNA is 115.61 kHz, which re-[Fig. 2(c)]. From the figure, the detection limit of the micro-
mains stable for several days and constitutes the basis for th@ntilever resonance based method is 23 pM without appre-
frequency-based DNA detection. The cantilever is dipped irtiable effort to optimize the sensitivity, which is comparable
the silver enhance solution for specific times. After everyto the detection limit of indodicarbocyanine labeled DNA
3 min, the cantilever is taken out of the enhance solutionusing confocal fluorescence microscajapove 5 pM.° The
rinsed with water, dried with Bl and the resonance fre- target selectivity of the current method can be improved by
quency is recorded. It is found that the frequency decreasesringency wash as in other nanoparticle-based detections.
continuously as enhance time increafieiy. 2@)]. After an  From the thermal melting curves of DNA duplfiig. 2(d)],
accumulated 18 min, the frequency is stable at 113.21 kHaye found DNA duplex formed by single mismatched ssDNA
which reflects the saturated mass chaffgg. 2b)]. Follow-  dissociates under stringency conditi@3 M PBS at 52 °C),
ing control experiments are performed to confirm the relawhile duplex formed by perfect matched ssDNA does not. A
tionship between the observed frequency shift and ssDNAingle base-pair mismatched target ssSDNA with sequence of
hybridization events(1) No resonance frequency shift is ob- 5'— GAGCGATTATTGTTAAATATTGATAAGGAT-3' is
served when a clean cantilever without capture ssDNA igested at a concentration of 10 nM and hybridization time of
immersed in the enhance solution for 18 min. This suggestd h. After treated with the stringency solution for 10 min, the

that the gold film on a clean cantilever cannot nucleate silvecantilever is dipped into the enhance solution for 18 min.
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sor array to detect multiple species simultaneously at high
> (A) efficiency. QCM is difficult to be integrated for its relative
2 Ag complex structure and means of detection: each operation
E'E’ . lxILuJL | unit is coated with conductive film on both sides, wired out,
o0 50 100 150 and excited individually. On the other hand, the AFM laser
2 (B) beam works remotely and can shift easily from one cantile-
3 ver to another. Improved design should be able to increase
@ Au cantilever density and reduce the price of individual cantile-

LRl ver, as has occurred in microelectronics industB). The

state-of-the-art AFM, with its versatile ability to work in lig-
uid and continuously flow, and highly sensitive detection
system, constitute the platform for future application and de-
velopment. For example, a stiffer cantilever makes vibrating
peaks sharp and the direct detection of DNA in liquid is
possible; an optimized design in cantilever geometry, the us-
ing of alternate cantilever materials such as nanotube and
nanoribbon, and the application of nanoparticle with differ-
ent size will improve the detection limit. Most importantly,
parallel detection of multiple species at the same time can be
made possible by patterning different capture DNA strands

FIG. 3. SIMS of a silver coated cantilevéa). A spectrum from a new il gg
cantilever(b) is shown as comparison. The elemental distributions are re:ON Many cantilevers.

flected in total ion imagec), silver image(d), and gold imagge). These .
images are collected at the same time from the silver coated cantilever. For ~ 1hiS work was supported by NSF-EEC-0118025 and

the SIMS experiment, the cantilever is removed from its support and gluecdAFOSR-MURI at NU. It made use of the NUANCE facility
on a conductive carbon tape. of NU.
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