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The development of DNA-sensors attracts recent research
efforts directed to gene analysis, detection of genetic disorders,
tissue matching, and forensic applications.1,2 Optical detection of
DNA was reported using fluorescence-labeled oligonucleotides3

or surface plasmon resonance.4 Electronic transduction of oligo-
nucleotide-DNA interactions enables the quantitative assay of
DNA.5 Electrochemical analysis of DNA was reported by using
oligonucleotide-functionalized conductive polymers6 or by the
application of electroactive dyes7 or transition-metal complexes8

that intercalate or specifically bind to double-stranded DNA
assemblies. Recently, Faradaic impedance spectroscopy was
applied to follow the formation of double-stranded oligonucle-
otide-DNA complexes on electrodes.9 Two major aspects must
be considered upon the development of DNA-sensors: (i) the
selectivity of the sensing interface with the optimal goal to identify
a single-base mutation and (ii) the sensitivity of the sensing system
with the challenge of analyzing a few DNA-strands in the analyte
sample. Amplification of the electronic sensing and transduction
of oligonucleotide-DNA interactions is mandatory to improve
the sensitivity of the devices. In a recent study,10 we have reported
on the amplification of the oligonucleotide-DNA recognition
event by the biocatalyzed precipitation of an insoluble product
on the electrode and probing the insulation of the electrode
interface by Faradaic impedance spectroscopy. Similarly, electrical
contact of a redox-enzyme and the electrode, upon the formation
of the double-stranded oligonucleotide-DNA complex, enables
the amplified amperometric transduction of the DNA sensing
event.11

Amplification of the oligonucleotide-DNA sensing processes
by antibodies and the electronic transduction of the recognition
event by microgravimetric quartz-crystal microbalance assay was
reported.12 Here we wish to report on the specific and amplified
transduction of oligonucleotide-DNA recognition using func-
tionalized liposomes and a quartz-crystal-microbalance as the

amplification and electronic transduction means, respectively.
Electronic DNA-sensors of unprecendent sensitivity are as-
sembled.

One sensing configuration is depicted in Scheme 1A. The
thiolated primer (1) is assembled on a Au-quartz crystal (AT-
cut, 9 MHz) and acts as the sensing interface.13 Interaction of the
functionalized transducer with the 27-mer analyte DNA,2, results
in the double-stranded (ds) assembly. A liposome functionalized
with oligonucleotide3, which is complementary to the 3′-terminus
of the analyte-DNA, acts as the amplifying label.14 Association
of the oligonucleotide-tagged liposome with the oligonucleotide-
DNA recognition complex amplifies the sensing event. Figure
1A shows the QCM transduction of the amplified sensing of the
analyte. Interaction of the functionalized crystal with the analyte
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Figure 1. (A) Time-dependent frequency changes of the (1)-function-
alized crystal upon (a) interaction with2, 5× 10-6 M, (b) after interaction
of the resulting electrode with the3-functionalized liposomes (lipid
concentration 0.2 mM), (c) treatment of the sensing crystal with2a, 5 ×
10-6 M, and (d) treatment of the resulting crystal with the3-labeled
liposomes. Inset: Time-dependent frequency changes after treatment of
1-functionalized crystal with2, 5 × 10-9 M, and subsequently with the
3-tagged liposomes (lipid concentration 0.2 mM). (B) time-dependent
frequency changes of the Au-quartz crystal upon (e) interaction of the
sensing interface with2, 5 × 10-6 M, and4 complex, (f) as a result of
the reaction of the resulting interface with avidin, 2.5µg‚mL-1, (g) upon
reacting the resulting assembly with the biotin-labeled liposome, (h) step
(f) repeated, (i) step (g) repeated, (j) treatment of the sensing interface
with the 2a/4 complex, (k) interaction of the resulting interface with
avidin, and (l) reacting the resulting interface with biotin-labeled liposomes
(lipid concentration 0.25 mM).
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(2, 5 × 10-6 M (step a)) results in a frequency decrease of∆f )
-17 Hz, implying a surface coverage of the analyte corresponding
to 1.2× 10-11 mol‚cm-2. Further reaction of the resulting surface
with the 3-tagged liposome (step b) results in a substantial
decrease in the crystal frequency,∆f ) -120 Hz. Figure 1A
shows also the control experiment, where the sensing interface
was interacted with the noncomplementary DNA, 5× 10-6 M
(2a), (step c) and the resulting interface is subsequently treated
with the 3-tagged liposome, step d. The crystal frequency is
unchanged,∆f ) (2 Hz, upon interaction with the noncomple-
mentary DNA,2a. Interaction of the resulting interface with the
tagged liposome slightly alters the crystal frequency,∆f ) -5
Hz. This frequency change may be attributed to minute nonspe-
cific binding of the liposome to the interface. Thus, the results
demonstrate the specific and selective sensing of the analyte-DNA
and the amplification of the recognition event by the tagged
liposome. At a bulk concentration of the analyte DNA (2),
corresponding to 5× 10-9 M, hybridization to the serving
interface results in a frequency change of∆f ) -2 Hz, which is
within the noise level of the instruments. Association of the
amplifying 3-tagged liposome with the interface results in a
frequency change of∆f ) -70 Hz (Figure 1A, inset), which
allows the easy amplified detection of2. The lower sensitivity
limit for the detection of2 by this amplification method was
estimated to be 5× 10-12 M (∆f ) -20 Hz after treatment with
the 3-tagged liposome). The frequency changes of the crystals
after treatment with different concentrations of the analyte (2)
and the3-tagged liposomes reveal a nonlinear behavior. While
in the concentration range 5× 10-6 to 5 × 10-8 M, a constant
frequency decrease is observed,∆f ) -120 Hz, implying
saturation of the sensing surface, the crystal frequency changes
from ∆f ) -10 Hz at 1× 10-12 M of 2 to ∆f ) -110 Hz at
5 × 10-8 M.

The second configuration of sensing the analyte (2) is outlined
in Scheme 1B. The2-analyte solution is treated with the
biotinylated oligonucleotide,4, which is complementary to the
3′-end of the analyte. Interaction of the1-functionalized crystal
with the analyte/4 complex results in the tri-component biotiny-
lated assembly on the transducer. Subsequent binding of avidin
followed by the association of the biotin-tagged liposome ampli-
fies the sensing process. A further amplification step may be

designed by the interaction of the resulting assembly with avidin
and then with the biotin-tagged liposome.15 Figure 1B shows the
QCM analysis of2, 5 × 10-6 M, by this amplification route:
Association of the analyte/4 ds-system to the sensing interface
results in a frequency decrease of ca. 25 Hz (step e). Binding of
avidin to the biotinylated assembly yields a frequency change of
∆f ∼ -50 Hz (step f). Linkage of the biotin-tagged liposome to
the system amplifies the primary association of2, and a very
high frequency change,∆f ∼ -500 Hz, is observed (step g).
Additional treatment of the interface with avidin,∆f ∼ -50 Hz
(step h), and then with the biotin-labeled liposome (step i) results
in a second amplification corresponding to∆f ) -690 Hz. Note
that the amplification in the second step is higher than that in the
first step, due to the multiligation ability of avidin for the
biotinylated liposome. The sensing of2 is specific, Figure 1B.
Treatment of the sensing interface with the noncomplementary
DNA, 2a/4 complex, does not yield any significant frequency
change (step j) and subsequent interaction of the resulting
assembly with avidin and the biotin-tagged liposome results in a
frequency change of only ca.-30 Hz, (steps k and l, respectively)
that is attributed to the nonspecific association of the liposome
to the interface. Using the two-step amplification route, the lower
sensitivity limit for sensing of2 is 1 × 10-13 M (or 1 × 10-16

mol‚mL-1). Note that by additional binding steps of the avidin-
biotinylated liposome the sensitivity of the analysis could be
further enhanced.

In conclusion, we have addressed a novel approach for the
specific and highly sensitive detection of DNA using oligonucle-
otide-tagged liposomes and biotin-tagged liposomes as amplifying
probes. The sensitivity of the sensing method rests on the fact
that the bound liposomes cover a substantial area (footprint ca.
4.2 × 104 nm2), and thus only a few recognition events of the
analyte DNA at the sensing sublayer may lead to a detectable
surface coverage by the liposome. Although the reported sensitiv-
ity is impressive, a further dilution of analyte samples may lead
to unrealistic detection time intervals needed to stimulate the
hybridization process. Nonetheless, the availability of small QCM
flow cells (5-10 µL) suggests that the sensitivity of the system
may be further enhanced.
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JA992834R(14) The oligonucleotide-functionalized liposome consists of phosphatidic
acid, phosphatidyl choline, maleimide-phosphatidylethanolamine, and cho-
lesterol (marked with3H-cholesterol, 45 Ci‚mol-1) at a ratio of 79:20:1:0.1.
The liposomes were modified with3 (4 °C, 20 h) and were purified by gel
chromatography (Sephadex G-75). The surface coverage of liposome with3
(50-60 oligonucleotide units per liposome) was determined by reacting the
resulting liposomes with OliGreen (Molecular probes) and following the
fluorescence intensity of the resulting liposome assay. The size of the liposomes
was determined by dynamic light-scattering to be 220( 20 nm.

(15) The biotin-functionalized liposomes are composed of phosphatidyl
choline, phosphatidylethanolamine, cholesterol (marked with3H-cholesterol,
45 Ci‚mol-1), and biotinylated phosphatidylethanolamine with a ratio corre-
sponding to 80:20:0.1:0.5. The average coverage of each liposome with biotin
units corresponds to 550. The biotin-labeled liposomes were purified by gel
chromatography (Sephadex A-25). The size of the liposomes was determined
by dynamic light scattering and corresponds to 180( 40 nm.

Scheme 1.Microgravimetric Amplified Assay of a Target DNA by an Oligonucleotide-Functionalized Liposome (A) and by an
Avidin/Biotin-Functionalized Liposome (B)
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