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Rapid discrimination of DNA strands using an
opto-calorimetric microcantilever sensor†

Dongkyu Lee,*a Kyo Seon Hwang,*b Seonghwan Kimc and Thomas Thundata

A rapid technique for quantitative detection and discrimination of DNA strands without using immobilized

probe molecules is demonstrated using an opto-calorimetric, self-powered sensor based on a

PbĲZr0.52Ti0.48)O3 (PZT) microcantilever. Microcalorimetric infrared (IR) spectroscopy provides excellent

chemical selectivity based on the unique molecular vibrational characteristics of each nucleotide in the mid

IR region. The piezoelectric and pyroelectric properties of the PZT microcantilever were exploited in the

quantitative detection and discrimination of adsorbed DNA strands with their spectral characteristics. We

report the unique spectral characteristics of different DNA nucleotides that are monitored by wavelength-

dependent temperature variations for different relative molar ratio of each nucleotide. This approach offers

a fast, label-free technique which is highly sensitive and selective for the detection of single nucleotide

differences in DNA strands and has the potential to be used as a rapid prescreening biosensor for various

biomolecules.

Introduction

Microfabricated sensors such as microcantilevers, micro-
bridges, and micromembranes have attracted much attention
as effective label-free biosensing platforms due to their
extremely high sensitivity, small size, and multiplexing
capability. These sensors have been used in the detection of
biomolecular interactions such as DNA hybridization and
receptor–ligand binding.1–4 However, immobilized probe
molecule-based biosensors have several issues such as
unspecific binding of unsought molecules and non-uniform
immobilization coverage which leads to large variations in
sensor responses. Despite the intrinsic selectivity of biological
interactions between probe and target molecules, there con-
tinue to be issues with reproducibility of results. Furthermore,
the multiple steps involved in immobilizing probe molecules,
the time-consuming analyte delivery process, and the reaction
time between probe and target molecules impose severe limi-
tations on microfabricated biosensors for the rapid and facile
detection of biomolecules. To overcome these problems,

different immobilization-free sensing techniques such as
optical spectroscopy, electrochemical methods, labeling and
particle-assisted methods have been demonstrated.5–9 How-
ever, these techniques usually require additional steps and
tedious calibrations for quantitative detection of biological
analytes. Although conventional optical spectroscopic tech-
niques such as Fourier transform infrared (FTIR) and Raman
spectroscopy have excellent selectivity for molecular detection,
they suffer from low sensitivity, challenges in quantitative
measurements and miniaturization.

Among various sensing techniques, microcalorimetric
infrared (IR) spectroscopy based on a bimetallic micro-
cantilever has offered rapid molecular identification with
high selectivity and sensitivity since it combines the sensitivity
of a thermomechanical sensor and the selectivity of IR spec-
troscopy without the need for labels or the immobilization of
probe molecules.10–12 The absorption of IR radiation by mole-
cules adsorbed on the microcantilever results in a small
variation in the cantilever temperature depending on the IR
absorption characteristics of the molecules. Then, this
minute temperature variation as a function of illuminating
IR wavelength is sensitively transduced as nanomechanical
deflection of the bimetallic microcantilever resulting in nano-
mechanical IR spectra. Furthermore, resonance frequency
shifts of the cantilever enable the determination of the
adsorbed mass of target molecules making this technique
quantitative. This multi-modal sensing method allows quan-
titative molecular recognition with minimal calibration.13

Lead zirconate titanate, PbĲZr0.52Ti0.48)O3, (PZT) film has
been utilized as a base material in piezoelectric actuators14
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or pyroelectric uncooled IR detectors.15–17 Contrary to other
uncooled IR detectors, the PZT film-embedded micro-
cantilever in this study is exploited as both a highly sensitive
resonator and a self-powered calorimetric sensor. This novel
approach utilizes both the piezoelectric and pyroelectric
properties of the PZT film in a single device. Frequency
responses as well as thermal responses of the PZT cantilever
are sensitively measured with an electrical readout scheme,
which eliminates conventional optical lever readout compo-
nents. Here, we demonstrate a rapid and facile prescreening
technique for DNA and single nucleotide difference (SND)
without the need for immobilized probe molecules. The
selective detection of DNA with multiple nucleotides and
rapid screening of SNDs are enabled by analyzing variations
in the profile of calorimetric IR spectra due to the different
relative molar ratio of individual nucleotides.

Experiments
PZT microcantilevers

Microfabrication processes of PZT monolithic micro-
cantilevers were reported in our previous publication.14 The
microcantilever with an embedded piezoelectric thin film
was composed of six multilayers, SiNx/Ta/Pt/PZT/Pt/SiO2,
having a total thickness of 2.18 μm, in order to achieve a
simple self-actuating and self-powered heat sensing. A PZT
film with a thickness of 0.7 μm was deposited using a sol–gel
process. The thin layers of platinum deposited on the PZT
film served as electrodes. The remnant polarization value of
the PZT thin film in the microcantilever structure was approx-
imately 15 μC cm−2 at room temperature when a 100 kV cm−1

electric field was used to induce polarization. Each PZT canti-
lever was 300 μm long and 100 μm wide with a spring con-
stant of ~1.48 N m−1 as shown in Fig. 1.

DNA samples

We used synthetic single-stranded DNA (ssDNA) with 20
bases of adenine (A20), thymine (T20), cytosine (C20), and
guanine (G20) for the reference spectra of each nucleotide.
Various ssDNA strands with complex nucleotides and one
different nucleotide were used to demonstrate the proof-
of-concept experiments (ATGC: 5′-ATG CAT GCA TGC ATG
CAT GC-3′, ACTTCA: 5′-ACT TCA ACT TCA ACT TCA AC-3′,

ACTCCA: 5′-ACT TCA ACT CCA ACT TCA AC-3′, GTTGAA:
5′-GTT GAA GTT GAA GTT GAA GT-3′). The initial concentra-
tion of each ssDNA solution was 10 μM in deionized water.
The solution was deposited on the cantilever by inserting the
cantilever into a microglass capillary containing the DNA
solution and slowly taking the cantilever out of the capillary.

Experimental setup

Fig. 2(a) shows the schematic illustration of the experimental
setup. The 100 kHz pulsed IR radiation with 5% duty cycle
from a quantum cascade laser (QCL) (Daylight Solutions,
San Diego, CA) was electrically burst at 40 Hz using a DS345
function generator (Stanford Research Systems, Sunnyvale,
CA), and the pulsed IR was illuminated onto the cantilever.
The IR wavelength was scanned in a wavenumber range of
1760 cm−1 to 1565 cm−1 with a step size of 1.4 cm−1. The
calorimetric IR spectra were collected without any signal
amplification by connecting the cantilever to an SR850 lock-
in amplifier (Stanford Research Systems). The resonance fre-
quencies of the cantilever, which can be exploited to deter-
mine the adsorbed mass of ssDNAs, were monitored before
and after the deposition of ssDNAs using the same lock-in
amplifier. This technique provides two orthogonal signals in
a single transducer platform from both pyroelectric and
piezoelectric properties of the PZT microcantilever, as shown
in Fig. 2(b) and (c), used in the quantitative determination
of adsorbed DNA mass and their spectral characteristics. The
phonons generated by the nonradiative decay process
heat the cantilever at a specific IR wavelength which can be
observed as variations in the voltage generated by the cantile-
ver. The microcalorimetric IR spectrum can be obtained by a

Fig. 1 (a) Optical image of the PZT microcantilever array chip and
(b) SEM image of PZT microcantilevers.

Fig. 2 (a) Schematic illustration of a self-powered calorimetric IR
spectrometer based on the PZT microcantilever. Schematic illustration
of variations in the resonance frequency (b) and the microcalorimetric
IR spectra (c) of the PZT microcantilever without (blue) and with target
molecules (red) from its piezoelectric as well as pyroelectric properties.
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differential plot of the amplitude of the voltage generation
as a function of IR wavenumber with and without target
molecules.

FTIR microscopy

Various ssDNA strands on gold-coated silicon were characterized
using a standard FTIR technique as references. 10 microliters
of 10 μM ssDNA solution was drop-cast onto the gold-coated
silicon substrate. The surface density of ssDNA molecules
onto gold-coated silicon was 10 times higher than that onto
the PZT microcantilever (approximately ~100 μg cm−2). FTIR
spectra were obtained using an FTIR microscope (Nicolet
Continuμm™, Thermo Scientific) in reflection mode. The num-
ber of registered scans was 200 with a resolution of 1 cm−1.

Results and discussion

The PZT microcantilever serves as an extremely sensitive
pyroelectric heat sensor as well as a piezoelectric micro-
resonator for the detection, speciation, and quantification of
adsorbed ssDNAs. Fig. 3(a) shows the variations in the reso-
nance frequency of the PZT microcantilever when A20 was
adsorbed on the cantilever. Assuming that the ssDNA mole-
cules are evenly adsorbed on the cantilever surface and do
not affect the stiffness of the cantilever, the adsorbed mass
of the ssDNA can be calculated with the following equation.


m m f
f

 2 0
0

(1)

where Δm is the mass of the adsorbate, m0 is the mass of the
clean cantilever, Δf is the change in the resonance frequency
of the cantilever, and f0 is the initial resonance frequency of
the clean cantilever. The dark yellow line in Fig. 3(a) is the
initial resonance frequency. The adsorbed mass of A20 on the
PZT microcantilever was determined to be in the range of
~0.1 ng to 4 ng. The resonance frequency decreased more as
the adsorbed mass increased (0.1 ng (black), 0.49 ng (red),
1.2 ng (green), and 4 ng (blue)). Fig. 3(b) shows the microca-
lorimetric IR spectra with respect to the adsorbed mass of
A20. The major peaks at 1661 cm−1 and 1607 cm−1 in adenine
correspond to NH2 bending mode and ring bond CC, CN
stretching vibration, respectively. The inset shows a magni-
fied view of the spectra with the adsorbed mass of 0.1 ng and
0.49 ng. All of the spectral data are presented as raw data
without any signal processing or smoothing. Fig. 3(c) shows
the peak amplitudes at 1661 cm−1 in the microcalorimetric IR
spectra as a function of the adsorbed mass of A20. The inten-
sity of the peak is directly proportional to the adsorbed mass.
The limit of detection (LOD) for A20 was estimated to be
approximately 47 pg at 1661 cm−1 as the straight line inter-
sects with the dashed line. The number of A20 at the LOD was
calculated to be approximately 1.8 × 107 molecules. However,
the LOD of each nucleotide may be varied due to the different
spectral intensity of molecular vibration characteristics. The

LOD could be enhanced by increasing the IR laser power or
the optimization of pyroelectricity.

Fig. 4(b) shows the normalized microcalorimetric IR
absorption spectra of each nucleotide (A20, T20, G20, and C20).
The IR spectra of each nucleotide were acquired separately as

Fig. 3 (a) Variations of the resonance frequency and (b) the
microcalorimetric IR spectra of the PZT microcantilever with respect
to various adsorbed masses of A20 (0.1 ng (black), 0.49 ng (red), 1.2 ng
(green), and 4 ng (blue)). The inset of (b) is a magnified view of the
spectra of 0.1 ng and 0.49 ng A20. (c) The peak amplitudes at 1661 cm−1

as a function of adsorbed mass of A20. The straight line is the linear fit
of the peak amplitudes and the dashed line is the minimum peak
amplitude for A20 with a signal-to-noise ratio of 3.
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references and were consistent with previously reported
results.18–20 The adsorbed masses of A20, T20, G20, and C20 on
the cantilever were approximately 4.02 ng, 3.44 ng, 3.72 ng,
and 3.16 ng, respectively, calculated using eqn (1). The
normalized microcalorimetric IR spectra were obtained by
dividing the amplitude of lock-in voltage generation by the
mass of adsorbed molecules. The peaks in individual spectra
of each nucleotide can be identified as NH2 bending mode
(1661 cm−1) and ring bond CC, CN stretching vibration
(1607 cm−1) in adenine; carbonyl CO displacement (1718 cm−1

and 1709 cm−1) and N–H bending mode (1661 cm−1), and
ring bond CC stretching vibration (1607 cm−1) in thymine;
carbonyl CO displacement (1694 cm−1) and ring bond
CN stretching (1607 cm−1) in guanine; and carbonyl CO
displacement (1724 cm−1 and 1666 cm−1) and ring bond
CC, CN stretching (1607 cm−1) in cytosine.19 The differ-
ent amplitudes of individual spectra were attributed to differ-
ent intensities of certain characteristic peaks. In addition, it
is worth noting that the peaks near 1600–1565 cm−1 in the
microcalorimetric IR spectra are not clear because of the low
power intensity of QCL in this spectral range. These spectra
clearly indicate that different bases have specific signatures

which result in unique profiles for each spectrum. Fig. 4(a)
shows the normalized calorimetric IR absorption spectra of
ATGC and a weighted linear superposition of the individual
nucleotide spectra. The adsorbed mass of ATGC on the canti-
lever was approximately 2.2 ng. The relative component ratio
(A : T : G : C) of ATGC is 1 : 1 : 1 : 1, which acts as a quaternary
mixture. Within a narrow dynamic range, the broad peaks
and shoulders observed in the spectrum of ATGC are due to
the convolution of individual nucleotide peaks. Comparing
the peaks in the spectrum of ATGC with those in the spec-
trum of individual nucleotides, the peaks between 1760 cm−1

and 1565 cm−1 are from the stretching vibration of the
carbonyl (CO), amino groups (NH2, N–H) and ring bonds
(CC, CN) in nucleotides. The IR spectrum of ATGC can
be fitted to the average spectra of individual nucleotides with
the relative component ratio. The IR spectrum of ATGC
shows excellent agreement with the mathematical fitting to
the normalized IR spectra of individual nucleotides since the
IR spectrum of the mixture is a linear superposition of indi-
vidual spectra.

Fig. 4(c) and (d) show the conventional FTIR spectra of
each nucleotide (A20, T20, G20, and C20), ATGC, and a weighted

Fig. 4 (a) Normalized calorimetric IR absorption spectrum of ATGC (magenta) and a weighted linear superposition (sky blue) of individual
normalized calorimetric IR spectra (A20, T20, G20, and C20). (b) Normalized calorimetric IR absorption spectra of each nucleotide (A20 (black),
T20 (red), G20 (green), and C20 (blue)). (c) FTIR spectrum of ATGC (magenta) and a weighted linear superposition (sky blue) of individual FTIR
spectra (A20, T20, G20, and C20). The dashed square represents the dynamic range of the microcalorimetric IR spectra. (d) Conventional FTIR
spectra of each nucleotide (A20 (black), T20 (red), G20 (green), and C20 (blue)).
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linear superposition of the individual nucleotide spectrum.
The peak positions and profiles in the microcalorimetric IR
spectra of ssDNA strands in Fig. 4(a) and (b) agree quite well
with those in the FTIR spectra. However, the FTIR spectrum
of ATGC did not match with the weighted linear super-
position by the FTIR spectra of individual nucleotides because
of the inhomogeneity in surface concentration, as shown in
Fig. 4(c). The variation in the surface density of the molecules
induced the different amplitude of the FTIR spectrum even in
the same nucleotide (see the ESI†). Therefore, it is very diffi-
cult to quantify the IR spectra of DNA with mixed nucleotides
from the FTIR spectra of the individual nucleotides. However,
our microcalorimetric technique provides the quantitative IR
spectra resulting from the measurement of the adsorbed mass
on the specific surface area.

To demonstrate whether this method is capable of dis-
tinguishing different components of nucleotides and SNDs in
a given DNA strand, microcalorimetric IR spectra of various
DNA strands on the PZT microcantilevers were collected.
Fig. 5 shows the normalized calorimetric IR spectra of three

different strands (GTTGAA, ACTTCA, and ACTCCA). The
adsorbed masses of GTTGAA, ACTTCA, and ACTCCA on the
cantilever were approximately 2.12 ng, 1.62 ng, and 2.06 ng,
respectively. Different profiles of the normalized IR spectra
in Fig. 5(a) are mainly attributed to the different ratio
between guanine and cytosine. GTTGAA is composed of
A6T7G7, whereas ACTTCA is composed of A7T6C7. The domi-
nant peaks in the profiles of the strands were induced by
carbonyl CO displacement (1694 cm−1) in guanine and
carbonyl CO displacement (1724 cm−1 and 1666 cm−1)
in cytosine. Fig. 5(b) shows the normalized IR spectra of
SND between ACTTCA and ACTCCA. ACTTCA is composed of
A7T6C7, whereas ACTCCA is composed of A7T5C8. Even
though the difference in the ssDNA was only a single nucleo-
tide, the normalized IR spectra of ACTTCA and ACTCCA were
highly distinguishable. The dominant peaks in the profiles
of these strands were due to carbonyl CO displacement
(1718 cm−1 and 1709 cm−1) and N–H bending mode (1661 cm−1)
in thymine and carbonyl CO displacement (1724 cm−1 and
1666 cm−1) in cytosine. The IR spectra of GTTGAA, ACTTCA,
and ACTCCA fit very well with the data obtained using a com-
bination of individual spectra of nucleotides following the
linear superposition principle (see the ESI†).

This technique is highly sensitive and extremely selective
for detecting SNDs in DNA strands and may have potential
for use as a rapid prescreening biosensor for various bio-
molecules. We infer the limit of recognition (LOR) as SND
per 30 bases of each nucleotide.13 However, the LOR of the
SND related to adenine and cytosine will be less than that
related to other nucleotides due to their similar peaks and
profiles in this narrow dynamic range. The LOR can be
enhanced by obtaining IR spectra in a wider range, as shown
in Fig. 4(c) and (d). Peak positions and intensities between
adenine and cytosine are distinguished between 1500 cm−1

and 1350 cm−1 due to different vibrational displacements
(NH2, imidazole ring, and NCH deformations at 1470 cm−1,
1453 cm−1, and 1420 cm−1). Although this technique is not
able to discern different DNA sequences, it is highly useful as
a rapid screening method for potential variations or muta-
tions in a given DNA strand with a known sequence as well
as in the detection of conjugation and by-products of bio-
molecular interactions.18–21 In addition, it will be a powerful
technique when combined with polymerase chain reaction
and hybridization-assisted reactions. This technique may also
find forensic applications where the need is to discriminate
DNA rather than to sequence it and other sensing applica-
tions to detect chemical or biological threats.22

Conclusions

In summary, we have demonstrated a facile, rapid, and quanti-
tative detection of DNA and screening of SND using immobili-
zation-free, self-powered PZT microcantilevers. Microcalorimetric
IR spectroscopy based on a PZT microcantilever offers excellent
selectivity due to the unique molecular vibrational spectra of
individual nucleotides in the mid IR region which can be

Fig. 5 Normalized microcalorimetric IR absorption spectra of (a) one
different component (GTTGAA (green) vs. ACTTCA (blue)) and (b) SND
(ACTTCA (blue) vs. ACTCCA (red)).
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monitored using the pyroelectric properties of a PZT thin
film. In addition, this technique is extremely quantitative as
adsorbed masses on the PZT cantilever can be monitored
piezoelectrically. The screening of SNDs and determination
of relative molar ratios on individual nucleotides in DNA
strands using normalized calorimetric IR spectra show
that this technique is quantitative as well as specific for
prescreening applications compared to conventional FTIR
instrumentation.
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