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ABSTRACT

This paper presents preliminary measurement results for real-time detection of biomolecules using
rotational-mode MEMS resonant structures and capability of such to directly and specifically measure
concentration of thiol-terminated DNA molecules in liquid. Thin film piezoelectric disk resonators with
quality factors (Q) as high as ~100 in aqueous solutions have been fabricated and utilized as direct
biomolecular detectors that can address the problem of low Q for MEMS resonators when in direct
contact with liquid. To adsorb thiol-terminated molecules, a gold layer is deposited on the top res-
onator surface. A gradual frequency shift of ~10 kHz (3800 ppm) was recorded in real-time while forming
monolayers of mercaptohexanol in aqueous solution, demonstrating the potential of such structures as
highly sensitive biosensors. Over and above detection of target single-stranded-DNA (ssDNA) sequences
using the disk resonators (with mass sensitivities as high as 19.3 ppm cm?/ng (65 Hz cm?/ng) in aque-
ous solution), the response of such devices has been characterized using different concentrations of
thiol-terminated DNA molecules. For one order of magnitude change in concentration of functionalizing
thiol-terminated-ssDNA solution, ~2X difference in measured frequency shifts of the disk resonators was

observed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Detection and measurement of liquid-phase analytesis essential
in various biomedical and biotechnology applications [1]. Bio-
chemical changes in the patient’s body fluids can signal organ
damage or dysfunction in advance, prior to observable microscopic
cellular damages or other symptoms [2]. Moreover, early, rapid,
and sensitive detection of most diseases is vital for successful
clinical treatment. Majority of the currently available biosensing
and bioanalysis platforms, such as diagnostics chips are based on
fluorescent labeling and optical detection methods [3-9]. Opti-
cal detection requires relatively sophisticated and bulky readout
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components including light sources, CCD cameras, lenses, etc.
The complex and time consuming sample preparation procedures
including extra steps for fluorescent labeling is another disadvan-
tage of this approach. Furthermore, such techniques normally only
produce the end result of biomolecular reactions and do not pro-
vide real-time information on the kinetics of the reaction, which is
very important in many cases including drug development and drug
delivery research. While a great deal of research is being devoted to
miniaturization of optical readout apparatus [10,11] and facilitating
florescent labeling processes [12,13], compact label-free biosen-
sors with electrical readout and real-time measurement capability
could offer a shortcut towards improved disease diagnostics and
theranostics at lower cost [14].

Electromechanical resonant microbalances such as Quartz Crys-
tal Microbalances (QCMs) [15-17] or surface acoustic wave (SAW)
sensors [18,19] are capable of label-free molecular detection by
direct real-time monitoring of the added mass to their surfaces.
However, such devices also have relatively large sizes and can-
not compete with fluorescent microarrays in terms of throughput.
In many cases their sensitivity is not adequate either. Micro-
electromechanical resonant structures are, on the other hand,
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Fig.1. Schematic view of the gold-coated TPoS rotational-mode disk resonant struc-
tures.

smaller and more sensitive integrated versions of the same devices
capable of real-time biomolecular sensing with large throughputs
[20-24]. The resonance frequency shift caused by added molecular
mass on the resonator surface can be used to detect and measure
smallest concentrations of liquid-phase analytes. When it comes to
biomedical applications, however, such devices are usually domi-
nated with excessive viscous forces in liquid media. Consequently,
most of formerly reported MEMS resonant devices cannot usually
operate in liquid or only show very low quality factors while the
quality factor of resonating sensing platforms in the target envi-
ronment plays a significant role in their frequency stability and
in turn the attainable mass resolutions. Although shown as highly
sensitive biosensors, high-frequency thermal-piezoresistive MEMS
resonators are not capable of operating in liquid and the frequency
measurements need to be carried out in air after different reaction
steps [22]. Film-bulk-acoustic-resonators (FBARs) used as direct
real-time biosensors, only show Q-factors as small as 15 when
in contact with liquid [23]. In another work Qs up to 189 were
achieved using a contour-mode ring-shape FBAR by only having the
top surface of the resonator in contact with aqueous solution [24].
With only one beam, such resonators are not also robust enough for
many applications. To realize higher Q-factors in liquid, thermal-
piezoresistive disk resonators were demonstrated with Qs up to
~300 in liquid [25]. Operating in their rotational mode, the res-
onators’ surfaces only slide in parallel to the fluid-solid interface
minimizing the effect of fluid viscous damping on the devices as
well as the energy loss into the liquid. The heat generated by ther-
mal actuation in such devices, however, can adversely impact the
molecular interactions. To overcome this problem, similar disk res-
onant devices were realized using TPoS technology showing Qs up
to ~100 in liquid [26,27]. Coated with gold on the top surface (see
Fig. 1), the same resonators are utilized here for direct in-liquid
detection of thiol-terminated molecules as well as distinguishing
between matched and mismatched DNA strands. Since detection
ability alone is not adequate for a biosensing platform, concen-
tration measurement capability is also demonstrated using such
devices.

2. Resonator fabrication and description

A TPoS, Thin-film Piezoelectric on Substrate, resonant structure
comprises a thin piezoelectric film (e.g. aluminum nitride) sand-
wiched between two metallic electrodes (e.g. Molybdenum) all
stacked on top of the device layer of a silicon-on-insulator (SOI)
substrate (Fig. 2a) [28]. The top metal layer is dry etched in ICP to
form the top electrodes and the signal pads while the aluminum
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Fig. 2. Process flow for TPoS resonators starting with (a) thin-film stack deposition
of Mo/AIN/Mo; (b) top metal dry etch in ICP followed by AIN wet etch in hot TMAH to
access bottom metal; (c) gold layer deposition and patterning; (d) bottom metal dry
etch followed by silicon device layer anisotropic dry etch in DRIE; (d) silicon handle
layer anisotropic dry etch in DRIE followed by silicon dioxide wet etch release.
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nitride (AIN) is wet etched in hot TMAH to access the bottom metal
layer (Fig. 2b). After e-beam evaporation and patterning a 1000 A
thick layer of gold (Fig. 2c), the resonator body is defined in a stack
dry etch step (Fig. 2d). The backside silicon handle layer is then
etched in an anisotropic etching step followed by removing SOI
buried oxide layer in hydrofluoric acid (HF), leaving free-standing
structures behind (Fig. 2e).

A scanning electron microscopic image of a ~3.4 MHz piezoelec-
tric disk resonator implemented via the TPoS platform is depicted
in Fig. 3. The fabricated disk resonant structure consists of a circu-
lar central mass and two support beams. Metal coated AIN films on
the support beams are responsible for actuation and sensing of the
resonant device. Upon application of an ac voltage at the resonance

Fig. 3. Scanning electron microscope view of a ~3.4 MHz thin-film piezoelectric on
silicon (TPoS) rotational mode disk resonator.



138 E. Mehdizadeh et al. / Sensors and Actuators A 216 (2014) 136-141

Bio-Molecule Solution

Sealed Chamber
PCB

Fig. 4. Schematic view of the experimental setup.

frequency of the structure to the top metal electrode on one of the
support beams, the support beams start vibrating in their longitu-
dinal mode resulting in rotational mode vibration of the disk. The
electric charge generated by the resulting stress/strain in the other
support beam due to the piezoelectric effect is then harvested from
the output electrode. The gold, as an inert and biocompatible mate-
rial, on top of the disk allows modification of the resonator surface
with thiol-terminated molecules.

3. Experiments and results

To maintain the solution concentrations unchanged throughout
the experiments i.e. prevent persistent evaporation of the buffer
solutions into the surroundings, a setup was prepared (see Fig. 4) in
which a very small sealed chamber, comprised of a glass cap with
clay as the sealant, is responsible for creating a water saturated
enclosed environment.

Treating the disk resonators with aqueous solution of 6-
Mercapto-1-Hexanol (briefly referred to as mercaptohexanol or
MCH), their resonance frequency was monitored using an Agilent
E5061B network analyzer over time. MCH, HSCH,(CH, )4CH;OH, is
athiol compound used in proteomics research both as a spacer thiol
and a model biomolecule containing a carbon-bonded sulfhydryl
group (SH). Such molecules bond tightly to Au-coated surfaces
through the sulfhydryl functional group, creating very robust
surface-covalent gold-sulfur bonds [29]. As MCH molecules bond to
the resonator surface over time, the resonance frequency of the res-
onator decays exponentially (see Fig. 5), as expected from kinetics
of self-assembled monolayer formation [30], reaching saturation
after about 1h. A gradual shift of ~3800 ppm in agreement with
the kinetics of the molecular interactions at the solid-liquid inter-
face clearly demonstrates promising performance of such resonant
devices on direct in-liquid mass monitoring of analytes in real-time
with very high sensitivities.

Three 65-mer oligonucleotide probes purchased from Inte-
grated DNA Technologies (IDT), shown in Table 1, were used in
another set of experiments. The 65-mer nucleotide probe of entry
1isathiol-terminated ssDNA (HS-ssDNA) molecule used for immo-
bilization on the Au-coated surface of the resonators through the
thiol-group at the 5’-end. The single-stranded probe of entry 2,
whichis the complement of that of entry 1, is used for the hybridiza-
tion purpose. Whereas the 65-mer oligonucleotide sequence of
entry 3 is a mismatched DNA strand used for the validation
purpose.
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Fig. 5. The recorded frequency of a disk resonator (d=200, w=16, [=160, t=15)
during exposure to MCH Solution.

To realize maximum hybridization of the two complements,
the gold-coated surfaces were treated with HS-ssDNA (2.0 M/1.0 M
KH,PO4, pH 4.2) for 2h followed by 1h of post-treatment in
MCH (1.0mM in aqueous solution) to form a mixed-monolayer.
A primary advantage of using the two-step process to form HS-
ssDNA/MCH mixed monolayers is that nonspecifically adsorbed
DNA is largely removed from the surface. Thus, the majority
of available ssDNA probes on the surface give rise to specific
hybridization with complementary oligonucleotides discrimi-
nating between complementary and noncomplementary target
molecules. In effect, MCH can form strong gold-thiolate bonds with
the surface replacing the nonspecific bonds between negatively
charged ssDNA and resonator surface. The number of HS-ssDNA
probes immobilized on the surface as a result of such mixed sur-
face treatments would be ~5.7 x 10'2 molecules/cm? [31]. Treating
the functionalized surface with 1.0 WM complementary DNA in 1.0
NaCl-Tris-HCI-1.0 mM EDTA, pH 7.5, ~100% hybridization is then
attainable [31]. The schematic of the surface treatments is briefly
illustrated in Fig. 6.

Due to the conductive nature of the two buffer solutions in func-
tionalization and hybridization steps and lack of an insulation layer
on the device metallic electrodes, at this point the resonance fre-
quencies for those steps were not monitored in real-time. Instead,
the frequency responses were recorded in distilled water once
the devices were completely rinsed after each treatment step (see
Fig. 7). The measurement results for two resonators with different
dimensions, summarized in Table 2 as well as Fig. 8, show close to 2
times higher sensitivity (ppm cm?/ng) for device 2 with bigger plate
size (smaller resonance frequency). After the hybridization step, the
frequency shift of 12.5 kHz (3700 ppm) was obtained from the sec-
ond device which corresponds to a mass loading of 192.1 ng/cm?
resulting in a sensitivity of 19.3 ppm cm?/ng (65 Hz cm?/ng), show-
ing ~28X better sensitivity than that of the-state-of-the-art FBARs
(0.7 ppm cm?/ng) when operating in liquid [24]. If the resonators
are interfaced with sustaining amplifiers forming self-sustained
oscillators, the minimum detectable frequency change is related
to the short-term frequency instability of the resonance frequency.
The standard measure of short-term frequency instabilities in the

Table 1
DNA sequences used in the experiments.
Entry Sequence
(1) 5'-(HS-Cs)-CA GGA GTG TCA ACG CCA ATA TTC TCC TAG
CCT GCA CAG ACA GTC GTG CTC TAC TAT GAC AAG GTT-3’
(2) 5'-AAC CTT GTC ATA GTA GAG CAC GAC TGT CTG TGC AGG
CTA GGA GAA TAT TGG CGT TGA CAC TCC TG-3’
3) 5'-TGT ATA TTG CTC TCA CAT GAA CAA ATT AGT AGA GTG

CCG CTT TCA GCC CCC CTG TCG TCG GCG AC-3'
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Fig. 6. Schematic of surface functionalization and complementary DNA hybridiza- 0 A T T
tion. (I) Exposure to HS-ssDNA (2.0 wM/1.0M KH,PO4, pH 4.2) for 2h; a portion After Step | After Step |1 After Step Il

of ssDNA molecules are nonspecifically adsorbed to the surface. (II) Treatment with
1.0 mM Mercapto-Hexanolin aqueous solution for 1 h for removing nonspecific por-
tion of adsorbed HS-ssDNA probes. (III) Hybridization with target ssDNA solution
(1.0 xM/1.0 M Nacl Tris-HCI-1.0 mM EDTA, pH 7.5) for 30 min.
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Fig. 7. Recorded frequency responses for the ~3.4MHz disk resonator of Fig. 3
(d=200, w=16,1=100) in distilled water after different treatment steps.

Table 2

Fig. 8. Accumulative ppm frequency shifts obtained for two devices listed in Table 2
after different treatment steps shown in Fig. 6.

time domain, commonly referred to as noise, is called Allan devia-
tion oy(7)[32]. Within the sampling time of ~0.1-10s, which is the
typicalregion where the frequency of resonant sensors is measured,
Allan deviation is minimum and can be empirically calculated as
oy(7)=1.0 x 10~7/Q[33]. Accordingly, the minimum detectable fre-
quency deviation would be equal to fp x oy(7), where fy is the
resonance frequency of the resonator, resulting in values as low
as 0.007 Hz (oy(7)=2.5 x 10~?) for resonators in the present work.
However, to count for practical issues such as temperature fluctua-
tions, a conservative frequency measurement resolution of 0.7 Hz is
used here resulting in a mass resolution of 11 pg/cm?2. Applying the
same approach to the-state-of-the-art FBARs [24], a mass resolu-
tion of 76 pg/cm? is attained which suggests ~7-fold improvement
by the TPoS disk resonators.

It should however be noted that if appropriate protocols are
not rigorously followed in label-free detection procedures, false
responses as a result of non-specific adsorption will be inevitable.
Therefore, to rule out any prospect of irrelevant frequency shifts
two separate experiments are conducted here. First, several devices
only treated with MCH were immersed in complementary DNA
solution and no shift was observed after 1h exposure. The same
result was acquired when a functionalized sample was exposed
to the solution of mismatched DNA probes for 1h. It is therefore

Summary of measurement results obtained from piezoelectric disk resonant devices in distilled water after different modifi-

cation steps shown in Fig. 6.
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Fig. 9. Schematic of the characterization experiments for concentration measure-
ments (I) Exposure to 1.0 wM [0.1% HS-ssDNA, 99.9% MCH] for 15 min. (II) Exposure
to 1.0 wM [1% HS-ssDNA, 99% MCH] for 15 min. (IIl) Hybridization with complemen-
tary ssDNA solution (1.0 wM/1.0 M NaCl Tris-HCl-1.0 mM EDTA) for 30 min.

inferred that the frequency shifts are caused by specific hybridiza-
tion with complementary nucleotides.

Since the detection ability alone is not inadequate for a biosens-
ing platform, the concentration measurement capability of the
TPoS disk resonant sensors is also investigated. In order to char-
acterize the effect of different concentrations of biomolecules on
the sensor responses, the TPoS disk resonators were exposed to
mixed solutions with different ratios of mercaptohexanol and
thiol-terminated ssDNA molecules. The schematic of biomolecular
events in the designed experiments is shown in Fig. 9. The thiol-
terminated ssDNA and MCH molecules compete for bonding to
the available gold atoms on the resonator surface. As expected,
due to the higher mass of DNA molecules than MCH, the total
frequency shift observed increased as the concentration ratio of
thiol-terminated DNA to MCH increased. Two identical MEMS chips
each containing several resonators with different dimensions were

Table 3
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treated with different ratios of MCH and thiol-terminated ssDNA
molecules. The two sets of resonators were treated with 1.0 uM
[0.1% HS-ssDNA, 99.9% MCH] and 1.0 .M [1% HS-ssDNA, 99% MCH]
both in 1.0M KH,PO4, pH 4.2 each for 15min. The ppm shifts
obtained after exposure to the higher concentration of HS-ssDNA
were ~2-3 times as large in the aqueous solution. Almost the same
trend was observed after hybridization of the same functionalized
resonators with the complementary DNA sequence, 1.0 uM/1.0 M
NaCl Tris-HCI-1.0mM EDTA, pH 7.5. After this step, the ppm
shifts observed were 6-7 times as large for the sample function-
alized with higher concentration of HS-ssDNA molecules. This is
well expected as in such samples a larger number of HS-ssDNA
molecules, immobilized on the resonator surface, are present to
hybridize with target molecules. Table 3 summarizes the measure-
ment results for the two sets of resonators. The results confirm a
clear and consistent correlation between the functionalizing DNA
concentrations and response of similar rotational mode disk res-
onators.

4. Conclusions

Gold coated rotational-mode disk resonant devices were intro-
duced as highly sensitive mass balances for direct liquid-phase
measurements of biosamples. Due to minimal viscous damping
while operating in liquid media, such structures could be used
as reliable tools for real-time monitoring of biomolecular inter-
actions. Qs as high as 100 were obtained for such devices when
operating in aqueous solutions. Direct liquid-phase monitoring
of frequency, while forming monolayers of MCH, was performed
in real-time that well matches the kinetics of molecular inter-
actions at the solid-liquid interface. Direct in-liquid detection of
target ssDNA strands was also demonstrated showing frequency
shifts as large as ~3000 ppm. To investigate the ability of the
biomolecular sensors for concentration measurements, the res-
onators were exposed to matching target ssDNA solution after
functionalization with thiol-terminated ssDNA (HS-ssDNA) solu-
tions with different concentrations. The results exhibit a ~2X
difference in measured frequency shifts for one order of magni-
tude change in concentration of functionalizing HS-ssDNA solution.
Future work includes providing electrical insulation for the

Summary of measurement results obtained from the resonant structures in distilled water after different treatment steps

illustrated in Fig. 8.

Chip#1 Chip #2
Dimensions (um) | Frequency | Shift (ppm) | Q Factor | Frequency | Shift (ppm) | Q Factor | Shift Ratio
1.0883 - 92 1.0895 - 93 -
15 min exposure to 1.0 uM [1% | 15 min exposure to 1.0 uM [0.1%
DNA, 99% MCH] DNA, 99.9% MCH]
1.0853 -2757 72 1.0884 -1010 90 2.7
20 min exposure to 1.0 uM 20 min exposure to 1.0 uM
Complementary DNA solution Complementary DNA solution
1.0793 -5512 58 1.0875 -825 82 6.7
1.2500 - 82 1.2470 - 38 -
15 min exposure to 1.0 uM [1% | 15 min exposure to 1.0 uM [0.1%
a=500 DNA, 99% MCH] DNA, 99.9% MCH]
40
" 12471 | -2320 | 76 12455 | -1203 | 28 1.9
20 min exposure to 1.0 uM 20 min exposure to 1.0 uM
Complementary DNA solution Complementary DNA solution
12413 | -a650 | 38 12045 | -802 | 22 5.8
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resonator electrodes to enable real-time monitoring of the res-
onance frequency in conductive buffer solutions. Interfacing the
TPoS disk resonators with sustaining amplifiers, implementation
of arrays of individually functionalized resonators, and integra-
tion of such devices within microfluidic channels are among tasks
required to demonstrate a powerful biosensing platform using this
technology.
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