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This  study  utilized  the  radio  frequency  (RF)  technology  to develop  a multilayered  polymeric  DNA  sensor
with  the  help  of gold  and  magnetic  nanoparticles.  The  flexible  polymeric  materials,  poly  (p-xylylene)
(Parylene)  and  polyethylene  naphtholate  (PEN),  were  used  as  substrates  to  replace  the  conventional
rigid  substrates  such  as glass  and  silicon  wafers.  The  multilayered  polymeric  RF  biosensor,  including  the
two polymer  layers  and  two  copper  transmission  structure  layers,  was  developed  to  reduce  the  total
sensor size  and  further  enhance  the  sensitivity  of the biochip  in the  RF  DNA detection.  Thioglycolic
acid  (TGA)  was  used  on the  surface  of  the  proposed  biochip  to  form  a thiolate-modified  sensing  surface
for  DNA  hybridization.  Gold  nanoparticles  (AuNPs)  and  magnetic  nanoparticles  (MNPs)  were used  to
immobilize  on the  surface  of the  biosensor  to enhance  overall  detection  sensitivity.  In  addition  to gold
nanoparticles,  the  magnetic  nanoparticles  has  been  demonstrated  the  applicability  for  RF  DNA detection.
The  performance  of the  proposed  biosensor  was  evaluated  by  the  shift  of  the  center  frequency  of the  RF
biosensor  because  the  electromagnetic  characteristic  of  the biosensors  can  be  altered  by  the  immobilized

multilayer  nanoparticles  on the  biosensor.  The  experimental  results  show  that  the  detection  limit  of  the
DNA  concentration  can  reach  as  low  as  10 pM, and  the  largest  shift  of  the  center  frequency  with  triple-
layer  AuNPs  and  MNPs  can approach  0.9  and  0.7 GHz,  respectively.  Such  the  achievement  implies  that
the developed  biosensor  can  offer  an  alternative  inexpensive,  disposable,  and  highly  sensitive  option  for
application  in  biomedicine  diagnostic  systems  because  the  price  and  size  of  each  biochip  can  be  effectively
reduced  by  using  fully  polymeric  materials  and  multilayer-detecting  structures.
. Introduction

The molecular diagnostics have been extensively applied in
umerous fields, such as analytical chemistry, biomedical diagnos-
ics, and anti-bioterrorism diagnostic applications, including DNA
etection, system-on-a-chip, and cell and protein molecule diag-
ostics. Nam et al. (2004) developed several DNA detection assays
y using radioactive labels, molecular fluorophores, chemilumi-
escence schemes, electrochemical tags, and nanostructure-based

abels. The technique of the nanostructure-based biosensors is cur-
ently being spread out from the laboratory to the clinic, and has

he potential to be included in regular medical testing, depend-
ng on several scientific factors such as sensitivity, selectivity,
nd versatility (Giljohann and Mirkin, 2009). The nanoparticles
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(NPs) exhibit excellent performance that result from cooperative
binding properties, unique optical properties, catalytic properties,
and the existence of robust and versatile surface-functionalization
methods for DNA detection and protein biomedical detection sys-
tems (Alivisatos, 2004; Stoeva et al., 2006; Tokonami et al., 2008).
The oligonucleotide-functionalized gold nanoparticles (AuNPs) and
magnetic nanoparticles (MNPs) have demonstrated advantages on
sensitivity and selectivity over conventional probes in a variety of
biodetection schemes (Giljohann et al., 2010; Pal and Alocilja, 2010;
Kim et al., 2011).

In addition, the bioactive polymeric materials and novel detec-
tion methods were extensively developed to achieve rapid, reliable,
and high-sensitivity biodetection because of the requirements
of lower cost, mass, power consumption, and fewer biological
molecules in a biomedical system (Blacklock et al., 2009; Anderson
et al., 2005). The polymers form the basis of new platforms for the

trace detection of analytes in a variety of biomedical monitoring,
such as in DNA and protein detection. The biocompatibility is a
vital characteristic of biomedical polymeric materials, the surface
of which is required to interact with a biological system (Tirrel

dx.doi.org/10.1016/j.bios.2011.10.044
http://www.sciencedirect.com/science/journal/09565663
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the surface of the upper etched copper layer. The three-dimensional
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t al., 2002). When polymeric biomaterials are in contact with a
iological environment, the surface chemistry and topography of
he materials are significant parameters that may  influence pro-
ein adsorption, DNA immobilization, and cell interaction (Ratner
nd Bryant, 2004). The Parylene-C biomaterial is commonly used
s polymeric biomaterials for DNA, cell, and protein detection
ecause Paryelene-C satisfies the requirements such as low back-
round fluorescence, biocompatibility, high chemical resistivity,
ransparency, and effective adhesion to molecules (Zheng et al.,
007; Chang et al., 2007a).

A  biosensor usually consists of a receptor and a transducer for
olecular recognition and for converting the information into an

lectrical signal (Sheehan and Whitman, 2005). The transducer may
se optical (Mallard et al., 2005), electrochemical (Wang et al.,
009a), piezoelectric (Wang et al., 2009b), magnetic (Schotter et al.,
004), and electrical detection (Tsai et al., 2006) methods. The
unctional nanoparticles, that is, metal or semiconductor nanopar-
icles are widely used to amplify the detected electrical signals
aused by the excellent electrical properties of the functional
anoparticles for biomedical detection (Park et al., 2002; Chang
t al., 2007b).  The optical-, electrochemical-, and piezoelectric-
ensing techniques are widely used as DNA detection methods,
nd the excellent detection limit or sensitivity of these sensing
echniques with a signal enhancement of the functional nanopar-
icles are approximately 5 pM–100 fM (optical method), 10 pM
o 500 fM (electrochemical or electrical method), and 1 pM to
00 fM (piezoelectric method) (Agasti et al., 2010; Drummond et al.,
003).

The radio frequency electrical detection method for biomedi-
al systems has been widely developed because the RF electrical
etection methods and designs that are integrated with a trans-
ission line, inductive component, and a capacitive component

re effective and powerful as a label-free detection system (Kim
t al., 2006; Chien et al., 2007; Perng et al., 2007). However, these RF
lectrical detection methods have not been applied with polymeric
iomaterials for biomedical detection, such as DNA detection.

This study is then to develop a sensitive polymeric biosensor by
ntegrating a radio frequency electrical approach with AuNPs and

NPs to enhance the detecting signals from a markedly low con-
entration of target DNA. Three main objectives are considered for
he development of the biosensor in this study. The first objective
s to use the frequency response of the developed RF biosensor for
etecting the conjugated DNA–AuNPs and DNA–MNPs in biomedi-
al diagnostics since the radio frequency response of the biosensor
ith conjugated biomolecules is more intensive than the dc or low-

requency response (Kim et al., 2006). The specific immobilization
nd hybridization among the probe DNA, target DNA, and capture
NA result in the formation of self-assembled AuNPs/MNPs on the

ensing surface of the coplanar waveguide (CPW). These nanopar-
icles will cause the shifting of center resonant frequency.

The second objective is to amplify the signals by using multi-
ayered AuNPs or MNPs. The establishment of multilayered AuNPs
r MNPs changes the center frequency of the developed filter. This
hange indicates the existence of target DNA in the sample solution
uring the hybridization and immobilization procedures.

The third objective is to develop the multilayered polymeric
iosensor, including the two polymer layers, Parylene-C and PEN,
nd two copper transmission structure layers. The polymeric sub-
trates in general imply the advantages of low cost. The proposed
F biosensor is then designed and fabricated by the two  copper
ransmission structure layers and two polymer materials layers.
he size of the microwave device can be reduced by using a mul-

ilayer device structure such as that of the proposed biosensor
Huang et al., 2009). The two copper transmission structures with
D configuration, one upper and one lower layers, can increase the
ensing area that is added from the single capacitor structure to
lectronics 31 (2012) 349– 356

the double capacitor structures, and the sensitivity may be further
enhanced. Therefore, the multilayer RF biosensor is expected to
achieve higher sensitivity and a small chip-size for DNA diagnos-
tics. The advantages of lower cost, effective miniaturization, and
higher sensitivity can make the developed biosensor competitive
with other biosensors.

2. Experiments

2.1. Polymeric biochip fabrication processes

The multilayered polymeric RF biosensor was  fabricated by
using micromachining technologies, including polymer and metal
deposition, isotropic wet  etching, plasma surface treatment, lithog-
raphy process, and silane surface treatment. Fig. 1(a) illustrates the
fabrication flow chart of the multilayered polymeric RF biosen-
sor. The PEN polymer substrate was initially cleaned by acetone
solution with ultrasonic agitation for 10 min, and rinsed in iso-
propyl alcohol (IPA) solution for 3 min. The surface of the biochip
was subsequently dried out using an N2 spray gun, as illustrated
in Fig. 1(a)-(I). The dimension of the prepared PEN polymeric
substrate was  approximately 5 cm2. The surface of the polymeric
substrate was  treated with O2 plasma by RIE (SAMCO RIE 10N)
before the metal deposition process. Titanium and copper were
used as the seed layer and the structure material, which deposited
a thickness of 500 and 5000 Å on the PEN flexible substrate by
an E-beam evaporator (ULVAC EGK-3M). The surface roughness
of the deposited metal layer was approximately 12 Å by a surface
profile measuring machine (TENCO, AS500 Alpha-Step). The geom-
etry of the designed biosensor on the metal structures layer was
defined by the lithography and wet etching processes, as illustrated
in Fig. 1(a)-(II) and (III). Consequently, Parylene-C, which may be a
dielectric material or passivation layer of the proposed biosensor,
was deposited on the surface of the etched Ti/Cu metal layer by
a Parylene deposition system (La-Chi LH300). The thickness of the
Parylene layer was approximately 3 �m,  and the surface roughness
of the Parylene layer was  approximately 3.5 nm,  as illustrated in
Fig. 1(a)-(IV). The Silane A-174 (La-Chi Enterprise Co., Ltd., Taiwan)
was used in this study to enhance the adhesion force between the
Parylene-C thin film and the PEN flexible substrate. The silane A-
174 diluted solution was composed of IPA solution, DI water, and
silane A-174 solution. The volumetric percentages of the IPA solu-
tion, DI water, and pure silane A-174 solution were 100 ml,  100 ml,
and 1 ml,  respectively. The fabricated biosensor was subsequently
immersed in the diluted solution for 20 min, rinsed with IPA solu-
tion for 3 min, and dried under N2. The fabrication procedures,
which include O2 plasma treatment, metal deposition, and lithog-
raphy, may  be repeated for deposition of the second polymer and
metal layer, as illustrated in Fig. 1(a)-(V). The thickness of the sec-
ond Ti/Cu metal layer was  approximately 2000 and 20,000 Å. The
upper metal layer must deposit over 2 �m of total thickness to avoid
the skin depth effect. The electric current mainly flows at the skin
of the conductor, at an average depth that is referred to as the skin
depth. The thickness of the transmission metal layer must be higher
than the skin depth to avoid the signal loss (Kuanr et al., 2003).
Fig. 1(a)-(VI) illustrates the final process of the proposed polymeric
biosensor. The geometry of the sensing CPW structures for DNA
detection can further be defined after etching the upper metal of
the biochip. However, for DNA hybridization and immobilization
procedures, a layer of gold metal with a thickness of 2000 Å  covered
illustration of the multilayered polymeric RF biosensor is displayed
in Fig. 1(b). Fig. 1(c) displays an overview SEM photograph of the
polymeric biosensor that was  captured by an FE-SEM (HITACHI,
S4300) in ITRC, Taiwan.
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1 pM.  The sensing biochip was subsequently dripped with 20 �l
of pDNA–AuNPs solution that contained the thiol-modified probe
DNA that was  immobilized on the surface of AuNPs, and rinsed by
a PBS solution for 3 min. The second-layer of the AuNPs structure

Table 1
The sequences of the capture, probe, and target DNA.
ig. 1. Photographs of the developed polymeric biosensor. (a) Fabrication flow cha
he  biosensor.

.2. Surface modification for Parylene-C

This study used surface modification for immobilizing the con-
ugate AuNPs–DNA molecular on the proposed polymeric surface of
he biochip. Thioglycolic acid (TGA) is the organic compound that
ontains both a thiol and a carboxylic acid. The purpose of using
he TGA reagent was to modify and form the thiol-group on the
urface of Parylene-C. Fig. 2(a) exhibits the mechanism of the TGA
hemical reaction for surface modification. Hydrochloric acid was
he product of the chemical reaction in the TGA surface modifica-
ion. Therefore, the modified biochip must be washed by DI water
nd DD water repeatedly until the pH value of DI water reaches
he range of 6.8–7.2. The pH value of the washed DI water was
hanged to approximately 6 by washing three times. The modified
iosensor was subsequently washed twice by DD water to change
he pH value to approximately 7. The original chlorine group of
he Parylene-C surface may  be replaced by the thiol group in the
GA surface modification process. According to the experimental
esults, the optimal concentration ratio of the chemical reagent
etween Parylene and TGA was one to three. The favorable exper-

mental condition was approximately 60 ◦C for 12 h.
To evaluate the effect of surface modification by the TGA reagent,

he modified polymeric biochip was immersed in the solutions
hat contained gold nanoparticles (13 nm diameter) or magnetic
anoparticles (8 nm diameter) for 24 h, and subsequently rinsed
ith DI water and dried under N2. Fig. 2(b) displays the SEM pho-

ographs of the modified surface of the biochip that immobilized
old and magnetic nanoparticles, respectively. The distribution of
he immobilized nanoparticles on the modified polymeric surface
f the biochip is observed, and the successful surface modification
y the TGA chemical reagent to form a thiol group on the surface
f the biochip is demonstrated, which may  immobilize the gold or
odified magnetic nanoparticles for subsequent DNA detection.

.3. DNA hybridization with self-assembly multilayer AuNPs
The gold nanoparticles were immobilized on the surface of the
olymeric biosensor for radio frequency detection, and a multi-

ayer AuNPs structure was used over the sensing areas to obtain a
easurable frequency shift of the biosensor after oligonucleotide
e polymeric biosensor; (b) 3D illustration of the biosensor; (c) SEM photograph of

hybridization. The sequences of the probe DNA (pDNA), target DNA
(tDNA), and capture DNA (cDNA) are illustrated in Table 1. All of the
single strand DNA (ssDNA) biomolecules and functional nanopar-
ticles, including AuNPs and MNPs, were obtained from TANbead
Biological Corp. and MDbio Inc. (Taiwan). We  first prepared the
solutions of the single-strand thiol-modified pDNA and cDNA that
were immobilized on the surface of AuNPs for the immobilization
and hybridization procedures. In the solutions, the thiol group has a
particular affinity for gold by a binding van der Waals force. There-
fore, the thiol-modified pDNA and cDNA may  be immobilized on
the surface of AuNPs by the binding van der Waals force.

The procedures of the DNA hybridization with multilayered gold
nanoparticles are illustrated in Fig. 2(c). The diameter of the AuNPs
was approximately 13 ± 2 nm.  The surface of the polymeric biosen-
sor must first be modified by a TGA thiol-modified solution to form
a thiol group on the Parylene surface. Subsequently, the biochip
may  be immersed into a conjugate cDNA–AuNPs solution for 24 h
to establish monolayer AuNPs on the thiol-modified surface of the
biochip, and rinsed with a PBS solution for 3 min. The phosphate-
buffered saline (PBS) solution was used as a washing buffer in this
study. The PBS solution contained a NaCl and NaH2PO4 solution
with a pH value of 7.4.

The polymer-based biochip was dripped with 10 �l of target
ssDNA solution for 30 min after the establishment of the mono-
layer AuNPs with cDNA. The stored solution of the target DNA
fragments was  diluted in the washing buffer to 0.1 �M.  The con-
centration of the target solution was  further diluted according to
the experimental requirement of 10 nM,  1 nM,  100 pM,  10 pM,  and
Name Sequence

Capture DNA 3′-HS-AAAAAAAAAACCTAATAACAAT-5′

Probe DNA 3′-TTATAACTATTCCTAAAAAAAAAAA-SH-5′

Target DNA 5′-GGATTATTGTTAAATATTGATAAGGAT-3′
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Fig. 2. Illustration of surface modification and SEM photographs of functional nanoparticles immobilization and hybridization on the modified biochips: (a) mechanisms
of  surface modification with TGA (Experimental parameter – Parylene: TGA = 1:3 at 60 ◦C for 12 h); (b) immobilization of the mono-layer AuNPs and MNPs on the modified
b dures
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iochip;  (c) illustrations of the triple-layer AuNPs and MNPs by hybridization proce

as subsequently established by manual pipetting for 30 min, and
he no hybridized target DNA, probe DNA, and second-layer AuNPs
ere rinsed by using the washing solution.

Subsequently, a hexandithiol solution was used to modify the
urface of the second-layer AuNPs. The chemical compound hexan-
ithiol contains thiol at both ends of the molecule. One end attaches
o the second-layer of the AuNPs surface, and the other end may  be

sed to establish a third layer of AuNPs. Consequently, the biochip
ay  be immersed in an AuNPs solution for 24 h to form triple-

ayer self-assembly AuNPs, and subsequently rinsed by PBS solution
or 3 min  and dried by N2 gas to remove the suspending AuNPs,
.

as demonstrated in Fig. 2(c). The gold nanoparticles were not
continuously distributed on the biosensor. However, the distribu-
tion of the triple-layer gold nanoparticles was markedly denser
than that of the double-layer.

2.4. DNA hybridization with self-assembly multilayer MNPs
The procedures of DNA hybridization with multilayer mag-
netic nanoparticles are illustrated in Fig. 2(c). The diameter of the
MNPs was  approximately 8 ± 1 nm.  The experimental procedures
are detailed in this section. The sequence of the cDNA, tDNA, and
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DNA are mentioned in the last section of this paper. In general,
he MNPs are considered a vital class of materials in the fields
f nanotechnology and biotechnology because of their potential
pportunities for DNA and protein detection applications. There-
ore, the MNPs were used for DNA detection in this study to
nvestigate the feasibility of the RF DNA detection method by using
elf-assembly multilayer MNPs on the polymeric biosensor.

The same procedure for establishing a multilayer AuNPs struc-
ure was used to establish multilayer MNPs. The distribution of the
riple-layer magnetic nanoparticles was markedly denser than that
f the double-layer magnetic nanoparticles, as illustrated in the
EM photographs of Fig. 2(c).

. Results and discussion

.1. Measurement and simulation results

This section presents the comparison of the experimental results
n the polymer biosensors with the simulations. The scatter-
ng parameter of the fabricated biochip was measured to verify
he design of the developed biochip. The scattering parameters
rom the simulated results were obtained by using a method
f momentum in the simulation tool of the advanced design
ystem (ADS). The measured result was observed on an RF mea-
urement system that included a network analyzer and a probe
tation to measure the characteristics of the developed biosen-
or. The model number of the network analyzer (NA) is Agilent
5071C. The measuring frequency limit of the NA is in the range
f 100 KHz–8 GHz. Therefore, the measuring frequency range of
he developed biochip was 100 KHz–8 GHz. The probe station was
pplied to the aligner and probe on the electrodes of the biochip
y using a CCD camera and Ground-Signals-Ground (G-S-G) micro-
robes. The gap distance between the ground and the signal probes
f the microprobes was 100 �m.  This distance must be consid-
red in the design of the biosensor because the gap distance of
he electrodes of the biosensor must be consistent to that of the
SG microprobes. The radio frequency signals may  be transmit-

ed between the NA and the biosensor through the coaxial cable
ignal and GSG microprobe. Furthermore, the measuring results
f the scattering parameter were displayed on the NA screen, and
he required results were marked and exported for further analy-
is.

Fig. 3(a) illustrates the measured and simulated signal response
f the proposed biosensor. The difference of the signal response
etween the measured and simulated results was  dependent
n the fabrication batches, and a slight variation of the cen-
ral frequency between 6.3 and 6.5 GHz was  observed. The
lectromagnetic characteristic of this polymer biosensor was  a
and-stop filter, and the center frequency was  approximately
.4 GHz.

This simulation of the biosensor was conducted without con-
idering nanoparticles, chemical reagents, and molecules. The
omparison of the simulated results and measuring results indi-
ate that their center frequencies may  be distinguishable. The
enter frequencies of the simulated and measuring results were
onsistent and the trend of the measuring results was simi-
ar to that of the simulation results. However, the change of
he center frequency between the measuring and simulated
esults was approximately 0.2 GHz. The change of the cen-
er frequency was related to the change of the geometry of

iosensor from the fabrication process. It slightly altered the
eometries of the fabricated biosensor. Consequently, the cen-
er frequency of the proposed biosensor changed in conjunction
ith the coupling capacitance and inductance of the fabricated

iochip.
lectronics 31 (2012) 349– 356 353

3.2. DNA detection using AuNPs and MNPs

The gold nanoparticles of DNA detection may be formed as mul-
tilayered AuNPs structures, which can enhance the performance
of the polymer biosensor in the detection procedures. The gold
nanoparticles of the double-layer and triple-layer are immobilized
on the biosensor by the tNDA hybridization procedures. The shift
of the center frequency increases in conjunction with the num-
ber of the used AuNPs. However, the number of the AuNPs that
were immobilized on the surface of the biochip was dependent on
the concentration of the tDNA solution. Therefore, the comparison
among the various concentrations of tDNA was vital to the results
for DNA detection in this study. The selected tDNA concentrations
were 10 nM,  1 nM,  100 pM,  10 pM,  and 1 pM.  The S-parameters of
the developed biosensors with the conjugate DNA–AuNPs were
measured by a radio frequency measurement system. The shift
of the center frequency was vital in this study, and was  a valu-
able index for determining the existence of the AuNPs–DNA or the
MNPs–DNA in the biosensor. Conversely, the shift of the center fre-
quency was  an appropriate index of the RF biosensor because the
existence of the bio-molecules with functional nanoparticles may
alter the center frequency of the RF biosensor. The sensitivity may
be represented in the amplitude of the shifted center frequency.
The measured results of the AuNPs that enhanced the DNA detec-
tion in the tDNA concentrations of 100 pM are illustrated in Fig. 3(b).
The shift of the center frequency increased in conjunction with the
number of NPs layers at the same tDNA concentrations. The shifts
of the center frequency of the triple, double, and single AuNPs were
0.26 GHz, 0.2 GHz, and 0.3 GHz, respectively. The shift of the cen-
ter frequency was more sensitive to the triple AuNPs layer than the
double AuNPs layer. The single AuNPs layer immobilized the AuNPs
only on the surface of the biosensor without any biomolecules.
Therefore, conjugated triple AuNPs–DNA obtained a superior sen-
sitive frequency shift. The triple NPs layer structure may  be used to
enhance the sensitivity of the biosensor to determine the detection
limit of the proposed biosensor. The shift of the center frequency
may  be observed at a low concentration of the tDNA.

This study used gold nanoparticles and MNPs to enhance the bio-
detected performance. The shift of the center frequency increased
in conjunction with the number of MNPs, which also changes the
insertion loss. This phenomenon of changed insertion loss depends
on the electromagnetic absorption characteristic of the magnetic
nanoparticles. In addition, the shift of the center frequency may  be
changed because the permeability and permittivity change by using
MNPs. Therefore, the inductance and capacitance of the biosensor
may  be altered by immobilizing MNPs on the surface of the biosen-
sor. The concentration of the target DNA affected the number of
the immobilized MNPs on the surface of the biosensor. Hence, the
comparison among the various concentrations of the tDNA is vital
for DNA detection. The concentrations of the tDNA solution for DNA
detection in this study were 10 nM,  1 nM,  100 pM,  10 pM, and 1 pM.
The measured results of the DNA detection that was  enhanced by
the MNPs in the concentrations of 100 pM tDNA solution are illus-
trated in Fig. 3(c). The shift of the center frequency indicated that
the triple MNPs layer was more sensitive than the double MNPs
layer. The shifts of the center frequency of the triple, double, and
single AuNPs were 0.26 GHz, 0.2 GHz, and 0.3 GHz, respectively. The
decrease in the S parameter S21 was  dependent on the sensor layer
numbers for the MNPs, but not for the AuNPs. The MNPs exhibited
electromagnetic absorption characteristics, and the insertion loss
of the S parameter decreased with the number of the MNPs layer
(Lee and Chen, 2007).
The measured results were expressed as FG1, FG2, and FG3
to compare the shifted frequency of the biosensor with triple-
layer, double-layer, and monolayer AuNPs. The FG1, FG2, and
FG3 denote the values of the measured shifted center frequency
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ig. 3. Scattering parameter measurement and simulation results: (a) simulation a
f  the DNA detection using triple-layer, double-layer, and single layer AuNPs at tD
riple-layer, double-layer, and single layer MNPs at tDNA concentration of 100 pM.

fter the mono-layer, double-layer, and triple-layer of AuNPs with
NA were established, respectively, and FGw/o denotes the mea-

ured shifted frequency of the biosensor without the immobilized
uNP–DNA structure. We  also used FM1, FM2, and FM3 to express

he measured results for DNA detection with MNPs. The FM1, FM2,
nd FM3 denote the values of the measured shifted center fre-
uency after the establishment of mono-layer, double-layer, and
riple-layer of MNPs, respectively. The FMw/o denotes the mea-
ured frequency shift of the biosensor without the immobilized
NPs–DNA structure. The detection results of the various tDNA

oncentrations of 10 nM,  1 nM,  100 pM,  10 pM,  and 1 pM general-
ze the shifted center frequencies of the polymer biosensor with
uNPs and MNPs, as illustrated in Fig. 4(a and b). The results indi-
ated that the center frequency shift was more sensitive to the
umber of NPs layers than to the concentration of the target DNA.
he curve of the FG3 and FM3 reduces faster than FG2 and FM2,
nd even faster than FG1 and FM1, as the target DNA concentration
ncreases.

The shifted center frequency of multilayer AuNPs and MNPs is

reater than that of monolayer AuNPs. The multilayer nanoparti-
les that were composed of a higher tDNA concentration of 10 nM
xhibited a larger shifted center frequency than those with a lower
DNA concentration. Although the triple-layer AuNPs that used a
easurement results of the developed RF biosensor; (b) the S21 frequency response
ncentration of 100 pM;  (c) the S21 frequency response of the DNA detection using

tDNA concentration of 1 pM may  be detected in the DNA detection
with both AuNPs and MNPs, they cannot be clearly distinguished.
However, the sensitivity of double-layer AuNPs and MNPs with
10 pM of DNA solution may  be distinguished from the double-layer
and triple-layer enhancement.

�FG21, �FG32, �FM21, and �FM32 were used to present
the differences of the shifted frequency by using triple-layer,
double-layer, and monolayer MNPs–DNA and AuNPs–DNA con-
jugate structures. The definitions of �FG21, �FG32, �FM21, and
�FM32 are described by the following equations:

�FG21 = FG2 − FG1 (1)

�FG32 = FG3 − FG2 (2)

�FM21 = FM2 − FM1 (3)

�FM32 = FM3 − FM2 (4)

If the shifted frequency of the mono-layer and double-layer
MNPs and AuNPs on the biosensor are used as the references, the

shifted frequencies of the various tDNA concentrations may  be fur-
ther diagramed by using the parameters of �FG21, �FG32, �FM21,
and �FM32, as illustrated in Fig. 5. The shifted center frequency of
the triple-layer AuNPs is greater than that of double-layer AuNPs.
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Fig. 4. Measurements of the center frequency shift using AuNPs and MNPs with various tDNA concentrations: (a) the center frequency of self-assembly AuNPs versus various
tDNA  concentrations; (b) the center frequency of using self-assembly MNPs versus various tDNA concentrations. (The FG1, FG2 and FG3 denote the S21 response of mono-
layer,  double-layer and triple-layer AuNPs structures, respectively; the FM1, FM2, and FM3 denote S21 response of mono-layer, double-layer and triple-layer MNPs structures,
respectively.)

F d MN
d r MNP
b

T
t
c
s
t
m
t
c
t
s
t
a

ig. 5. Comparison of the shifted frequency measurement of multilayer AuNPs an
ifferences of the shifted frequency using triple-layer, double-layer, and monolaye
y  using AuNPs. FM denotes center frequency shifts by using MNPs.)

he shifted frequency may  be increased further by using a higher
DNA concentration. The error bars in Figs. 4 and 5 illustrate the 95%
onfidence intervals. In comparison to the previous RF biosensor
tudies (Chien et al., 2008; Kim et al., 2006), this study is the first
o present DNA detection with MNPs by using a radio frequency

ethod. As illustrated in Fig. 5, the �FG32 is progressively greater
han the �FM32 as the tDNA concentration increases, which indi-
ates that the AuNPs are more appropriate than MNPs for use in

he developed RF DNA detection system. Conversely, the AuNPs are
uperior, even though the MNPs may  be used in the RF DNA detec-
ion system. In Fig. 5, the sensing error bars range of the �FG32
nd �FM32 are approximately 0.1 GHz, and the shifted frequency
Ps for DNA detection. (�FG21, �FG32, �FM21, and �FM32 are used to present the
s–DNA and AuNPs–DNA conjugate structures. FG denotes center frequency shifts

of the �FG32 and �FM32 may  be displayed over 0.1 GHz at the
100 fM–1 pM tDNA concentration. Therefore, the lower detection
limit of the developed RF biosensor is approximately 500 fM.  The
experimental upper detection limit of the biosensor is approxi-
mately 10 nM.  According to the measured results, the feasibility
of DNA detection enhanced by AuNPs and MNPs on the developed
polymeric RF biosensor was  completed successfully.
4. Conclusion

In summary, a multilayered polymeric DNA biochip using radio
frequency detection was  developed in this study. This developed
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iosensor used two polymer layers and two copper transmission
ayers as multilayered RF DNA biochip that may  provide advan-
ages of the small chip-size and highly sensitivity. The two  copper
ransmission structures can increase the sensing area that was
dded from the single capacitor structure to the double capacitor
tructures, and the sensitivity may  be further enhanced. Moreover,
he study used gold nanoparticles and magnetic nanoparticles to
nhance the sensitivity of the biosensor. The multilayered nanopar-
icles on the biosensor affect the electromagnetic characteristics of
he RF biosensor. Therefore, the center frequency of the biosensor
as shifted by using gold nanoparticles and magnetic nanoparti-

les.
The following conclusions are based on the experimental

esults. First, a multilayered polymeric DNA biochip using MEMS,
F, and biochemical methodology was successfully developed. Sec-
nd, the miniaturization of the RF biosensor may  be effectively
chieved through the multilayered CPW structure. Subsequently,
he price of a single biochip may  be substantially lowered by using
olymeric material, which offers the possibility to replace common
lass and silicon wafers. Finally, the shifts of the center frequency
y using AuNPs and MNPs triple-layer were approximately 0.9 and
.7 GHz, which exceeded the shift of the double-layer AuNPs and
NPs by 0.6 and 0.5 GHz, respectively. In a comparison of the pre-

ious RF DNA detection with similar tDNA, the shifts of center
requency were larger than those of the previous RF DNA biosensor
Chien et al., 2008). The developed RF biosensor was more sensitive
or DNA detection at the same response frequency than that of the
revious study.

The multilayered polymeric RF DNA biosensor with the AuNPs
nd MNPs provides a powerful and evolving toolkit for designing
n ultrasensitive detection method. Compared to the conventional
iosensor, the developed polymeric biosensor may  offer an inex-
ensive, disposable, and highly sensitive option for biomedicine
iagnostic systems (Hong et al., 2010; Chien et al., 2008; Kim et al.,
008; Sharifi et al., 2009). The developed biosensor offers notable
otential as a field-based device for the diagnosis of diseases and
or healthcare applications because of the current widespread use
f biomedical detection systems.
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