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Label-free DNA sensors using ultrasensitive diamond field-effect transistors in solution
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Charge detection biosensors have recently become the focal point of biosensor research, especially field-
effect-transistors (FETs) that combine compactness, low cost, high input, and low output impedances, to realize
simple and stable in vivo diagnostic systems. However, critical evaluation of the possibility and limitations of
charge detection of label-free DNA hybridization using silicon-based ion-sensitive FETs (ISFETs) has been
introduced recently. The channel surface of these devices must be covered by relatively thick insulating layers
(Si0,, SizNy, Al,O3, or Ta,05) to protect against the invasion of ions from solution. These thick insulating
layers are not suitable for charge detection of DNA and miniaturization, as the small capacitance of thick
insulating layers restricts translation of the negative DNA charge from the electrolyte to the channel surface. To
overcome these difficulties, thin-gate-insulator FET sensors should be developed. Here, we report diamond
solution-gate FETs (SGFETSs), where the DNA-immobilized channels are exposed directly to the electrolyte
solution without gate insulator. These SGFETs operate stably within the large potential window of diamond
(>3.0 V). Thus, the channel surface does not need to be covered by thick insulating layers, and DNA is
immobilized directly through amine sites, which is a factor of 30 more sensitive than existing Si-ISFET DNA
sensors. Diamond SGFETs can rapidly detect complementary, 3-mer mismatched (10 pM) and has a potential
for the detection of single-base mismatched oligonucleotide DNA, without biological degradation by cyclically

repeated hybridization and denature.

DOI: 10.1103/PhysRevE.74.041919

I. INTRODUCTION

The detection of specific DNA relies on sensing of hy-
bridization between functionalized probe DNA and its
complementary target DNA [1-7]. Although many methods
are available to detect the hybridization of DNA, fluorescent
labeling-based microarrays are normally used [6]. However,
eliminating the labeling steps is required to produce “gene
chips,” providing a simple, accurate, stable, and inexpensive
platform for patient diagnosis [7,8]. On the other hand, sur-
face plasmon resonance (SPR) [9], quartz crystal microbal-
ance (QCM) [10], and the mechanical cantilever array [11],
which are label-free detection methods, achieve the highest
sensitivity and decrease the analytical process (without label-
ing), but these methods require highly precise and expensive
instrumentation.

In silicon-based, ion-sensitive field effect transistors (Si-
ISFETS) the gate is a SiO,/Si interface, where interfering
cations (K*, Na*, and Ca®*) can easily cause deterioration of
the electrical properties of the ISFETs. Therefore, encapsula-
tion is a major concern in the design of Si-ISFETs to prevent
the penetration of ions from the electrolyte into the channel.

* Author to whom correspondence should be addressed. FAX: 81-
3-5286-3391. Electronic address: song@kaw.comm.waseda.ac.jp

1539-3755/2006/74(4)/041919(7)

041919-1

PACS number(s): 73.40.Mr, 82.47.Rs, 82.80.Fk

The structure of the diamond solution-gate FETs (SGFETS)
shown in Fig. 1(a) is based on a hydrogen-terminated surface
having a p-type accumulation layer and is suitable for bio-
sensors due to the passivation-free and membrane-free chan-
nel surface [12], which allows direct contact between bio-
molecules and the channel surface, subsequently resulting in
ultrahigh sensitivity and high-speed detection. DNA immo-
bilization has been reported on diamond thin films and pow-
ders [13,14]. Due to the strong surface chemical bonds, DNA
immobilization and hybridization are free from biological
interface degradation over time. Diamond surfaces meet the
requirements of robust biosensing devices [15] as the surface
shows chemical-physical stability [13,16] and a wide poten-
tial window [17], providing an insulating interface between
electrolyte solution and solid for insulating gate field effect
transistor (FET) operation.

II. MATERIALS AND EXPERIMENTS

Polycrystalline diamond films were synthesized on a
p-type silicon substrate (100) by a microwave-plasma-
assisted chemical vapor deposition (MPCVD) method using
purified hydrogen [99.999%, 396 sccm (cubic centimeter per
minute at standard temperature and pressure)] and methane
(99.999%, 4 sccm) gas, purchased from Tokyo-Gas-
Chemical Japan, at a pressure of 45 Torr, 1.2 kW, and
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FIG. 1. (Color online) The static device characteristics of dia-
mond SGFETs by hybridization and the mechanism of detecting
signal depending on the Debye length. (a) Theorectially, dimond
SGFETs show higher sensitivity to DNA charge than Si-ISFETS,
because the channel surface is directly exposed to electrolyte solu-
tion without insulating layers. (b) The directly exposed channel sur-
face is very sensitive to surface charge on diamond SGFETs. After
hybridization with complementary target oligonucleotide on the
functionalized channel surface, the surface negative charge in-
creases and hole carrier density is enhanced due to the increased
negative charge on the channel surface. (c) The sensitivity to detect
DNA hybridization is stable about cyclic hybridization and denature
on diamond SGFETs. (d) The Debye length compares to the con-
centration of NaCl in 1:1 electrolyte solutions.
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840 °C for 12 h in a microwave plasma reactor (ASTEX
2115). The thickness of deposited diamond film was approxi-
mately 8 um. After deposition, the diamond surface was hy-
drogenated by plasma treatment in an environment of hydro-
gen gas. The H-terminated diamond surface has a two-
dimensional hole gas layer without doping (24), which is
10-20 kQ/sq sheet resistance at room temperature and
stable in the temperature range from 150 to 400 K in air.
Diamond SGFETs were fabricated on the hydrogenated poly-
crystalline diamond film surface. Gold was evaporated
through a metal mask on the H-terminated diamond surfaces
to form drain and source ohmic contacts. Ar* ions were im-
planted through a metal mask (Mo) to form an insulating
region. Wires were bonded on the drain and source elec-
trodes. Finally, drain and source electrodes were covered
with epoxy resin to protect them from the electrolytes by
hand [18]. The channel length and width were 500 wm and
8 mm, respectively.

Direct surface modification on the H-terminated diamond
surface was performed with UV irradiation in an ammonia
(99.999%) gas environment to generate amine Sites on the
channel surface. The wavelength of the UV light used (Halo-
gen lamp) was 253.7 nm. Prior to UV irradiation, nitrogen
gas has been introduced for 6 min to remove oxygen and
other activated gases in the UV chamber. The amine sites
have been produced directly on the H-terminated diamond
channel surface. Spatially resolved XPS (monochromatic Al
Ka X-ray 1486.7 eV source) was used for quantitative
evaluation of the modified sites generated on the diamond
surface by direct amination. All the chemicals and solvents
were purchased from Kanto Chemical Co., Inc. (Tokyo, Ja-
pan) and used without any further purification. A reference
electrode of Ag/AgCl was used as a gate electrode. The
sequences of oligonucleotides (21-mer) purchased from the
Sigma Genosys Japan are shown in Table I.

III. RESULT AND DISCUSSION
A. Static detection

The process of DNA immobilization and hybridization on
the directly aminated diamond surface has been described in
detail previously [19]. The distance between the oligonucle-
otide and the surface is crucial for detection of the negative
charge of the phosphate groups on the sugar chains (phos-
phate backbone) in oligonucleotides, because the negative
charge is neutralized by its conflicting positive ions in the
electrolyte if the distance exceeds the Debye length [2,3,5].
In the direct amination method, this distance is shorter than
in other methods [13,14,16]. Amine bonding is stable and its
coverage is controllable by changing the corresponding UV
irradiation time on the diamond surface.

Diamond SGFETs functionalized with a 21-mer probe oli-
gonucleotide through 25% coverage of the directly aminated
channel surface are characterized by drain current (I5-Vps,
Vs6=—0.7 V) and gate potential (Ips-Vpg, Vs=—0.1 V) in
phosphate buffer saline (PBS) buffer solution (NaCl 10 mM,
pH 7.4). The SGFET DNA biosensors are sensitive to hy-
bridization at low ionic concentrations (10 mM) because
charge detection is most sensitive when the screening of
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TABLE 1. Sequences of oligonucleotide DNA used in this experiment

Sequence of 21-mer DNA oligonucleotides

Probe DNA oligonucleotide
Complementary target
Non-complementary target
3-mer mismatched target
1-mer mismatched target

H2N-5"-CCACGGACTACTTCAAAATA-3'
3'-GGTGCCTGATGAAGTTTTGAT-5'
3'-GCTAGCTAGCTAGCTAGCTAG-5’
3'-GGTGGCTGATTAAGTATTGAT-5'
3'-GGTGCCTGATTAAGTTTTGAT-5’

positive counter ions (Na*) is minimized in the electrolyte.
Diamond SGFETs are hybridized with specific target oligo-
nucleotide (10 pM) under the same conditions as used in a
microarray [19]. After hybridization, drain current increased
by 20 nA and gate potential showed a positive shift of
16 mV as compared to those with only the probe functional-
ized on the channel surface, as shown in Fig. 1(b). The probe
oligonucleotide hybridizes with the complementary oligo-
nucleotide and hole density is increased by the enhanced
negative charge on the p-type channel surface. Consequently,
the gate potential shows a positive shift and drain current
increases. We repeat the hybridization (10 pM) and denature
(in 8.3 M urea solution) cyclically. When the target oligo-
nucleotide DNA is denatured in urea solution, the gate po-
tential shifts negatively due to the decreased negative charge
on the channel surface and positively shifts by rehybridiza-
tion due to the increased negative charge, as shown in Fig.
1(c). The shift of gate potential is stable in the cyclic hybrid-
ization and denature.

The Debye length in aqueous solutions can be determined
by the Graham equation, which is simplified for 1:1 electro-
lyte solutions [20], presented in Fig. 1(d). We used certain
approximations to quantify the immobilized probe oligo-
nucleotide on the channel surface. As the Debye length of
buffer solution is 3 nm and the length of a 21-mer oligo-
nucleotide is 6 nm, an 11-mer per individual oligonucleotide
strand hybridized on the channel surface includes an intrinsic
negative charge, which directly influences the channel sur-
face without any neutralization by counter ions (Na*) in the
solution. The hybridization of DNA and its efficiency in-
crease on a positively charged surface [21]. The
H-terminated diamond surface is positively charged due to
the surface dipoles (H**%-C-0%) Six percent of the area
density of surface hydrogen has a partial positively charge.
Aminated diamond surface (NH;+) is also positively charged.
This positively charged diamond surface accelerates hybrid-
ization and its efficiency increases to 10% (1.1 oppy,) at a
target DNA concentration of 10 pM. According to the
Debye-Huckel theory, the attachment of charge to surface
should result in a corresponding surface potential change,
which is described by the Graham equation [22]. The attach-
ment of charged molecules to the channel surface will reduce
the surface potential, and the resulting signal is transduced to
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where k is the Boltzmann constant, 7 is absolute tempera-
ture, e is elementary charge, g, is the permittivity of free
Space, & 18 the dielectric constant of water (78), n is
buffer ionic strength, oy is surface charge density, and oppy
is surface-immobilized DNA charge density. As the coverage
of amine is 25%, the corresponding density of amine is 2.5
X 10" cm™2 [18]. The ratio of NH, and -N=C-H after
treatment with glutaraldehyde is 10% (2.5X 10" cm™).
Consequently, o is 4.0X 10 C/cm? on the partially ami-
nated diamond surface. Using the above equation, the change
in gate potential (AVg) at 16 mV after hybridization corre-
sponds to 0.29X 107> C/cm? (opna) and the immobilized
probe oligonucleotide is estimated to be 3.3X10'2 cm™
when an 11-mer is effective in its intrinsic negative charge.

Figure 2(a) shows the sequential changes of drain current
in hybridization, denature and 3-mer mismatch at incubation
temperatures of 55 and 40 °C. The drain current depends on
the incubation temperature and the shift of drain current is
higher at high temperature (55 °C) on the complementary
target DNA. In general, the hybridization probability is the
highest 20-25 °C below the melting temperature (7,
=77 °C) on the complementary target DNA-DNA hybridiza-
tion [23]. Little drain current was observed reproducibly with
noncomplementary target DNA, and a slight drain current
was detected with a 3-mer mismatched DNA at lower incu-
bation temperature. The probe DNA was hybridized with
complementary and 1-mer mismatched oligonucleotide DNA
(100 pM) at room temperature (25 °C) and denatured in
urea solution (8.3 M), cyclically, as shown in Fig. 2(b). At
each cycle, gate potential is shifted positively by hybridiza-
tion between complementary or I-mer mismatched oligo-
nucleotide DNA and probe DNA. The average shift in the
complementary is 21 mV and that of l-mer mismatch is
18 mV. The difference of the shifted gate potential between
complementary and 1-mer mismatched oligonucleotide DNA
is 3 mV. This is particularly important, because a potential
application of DNA sensors is to detect DNA point mutations
associated with disease. The gate potential.returned to nearly
the same level by denaturing but a little bit positive position.
This shift might be caused by the negative surface charge
accumulation such as by halogen ions [15] in the denaturing
(initializing) process. In the present case the initialize gate
voltages shifts positively and reaches to 5—6 mV. The pre-
cise denaturing process is necessary for the reliable hybrid-
ization sensing. However, this data is the first report on the
sequential voltage shift by hybridization and denaturing in
FET detection.
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FIG. 2. (Color online) The sequential changes of gate potential
and drain current in hybridization, and denature with complemen-
tary, 3-mer and 1-mer mismatched target DNA, respectively. (a)
The sequential changes of drain current in hybridization and dena-
ture are stable and characteristic under various conditions. Drain
current is characterized in 3-mer mismatched and complementary
target oligonucleotide DNA by modifying the incubation tempera-
ture. (b) The shift of gate potential is different in complementary
and 1-mer mismatched target oligonucleotide DNA at room
temperature.

B. Real-time detection

Specific buffer solution (1 X SSC: sodium saline citrate) is
used for hybridization and detection of signals in real time at
room temperature. Gate potential is measured in fixed drain
current (Ipg=—10 uA) with Vpe=-0.2 V to detect hybrid-
ization. After stabilization in buffer solution, complementary
21-mer target oligonucleotide solution (10 uL, 1 uM) was
introduced with a micr pipette, as shown in Fig. 3. Gate
potential showed a positive shift by 38 mV after 100 s
and the relevant response time was very fast, as shown in
Fig. 4(a). We rinsed the channel surface with buffer solution
(1 X SSC). After rinsing, the gate potential did not shift back
to the single-strand DNA (ssDNA) immobilized value. When
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FIG. 3. (Color online) The introduction of target DNA solution
on the channel surface of diamond SGFETs with real-time
detection.

we changed the concentration of target oligonucleotide, the
shift in gate potential decreased to 25 mV and 4 mV at target
concentrations of 100 nM and 10 nM, respectively. The shift
in gate potential increased depending on the annealing time
at room temperature, as shown in Fig. 4(a). Hybridization
increases in proportion to the concentration of DNA and an-
nealing time [23,24]. In real-time detection, the sensitivity
was low as compared to the static detection shown before,
because we used a shorter Debye length buffer solution
(0.78 nm) modified NaCl concentration inevitable for the
rapid hybridization in the real-time detection. However, we
demonstrated the possibility of in vivo diagnostics in real
time using SGFETs.

Noncomplementary  target oligonucleotide  solution
(10 uL, 100 nM) was introduced onto the channel surface.
As shown in Fig. 4(b), the gate potential was shifted approxi-
mately 6 mV by nonspecific bindings. Nonspecific binding
occurs on the channel surface in high concentrated target
oligonucleotide solution, which results in a positive shift in
the gate potential (6 mV). However, the shift of gate poten-
tial by nonspecific bindings is 6 mV in 100 nM concentrated
noncomplementary target DNA solution, which is specifi-
cally distinguishable from that of 100 nM concentrated
complementary target DNA solution (25 mV). We intro-
duced the target DNA solution (100 nM, 10 uL) to evaluate
the physical adsorption on the H-terminated diamond surface
without immobilization of probe DNA on the channel sur-
face. After introduction of target DNA solution on the
H-terminated diamond surface without probe DNA, the gate
potential shifted to the positive direction by 3.4 mV, prob-
ably due to the physical adsorption on the H-terminated dia-
mond surface, as shown in Fig. 4(b). At a concentration of
10 nM, gate potential shifted positively through nonspecific
binding after 10 min for annealing, as shown in Fig. 4(c).
The difference between specific and nonspecific binding in-
creased to 7 mV after 20 min through the progression of
hybridization. Figure 4(d) shows the changes of gate poten-
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FIG. 4. (Color online) Real-time detection of complementary and noncomplementary target oligonucleotide DNA depending on the
concentration and annealing time. (a) The shifted gate potential is enhanced by the concentration of complementary target oligonucleotide
because the count density of hybridized oligonucleotide is increased. (b) Diamond SGFETs discriminate between complementary and
noncomplementary oligonucleotide DNA in real-time detection, definitely. (c) The count of hybridized oligonucleotide DNA increases
depending on the annealing time. The signal is a distinct difference between specific binding and non-specific binding in the target
oligonucleotide DNA solution (10 nM). (d) The complementary target DNA hybridization is surely distinguishable compared 3-mer mis-

matched target DNA (100 nM).

tial in complementary, 3-mer mismatched, and noncomple-
mentary target DNA hybridization at room temperature
(25 °C), and the concentration of target DNA is 100 nM, in
real-time detection. The signal of complementary DNA hy-
bridization is surely distinguishable from those of non-
complementary and 3-mer mismatched DNA. The diamond
SGFETs were immersed in urea solution (8.3 M) to denature
the target oligonucleotide. When the target was denatured in
urea solution, gate potential shifts negatively due to the de-
creased negative charge on the channel surface and returned
to the original values. Denatured diamond SGFETs were
rehybridized with complementary target oligonucleotide
(10 uL, 100 nM). After rehybridization, the gate potential
shifted positively by 24 mV, which was the same as in the

first hybridization. The stability of DNA immobilization and
hybridization on the diamond surface due to strong chemical
bonding was reported previously using label-conjugated
DNA [13]. In the present study, potentiometric detection us-
ing SGFETs without labeling allows cyclic hybridization, de-
nature, and rehybridization to be monitored with high sensi-
tivity in real time. We have described a highly sensitive,
directly electrical detection methodology to detect DNA hy-
bridization of complementary, 3-mer mismatched, and non-
complementary DNA with cyclically repeated denature using
diamond SGFETs in real time. In addition, concentration-
dependent sensitivity of the shifted gate potential by DNA
hybridization was characterized and shown to provide a
rapid assay of relative stability, quick response, and high
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sensitivity, which suggested that this approach could serve as
a technology platform of diagnostics of disease and drugs in
real-time detection.

C. Principal of DNA detection by diamond SGFETs

Diamond SGFETs are compared with Si ISFETs from the
point of charge distribution in parallel capacitances. Figure
1(a) shows equivalent circuits of the two FETs with electric
double-layer capacitance (Cy) and channel surface capaci-
tance of solid side (C;). When target DNA is hybridized with
probe DNA, the charge increase (—AQ;) appears between
two capacitances and is reflected to the positive charge in-
crease in the two sides according to the ratio between two
capacitance C; and Cy in a solution. The increased carrier
(charge) density by DNA hybridization is shown in the fol-
lowing.

_Ag,G
T Ci+Cy

In Si-ISFETs, the capacitance of the solid side (C;) on the
channel surface can be evaluated by the thickness of the gate
insulator. When the channel is covered with a 10 nm SiO,
insulating layer, C; is 0.345 uF/cm? [5]. Using the reported
capacitance of a double layer (C) of SiO, (20 uF/cm?) and
the above C;, the charge increase (AQ;) can be calculated by
Eq. (2) and is found to be only 1.7% of the original charge
change of DNA hybridization (—-AQ;). The thick gate insu-
lator is inevitable in the case of Si-ISFET to prevent the
silicon surface from interfering ions, and this thick insulator
is caused by the inefficient charge distribution. In diamond
SGFETs, however, the effective thickness of the gate insula-
tor is very thin because the channel surface is exposed di-
rectly to the solution without an insulating layer and the
charge of DNA is translated directly to the channel surface.
Here we estimate the capacitance of the solid side (C;) on the
diamond surface channel based on the current-voltage char-
acteristics of metal oxide semiconductor field effect transis-
tors (MOSFETs) because the chacteristics of the SGFETs are
equivalent to those of MOSFETs. The saturated drain current
of MOSFET: is shown in Eq. (3a) [25],

AQ; 2)

/J’hWCTot 2
Ipg=—"""Vse-V 3
DS 2L ( GS T) (3a)
c.C
Crp= 72— (3b)
Ci+Cy

Since Cy,, is a total capacitance between the liquid side (Cy)
and the solid side (C;), the Cy,, is a serial sum of capaci-
tances with electric double layer (C,=5 uF/cm?) [26] in the
liquid side and the insulating layer in the solid side (C;) on
the channel surface in solution, as shown in Fig. 1(a). From
the device charactristics (Ipg-Vps, Ips-Vs) shown in Fig. 5,
we have calculated the capacitance of the solid side (C;) on
diamond SGFETs using Eq. (3). The mobility (u;) of the
polycrystalline diamond surface is ~10 cm? V~! s7!, channel
width (W) is 8 mm, and channel length (L) is 500 pm.
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FIG. 5. (Color online) The device characteristics (Ipg-Vps,
Ips-Vgs) of diamond SGFETs on the H-terminated diamond surface
in PBS solution. (a) IDS_VDS (b) IDS_VGS'

Solid-side capacitance C; is calculated to be about 5 uF/cm?
from Eq. (3), C; is equivalent to be Cy, and the value of
AQ;/AQ,, is 0.5. Consequently, the charge of DNA hybrid-
ization on the channel surface in diamond SGFETs translates
under the channel surface at least 50%, which is 30-fold
more sensitive than that of the Si-ISFETs having a 10 nm
gate SiO, (1.7% translation). If we miniaturize the channel
length of diamond SGFETs, we can realize the DNA sensors
detecting a specific DNA sequence with real time in vivo for
bioscience, and we have begun the miniaturized fabrication
process of diamond SGFETs.

IV. CONCLUSION

Ultrasensitive, label-free, and sequence-specific DNA sen-
sors have been introduced through diamond SGFETs. A 21-
mer complementary target oligonucleotide at a concentration
of 10 pM was detected from noncomplementary oligonucle-
otide with excellent discrimination (16 mV), which is the
lowest concentration reported in FET DNA sensors. We de-
tected single-base mismatched DNA (100 pM) comparing
the complementary DNA; the difference of shifted gate po-
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tential was 3 mV. Moreover, we certified the cyclic opera-
tion of the diamond SGFET DNA sensor following denature.
These diamond SGFETs are attractive from the standpoint of
requiring very little concentration of DNA analysis to make
active devices and have the potential to be extended larger by
using MOSFET integrated arrays assembly technology. We
could distinguish the complementary, noncomplementary,
and 3-mer mismatched DNA at room temperature using dia-
mond SGFETs, and we have shown concentration and
annealing-time-dependent DNA hybridization sensitivity in
real-time detection by characterization of the shift of the gate
potential. The sensitivity of DNA hybridization depends on
the concentration of target DNA and annealing time. Dia-

PHYSICAL REVIEW E 74, 041919 (2006)

mond SGFET label-free DNA sensors fabricated to detect
DNA point mutations associated with disease are promising
for use in electronic DNA arrays and for rapid characteriza-
tion of nucleic acid samples for both pharmaceutical and in
vivo diagnostics purposes.
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