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a b s t r a c t

A highly sensitive penicillin biosensor based on a charge-transfer technique (CTTPS) has been fabricated
and demonstrated in this paper. CTTPS comprised a charge accumulation technique for penicilloic acid and
H+ ions perception system. With the proposed CTTPS, it is possible to amplify the sensing signals without
external amplifier by using the charge accumulation cycles. The fabricated CTTPS exhibits excellent perfor-
mance for penicillin detection and exhibit a high-sensitivity (47.852 mV/mM), high signal-to-noise ratio
(SNR), large span (1445 mV), wide linear range (0–25 mM), fast response time (<3 s), and very good repro-
ducibility. A very lower detection limit of about 0.01 mM was observed from the proposed sensor. Under
optimum conditions, the proposed CTTPS outstripped the performance of the widely used ISFET penicillin
CTTPS

ISFET
ENFET
C

sensor and exhibited almost eight times greater sensitivity as compared to ISFET (6.56 mV/mM). The sen-
sor system is implemented for the measurement of the penicillin concentration in penicillin fermentation
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yclic voltammetry broth.

. Introduction

Sensors based on field-effect principle in semiconductor struc-
ures have been extensively studied within the recent years (Caras
nd Janata, 1980, 1985; Van der Schoot and Bergveld, 1987; Seki
t al., 1998; Hafeman et al., 1988; Osa, 1993). In this process,
he enzyme molecules are immobilized on the surface of a semi-
onductor structure which converts the respective substrate to
urn out a charged product. The product is significantly detected
y an ion-sensitive surface layer of the sensor device and the
esulting surface charge modules the space charge region at the
nsulator–semiconductor interfaces. The ENFET (Soldatkin et al.,
997), electrolyte–insulator–semiconductor (EIS) devices (Beyer et
l., 1994; Menzel et al., 1995), electro-catalyst (Umar et al., 2008a,b;
ahman and Jeon, 2006; Rahman and Jeon, 2007) and light address-
ble potentiometric sensors LAPS (Inone et al., 1996) are three
ypical examples of such field-effect biosensors. The determina-

ion of various kinds of penicillin is very important in medicine,
harmaceutical production, environmental monitoring, and for
iochemical process control. Recently, the potentiometric enzyme
iosensors have been developed for the detection of Penicillin G,
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ainly for the analysis in fermentation broths (Wang, 1993; Zhong
nd Li, 1993; Wang et al., 1990; Li et al., 1998), where the determi-
ation of relatively high concentrations of penicillin is required.
owever, in many applications such as drug-control analysis of
ntibiotic tablets, clinical laboratories, food control, capsules and
njections, the detection of small amounts of penicillin are needed.

Previously charge transfer type pH sensor based on Charge
oupled Device (CCD) technique was proposed and developed suc-
essfully by our group (Sawada et al., 1999, 2004). The ISFET type
enicillin sensor is widely used (Poghossian et al., 2003). In this
resent work, CTTPS with high performances is proposed and
emonstrated experimentally. An ISFET is an ion-sensitive field
ffect transistor used to measure ion concentrations in solution;
hen the ion concentration (such as pH) changes, the current

hrough the transistor will change accordingly. Here, the solution is
sed as the gate electrode. A voltage between substrate and oxide
urfaces arises due to an ions sheath. The surface hydrolyzation of
H groups of the gate materials varies in aqueous solutions due

o pH value. Previously, Si3N4 (Cohen et al., 1978), Al2O3 (Chou et
l., 2001, 2002), and Ta2O5 (Ito, 2000; Chou et al., 2000; Kosmulski,
001) are used as typical gate materials. An ISFET’s source and drain

re constructed similarly as MOSFET. The gate electrode is sepa-
ated from the channel by a barrier which is sensitive to hydrogen
ons and a gap to allow the substance under test to come in contact

ith the sensitive barrier. An ISFET’s threshold voltage depends on
he pH of the substance in contact with its ion-sensitive barrier. An

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:srlee@dev.eee.tut.ac.jp
dx.doi.org/10.1016/j.bios.2008.09.008
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SFET and ENFET glucose sensors based on a new principle using
he electrolysis of hydrogen peroxide, oxidation of glucose, and a
t electrode actuators have been reported (Seo et al., 1997; Park et
l., 2002).

Usually the glucose-sensitive ENFET is based on a local change
n the pH of bio-membranes subsequent to the formation of glu-
onic acid (Yao et al., 2007; Luo et al., 2004a,b). The charge transfer
ype pH sensor, especially pH-CCD has been incorporated in two-
imensional pH image sensors (Hizawa et al., 2006). In this report,
highly sensitive penicillin sensor based on a charge transfer tech-
ique (CTTPS) has been fabricated and demonstrated. The CTTPS
hanged the depth of the appropriate potential using the charge
ransfer technique. The depth of the potential in the semiconduc-
or is varied by detecting the change of penicilloic acid and H+

ons produced from penicillin (with enzymatic reaction of peni-
illin oxidase) near the sensing region. We have demonstrated that
he penicillin sensitivity of the CTTPS can be enhanced by a sig-
al accumulation operation with phosphoric acid penicillin buffer
olution. The charge accumulation operation is continued and con-
rolled up to five cycles. It is expected that the sensor would be
apable of improving the signal-to-noise ratio (SNR) (Sawada et al.,
004). As the most important characteristics of a penicillin sensor
re sensitivity, linear dynamic range, span, linear detection limit,
nd repeatability. Hence, in the present work, two types of peni-
illin sensors (ISFET and CTTPS) are fabricated and studied in terms
f their comparative sensitivity and performances individually.

. Experimental

.1. Materials

Penicilline oxidase (POx, EC 3526 Becillus cereus from Sigma,
pecific activity: 1650 U/mg protein), Triton X-100 (wetting agent),
nd penicillin were purchased from Sigma–Aldrich company and
sed as received without further purifications. Deionized (D.I.)
ater was used throughout the whole experiment for the prepa-

ation of the samples, buffers, and enzyme solutions. A 0.01 M
hosphate buffer solution (PBS) was freshly prepared at pH 7.0
efore performing experiments. The 0.01 M PBS was used as a sup-
orting electrolyte by mixing solutions of KH2PO4 and K2HPO4 in
ppropiate proportions. POx enzyme solution was freshly prepared
aily before the fabrication of the chips by dissolving the peni-
illin oxidase in the PBS buffer. The 0.1 M penicillin oxidase solution
25 �L) was immobilized on the sensing area of ISFET as well as
TTPS using the simple adsorption technique. Then it was dried for
0 min at room temperature. Penicillin solutions (1.56, 3.13, 6.25,
1.5, 25, 50, 100, 200, 400, and 800 mM) were prepared prior to
onducting the measurements in the PBS system. For developing
he ISFET and CTTPS type penicillin biosensors, all experiments
ere carried out into a cell containing 25.0 �L (0.01 M, pH 7.0) test

olution at room temperature (25 ± 2 ◦C). In the measurement, the
enicillin sample was introduced into the chip of each sensor and
llowed to remain for 3 min for the enzymatic reaction to take place.
inally, the output current was measured within the next 40 s.

.2. Measurement principle

The proposed CTTPS is constructed by immobilizing the enzyme
enicillinase onto the ion-sensitive membrane (Si3N4) of pH-CCD.

he CTTPS detects variations in the H+ ion concentration result-
ng from the catalysed hydrolysis of penicillin by the enzymatic
eaction. The depth of the potential well in the semiconductor is var-
ed by detecting the change of H+ ions produced by the penicilloic
cid near the sensing region, which is shown in Fig. 1A. The CTTPS
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o
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hanges the depth of the potential well to charge quantity by charge
ransfer technique (fill and spill techniques). The charge accumu-
ation operation is continued for five “signal integration cycles” by
he amount of penicillin in the sample solution, where the span and
ensitivity were increased significantly.

The principle of this technique is the same as the basic principle
or a CCD (Swart and Campbell, 1981). The CTTPS measurement
rinciple is shown schematically in Fig. 1A, which is similar to that
f an ISFET (Sohn et al., 1997). The CTTPS is normally based on the
xidation of penicillin according to the following reactions on the
ensing regions,

enicillin + H2O
penicillinase−→ Penicilloic acid + H+

he penicillin oxidase converted penicillin to penicilloic acid, which
eleased H+ ions in the surrounding solution. These ions were
etected by penicillin sensitive layer (Si3N4) on the top of the elec-
rolyte insulator semiconductor substrates and the resulting sensor
ignal is measured from the penicillin concentration in the standard
olution. The depth of the potential well in the semiconductor is var-
ed by detecting the change of H+ ions produced by the penicilloic
cid near the sensing region. The proposed CTTPS is constructed by
mmobilizing the enzyme POx on to the ion-sensitive membrane
Si3N4) of the pH-CCD.

The operational procedure of the CTTPS was described using
he potential diagram shown in Fig. 1B. The clockwise (indicated
y arrow) cycle is initiated by turning off the output gate as shown
n Fig. 1B-a, where the potential of the input diode is decreased
nd the electric charge is transferred into a potential well under
he sensing area of the device. The potential ϕ of the input diode
s briefly pulsed from high to low (Fig. 1B-b), then stable at higher
ulse (Fig. 1B-c). The transfer gate is turned on and the charge is
ransferred to the floating diffusion part shown in Fig. 1B-d. The
rocedure from Scheme 1a to B-e is repeated several times, which

s shown in B-f.
The CTTPS is operated in the signal integration mode. Charges

orresponding to the penicillin concentration are transferred from a
ensing part to the floating diffusion region in several times, where
he signal charges are accumulated in the floating diffusion region.
t is expected that the SNR of the penicillin concentration increases

ith accumulation of the signal charges. As the penicillin concen-
ration signal SG0 is accumulated n times and the total signal SG is
escribed as follows:

G = nSG0

he total noise N is described as follows:

=
√

N2
1 + N2

2 + · · · + N2
n

here N1, N2, . . ., Nn are the noise component of each integration
tage. If these components are the same, the above equation can be
implified as

=
√

nN2
0

herefore, the total SNR is given by

SG

N
= nS0√

nN2
0

= √
n

S0

N0
According to this equation, the SNR increases with n0.5 times
hen the signal is integrated n times. The noise component (1/f) of

he source follower circuit is not influenced because the input signal
f the source follower circuit increases as a result of the integration
see supplemental information SI-1).
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Fig. 1. (A) The schematic representation and (B) th

.3. CTTPS elements and structure

The CTTPS consists of seven elements, which is shown in Fig. 2A:
n input diode (ID), an input control gate (ICG), an ion-sensing
egion, a transfer gate (TG), a floating diffusion (FD) region, a reset
witch, and a source follower circuit. The penicillin-sensing part

s constructed with an enzyme membrane consisting of POx/Si3N4
ion-sensitive membrane)/SiO2/p-type silicon substrate. The Si3N4
lm acts as the penicilloic acid and H+ ions sensitive membrane.
he potential well is formed in the Si substrate surface under the
ensing parts. As the concentration of the (penicilloic acid and H+)

t
c
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w
t

rational procedure for the principle of the CTTPS.

ons in a solution is changed, the depth of the potential well is also
hanged. The depth of this potential well is increased due to the
enicillin concentration on the sensing part is reduced. The poten-
ial of the input diode is decreased, where the electric charge is
own into a potential well under the sensing part. The depth of the
otential well is determined by the value of the penicillin concen-

ration. The ICG and TG electrodes are necessary to maintain the
harge in the potential well of the ion-sensing region. The amount
f charge stored in the potential well of the sensing region varies
ith the penicillin concentration. The stored charge in the poten-

ial well of the sensing region is transferred to the floating diffusion
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ig. 2. (A) Photographs of the proposed charge transfer type penicillin sensor (CTTP
6 000 �m2).

egion and read out using the source follower circuit, as shown in
upplemental information (SI-2A).

.4. CTTPS sensing signal amplifier

The sensing signal is amplified when the charge is transformed
nd read. The amplification is given in the equation below,

= CSENS

CFD
ASF

here CSENS is the capacitance of the sensing region, CFD is the
apacitance of the floating diffusion region, and ASF is the gain of
he source follower circuit. This procedure is repeated for five times.
ach cycle is called a “signal integration cycle.” As the signal inte-
ration cycle is repeated, the potential in the floating diffusion part
s decreased and accumulated. By this integration operation, the
otential under the ion sensing part is integrated in the floating
iffusion part, which is connected to a gate electrode of the source
ollower circuit. Then the potential of the floating diffusion part is
ead from the VOUT node of the source follower circuit. After the sig-
al is measured, the floating diffusion part is rested using a reset
ransistor. In this study, the CTTPS is changed the depth of the poten-
ial well using the charge transfer fill and spill techniques. Since the
harge accumulation operation is continued for five “signal integra-
ion cycles” the sensitivity and the repeatability are increased (see
upplemental information SI-3).

. Results and discussion

.1. ISFET type penicillin sensor

The ISFET is a useful solid-state-type penicillin sensor. In

his work, ISFET type penicillin sensors with a Si3N4 gate
40 �m × 400 �m; 16 000 �m2) are designed and fabricated. A
hotograph of the ISFET penicillin sensor is shown in Fig. 2B. Cross-
ectional view of the ISFET penicillin is shown in supplemental
nformation (SI-1B). The enzyme membrane (POx) is immobi-

p
t
l
2
p

Photographs of the ISFET type penicillin sensor: Si3N4 gate size (40 �m × 400 �m;

ized onto the ISFET sensing area using the adsorption method.
he drain current (ID) is determined for the gate potential (VG:
4 ∼ +2 V) and source-drain potential (VD: 50 mV). The fabricated

SFET penicillin sensor has a sensitivity of about 6.56 mV/mM in
he clinical concentration range of 0–12.5 mM standard penicillin
olution (pH 7.0) with a lower detection limit of about 0.01 mM
nd an upper detection limit of about 100 mM, as shown in Fig. 3A
nd B, respectively. The pH sensitivity of the ISFET type penicillin
ensor has a sensitivity of about 45 mV/pH in the range of 2–10
H. The sensitivity and resolution are sufficient enough for clinical
pplications.

.2. CTTPS type penicillin sensor

The CTTPS with a charge accumulation technique is fabricated
sing a 5-�m single–poly single-aluminum complementary metal-
xide-semiconductor (CMOS) process and is shown in Fig. 2A. The
TTPS consists of a penicillin-sensitive Si3N4/SiO2/silicon structure
n which a layer of the enzyme penicillinase is immobilized, so the
tructure of the sensiting region becomes POx/Si3N4/SiO2/silicon.
he thicknesses of the gate oxide (SiO2) and ion-sensing membrane
Si3N4) are 65 and 100 nm, respectively. Si3N4 was deposited by
hermal low-pressure chemical vapor deposition (LP-CVD). The rea-
on why Si3N4 was used for the ion-sensing membrane, because it
s easy to integrate with the CMOS process. The sizes of the sensing
egion and floating diffusion area are 10 580 and 795 �m2, respec-
ively. In this work, a reference electrode (Ag/AgCl) is used to fix
he potential of the solution. All the measurements are carried out
t room temperature. The prepared penicillin solution is measured
sing a pH meter (D-52, Horiba).

In the proposed CTTPS, which is accumulation method H+ ion
erception system, the quality of output signal with “signal inte-
ration cycles” is high. The fabricated CTTPS possesses a high span

enicillin sensitivity of about 47.852 mV/mM in the linear concen-
ration range from 0 to 25 mM penicillin solution, a low detection
imit of about 0.01 mM, and an upper detection limit of about
00 mM as shown in Fig. 3(B) and 4. The CTTPS is better than ISFET
enicillin sensor in terms of span, sensitivity, and the linear range.
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Table 1
Specifications of the newly developed penicillin sensor (CTTPS).

Penicillin sensor ISFET(P) CTTPS

Lower detection limit (mM) 0.10 0.01
Upper detection limit (mM) 100 200
Span (V) 0.096 1.861
Linear range (mM) 0–12.5 0–25.0
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might have been due to the loss of the enzyme activity. The above
ig. 3. (A) Characteristics of the ISFET type penicillin sensor using solutions, with
enicillin concentration from buffer to 800 mM. (B) Characteristics of the proposed
TTPS using solutions, with penicillin concentration from buffer to 800 mM.

The proposed CTTPS is constructed by immobilizing the enzyme
Ox onto the ion-sensitive membrane (Si3N4) of pH-CCD, which is

perated in a signal integration mode. Charges corresponding to
he penicillin concentration are repeatedly transferred from a sens-
ng part to the floating diffusion region, where the signal charges
re accumulated. With the proposed CTTPS which uses an accu-

r
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d

Fig. 4. Linearity of ISFET and C
ensitivity (mV/mM) 6.560 47.852
inearity, R2 0.9875 0.9961
esponse time (min) 0.5–3 0.5–3

ulation H+ ion perception method, the quality of the output
ignal with five signal integration cycles is high. The CTTPS is com-
ared with the ISFET in terms of span, linearity, and sensitivity.
he sensitivity obtained from the CTTPS is 47.852 mV/mM accord-
ng to Fig. 4. The sensitivity is closely followed the linear equation
= 0.0441X + 0.0048 with R2 = 0.9961 as shown in Fig. 4 (inset). The
TTPS type has excellent span and range compared with the ISFET
ype sensor, which is shown in Fig. 3A. The performances of both
he fabricated penicillin sensors, presented in this paper, are sum-

arized in Table 1. The sensitivity of CTTPS type is eight times
igher compared to the ISFET type penicillin sensor. The charac-
eristics of CTTPS are repeated 60 times in the 0–25 mM range as
hown in Fig. 3B. The total non-linearity error is obtained less than
% and excellent reproducibility has been achieved. The interfer-
nces of the fabricated CTTPS sensor assessed with biological active
iomolecules have been checked.

A series of successive measurements of 0.05 M penicillin in 0.1 M
BS yielded a good reproducible signal at CTTPS sensor with rel-
tive standard deviation (RSD) of 4.9%. The sensor-to-sensor and
un-to-run reproducibility for 0.05 M penicillin detection are found
o be 1.34 and 1.21%, respectively. To examine the long-term stor-
ge stabilities, the response for the CTTPS sensor is examined with
espect to the storage time. After each experiment, the CTTPS sen-
or is washed with the buffer solution and stored in a 0.1 mM PBS
t 4 ◦C. The long-term storage stability of the sensor was tested
very 5 days. The sensitivity retained 98% of initial sensitivity up to
0 days. After 30 days, the response is gradually decreased, which
esults clearly suggested that the CTTPS sensor can be used for 1
onth without any significant loss in sensitivity.
Finally, it is concluded that sensor-to-sensor, run-to-run repro-

ucibility, and long-term storage stability for the fabricated

TTPS penicillin sensor.



1 Bioele

p
c
r
p
i

4

p
u
o
a
r
o
C
a
t
T
t
C
s

A

n
S
a

A

i

R

B

C
C
C
C
C
C

H
H
I
I
K
L
L
L
M
O
P
P
R
R
S

S

S
S

S
S

S
U
U

882 S.-R. Lee et al. / Biosensors and

enicillin sensors are excellent. The simplicity in fabrication pro-
edures, ease of the detection step, high sensitivity, and good
eproducibility of the sensor offer a good promise for practical
enicillin analysis. Therefore, the CTTPS is a suitable technology

n biotechnological processes as well as in food control.

. Conclusions

An H+ ion accumulation sensitive penicillin biosensor has been
roposed and developed on the basis of ion accumulation method
sing charge transfer techniques. The CTTPS excels in performance
ver the widely used ISFET type penicillin sensor due to the stability
nd ion accumulation technique. The CTTPS reliability is tested by
epeating the measurements 60 times in the range (0–25 mM). The
btained results are sufficient as the error ratio for the proposed
TTPS is less than 1%, which is acceptable for clinical application
nd implementation. With this performance, the developed CTTPS
ype penicillin sensor could be a new device in the healthcare field.
he sensor was applied to the real sample analyses and satisfac-
ory results were obtained. Finally, the performance of the proposed
TTPS type penicillin sensor is excellent in terms of the sensitivity,
electivity, response time, stability, and reproducibility.
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