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a b s t r a c t

Silicon-based sensors incorporating biomolecules are advantageous for processing and possible bio-
logical recognition in a small, reliable and rugged manufactured device. In this study, we report on
the functionalization of field-effect (bio-)chemical sensors with layer-by-layer (LbL) films contain-
ing single-walled carbon nanotubes (SWNTs) and polyamidoamine (PAMAM) dendrimers. A capacitive
electrolyte-insulator-semiconductor (EIS) structure modified with carbon nanotubes (EIS-NT) was built,
which could be used as a penicillin biosensor. From atomic force microscopy (AFM) and field-emission
scanning electron microscopy (FESEM) images, the LbL films were shown to be highly porous due to inter-
penetration of SWNTs into the dendrimer layers. Capacitance–voltage (C/V) measurements pointed to a
high pH sensitivity of ca. 55 mV/pH for the EIS-NT structures. The biosensing ability towards penicillin
ield-effect devices

enicillin biosensor
ayer-by-layer
arbon nanotubes
endrimers

of an EIS-NT-penicillinase biosensor was also observed as the flat-band voltage shifted to lower poten-
tials at different penicillin concentrations. A dynamic response of penicillin concentrations, ranging from
5.0 �M to 25 mM, was evaluated for an EIS-NT with the penicillinase enzyme immobilized onto the sur-
faces, via constant–capacitance (ConCap) measurements, achieving a sensitivity of ca. 116 mV/decade.
The presence of the nanostructured PAMAM/SWNT LbL film led to sensors with higher sensitivity and

better performance.

. Introduction

Research in (bio-)chemical sensors is inherently multidisci-
linary, especially when different technologies are integrated into
ingle devices for various technological applications (Patolsky et
l., 2007; Lutkenhaus and Hammond, 2007). This is the case for
ilicon-based (bio-)chemical sensors, which exhibit advantages in
erms of processing and possibility of achieving biological recog-
ition in small, reliable and rugged manufactured devices. These
ensors may be applied in medicine and biotechnological processes,

s well as in food control and environmental monitoring (Schöning
nd Poghossian, 2006, 2008; Abouzar et al., 2008; Poghossian et
l., 2006, 2007a,b; Gun et al., 2008). Efforts in this field have been
evoted to the miniaturization and integration of sensors, actuators
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∗∗ Corresponding author at: Institute of Nano- and Biotechnologies, Aachen Uni-
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M.J. Schöning).
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© 2009 Elsevier B.V. All rights reserved.

and mechanical or fluidic elements into a single chip (Patolsky et
al., 2007; Schöning and Poghossian, 2008).

The introduction of an additional ion- and/or charge-sensitive
gate layer into (bio-)chemical field-effect devices (FEDs) makes
them sensitive to any electrical or electrochemical interaction at or
nearby the interface to the electrolyte. The simplest (bio-)chemical
FED is the capacitive electrolyte-insulator-semiconductor (EIS)
structure that represents a (bio-)chemically sensitive capacitor. The
operation principle is based on changes in the electrical surface
charge of the EIS structure, which modulate its capacitance. The
use of EIS sensors is attractive from a commercial point of view
due to their low-cost of processing (usually no photolithographic or
complicated encapsulation process steps are required) and minia-
turized size (Schöning and Poghossian, 2006, 2008; Abouzar et al.,
2008; Poghossian et al., 2007a,b; Gun et al., 2008; Siqueira et al.,
2009).

The development of new methods and implementation of novel

materials for desirable biocomposite nanostructures has been the
subject of intensive research. Carbon nanotubes (CNTs) are attrac-
tive for (bio-)chemical sensors because of their unique properties,
which in most cases arise from the combination of electrical and
chemical properties and nanosized dimensions (Balasubramanian

http://www.sciencedirect.com/science/journal/09565663
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mailto:chu@ifsc.usp.br
mailto:m.j.schoening@fz-juelich.de
dx.doi.org/10.1016/j.bios.2009.07.007


4 and Bi

a
C
C
o
2
m
Z
Z
b
a
S

b
m
a
T
s
p
i
a
n
s
o
i
c
b
f
L
m

2

2

m
a
9
i
S
a
t
c
1
s

F
P

98 J.R. Siqueira Jr. et al. / Biosensors

nd Burghard, 2006; Kim et al., 2007; Allen et al., 2007; Byon and
hoi, 2006). One simple, versatile method to assemble dispersed
NTs is the layer-by-layer (LbL) technique, which offers fine control
ver film thickness and architecture (Hammond, 2004; Tang et al.,
006; Ariga et al., 2007), making it possible to combine different
aterials in a synergistic way (Jiang et al., 2004; Olek et al., 2004;

ucolotto et al., 2006; Siqueira et al., 2006, 2007; Xue et al., 2006;
ucolotto et al., 2007). As a building unit for the multilayer films in
iosensors, CNTs have often been combined with polyelectrolytes
nd highly branched dendritic macromolecules (Yang et al., 2006;
iqueira et al., 2008; Siqueira et al., 2009).

Recently, we have described a new strategy for field-effect
iosensing based on an EIS structure functionalized with an LbL
ultilayer of organic/inorganic nano-hybrids containing SWNTs

nd polyamidoamine (PAMAM) dendrimers (Siqueira et al., 2009).
he generic approach was demonstrated with a penicillin biosen-
or using a capacitive EIS structure. In this paper, we extend the
revious study with a detailed analysis of the sensitive character-

stics for penicillin detection using a penicillin biosensor based on
capacitive EIS structure functionalized with a dendrimer/carbon
anotube multilayer. Furthermore, a discussion is made of the pos-
ible causes for the enhanced performance due to the incorporation
f such nanostructure and of the advantages for further biosens-

ng using the field-effect structures. The latter is accomplished by
omparing results for three kinds of sensor: (i) obtained with immo-
ilization of penicillinase onto the bare EIS sensor, (ii) EIS structures
unctionalized with PAMAM/PSS (poly(sodium 4-styrene sulfonate)
bL films, and (iii) EIS structure functionalized with PAMAM/SWNT
ultilayers (EIS-NT).

. Experimental

.1. Materials and solutions

Fourth generation G4 PAMAM dendrimers, PSS with an average
olecular weight (Mw) of ca. 70,000 and carboxylic acid function-

lized SWNTs, prepared through the arc discharge technique, with
5% purity, length 0.5–1.5 �m, and diameter of 1.5 and 3–5 nm for

ndividual and bundled samples, respectively, were purchased from
igma-Aldrich Co. The titrisol buffered solutions of PAMAM, PSS

nd SWNTs to produce LbL films were prepared with concentra-
ions of 1.0 g L−1, at a pH 4 for the polyelectrolytes and pH 8 for the
arbon nanotubes. The SWNT dispersion was obtained by adding
0 mg of the material in 10 mL of titrisol buffer solution under ultra-
onication for 2 h, followed by filtration. In aqueous solution, the

ig. 1. Schematic representation of the structure, operation principle and chemical re
AMAM/SWNT LbL film.
oelectronics 25 (2009) 497–501

carboxylic groups on the SWNT are deprotonated to carboxylate
anions (COO−), yielding a negatively charged SWNT.

The enzyme penicillinase (Bacillus cereus, specific activ-
ity: 1670 units/mg protein) and penicillin G (benzyl penicillin,
1695 units/mg) were acquired from Sigma. The enzyme solution
was prepared by dissolving penicillinase in a 0.2 M triethanolamine
(TEA) buffer, pH 8. The penicillin solutions of different concentra-
tions ranging from 5.0 �M to 25 mM were prepared by dissolving
penicillin G in a 0.5 mM polymix buffer, pH 8, containing 0.1 M KCl
solution as an ionic strength adjuster.

2.2. Fabrication of EIS structures

The capacitive EIS structure of p-Si–SiO2–Ta2O5 was prepared
via thermal oxidation of Si in O2 atmosphere at 1050 ◦C for 30 min to
form a 30 nm SiO2 insulating layer, while a 55 nm Ta2O5 insulating,
pH-sensitive layer was prepared via electron-beam evaporation of
30 nm Ta, followed by thermal oxidation at 515 ◦C during 30 min.
A contact layer of Al film (300 nm) was deposited on the rear-
side of the p-Si, and then the wafer was cut into single chips of
10 mm × 10 mm sizes. The EIS sensor was mounted into a home-
made measuring cell and sealed by an O-ring to protect the side
walls and backside contact of the chip from the electrolyte solution.
The contact area of the EIS sensor with the solution was approxi-
mately 0.5 cm2.

2.3. LbL film preparation and enzyme immobilization

The multilayers of PAMAM/PSS and PAMAM/SWNT were
obtained using the LbL assembly technique via consecutive drop-
ping of respective PAMAM (for 5 min) and PSS (for 5 min) or PAMAM
and SWNT (for 10 min) solutions into the cell, which was followed
by rinsing and drying steps. These procedures were repeated until
the desired number of bilayers was achieved. At the pH values of
the solutions used, the surface of the Ta2O5 layer was negatively
charged by plasma treatment, and therefore we started formation
of the LbL multilayers with the positively charged PAMAM.

The penicillin biosensor was completed after adsorptive immo-
bilization of the enzyme penicillinase by dropping 80 �L of its
solution onto the Ta2O5 substrate or the LbL film, with SWNT or

PSS as outermost layer, and then dried at room temperature for
4 h. The sensor was subsequently rinsed thoroughly and stored
in a polymix buffer pH 8 at 4 ◦C. The main advantages of the
adsorptive immobilization are its simplicity and low cost with no
loss of enzyme activity and the possibility of subsequent sensor

action of the penicillin biosensor based on an EIS structure functionalized with
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egeneration via repeated enzyme immobilization (Abouzar et al.,
008). Fig. 1 shows the schematic representation of the penicillin
iosensor based on a capacitive EIS structure functionalized with
PAMAM/SWNT LbL film as well as the chemical structures of the
aterials employed.

.4. Physical and electrochemical characterization

The surface of the functionalized EIS sensors was analyzed
ith an atomic force microscope (AFM) BioMat Workstation (JPK

nstruments, Germany) and a field-emission scanning electron
icroscopy (Gemini® FESEM Column LEO 1550 VP, Germany). Tap-

ing mode liquid-cell AFM images were taken using Si cantilevers
ith silicon nitride tips. The scanned area was 1.0 �m × 1.0 �m.

he morphology and root-mean-square (RMS) roughness of the
AMAM/PSS and PAMAM/SWNT multilayers were obtained from
he height images.

The penicillin biosensors have been characterized by means
f capacitance–voltage (C/V) and constant–capacitance (ConCap)
ethod at a frequency of 50 Hz using an impedance analyzer (Zah-

er Elektrik, Germany). The measuring setup is presented in Fig. 1.
n ac voltage with an amplitude of 20 mV has been used for all mea-
urements. In the ConCap mode, the capacitance of the EIS sensor is
ept constant by using a feedback-control circuit that allows direct
onitoring of potential changes at the sensor surface. A conven-

ional liquid-junction Ag/AgCl electrode (Metrohm) was used as a
eference electrode. The measurements have been performed in a
ark Faraday cage at room temperature.

. Results and discussion

.1. pH sensitivity of the EIS structures functionalized with the
bL films

Before enzyme immobilization and characterization of the peni-
illin biosensor, the pH sensitivity of the three proposed EIS sensors
as investigated. This is required since the operation principle of a

onventional capacitive EIS penicillin biosensor (without LbL film)
s based on the detection of variations in the H+ -ion concentration
ue to the catalyzed hydrolysis of penicillin into penicillinoic acid
y the enzyme penicillinase (Abouzar et al., 2008; Siqueira et al.,
009). Fig. 2 shows the C/V curves (a) and the ConCap measure-
ents for a three-bilayer EIS-NT sensor at pH ranging from 3 to 10.

aking as reference the pH sensitivity of a measured bare EIS struc-
ure with Ta2O5 (ca. 57 mV/pH), the presence of the PAMAM/SWNT
bL film did not affect significantly the pH sensitivity of the EIS
tructure, which was ca. 55 mV/pH. This behavior may be explained
y the high porosity of the LbL films formed by the interconnec-
ion of randomly oriented SWNT-networks into dendrimer layers,
hich allows the H+-ions to penetrate through the film and reach

he Ta2O5 surface (see Fig. S1 in the supplementary material). Sim-
lar pH sensitivity was observed for the EIS-PAMAM/PSS sensor,
ut in this case it may be attributed to the low thickness of the
olyelectrolyte film, which is ca. one tenth of the thickness of
he PAMAM/SWNT films (ca. 32–35 nm) for the same number of
ilayers. Moreover, ConCap measurements revealed that the func-
ionalized EIS sensors exhibit a small drift, fast response time (ca.
0 s) and relatively low hysteresis (ca. 4 mV).

.2. Penicillin detection using EIS structures functionalized with
he LbL films
The enzyme penicillinase was adsorbed onto the PAMAM/PSS
nd PAMAM/SWNT films and the biosensing ability towards peni-
illin G was investigated with C/V curves for an EIS-NT-penicillinase
iosensor at different penicillin G concentrations from 0.25 mM to
Fig. 2. C/V curves (a) and ConCap response (b) at different pH values for an EIS-NT
sensor. Frequency: 50 Hz.

5.0 mM (see Fig. S2 in the supplementary material). The flat-band
voltage shifted to lower values (zoomed area in the inset) with
increasing penicillin G concentrations, which indicates an increased
H+-ion concentration at the sensor surface due to the enzymatic
reaction. Note that this was also observed for bare EIS and EIS-
PAMAM/PSS sensors.

In order to investigate in detail the difference on the sensitive
characteristics of the functionalized EIS-penicillinase biosensors,
they were further evaluated via ConCap measurements for a wider
range of penicillin concentrations, from 5.0 �M to 25 mM. Fig. 3
shows a ConCap dynamic response of penicillin concentrations for
a bare EIS (a), EIS-PAMAM/PSS (b) and EIS-NT sensor (c), as well as
their calibration curves (d). The increase in H+-ion concentration
from the enzymatic reaction in the presence of higher concen-
trated penicillin G solutions was determined from changes in the
depletion potential at a working point of 32.5 nF. Both the bare EIS
(with Ta2O5 as pH-sensitive layer) and the EIS-PAMAM/PSS sen-
sors showed a well defined sensitivity toward different penicillin
concentrations.

The EIS-NT sensor displayed an even higher sensitivity and bet-
ter performance. For a bare EIS sensor (Fig. 3a), the signal drift
and the response time increased (to more than 5 min) after addi-
tion of 2.5 mM, while for the EIS-PAMAM/PSS sensor (Fig. 3b) the

same occurred only after adding 10 mM. Moreover, the detection
signal pointed to saturation above 10 mM for both sensors. In con-
trast, for an EIS-NT sensor (Fig. 3c), the response time remained
constant (lower than 5 min) followed by a small signal drift up to
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ig. 3. ConCap response at different penicillin concentrations for a bare EIS (a), EIS-
oom at low penicillin concentrations from 5 to 100 �M.

penicillin concentration of 25 mM. No saturation was observed
or the concentration range analyzed. Such enhancement in the
etection signal led to an increase in the linear concentration
ange. From 250 �M to 25 mM, the sensitivity toward penicillin of
he EIS-NT sensor was improved to 100 mV/decade, while in the
ame range the bare EIS and EIS-PAMAM/PSS sensors had 83 and
1 mV/decade, respectively. Considering the “best” linear range, viz.
rom 0.5 mM to 10 mM, the slope was 116 mV/decade for the EIS-
T sensor, while for the bare EIS and EIS-PAMAM/PSS sensor it was
00 and 98 mV/decade, respectively, as demonstrated in the calibra-
ion curve in Fig. 3d. Thus, the SWNT-LbL film on the EIS structure
ncreased the sensitivity.

The influence from SWNTs on the sensors performance was
lso observed in the range of lowest concentrations (from 5 �M
o 100 �M), as depicted in the insets of Fig. 3a–c. At this con-
entration range, the potential was the same for the first three
enicillin solutions. For the bare EIS and the EIS-PAMAM/PSS sen-
ors, changes were only observed above 100 �M, but for the EIS-NT
ensor, a change in the potential was obtained upon addition of
5 �M penicillin G, followed by further signal steps after addition
f 50 and 100 �M, respectively. Despite the small change in poten-
ial in this concentration range, the penicillin sensitivity was clearly
mproved in comparison to the other two EIS structures, indicating
hat SWNTs on the EIS sensor also cause an effect, which increases
he penicillin sensitivity at low concentrations.
A comparison can also be made with similar work in the liter-
ture. (Abouzar et al., 2009) produced a penicillin biosensor based
n an electrolyte-diamond-insulator-semiconductor (EDIS) sensor,
hich possessed a sensitivity of ca. 60–70 mV/decade, pH sen-

itivity of ca. 40 mV/pH and limit of detection around 5–25 �M.
M/PSS (b), and EIS-NT sensor (c) and their respective calibration curves (d). Insets:

An amperometric and an EnFET penicillin biosensor reported by
(Stred’anský et al., 2000) and (Lee et al., 2009) respectively, pre-
sented a limit of detection of ca. 10 �M, with sensitivity of ca.
48 mV/mM and response time around 0.5–3 min. The EIS-NT-
penicillin biosensor described here exhibited higher sensitivity and
better stability with an improved response of the sensor signal.
This is a consequence of the whole EIS-NT sensor structure (p-
Si–SiO2–Ta2O5–(PAMAM/SWNT)3).

The stability of the biosensor made with dendrimer/nanotubes
is good as shown in Fig. 3c, where the drift of the sensor signal
is practically null for various analyte concentrations. Such stabil-
ity remained even for a period above 10 min. As for the long-term
stability, we observed that the biosensors were still highly sensi-
tive up to two weeks after fabrication. The sensitivity decreased
to half the initial value after one month, which was followed by
the loss in stability of the signal. Also worth mentioning was the
selectivity toward penicillin of the EIS-NT-penicillinase biosen-
sor. In the course of the experiments, highly concentrated glucose
(50 mM) and polymix buffer solutions were alternately added with
the penicillin solutions, but no signal changes were noted with
either glucose or polymix solutions.

A possible explanation for the enhanced sensor performance
for penicillin detection caused by SWNTs may be related to
the architecture employed for the film fabrication, which alters
strongly the LbL film morphology and affects the electrochem-

ical properties of the sensors. The intimate contact between
dendrimers and a dense network of SWNTs forms stable mul-
tilayers with highly interconnected nanotubes among them (see
Fig. S1 in the supplementary material). As a result, the film poros-
ity is increased, permitting easier penetration of H+-ions from the
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nzymatic reaction onto the Ta2O5 surface. One can suppose that
he PAMAM/SWNT film acts as a suitable porous nanomembrane
ith a larger active surface area, which allows both a better distri-

ution and attachment of a higher amount of enzyme immobilized
n its surface. Simultaneously, buffer molecules from the analyte
re hindered to “compensate” the free H+-ions inside the porous
anomembrane due to the enzymatic reaction.

The large amount of immobilized penicillinase was confirmed
y FESEM images, upon comparing a bare EIS and an EIS-NT
ensor, both containing penicillinase atop their surfaces (see
ig. S3 in the supplementary material). The images have the same
agnification (10.0 K). As expected, the EIS-NT sensor exhibited a

arger, homogenously distributed amount of immobilized enzyme.
his difference demonstrates that one can correlate the effects on
he sensing properties of EIS sensors directly with the LbL-SWNT
lm architecture. Significantly, the combination of carbon nan-
tubes and dendrimers led to a unique nanostructure, quite suitable
or enzyme immobilization, indicating that this approach can be
pplied to enzymatic-based sensors.

. Conclusions

We have shown that the incorporation of a nanostructured den-
rimer/carbon nanotube LbL film on an EIS structure enhanced the
ensitive characteristics for detecting penicillin G, with improved
ensitivity, stability and response time. The latter was due to the
anoporous structure with larger active surface area exhibited by
he PAMAM/SWNT films, which allowed a better distribution and
dsorption of penicillinase, and a faster H+-ion penetration through
he film. In addition, the concept demonstrated here opens the way
or applying CNTs nanostructured films in new biosensor proto-
ypes using field-effect devices.
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