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The feasibility of a capacitive field-effect EDIS (electrolyte-diamond-insulator-semiconductor) plat-
form for multi-parameter sensing is demonstrated by realising EDIS sensors with an O-terminated
nanocrystalline-diamond (NCD) film as transducer material for the detection of pH and penicillin con-
centration as well as for the label-free electrical monitoring of adsorption and binding of charged
macromolecules, like polyelectrolytes. The NCD films were grown on p-Si-SiO, substrates by microwave
plasma-enhanced chemical vapour deposition. To obtain O-terminated surfaces, the NCD films were
treated in an oxidising medium. The NCD-based field-effect sensors have been characterised by means of
constant-capacitance method. The average pH sensitivity of the O-terminated NCD film was 40 mV/pH. A
low detection limit of 5 WM and a high penicillin G sensitivity of 65-70 mV/decade has been obtained for an
EDIS penicillin biosensor with the adsorptively immobilised enzyme penicillinase. Alternating potential
changes, having tendency to decrease with increasing the number of adsorbed polyelectrolyte layers, have
been observed after the layer-by-layer deposition of polyelectrolyte multilayers, using positively charged
PAH (poly (allylamine hydrochloride)) and a negatively charged PSS (poly (sodium 4-styrene sulfonate))
as a model system. The response mechanism of the developed EDIS sensors is discussed.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Due to the outstanding electrochemical properties, superior
chemical inertness and biocompatibility, artificially grown dia-
mond has been recognised as an extremely attractive material for
both (bio-)chemical sensing and as an interface to biological sys-
tems (e.g., Hamers et al., 2005; Vermeeren et al., 2007; Bajaj et
al., 2007; Rubio-Retama et al., 2006). Most of diamond-based field-
effect (bio-)chemical sensors reported so far have been on the basis
of polycrystalline or monocrystalline diamond films using a transis-
tor structure. For instance, the potential use of diamond for direct
electrical sensing of biological binding events such as DNA hybridi-
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sation and antibody-antigen binding was demonstrated in (Yang
and Hamers, 2004; Song et al., 2006a; Yang et al., 2006; Nebel et
al., 2007). An enzyme-modified diamond-based field-effect tran-
sistor (FET) has been realised for the detection of urea and glucose
(Song et al., 2004). The pH- and ion-sensitive properties of an
electrolyte-gate FET with monocrystalline and polycrystalline dia-
mond surfaces have been investigated in (Song et al., 2003, 2006b;
Kanazawa etal., 2003; Kawaradaetal.,2001; Denisenko et al.,2007;
Garrido et al., 2005; Rezek et al., 2006, 2007; Nebel et al., 2006a,
2006b; Dankerl et al., 2008). It has been observed that the elec-
trical and electrochemical properties as well as the pH and ion (or
salt) sensitivity of diamond are strongly affected by the surface ter-
mination. However, the origin of pH and ion sensitivity of diamond
surfaces is still under discussion (see e.g., Nebel et al., 2006b; Rezek
et al.,, 2006; Garrido et al., 2005; Kanazawa et al., 2003; Dankerl et
al., 2008).

Recently, we have introduced a field-effect capacitive EDIS
(electrolyte-diamond-insulator-semiconductor) structure as a
platform for (bio-)chemical sensing (Christiaens et al., 2007). In
contrast to transistor structures, EDIS sensors are simple in layout


http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:a.poghossian@fz-juelich.de
mailto:patrick.wagner@uhasselt.be
mailto:m.j.schoening@fz-juelich.de
dx.doi.org/10.1016/j.bios.2008.07.056

M.H. Abouzar et al. / Biosensors and Bioelectronics 24 (2009) 1298-1304 1299

and cost-effective in fabrication. Usually, no photolithographic pro-
cess steps or complicated encapsulation procedures are required
in case of the capacitive field-effect EDIS structure. In addition,
alternating current (AC) measurements with the EDIS structure are
often more informative than static direct current (DC) measure-
ments with the transistor structure. A feasibility of this platform has
been exemplarily demonstrated by realising a pH-sensitive EDIS
sensor with nanocrystalline-diamond (NCD) films (Christiaens et
al., 2007).

In this work, capacitive field-effect EDIS structures with O-
terminated NCD films as transducer material have been applied
for the multi-parameter detection of pH and penicillin concentra-
tion as well as for the label-free electrical monitoring of adsorption
and binding of charged macromolecules. Polyelectrolyte (PE) mul-
tilayers of positively charged PAH (poly (allylamine hydrochloride))
and negatively charged PSS (poly (sodium 4-styrene sulfonate))
deposited by layer-by-layer adsorption technique were chosen as a
model system.

2. Experimental
2.1. Growth and physical characterisation of NCD films

Undoped NCD thin films of ~100 nm thickness were grown
on p-Si-Si0, (p=1-102cm, 50nm thermally grown SiO,) sub-
strate by a microwave (2.45GHz) plasma-enhanced chemical
vapour deposition from a mixture of methane (CH4) and hydro-
gen (Hy) in an ASTeX reactor. A schematic of the growth process
is presented in Fig. 1(a). Prior to growth, the SiO, surface
was seeded with a monodisperse colloid of nanocrystalline-
diamond particles in water with an ultrasonic bath. In this
work, the NCD grow process has been optimised to provide
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non-porous NCD thin films onto the Si-SiO, substrate. The gas
flow rate, gas pressure, microwave power, substrate tempera-
ture and growth time were 485sccm Hj, 15sccm CHy, 22 Torr,
3000W, 490°C and 240 min, respectively. For the details of NCD
film’s preparation, see (Daenen et al., 2006; Williams et al.,
2007). An Al-film was deposited on the rear side of the sen-
sor chip as a contact layer. The chip size of the EDIS sensor was
9.5 mm x 9.5 mm.

The NCD films have been characterised by scanning electron
microscopy (SEM), atomic force microscopy (AFM) and X-ray pho-
toelectron spectroscopy (XPS) methods. The SEM micrograph in
Fig. 1(b) demonstrates an example of the surface morphology of
a 100 nm thick NCD film. As it can be seen, the films comprise ran-
domly oriented fine grains and are totally closed. In addition, no
pinholes have been observed in the film. AFM (Veeco, Multi-Mode)
surface topography analysis of the samples (see Fig. 1(c)) has shown
a surface roughness of 11 nm for a 100 nm thick NCD film. AFM
images were recorded in the tapping mode with standard silicon
tips.

Typically, as-prepared NCD surfaces are hydrogen (H)-
terminated. To obtain oxygen (O)-terminated surfaces, the NCD
films were treated in an oxidising boiling mixture of H,SO,4 and
KNO3 at 338°C for about 45 min. In order to establish the types
and relative coverage of the surface functional groups generated
by the oxidation of NCD surfaces, XPS analysis was carried out.
XPS measurements were done using a PHI 5600 equipped with a
monochromatic Al Ka radiation source. The O1s/C1s atomic con-
centration ratio for the O-terminated NCD films is about 10 at.%, as
calculated by dividing the relevant peak areas in the recorded spec-
tra by appropriate bulk atomic sensitivity factors. These values are
comparable to those that have been reported in Liu et al. (2007)
and Christiaens et al. (2007).
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Fig. 1. (a) Schematic of the NCD growth process by a microwave plasma-enhanced chemical vapour deposition from a mixture of methane (CH4) and hydrogen (H;). (b) SEM
picture of the surface morphology of a 100 nm thick NCD film deposited on a p-Si-SiO, substrate. (c) AFM image of a 100 nm NCD film grown on a p-Si-SiO, structure. The

scan size was 2 pm x 2 m. RMS roughness: 11 nm.
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Fig. 2. Schematic cross-section of the pH (a), penicillin (b) and polyelectrolyte (c) sensor based on an O-terminated EDIS structure.

2.2. Measurement set-up

The bare O-terminated as well as functionalised (with enzyme
penicillinase or polyelectrolyte mono- and multilayers) EDIS
sensors (see Fig. 2) have been characterised by means of constant-
capacitance (ConCap) method using an impedance analyzer
(Zahner Elektrik) and a measuring set-up as presented in Fig. 2(a).
The ConCap mode allows to measure the dynamic characteristics
of the EDIS sensors. In the ConCap mode, the capacitance of the
EDIS sensor is kept constant (usually within the depletion region
of the capacitance-voltage curves at ~60% of the maximum capac-
itance) using a feedback-control circuit, and potential changes at
the diamond/electrolyte interface have been directly monitored.
For operation, a DC polarisation voltage is applied via the ref-
erence electrode (conventional liquid-junction Ag/AgCl electrode,
Metrohm) to set the working point of the EDIS sensor, and a small
AC voltage (20 mV) is applied to the system in order to measure the
capacitance of the sensor. The measurements were carried out at a
frequency of 100 Hz. All potential values are referred to a Ag/AgCl
electrode.

For the experiments, the EDIS sensor was mounted into a home-
made measuring cell, sealed by an O-ring and contacted on its front
side by the electrolyte and a reference electrode, and on its rear
side by a gold-plated pin. The sidewalls and backside contact of the
EDIS sensor chip were protected from the electrolyte solution by
means of an O-ring, thus, avoiding the complicated encapsulation
process. The contact area of the EDIS sensor with the solution was
about 0.5 cm?. The measurements have been performed in a dark
Faraday cage at room temperature.

3. Results and discussion
3.1. O-terminated EDIS structure as pH sensor

Fig. 3 demonstrates a typical ConCap response and calibration
curve of an EDIS sensor with a 100 nm thick undoped O-terminated
NCD film measured in Titrisol buffer with different pH values from
pH 4 to 12. The O-terminated EDIS sensors show an average pH sen-
sitivity of 40 mV/pH (evaluated from the ConCap response) in the
range of pH 4-12 that is slightly higher than that has been reported
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Fig. 3. Typical ConCap response of an EDIS structure with O-terminated NCD layer
recorded in Titrisol buffer of different pH values from pH 4-12 and calibration curve
(inset) of the pH sensor evaluated from ConCap response.

(38 mV/pH) previously (Christiaens et al., 2007). The response time
(tgoy) was about 60s.

The mechanism of pH sensitivity of O-terminated NCD surfaces
can be explained by using the site-binding model, similar to ion-
sensitive field-effect transistors with oxide gate-insulators (see, e.g.
Poghossian and Schéning, 2006a; Hal et al., 1996, and references
there). Similar to the oxide/electrolyte interface, the presence of
hydroxyl groups at the oxidised diamond surface could result in
neutral (C-OH), negatively charged (C-0~), or positively charged
(C-OH?%*) surface groups (Song et al., 2006b; Garrido et al., 2005;
Christiaens et al., 2007), depending on the pH value of the solu-
tion. As a result, at pH > pHp,c (where pHp, is the pH value at the
point of zero charge), the diamond surface will be charged nega-
tively, and at pH < pHyp, it will be positively charged. The resulting
pH-dependent electrical surface charge of NCD leads to a modula-
tion of the space-charge capacitance in the Si, thus, generating a
pH-dependent sensor signal that, in fact, was observed during the
ConCap measurements. According to this model, a distinct pH sen-
sitivity is expected if surface hydroxyl groups are present on the
NCD surface. An existence of hydroxyl groups on the oxidised dia-
mond surfaces has been observed in (Kondo et al., 2005; Theije et
al,, 2001).

The obtained pH sensitivity of NCD films is higher as reported
for SiO, layers (25-35mV/pH) in (Cane et al., 1996), and smaller
than that of SizN4 (46-56 mV/pH), Al,03 (49-57 mV/pH) and
Tay 05 films (55-59 mV/pH), which have often been utilised as pH-
sensitive transducer material (see, e.g. recent review Poghossian
and Schoéning, 2006a). An improvement of the pH sensitivity of
NCD surfaces is possible by increasing the density of O-terminated
groups. The main advantages of NCD films are a superior chem-
ical inertness, the possibility of operation in a chemically harsh
environment without passivation of the surface, the possibility of
creation of interfaces to biological systems by direct coupling of
biomolecules onto the diamond surface via carbon groups, and
biocompatibility.

3.2. NCD-based field-effect penicillin biosensor

The pH-sensitive properties of NCD films have been used to
develop an EDIS-based penicillin biosensor. The determination of
different kinds of penicillin is very important in medicine, pharma-
ceutical production, process control in fermentation broths, food
industry and environmental monitoring. Most of Si-based penicillin
biosensors have been developed for the determination of relatively

high concentrations of penicillin in fermentation broths (see e.g.,
Poghossian and Schéning, 2006a; Schoning and Poghossian, 2006,
and literature there). However, for several fields of application (e.g.,
drug control analysis of antibiotic tablets, capsules and injectables,
food control) (bio-)chemical microsensors for the detection of small
amounts of penicillin are also needed (Poghossian et al., 2001a,
2001Db). For instance, antibiotic penicillin G is frequently used in
veterinary practice for prevention and treatment of bacteria infec-
tion (Thavarungkul et al., 2007). This may lead to the presence of
penicillin residues in foods (milk, meat, etc.) obtained from med-
icated animal and a small quantity of this compound might be
responsible for allergic reactions in humans.

3.2.1. Enzyme immobilisation

The structure of the EDIS penicillin biosensor is schematically
depicted in Fig. 2b. The developed penicillin biosensor consists
of a pH-sensitive field-effect EDIS structure with immobilised 3-
lactamase (enzyme penicillinase). In this study, we have examined
the performance of the EDIS penicillin biosensor with adsorp-
tively immobilised penicillinase (EC 3.5.2.6, Bacillus cereus from
Sigma, specific activity: 1650 units/mg protein) directly onto the
O-terminated NCD film. The main advantages of the adsorptive
immobilisation technique are its simplicity and cheapness without
any loss of the enzyme activity and the possibility of a subsequent
enzyme (sensor) regeneration, i.e. the possibility of a repeated
enzyme immobilisation in the case of loss of enzyme activity
(Poghossian et al., 2001a, 2001b; Poghossian and Schéning, 2006a).

The enzyme solution was prepared by dissolving the enzyme
penicillinase in a 200 mM TEA buffer, pH 8. 10 .l enzyme solu-
tion per sensor was pipetted onto the samples, incubated at room
temperature for about 1h and dried in N, atmosphere. Finally, the
sensors were rinsed in Titrisol buffer, pH 7. Before their first use,
the penicillin sensors were incubated in working buffer for a least
1h to let the enzyme membrane equilibrate. When not in use, the
sensors were stored in Titrisol buffer, pH 7, at 4°C.

3.2.2. Penicillin detection with EDIS sensor

The functioning of the EDIS penicillin biosensor is based on
the detection of the local pH decrease near the surface of the
pH-sensitive O-terminated NCD layer (see Fig. 2b) resulting from
the catalysed hydrolysis of penicillin by the enzyme penicillinase
according to the following reaction:

s._ ,CH, Penicillinase s. ,CH, )
R- NH-E(—\ﬁCHG +HO —— R-NHJ_( fCHa +H
N O 5 N COOH
OH

COOH )
Penicillin

(1)

For the measuring procedure, about 1 ml of the working buffer
or particular penicillin solution was applied to the EDIS gate sur-
face, and the sensor output signal was recorded for about 3-5 min.
After each measurement, the EDIS gate region was rinsed with
distilled water or buffer solution. The penicillin solutions were pre-
pared by dissolving penicillin G (benzyl penicillin, 1695 units/mg,
Sigma) in the working buffer. As a working buffer, a 0.5 mM polymix
multi-component buffer solution (pH 8) containing 100 mM KCl
as an ionic-strength adjuster (Poghossian et al., 2001a, 2001b) or
0.5 mM phosphate buffer (100 mM KCl, pH 8) was used. The pH of
the polymix buffer was adjusted to pH 8 by titration with NaOH
solution.

The characteristics of the NCD-based penicillin biosensor were
tested over a time period of two months. During this time period,
the sensor has been periodically checked for more than 30 measure-
ments in penicillin solution of different concentrations followed by
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Fig. 4. Typical ConCap response of the developed NCD-based penicillin sensor with
freshly immobilised enzyme penicillinase (a) and after two months enzyme immo-
bilisation (b).

rinsing in buffer solution. Fig. 4 shows a ConCap response of freshly
prepared (a) and after two months after the enzyme immobili-
sation (b). The corresponding calibration curves of the developed
penicillin biosensors are presented in Fig. 5. The freshly prepared
sensors show a high penicillin sensitivity of 65-70 mV/decade in
the linear concentration range from 0.025 to 2.5 mM penicillin G.
With increasing penicillin concentration from 0.025 to 5 mM, the
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Fig. 5. Calibration curve of the developed penicillin biosensor.

concentration of the H* ions resulting from the penicillin hydrolysis
is increased, too. As a result, the voltage that is necessary in order
to adjust the constant capacitance raise. Even after two months the
recorded sensor output voltage directly correlates with the respec-
tive penicillin concentration in the solution with a low detection
limit of 5 M. However, the penicillin sensitivity was approxi-
mately two times smaller (32 mV/decade in the linear range of
0.005-2.5 mM penicillin G) than that of the freshly prepared sensor.
This could be due to washing out of the enzymes from the sensor
surface during storage as well as frequent measurement and rins-
ing steps. Dependent on the penicillin concentration, the response
time (tggy ) of the EDIS biosensor was about 2-4 min, which is higher
than that of penicillin-sensitive field-effect transistors with Ta;Os5
gate (0.5-3 min) reported in (Poghossian et al., 2001a).

3.3. Label-free electrical detection of charged macromolecules
with EDIS sensor

Due to their simplicity and possibility of preparation of func-
tional ultra-thin films with a nanoscale control of thickness,
layer-by-layer (LbL) adsorbed PE multilayers are very suitable as
model system for fundamental investigations of both molecular
interactions at the solid/liquid interface and the label-free electri-
cal detection of charged macromolecules (DNA, proteins, etc.) by
means of field-effect devices. In addition, PE multilayers are very
attractive as stimuli-responsive materials for drug release systems,
biosensor and actuator fields (see e.g., Glinel et al., 2007).

Recently, the possibility of field-effect detection of PE layers with
capacitive Si-SiO, and Si-Si0,-Ta; 05 structures (Poghossian et al.,
2006b, 2007a, 2007b, 2008) as well as Si thin-film resistors has
been demonstrated (Neff et al., 2006a, 2006b, 2007). In the present
work, the EDIS structure with O-terminated NCD film is used for a
label-free electrical monitoring of the formation of PE multilayers
in order to extend the functional capabilities of NCD films for multi-
parameter sensing.

3.3.1. Functionalisation of O-terminated EDIS sensors with PE
multilayers

Polyelectrolytes are linear macromolecule chains having a large
number of charged groups when dissolved in water. The multilayers
of PAH/PSS were obtained by using the LbL assembly technique (see
e.g., Decher et al., 1998; Schonhoff, 2003; Schénhoff et al., 2007;
Klitzing, 2006) by sequential adsorption of PAH and PSS from the
respective PE solution. The PSS and PAH polyelectrolytes in pow-
der form with an average molecular weight (Mw) of about 70000
were purchased from Sigma-Aldrich. The PAH is a weak PE and
the degree of charging of its amine group depends on the pH of
the aqueous solution. It is approximately fully charged at neutral
and acidic solution, and is neutral at pH values above ten (Smith
et al.,, 2004). The PSS is a kind of strong PE that totally dissociates
in aqueous solutions and therefore, is fully negatively charged in a
wide pH range as it liberates Na* ions (Smith et al., 2004). Usually,
the dissolution of PAH and PSS changes the pH value of the elec-
trolyte solution. Therefore, the pH of both PAH and PSS solutions
was adjusted to the same value of pH 5.4 by titrating with NaOH
and HCl.

During the experiment, the EDIS sensors were consecutively
exposed to the respective PE solution for a time necessary for the
adsorption of each single monolayer, followed by rinsing in elec-
trolyte solution. We started the formation of the PE multilayer onto
O-terminated NCD with positively charged PAH. In order to achieve
areproducible adsorption and sensor signal, the pH value and con-
ductivity of PE solutions have been controlled before and after PE
adsorption with a Mettler-Toledo MPC 227 pH/Conductivity Meter.



M.H. Abouzar et al. / Biosensors and Bioelectronics 24 (2009) 1298-1304 1303

3.3.2. Label-free field-effect monitoring of the adsorption of
charged PE

To obtain a picture according to which way the characteristics
of the functionalised EDIS structures are affected by the number
of PE layers, dynamic ConCap measurements have been performed
during the whole multilayer formation. The ConCap measurement
allows an in situ observation of the charge and potential changes
at the interface, induced by the adsorption of each PE layer. As
an example, Fig. 6 shows a typical ConCap response for a bare O-
terminated EDIS sensor and an EDIS sensor functionalised with 15
PE layers. In this experiment, the bare EDIS sensor was first equili-
brated in buffer solution, then the PAH solution (50 .M PAH, 0.1 M
NaCl, pH 5.4) was applied to the sensor, and the sensor signal was
recorded for about 5 min, followed by rinsing the measuring cell
and the sensor surface with buffer solution and measurement in
buffer solution (0.1 M NaCl, pH 5.4) for about 3 min. In the next step,
the PSS solution (50 wM PSS, 0.1 M NaCl, pH 5.4) has been applied
to the sensor surface and the ConCap response was recorded for
about 5 min, again. These procedures were repeated until the 15 PE
layers have been deposited. Thus, the sensor signal was monitored
continuously during the whole PE multilayers build-up.

As can be seen from Fig. 6, the adsorption of negatively charged
PSS shifts the potential towards the direction of a more negative sur-
face charge (corresponding to a more positively sensor signal due to
the feedback control in the ConCap mode), whereas the adsorption
of the positively charged PAH shifts the sensor signal into the direc-
tion corresponding to a more positive charged insulator surface
(the observed signal changes after each rinsing step are proba-
bly due to the remove of loosely attached PE macromolecules).
Thus, the molecular layers induce an interfacial potential change
resulting in alternating changes in the flat-band voltage of the EDIS
structure and consequently, in a kind of zigzag curve of the sig-
nal changes as a function of the PE layer number (see Fig. 6, inset
graph). Moreover, the potential shifts have a tendency to decrease
with increasing the number of PE layers. For example, potential
shifts decrease from originally 35 to 40 mV for an EDIS structure
with first PE layers to 2-4mV for an EDIS structure with 14-15
PE layers, respectively. Similar effects have been observed for Si
thin-film resistors (Neff et al., 2006a, 2006b, 2007) and capacitive
Si-SiO, structures functionalised with PE multilayers (Poghossian
et al., 2007b, 2008), and were explained by the mechanism based
on a screening of PE charges by mobile ions within the PE film (Neff
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Fig. 6. Label-free electrical detection of charged PE multilayers with an EDIS sensor:
ConCap response and the signal changes as a function of the PE layer number (inset
graph).

et al., 2006b, 2007) and an ion- and/or proton-concentration redis-
tribution within the PE multilayer induced by the charge of the
outermost layer (Poghossian et al., 2007b, 2008).

4. Conclusions

The obtained results demonstrate the feasibility of EDIS struc-
tures with O-terminated NCD films as transducer material for
multi-parameter sensing of different (bio-)chemical quantities,
namely, pH value and penicillin concentration as well as charged
macromolecules by using PE multilayers as model system. The
immobilisation of biomolecules, like DNA and proteins on NCD
films, for extending the biosensor capabilities of the EDIS platform,
will be subject of our future studies.
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