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Nanocrystalline-diamond (NCD) films have been utilised for the 
detection of penicillin G for the first time. The developed penicil-
lin-sensitive biosensor consists of a field-effect capacitive elec-
trolyte-diamond-insulator-semiconductor (EDIS) structure with 
an immobilised enzyme layer that covers the gate region of the 
sensor. Undoped NCD thin films of about 100 nm thickness were 
grown on a p-Si-SiO2 (50 nm thermally grown SiO2) structure by 
microwave plasma-enhanced chemical vapour deposition. The 

enzyme penicillinase has been adsorptively immobilised directly 
onto the O-terminated NCD surface. The EDIS biosensors have 
been characterised in buffer solutions with different content of 
penicillin G by means of capacitance-voltage and constant-
capacitance method. The developed penicillin biosensor pos-
sesses a low detection limit of 5 µM and a high sensitivity of 60-
70 mV/decade in a wide linear range of 0.005-2.5 mM penicillin 
G concentration. 

 

 

1 Introduction 
Artificially grown diamond has been recognised as a 

promising alternative transducer material for chemical and 
biological sensing [1-3]. Diamond is especially attractive 
because, in addition to having a wide bandgap and an ex-
cellent chemical as well as mechanical stability, it is 
widely considered to be biocompatible, can be deposited as 
a robust thin film onto Si or Si-SiO2 substrate, and offers a 
new challenge in creating biosensors via coupling of bio-
logical recognition elements directly onto the diamond sur-
face. The possibility of application of diamond for a direct 
electrical sensing of molecular binding events such as 
DNA hybridisation and antibody-antigen affinity reaction 
was demonstrated in [4, 5]. An enzyme-modified diamond-
based field-effect transistor (FET) has been realised for the 
detection of urea and glucose [6]. The pH- and ion-
sensitive properties of an electrolyte-gate FET with 
monocrystalline and polycrystalline diamond surfaces have 
been investigated in [7-15]. 

 
Most of diamond-based field-effect (bio-)chemical 

sensors have been realised on polycrystalline or monocrys-
talline diamond using a transistor structure. Recently, we 

have introduced a field-effect capacitive EDIS (electrolyte-
diamond-insulator-semiconductor) structure as a platform 
for (bio-)chemical sensing [16]. In contrast to transistor 
structures, EDIS sensors are simple in layout, and easy and 
cost-effective in fabrication. Usually, no photolithographic 
process steps or complicated encapsulation procedures are 
required in case of the capacitive field-effect structure (a 
simple O-ring is enough for the electrical isolation of the 
sensor chip from the aqueous solution). In addition, alter-
nating current (AC) measurements with the EDIS structure 
are often more informative than static direct current (DC) 
measurements with the transistor structure. A feasibility of 
this platform has exemplarily been demonstrated by realis-
ing a pH-sensitive EDIS sensor with nanocrystalline dia-
mond (NCD) films [16]. In addition, the possibility of la-
bel-free electrical detection of charged macromolecules 
with the EDIS structure has been demonstrated using 
layer-by-layer adsorbed polyelectrolyte multilayers as 
model system [17]. 

In this work, a capacitive field-effect EDIS structure 
with an enzyme penicillinase-modified NCD film is inves-
tigated for the detection of penicillin for the first time. The 
determination of different kinds of penicillin is very impor-
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tant in medicine, pharmaceutical production, environ-
mental monitoring, process control in fermentation broths 
and food industry. At present, many Si-based enzyme bio-
sensors have been developed for the detection of penicillin 
G, mainly for the analysis of fermentation broths (see, e.g. 
[18, 19] and literature there), where it requires the determi-
nation of relatively high concentrations of penicillin. How-
ever, for many 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 needed [20, 21]. For in-
stance, benzyl penicillin or penicillin G is frequently used 
as antibiotic in veterinary practice for prevention and treat-
ment of bacteria infection [22]. This may lead to a not-
desired presence of penicillin residues in food (milk, meat, 
etc.) obtained from medicated animal, and a small quantity 
of this compound might be responsible for allergic reac-
tions in human beings. 

2 Experimental 
2.1 Functioning principle of a penicillin-sensitive 
EDIS biosensor 

The structure and operation principle of the penicillin 
biosensor is shown in Fig. 1. The developed penicillin bio-
sensor consists of a pH-sensitive field-effect p-Si-SiO2-
NCD structure with immobilised ß-lactamase (penicilli-
nase). 

 

 
Figure 1 Structure and operation principle of the penicillin bio-
sensor based on a field-effect EDIS structure with penicillinase-
modified O-terminated nanocrystalline diamond. 

 
The operation principle of the penicillin biosensor is as fol-
lows [18-21]: The pH-sensitive transducer material (here: 
O-terminated NCD) detects variations in the H+-ion con-
centration resulting from the catalysed hydrolysis of peni-
cillin by the enzyme penicillinase according to reaction 
(1): 

 
       penicillinase        

     penicillin  +  H2O      →     penicilloicacid  +  H+          (1) 
                                                      

A resulting local pH decrease near the surface of the 
O-terminated NCD layer leads to a change in the NCD sur-
face charge and thus, modulates the space-charge capaci-
tance in the Si and consequently, the flatband voltage and 
capacitance of the EDIS structure. 

2.2 Preparation and physical characterisation 
of NCD films 

Undoped NCD thin films of about 100 nm thickness 
were grown on a p-Si-SiO2 (ρ=1-10 Ωcm, 50 nm thermally 
grown SiO2) structure by microwave (2.45 GHz) plasma-
enhanced chemical vapour deposition from a mixture of 
methane (CH4) and hydrogen (H2) in an ASTeX 6500     
reactor. Prior to growth, the SiO2 surface was seeded with 
a monodisperse colloid of nanocrystalline diamond parti-
cles in water with an ultrasonic bath. The gas flow rate, gas 
pressure, microwave power, substrate temperature and 
growth time were 485 sccm H2, 15 sccm CH4, 22 Torr, 
3000 W, 490 °C, and 240 min, respectively. An Al film 
was deposited on the rear side of the Si chip as a contact 
layer. The chip size of the EDIS sensors has been 10 mm x 
10 mm. For the process details of preparation of NCD 
films, see [23, 24]. 

The NCD films have been characterised by ellipsome-
try, scanning (SEM) and transmission (TEM) electron mi-
croscopy, and X-ray photoelectron spectroscopy (XPS) 
methods. The SEM and TEM micrographs in Fig. 2 dem-
onstrate an example of the morphology of a 100 nm thick 
NCD film and cross-section of the layer structure, respec-
tively. As can be seen, the film comprises randomly ori-
ented fine grains and is totally closed. There are no pin-
holes visible in the film. The average grain size of the 100 
nm thick NCD film, as determined by the SEM image, was 
around 100 nm. 

Typically, as-prepared NCD surfaces are H-terminated. 
To obtain an O-terminated NCD surface with insulating 
properties, it was treated in an oxidising boiling mixture of 
H2SO4 and KNO3 at 300 °C for about 45 min. In order to 
establish the relative coverage of the surface functional 
groups generated by the oxidation of NCD surfaces, XPS 
analysis was carried out. The results of XPS analysis have 
shown that the O1s/C1s atomic concentration ratio for the 
O-terminated NCD films is about 12 at. %, as calculated 
by dividing the relevant peak areas in the recorded spectra 
by appropriate bulk atomic sensitivity factors. These val-
ues are comparable to those that have been reported in [16, 
25]. 
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Figure 2 SEM (a) and TEM (b) picture of the surface morphol-
ogy of a 100 nm thick NCD film and cross-section of layer struc-
ture, respectively. 

2.3 Enzyme immobilisation 
The characteristics of enzyme biosensors based on a 

pH-sensitive field-effect structure depend on the type of 
pH-sensitive transducer material used, on the pH and ca-
pacity of the buffer solution, on the thickness of the en-
zyme membrane and finally, on the enzyme immobilisa-
tion method. The most frequently used immobilisation 
techniques are enzyme entrapment and cross-linking meth-
ods (see, e.g., recent reviews [18,19] and literature there). 
In this study, we have examined the performance of the 
EDIS biosensor with adsorptively immobilised penicilli-
nase (EC 3.5.2.6., Bacillus cereus from Sigma, specific ac-
tivity: 1650 units/mg protein) directly onto the O-
terminated NCD film. The main advantages of the adsorp-
tive immobilisation technique are its simplicity and cheap-
ness without any loss of the enzyme activity and the possi-
bility of subsequent enzyme (sensor) regeneration, i.e. the 
possibility of a repeated enzyme immobilisation in the case 
of washing out of the loosely attached enzyme molecules 
from the sensor surface during storage, measurement and 
rinsing steps [18, 20, 21]. 

The enzyme solution was prepared by dissolving the 
enzyme penicillinase in a 200 mM TEA buffer, pH 8. 10 µl 
enzyme solution per sensor was pipetted onto the samples, 
incubated at room temperature for about 1 h and dried in 

N2 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 1 h to let the 
enzyme membrane equilibrate. When not in use, the sen-
sors were stored in Titrisol buffer, pH 7, at 4 °C. 

2.4 Measurement set-up 
The EDIS biosensors have been characterised in buffer 

solutions with different content of penicillin G by means of 
capacitance-voltage (C-V) and constant-capacitance (Con-
Cap) method using an impedance analyzer (Zahner Elek-
trik) (see measurement set-up in Fig. 1). For operation, a 
DC polarisation voltage is applied via the reference elec-
trode (conventional 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 meas-
ure the capacitance of the sensor. All potential values are 
referred to the Ag/AgCl electrode. 

For the measurements, 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 refer-
ence electrode, and on its rear side by a gold-plated pin. 
The side walls and backside contact of the EDIS sensor 
chip were protected from the electrolyte solution by means 
of an O-ring, thereby circumventing the need for a com-
plex encapsulation processes. The contact area of the EDIS 
sensor with the solution was about 0.5 cm2. The measure-
ments have been performed in a dark Faraday cage at room 
temperature. For the measuring procedure, about 1 ml of 
the working buffer or particular penicillin solution was ap-
plied to the EDIS gate surface, 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 prepared by dissolving 
penicillin G (benzyl penicillin, 1695 units/mg, Sigma) in 
the working buffer. As a working buffer, a 0.5 mM poly-
mix multi-component buffer solution containing 100 mM 
KCl as an ionic strength adjuster or 0.5 mM phosphate 
buffer (pH 8), respectively, was used. The pH of the po-
lymix buffer was adjusted to pH 8 by titration with NaOH 
solution. 

3 Results and discussion 
3.3 pH-sensitivity of O-terminated NCD films 

Before characterisating the penicillin biosensor, the pH 
sensitivity of an O-terminated NCD film has been proven. 
Figure 3 exemplarily demonstrates a typical dynamic Con-
Cap response of an EDIS structure with a 100 nm thick O-
terminated NCD film recorded in Titrisol buffer with dif-
ferent pH values. The EDIS sensors show an average pH 
sensitivity of 40-45 mV/pH in the range of pH 4 to pH 10. 
A mechanism of the pH sensitivity of O-terminated NCD 
surfaces has been discussed in [9, 16] by using the well-
known site-binding model (see, e.g. [18]). Similar to the 
oxide/electrolyte interface, the presence of hydroxyl 
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groups at the oxidised NCD surface can result in pH-
dependent changes of the surface charge, thus, modulating 
the space-charge capacitance in the Si and the recorded 
EDIS sensor signal. 

Figure 3 Typical ConCap response of an EDIS structure with O-
terminated NCD layer recorded in Titrisol buffers of different pH 
values from pH 4 to pH 10. 

3.4 Penicillin detection with O-terminated NCD 
film 

Figure 4 shows typical C-V curves of a penicillinase-
modified EDIS sensor (total number of tested sensors n=3) 
in a working buffer and in penicillin G solutions with con-
centrations of 0.1, 0.5 and 2.5 mM. With increasing the 
concentration of penicillin in the solution from 0.1 to 2.5 
mM, the C-V curves are shifted in the direction of a more 
negative flat-band voltage Vfb, which results from the in-
crease of the H+-ion concentration at the sensor surface due 
to the enzymatic reaction. The flat-band voltage shifts ΔVfb 
are proportional to the change of the H+-ion concentration 
(ΔpH) at the O-terminated NCD surface. At a penicillin 
concentration of 0.5 mM, ΔVfb was about 70 mV. Consid-
ering an average pH sensitivity for O-terminated NCD of 
40 mV/pH (see Fig. 3), this voltage shift corresponds to a 
pH value at the NCD surface of 6.25 (by the pH value of 
the bulk buffer solution of pH 8), that is a ΔpH of 1.75. 

A typical ConCap response and calibration curve of the 
freshly prepared penicillin biosensor measured in phos-
phate buffer solution with different penicillin concentra-
tions is shown in Fig. 5. In contrast to the C-V method, the 
ConCap mode allows to monitor the dynamic characteris-
tics of the EDIS biosensor. In this experiment, the capaci-
tance of the EDIS sensor has been kept at a fixed value 
within the depletion region of the C-V curve using a feed-
back-control circuit, and the penicillin concentration-
dependent potential changes at the electrolyte/NCD inter-
face, which result from the increased H+-ion concentration 
at the O-terminated NCD surface due to the enzymatic re-
action were directly recorded for about 3-5 min. With in-

creasing penicillin concentration from 0.025 to 10 mM, the 
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 raises. 
The recorded sensor output voltage correlates directly with 
the respective penicillin concentration in the solution. 

 

 
Figure 4 Typical C-V curves of a penicillinase-modified EDIS 
sensor in 0.5 mM polymix working buffer, 100 mM KCl, (pH8) 
and in penicillin G solutions with concentrations of 0.1, 0.5 and 
2.5 mM. 

 
Figure 5 Typical ConCap response (a) and calibration curve (b) 
of the developed NCD-based penicillin biosensor (buffer: 0.5 
mM phosphate buffer, 100 mM KCl, pH 8). 

Even after three weeks, the same biosensor shows a 
clear dependence on the penicillin concentration (see Fig. 
6). The developed NCD-based penicillin biosensor pos-
sesses a high sensitivity of 60-70 mV/decade in the linear 
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concentration range from 0.005 to 2.5 mM penicillin G. 
The upper detection limit is about 5 mM. The response 
time was between 0.5 and 5 min depending on the particu-
lar penicillin concentration. 

 

 
Figure 6 ConCap response of the NCD-based penicillin biosen-
sor after three weeks (buffer: 0.5 mM polymix buffer, 100 mM 
KCl, pH 8). 
 

Conclusions 
A high-sensitive (70 mV/decade) and low detection 

limit (5 µM) penicillin biosensor has been realised using a 
capacitive field-effect EDIS structure with an enzyme-
modified NCD film. The enzyme penicillinase was adsorp-
tively immobilised directly onto the O-terminated NCD 
surface, which allows repeatable sensor regeneration. Fu-
ture experiments will focus on an optimisation of the 
buffer solution as well as long-term stability investigations 
of the NCD-based penicillin biosensor. 
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