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1. Introduction

Long-term stable immobilization of the
receptor layer (e.g., enzymes) is one of
the most critical parts for the development
of biosensors. Investigations show that the
immobilization technique as well as condi-
tions such as temperature, contaminants,
and thickness of the enzyme membrane
play a fundamental role in the subsequent
performance of a biosensor and have a
major effect on, for example, the sensitiv-
ity, drift, and long-term stability.[1–7]

Typical immobilization techniques include
drop coating, spin coating, and adsorptive
binding or gel entrapment.[8–11] However,
search for new approaches is fundamental
in enhancement for devices resulting in
improved sensor properties. Studies of
field-effect devices (FEDs) for enzyme-
based biosensors have shown that a better

sensor performance can be achieved when the physical adsorp-
tion of the enzyme membrane is supported by an additional
nanomaterial-based intermediate layer.[4,12–15] In this context,
FEDs have become an interesting application for nanomaterials
as enzyme carriers.[16]

In general, the working principle of a capacitive electrolyte–
insulator–semiconductor (EIS) structure, which belongs to
FEDs, is based on the fact that changes on the sensor
surface can modulate its capacitance. This enables the detection
of target molecules, presenting the advantages of being
sensitive, small, of low weight, and resulting in low-cost devi-
ces.[17–20] Changes in pH, and as a consequence of hydronium
and hydroxide ions, products of enzymatic reactions, can thus be
monitored at the interface chip/electrolyte using such
structures.[17–21]

The incorporation of enzymes and nanomaterials in the form
of nanostructured films on FEDs has been shown to be an
interesting strategy for enzyme immobilization to improve
biosensors’ performance.[18,19] In this sense, a simple and versa-
tile method for modifying solid surfaces is the layer-by-layer
(LbL) technique. It involves the principle of adsorption of mole-
cules of opposite charges, being able to form multilayered films
on a substrate using organic or inorganic molecules, polymers,
natural proteins, or colloids.[22–24] The technique allows solutions
using water as a solvent, depositing films on a wide variety of
different substrates with molecular control and films on nano-
scale. The application of nanomaterials, in addition, improves
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A new functionalization method to modify capacitive electrolyte–insulator–
semiconductor (EIS) structures with nanofilms is presented. Layers of polyal-
lylamine hydrochloride (PAH) and graphene oxide (GO) with the compound
polyaniline:poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PANI:
PAAMPSA) are deposited onto a p-Si/SiO2 chip using the layer-by-layer technique
(LbL). Two different enzymes (urease and penicillinase) are separately immo-
bilized on top of a five-bilayer stack of the PAH:GO/PANI:PAAMPSA-modified
EIS chip, forming a biosensor for detection of urea and penicillin, respectively.
Electrochemical characterization is performed by constant capacitance (ConCap)
measurements, and the film morphology is characterized by atomic force
microscopy (AFM) and scanning electron microscopy (SEM). An increase in the
average sensitivity of the modified biosensors (EIS–nanofilm–enzyme) of around
15% is found in relation to sensors, only carrying the enzyme but without the
nanofilm (EIS–enzyme). In this sense, the nanofilm acts as a stable bioreceptor
onto the EIS chip improving the output signal in terms of sensitivity and stability.
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the ability to catalyze reactions due to their high surface
area.[5,18–20] One of the recent materials that can be incorporated
is graphene oxide (GO), a graphene derivative where oxygen-
containing functional groups, such as epoxy, hydroxyl, and
carboxyl groups, cover the surface, which makes their use
through the LbL technique relatively easy, as well as improving
the interaction with target molecules.[25,26] For example, Liu et al.
developed an amperometric biosensor using glucose oxidase and
GO.[27] The authors observed that a distinct part of the sensor
performance was due to the interaction of the oxygenated groups,
especially the oxide carboxylics, with the amino groups of the glu-
cose oxidase. In another approach, Xu et al. developed an aggre-
gation-induced emission (AIE) biosensor to detect bovine serum
albumin (BSA).[28] In this study, the presence of GO was funda-
mental, solving the normal drawback of low selectivity of AIE
sensors and resulting in increased sensitivity. Recently, Vajedi
and Dehghani reported the combination of GO with
layered double hydroxides (LDHs) and cobalt ferrite (CoFe2O4)
on a fluorine tin oxide (PTO) substrate as an electrochemical
DNA (deoxyribonucleic acid) biosensor. They observed reproduc-
ibility, stability, and selectivity, as well as sensing in real samples
such as human blood plasma, serum, and urine with good recov-
ery.[29] The developed sensor had active sites allowing interaction
with the target molecule. In addition, being capable of immobi-
lization of DNA, the sensor facilitates the transfer of electrons on
the electrode surface.

Polyaniline (PANI), the secondmaterial of this study, has been
used by researchers due to its easy availability, conductivity, sta-
bility, and operation at room temperature.[30,31] Its use in energy
storage systems is well known due to the increase in capacitance
generated through its pseudocapacitive effect.[32,33] For applica-
tion in field-effect sensors, this material still has potential to be
more explored, especially in combination with nanomaterials.
For instance, Dhaoui et al. reported the detection of nitrite[34]

by modifying a Si/SiO2 structure with PANI and sulfamic acid
(abbreviated PANI-SFA), achieving a significant increase in
sensitivity.

In this study, a capacitive field-effect sensor has been devel-
oped with a nanomaterial-assisted surface supported by a poly-
electrolyte polyallylamine hydrochloride (PAH):GO/PANI:
PAAMPSA (poly(2-acrylamido-2-methyl-1-propanesulfonic acid))
layer stack with the enzymes urease and penicillinase, respec-
tively, chosen as model enzymes. The two model enzymes have
been selected with regard to possible future biomedical applica-
tions: A high concentration of urea, a metabolite of the organism,
is an indication of renal failure, dehydration, urinary tract
obstruction, burns, shocks, and gastrointestinal bleeding.[35,36]

Penicillin G, as an antibiotic substance, can sometimes cause
allergic shocks in patients and is applied in veterinary medi-
cine.[37] Electrochemical constant capacitance (ConCap) analysis
associated with morphological images by scanning electron
microscopy (SEM) and atomic force microscopy (AFM) have
demonstrated that the presence of the nanofilm plays an impor-
tant role in stabilizing the enzyme immobilization over the EIS
chip, leading to urea and penicillin biosensors with 15% higher
sensitivity and improved output signal in terms of signal
response and long-term stability in comparison with a nano-
film-free biosensor.

2. Experimental Section

2.1. Materials and Solutions

GO functionalized with carboxylic acid and PAH (average 54
Mw ¼ 58 000) were acquired from Sigma-Aldrich (Germany).
Titrisol buffer, tris(hydroxymethyl)amonomethane, potassium
dihydrogen phosphate, citric acid, disodium tetraborate, potas-
sium chloride, urease (Canavalia ensiformis made of Jack beans,
50 000�100 000 units/g solid), urea, penicillinase (Bacillus cereus,
specific activity: 1670 units/mg protein), and penicillin G (benzyl
penicillin) were also purchased from Sigma-Aldrich, as well as
the buffer components (monosodium phosphate and disodium
phosphate) for the preparation of phosphate buffer solution
(PBS).

For the PANI synthesis, dimethylacetamide (DMAc), hydro-
chloric acid, aniline, (3-aminopropyl)triethoxysilane (APTES),
propylene carbonate, lithium perchlorate, and ammonium per-
oxydisulfate were purchased from Sigma-Aldrich (United
States). PAAMPSA (10.36 wt% in water, Mw� 800 kgmol�1)
was purchased from Scientific Polymer Products (United States).

2.2. Polymix Buffer Preparation

Tris(hydroxymethyl)aminomethane (3.03 g), 3.40 g of potassium
dihydrogen phosphate, 5.25 g of citric acid, 5.03 g of disodium
tetraborate, and 1.86 g of potassium chloride were dissolved in
1 L of distilled water. The resulting polymix buffer with a concen-
tration of 25� 10�3

M was diluted to 0.25 and 100� 10�3
M of

potassium chloride was added.

2.3. PANI-PAAMPSA Synthesis

Synthesis of PANI:PAAMPSA was performed according to pre-
vious reports.[38,39] A total of 5.8 g of PAAMPSA (0.028 M) was
dissolved in 375mL of deionized water, and 2.6 g of aniline
was added to the PAAMPSA solution and stirred for 1 h.
Ammonium peroxydisulfate (5.8 g) was also dissolved in
25mL of deionized water separately. This last solution was added
dropwise to the first one, and polymerization was conducted at
5 �C for 24 h. Then, acetone was added to precipitate the PANI:
PAAMPSA, which was filtered and washed with acetone to
remove the unreacted monomer and oligomer. The isolated
emeraldine salt PANI:PAAMPSA colloid (green color) was dried
under vacuum at room temperature overnight.

2.4. Fabrication of EIS Structures

The fabrication process of the EIS sensors followed the proce-
dure mentioned before with SiO2 as pH-sensitive transducer
material fabricated my means of thin-film technology.[18] The
EIS chips were fabricated with an Al/p-Si/SiO2 layer sequence.
For this, a p-doped Si substrate (356–406 μm thick) with a spe-
cific resistance of 1–5Ω cm was used. The SiO2 layer was pro-
duced by thermal oxidation of the Si under O2 atmosphere at
1050 �C for 30min, resulting in a thickness of �30 nm. A
300 nm thick Al contact layer was deposited on the rear side
of the p-Si by electron-beam evaporation, which was annealed
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afterward. The wafer was cut with a diamond saw into single
chips of 1.0 cm2 sizes. The chips were cleaned in acetone
(5min), after that in isopropanol (5min), and finally in deionized
water (10min). Before modification of the surface of the EIS sen-
sors, they were placed in a homemade acrylic measuring cell and
sealed by an O-ring. The active area of the chip exposed to the
solution was 0.5 cm2.

2.5. LbL Film Preparation and Enzyme Immobilization

The PAH:GO dispersion at pH 4 was obtained by solving 10mg
of PAH and 5mg of GO in 10mL of deionized water, which was
then ultrasonicated for 2 h. The solution containing PANI:
PAAMPSA was made following the procedure described in
the literature[40]: 5 mg of PANI:PAAMPSA was dispersed in
10mL of deionized water, sonicated, and the pH was adjusted
to pH 2.5 using diluted HCl. For modification of the EIS sensors
via the LbL technique, the chips were immersed in the PAH:GO
solution for 10min, washed three times with distilled water,
dried with nitrogen, and added to the PANI:PAAMPSA solution
for 10min, also washed three times with distilled water, and
dried with nitrogen, forming a bilayer. Based on previous reports
from the current study’s group, considering the use of amine-
functionalized polyelectrolytes (PAH and PANI:PAAMPSA)
and a carbon-based nanomaterial functionalized with carboxylic
acid, the number of bilayers to fabricate the PAH:GO/PANI:
PAAMPSA was set to five.[14,18–20,41,42]

The enzyme cocktail with urease was prepared by dissolving
30mg of enzyme powder in 15mL of 0.25� 10�3

M polymix
buffer solution, pH 7. Urea solutions were prepared at
different concentrations ranging from 0.1 to 100� 10�3

M in a
0.25� 10�3

M polymix buffer solution, pH 8, containing
100� 10�3

M of KCl. The penicillinase solution was prepared
by dissolving 1.8mg of the enzyme powder in 1mL of 0.2 M trie-
thanolamine (TEA) buffer, pH 8. The penicillin solutions of dif-
ferent concentrations ranging from 0.1 to 50� 10�3

M were
prepared by dissolving penicillin G in a 0.25� 10�3

M polymix
buffer, pH 8, containing 100� 10�3

M of KCl. Both enzyme sol-
utions (80 μL each) were physically adsorbed onto the PAH:GO/
PANI:PAAMPSA layer stack, left overnight to complete the
immobilization procedure, and nonspecific bound enzyme

was removed by washing steps before starting the measurement.
The resulting bioreceptor nanofilm and the scheme of the mea-
surement setup including the sensor chip are shown in Figure 1.

2.6. Physical and Electrochemical Characterization

To study the influence of the additional nanofilm on the sensor
performance, nanofilm-modified EIS sensors (by LbL technique)
including the particular enzyme were compared with bare EIS
sensors only carrying the enzyme (urea or penicillinase) without
the nanofilm. In this case, 80 μL of the respective enzyme solu-
tion was drop coated onto the sensor surface and immobilized
overnight.

The surface of the functionalized EIS sensors was analyzed
with an atomic force microscope BioMat Workstation (JPK
Instruments, Germany) and a field-emission scanning electron
microscope (Jeol JSM – 7800F, Germany). Tapping mode
liquid-cell AFM images were taken using Si cantilevers with sili-
con nitride tips. The scanned area was 2 μm2. The root-mean-
square (rms) roughness of the multilayer PAH:GO/PANI:
PAAMPSA were estimated by data analysis using the software
Gwyddion SPM.

The differently prepared biosensors were characterized by
means of ConCap mode measurement at a frequency of
70 Hz using an impedance analyzer (Zahner Elektrik,
Germany). An alternating current (AC) voltage with an amplitude
of 20mV was used for all measurements. The working capaci-
tance for the ConCap mode was defined by carrying out C–V
(capacitance–voltage) measurements in a direct current (DC)
voltage range between �2 and 2 V with steps of 100mV.
The capacitance in the linear range of the depletion region
(�60% of the maximum capacitance) was chosen (data not
shown).[4,12,13] In the ConCap mode, the capacitance of the
EIS sensor was kept constant using a feedback-control circuit that
allows the direct monitoring of potential changes at the sensor
surface. A conventional liquid-junction Ag/AgCl electrode
(Metrohm, Germany) was used as a reference electrode. The
measurements were performed in a dark Faraday cage at room
temperature with n¼ 3 sensors for statistical evaluation. For pH
and urea detection, a conditioning time of 5min was used; for
penicillin, it was 6min.

Figure 1. Schematic representation of the measurement setup with the EIS sensor modified by the PAH:GO/PANI:PAAMPSA LbL film with the enzyme
urease and penicillinase, respectively.
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3. Results and Discussion

3.1. Surface Morphology

Five bilayers of an LbL stack of PAH:GO/PANI:PANI:PAAMPSA
were prepared, based on former experiments with nanofilms,
that turned out to provide their best performance in terms of sen-
sitivity.[14,18,41] Figure 2 shows SEM pictures of the surface mor-
phology of a p-Si/SiO2 EIS chip with enzyme penicillinase (left)
and a modified EIS sensor with a five-bilayer PAH:GO/PANI:
PAAMPSA/penicillinase LbL nanofilm (right). In comparison
to the unmodified chip, the interaction between PANI and the
graphene sheet is clearly demonstrated in the five-bilayer
arrangement: There is an increase in the surface area of the
nanofilms (see right SEM image), which provides a randomly
higher surface coverage over the entire chip surface. Based on
previous studies of our group, the structure of the nanofilm
may act as a membrane in which a better enzyme adhesion
can be expected.[14,18,41] At the same time, on the other hand,
one should mention that too many bilayers might probably iso-
late the oxide surface, also hindering ions from diffusing to the
sensor surface, and decrease the sensitivity.[14,18,41]

In Figure 3, a sensor with the nanofilm and urease (a) and a
bare EIS sensor modified by the enzyme urease (b) are exem-
plarily shown by AFM images in a scan area of �2 μm2. The
sensor modified with the nanofilm and urease exhibits a typ-
ical topography containing stacked GO sheets randomly ori-
ented over the chip surface, which can be visualized as
indicated by the blue arrows in Figure 3a (left). The irregular
surface (nonflat) leads to a high surface area with an rms
roughness of �16.0–20.0 nm, in which the aggregates in ligh-
ter regions may indicate the intense presence of the enzyme
immobilized over the film surface, as displayed in the 3D
image (right). In contrast, the bare EIS sensor (Figure 3b)
shows a regular topographic profile with a lower rms rough-
ness of �6.0–9.0 nm, as expected. Also different, the pres-
ence of aggregates on the surface (lighter regions) is not
intense, indicating that the presence of the nanofilm pro-
motes the incorporation of a higher amount of enzyme
and better distribution over the chip surface. These changes

in the morphological properties for films with a rougher
active surface area is desirable as they can permit the forma-
tion of sensor units (bioreceptor) that can promote an
improvement in properties and better performance, such
as higher sensitivity and stable output signals.[14,18–20,41] It
is worth mentioning that similar features in the topographic
profile were observed for EIS sensors modified with nanofilm
and penicillinase (data not shown).

3.2. pH Sensitivity of the EIS Structure Functionalized with
LbL Film

The influence of the PAH:GO/PANI:PAAMPSA nanofilm con-
taining five bilayers on the pH sensitivity of the capacitive EIS
sensor was proven. Therefore, a bare EIS sensor and a sensor
modified with the nanofilm (both without enzymes) were char-
acterized in Titrisol buffer at different pH values ranging from
pH 5 to 9. Exemplary ConCap recordings are displayed in
Figure 4. The measurements started at pH 5 and continued to
pH 9 in increments of 1, and again backward to pH 5. Each
pH value was recorded for 5min. The black curve corresponds
to the measurement of the blank EIS sensor and the red one to
the sensor modified with the nanofilm. In both cases, the signals
were stable for all pH values and showed distinct steps for vary-
ing concentrations. The hysteresis at pH 7 amounted to be
�4mV. There was no different behavior in terms of average
pH sensitivity. As shown in Figure 4b, for the bare EIS sensor
a mean sensitivity of 54.6� 2.7 mV pH�1 and for the EIS
sensor modified by the nanofilm, a mean sensitivity of
53.9� 2.2 mV pH�1 were achieved. These values are comparable
to literature data[7] and indicate that the nanofilm did not
isolate the surface of the EIS chip, allowing the Hþ ions to
have access to the SiO2 hydroxyl surface groups. Overall, these
results corroborate those of the AFM and SEM images in
Figure 2 and 3, respectively, where it was observed that although
the nanofilm is distributed evenly over the chip surface, there are
still open areas exposed for interaction of electrolyte ions with the
sensor surface.

Figure 2. SEM images of an EIS field-effect sensor with enzyme penicillinase (left) and an EIS sensor with a five-bilayer stack of PAH:GO/PANI:
PAAMPSA/penicillinase (right) at 33 000� magnification; energy of e-beam: 5 kV.
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3.3. Urea Sensitivity of the EIS Structure Functionalized with
LbL Film

Among the ways of detecting urea, immobilization by adsorption
of the enzyme urease on the field-effect sensor surface presents
the disadvantage of having a short lifetime, often making the
reuse of such sensors limited.[43–45] To circumvent this draw-
back, films between the EIS sensor surface and the physically
adsorbed enzyme can improve the immobilization stability
and sensitivity.[43] To study this effect, a nanofilm of LbL
PAH:GO/PANI:PAAMPSA with urease was chosen. Urease acts
by hydrolyzing one urea molecule to one carbon dioxide and two
ammonia molecules, which hydrolyze into ammonium and
hydroxide ions. Thus, after the reaction, an increase in pH
directly at the sensor surface is expected and in this way, this
pH change can be detected by the sensor.[21] In Figure 5a, exem-
plarily ConCap curves for urea detection involving the EIS sensor
modified by the nanofilm of LbL-deposited PAH:GO/PANI:
PAAMPSA with enzyme urease and the bare EIS sensor with
enzyme urease in a linear concentration range between 0.1 and
100� 10�3

M urea are presented with their respective sensitivi-
ties (see Figure 5b). For statistical evaluation, three sensors each
(n¼ 3) were prepared (EIS sensor modified by the nanofilm and
enzyme; bare EIS sensor modified by the enzyme). The measure-
ments were started by measuring in polymix buffer solution
(pH 8) for 5min, followed by different urea concentrations

starting with 0.1� 10�3 M urea. The concentrations were
increased stepwise until 100� 10�3

M urea, decreased again to
the lowest concentration of 0.1� 10�3 M urea, ending up with
the polymix buffer solution. As described by the theory, the sen-
sor signal increased with increasing urea concentration due to
the increase of the pH value.[17]

For the nanofilm-modified EIS sensor, an average urea
sensitivity of 41� 0.1 mV dec�1 was achieved, whereas the EIS
sensor without nanofilm exhibited an average value of
35� 1.2 mV dec�1. The data have been evaluated from n¼ 3 sen-
sors each, taken into account the respective calibration curves in
Figure 5b. The�15% higher sensitivity of the nanofilm-modified
sensor chip in relation to the nonmodified sensor chip can be
probably explained by the presence of the nanofilm, which pro-
vided a higher enzyme loading onto the sensor surface due to its
increased morphological architecture. At concentrations higher
than examined (data not shown), both sensors show a saturation
behavior: The amount of urea on the sensor surface requires
more time to be converted by the enzyme and at the same time,
having high urea concentrations results in our experiment in a
strong pH increase of about ΔpH� 2, decreasing the activity of
the enzyme dramatically.[14]

The stability of both urea biosensors was also investigated
(data not shown). In case of the LbL-modified biosensor, the aver-
age urea sensitivity dropped from �41 to �30mV dec�1 within
the first three days, whereas for the nanofilm-free urea biosensor,

(a)

(b)

Figure 3. AFM images for the a) enzyme urease immobilized on top of a five-bilayer PAH:GO/PANI:PAAMPSA LbL film and for the b) bare EIS sensor
with the immobilized enzyme urease and their respective 3D images. Blue arrows indicate GO sheets, randomly oriented over the film surface.
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the signal decreased from �35 to �18mV dec�1. A possible
explanation for this behavior might be associated with a larger
amount of enzyme being distributed and better accommodated
over the high surface area of the film and interactions between
the outermost polymeric layer and the enzyme, causing better
incorporation (adhesion) onto the film. The obtained urea sensi-
tivities for the LbL-modified biosensor are in good agreement
(and even slightly higher) with results reported by, for example,
Siqueira Jr. et al.,[14] who developed an LbL nanofilm consisting
of a polyamidoamine (PAMAM) dendrimer and carbon nano-
tubes (CNTs) on an EIS sensor platform, with sensitivities of
around 33mV dec�1, and Wu et al.,[46] who also investigated
an EIS platform with Sm2O3 as the pH-transducing layer
with immobilized urease. The authors observed a sensitivity
of 2.5mVmM�1 in the urea concentration range of
5–40� 10�3

M. Similar results were discussed by Wu et al.
with a urea sensitivity of 9.59mVmM

�1 in the concentration
range from 1 to 16� 10�3 M.[47]

The ConCap cycle in Figure 5a underlines more pronounced
steps in case of the nanofilm-modified urea biosensor, making it

an appropriate possible candidate for further monitoring of urea
in human samples, such as blood and urine. The lowest urea con-
centration examined in this experiment of 0.1� 10�3 M indicates
that the sensor can be principally used to detect urea in human
serum (estimated to be in the range of 1.7–8.3� 10�3

M).[48]

3.4. Penicillin Sensitivity of the EIS Structure Functionalized
with LbL Film

As a second model enzyme, penicillinase was chosen to modify a
bare EIS sensor and a sensor with the already implemented
nanofilm. Upon the addition of penicillin, the immobilized pen-
icillinase catalyzes the hydrolysis of penicillin to penicilloic acid,
resulting in the production of Hþ ions.[49] Thus, the potential
during ConCap mode measurement is expected to decrease as
the concentration of penicillin in the solution is increased.
Figure 6 shows two ConCap graphs obtained from the bare
EIS sensor modified with penicillinase (black line) and the
EIS sensor modified by the nanofilm and penicillinase (red line).
Penicillin concentrations between 0.1 and 50� 10�3

M were

Figure 4. a) ConCap measurement of different pH values (pH 5–9) of a
bare EIS sensor (black line) and an EIS sensor modified by a five-bilayer
nanofilm of PAH:GO/PANI:PAAMPSA (red line); b) corresponding calibra-
tion curves for both sensor variants.

Figure 5. a) ConCap measurement of different urea concentrations
(0.1–100� 10�3 M) of a bare EIS sensor with immobilized urease (black
line) and an EIS sensor modified by a five-bilayer nanofilm of PAH:GO/
PANI:PAAMPSA with immobilized urease (red line); b) corresponding cal-
ibration curves for both sensor types. B: buffer.
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tested. Each concentration was recorded for 6min. In the
beginning, the respective sensor wasmeasured in buffer solution
(polymix buffer, pH 8), followed by the lowest penicillin concen-
tration of 0.1� 10�3 M and increasing up to 50� 10�3 M. After
measuring 50� 10�3

M penicillin, the concentration was again
decreased to 0.1� 10�3

M. Before finishing the experiment,
the sensor signal was recorded by measuring only in the buffer
solution. As for the urea biosensor, both sensor types show a sim-
ilar sensor behavior. Remarkably, the signal steps for the differ-
ent penicillin concentrations are even more pronounced in case
of the nanofilm-modified field-effect biosensor. For both sensor
variants, the sensor signal is decreasing with increasing
penicillin concentration and vice versa. The calibration plots
in Figure 6b show an average penicillin sensitivity of
43.2� 4.3 mV dec�1 for the bare EIS sensor with immobilized
penicillinase and 50.7� 3.9 mV dec�1 of the modified EIS sensor
with the nanofilm and immobilized penicillinase, in the linear
concentration range between 0.1 and 50� 10�3 M penicillin.
The measurements have been performed for n¼ 3 sensors for
each variant. Also in this experiment, an �15% higher average

penicillin sensitivity exists for the nanofilm-modified sensor
chip, whose improved sensor performance can be explained
by the modified surface architecture. Both sensors have a pretty
high long-term stability; even after 30 days, no loss in sensitivity
was found, which was still�43mV dec�1 for the bare EIS sensor
and 50mV dec�1 for the modified EIS sensor.

To interpret the achieved results in terms of lower detection
limit and linear measurement range with literature data, Koch
et al. used tobacco mosaic virus (TMV) nanorods together with
penicillinase for an acidimetric penicillin detection performed
with bromocresol purple as pH indicator and spectrophotometry,
yielding a lower detection limit of 100� 10�6

M.[37] Healey and
Walt described an optical penicillin biosensor also based on the
enzyme penicillinase, where the sensor is made by selective pho-
todeposition of analyte-sensitive polymer matrices on optical
imaging fibers. This sensor detects penicillin in the concentra-
tion range from 0.25 to 10.0� 10�3

M.[50] Lee et al. utilized a
charge-transfer technique for constructing a penicillin biosensor
by immobilizing the enzyme penicillinase onto Si3N4 as pH
transducer material.[51] They detected variations in the Hþ-ion
concentration resulting from the catalyzed hydrolysis of penicil-
lin by the enzymatic reaction, delivering a penicillin sensitivity of
47.8mVmM�1 in the linear concentration range from 0 to
25� 10�3 M, and having a detection limit of about 10� 10�6 M.

Beging et al.[52] investigated a nanospotting technique for
deposition of penicillinase onto a capacitive field-effect EIS struc-
ture of Al/p-Si/SiO2/Ta2O5. Penicillin sensitivity calculated from
the respective C–V curves was similar, with 46.7mV dec�1 in the
concentration range from 0.5 to 10� 10�3 M. Another capacitive
field-effect EIS structure was reported by Poghossian et al.[16] The
study involved the surface modification of the Al/p-Si/SiO2/
Ta2O5 field-effect structure by TMV nanotubes as penicillinase
nanocarrier for enhanced biosensing. A further example is dis-
cussed with an LbL film, consisting of layers of polyaminoamide
(PAMAM) and single-walled carbon nanotubes (SWNTs) used in
FEDs and modified by a layer of penicillinase atop.[41] In other
approach, Ibupoto et al. fabricated a penicillinase biosensor
based on zinc oxide (ZnO) nanorods on a gold-coated glass sub-
strate using a low-temperature aqueous chemical growth
method. The enzyme was immobilized with ZnO nanorods
and ANB-NOS (N-5-azido-2-nitrobenzoyloxysuccinimide) as
cross-linker. Also, here, a good linearity over a wide concentra-
tion range from 100� 10�6 M to 100� 10�3 M was obtained.[53]

Despite the fact that these penicillin sensors for some exam-
ples possess even higher penicillin sensitivity, it should be men-
tioned that PANI in FED structures represents a new topic: Its
dual use—as material for energy storage systems and simulta-
neous application to define a “soft architecture” for embedding
biomolecules with regard to immobilization—offers to be a
promising candidate for further optimization steps in the field
of biosensing.

4. Conclusion

A capacitive field-effect EIS sensor was prepared with
nanomaterial-modified films containing reduced GO and
PANI on a SiO2 surface. The properties of this new type of sensor
surface were compared with a bare EIS sensor by performing

Figure 6. a) ConCap measurement of different penicillin concentrations
(0.1–50� 10�3

M) of a bare EIS sensor with immobilized penicillinase
(black line) and an EIS sensor modified by a five-bilayer nanofilm of
PAH:GO/PANI:PAAMPSA with immobilized penicillinase (red line);
b) corresponding calibration curves for both sensor types. B: buffer.
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ConCap measurements at different pH values. Results showed
that the additional nanofilm did not negatively influence the
intrinsic pH sensitivity of the Al/p-Si/SiO2 field-effect sensor.

To prove the benefit of the nanofilm in terms of bioreceptor
coupling, two enzymes were immobilized on top of the new layer
stack, that is, penicillinase and urease, both selected as model
enzymes. In AFM and SEM characterizations, it was possible
to observe an increase in the surface area due to the nanofilm,
which is crucial to improve enzyme immobilization and chip/
analyte interaction. In ConCap analysis, the modified sensor with
nanofilm and the respective enzyme showed improved sensor
performance in terms of sensitivity, stability, and signal drift over
the sensor modified only by the enzyme and without a nanofilm.
Based on these fundamental “proof of concept” experiments, we
plan to extend this study to further different enzymes and to sys-
tematically investigate the layer numbers of the LbL stack of
PAH:GO/PANI:PAAMPSA when coupling the enzymes.
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