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A B S T R A C T   

Electrolyte-insulator-semiconductor capacitors (EISCAP) belong to field-effect sensors having an attractive 
transducer architecture for constructing various biochemical sensors. In this study, a capacitive model of 
enzyme-modified EISCAPs has been developed and the impact of the surface coverage of immobilized enzymes 
on its capacitance-voltage and constant-capacitance characteristics was studied theoretically and experimentally. 
The used multicell arrangement enables a multiplexed electrochemical characterization of up to sixteen EISCAPs. 
Different enzyme coverages have been achieved by means of parallel electrical connection of bare and enzyme- 
covered single EISCAPs in diverse combinations. As predicted by the model, with increasing the enzyme 
coverage, both the shift of capacitance-voltage curves and the amplitude of the constant-capacitance signal in
crease, resulting in an enhancement of analyte sensitivity of the EISCAP biosensor. In addition, the capability of 
the multicell arrangement with multi-enzyme covered EISCAPs for sequentially detecting multianalytes (peni
cillin and urea) utilizing the enzymes penicillinase and urease has been experimentally demonstrated and 
discussed.   

1. Introduction 

Over the last years, field-effect chemical / biosensors, in particular, 
electrolyte-insulator-semiconductor capacitors (EISCAP), have attracted 
considerable interest due to their miniature sizes and weight, quick 
response, the ability for real-time and labeling-free detection as well as 
the possibility of cost-effective mass production using advanced micro- 
and nanotechnologies (see e.g., recent reviews [1–7]). Being in its pri
mary transducer architecture a pH-sensitive device [7–9], EISCAPs 
selectivity towards other ions or molecules is typically obtained via 
modification of the gate surface with the appropriate chemo- or bio
recognition elements (receptors). This way, numerous EISCAP sensors 
were designed for the selective measurement of various ion concentra
tions [10–13], the electrostatic detection of biomolecules [14–20], vi
ruses [21–23] as well as nanoparticles [24–26] by their charge, 
monitoring of polymer degradation [27], and the layer-by-layer 

deposition of polyions with alternating charge [28,29]. In addition, 
many enzyme-modified EISCAPs have been engineered for the analysis 
of diverse analytes (e.g., urea [30–33], glucose [31,32,34–36], creati
nine [34,36,37], antibiotics [32,33,38–41], acetoin and diacetyl [42]) 
as well as for the design of enzyme-based logic gates (AND, OR, XOR, 
controlled NOT [33,43–45]), mimicking the operating principles of 
electronic logic gates. 

Moreover, several attempts were made to develop on-chip integrated 
arrays of EISCAPs for multiplexed detection of multianalytes [46–48]. 
Generally, the benefits of multianalyte assay systems over biosensors for 
single-analyte recording include the reduced measurement time, low
ered sample volume, high throughput and cost-effective assaying [49]. 
However, fabricating an array of individually addressable EISCAPs on 
the common silicon substrate (while excluding cross-talk between the 
sensors) requires complicated technological process steps. The conse
quence is a forfeiture of the essential advantages of EISCAPs, namely the 
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simple structure and their easy and cost-efficient fabrication. 
To overcome these drawbacks, we proposed recently a novel design 

for on-chip integration of an EISCAP array, capable of the multiplexed 
recording of multianalytes [50]. Beside the conventional sensing gate, 
each on-chip EISCAP structure contained a so-called control gate, which 
offers addressability of EISCAPs in terms of their activation or deacti
vation. This concept excludes any interference between the individual 
sensors, although they were still interconnected through a common 
silicon substrate. In an alternative approach, the surface of the EISCAP 
was separated into two spots, one immobilized with penicillinase and 
the other one with urease [32]. The multiplexing was achieved by 
consecutive exposure of the EISCAP gate to the buffer containing the 
corresponding substrate, i.e., penicillin or urea. 

For both approaches, the receptor-covered spot area was signifi
cantly smaller than the entire surface area of the EISCAP chip contacting 
the analyte solution. A similar situation occurs when immobilized re
ceptors (e.g., enzymes) only partially cover the EISCAP surface, result
ing in a surface coverage η of η < 1. Owing to the working principle of a 
field-effect capacitor, the presence of receptor-free chip areas (here, 
defined as inactive) will result in an additional parasitic capacitance 
parallel to the capacitance of the receptor-covered areas (here, defined 
as active). As a consequence, a smaller signal contribution and reduced 
sensitivity of the sensor towards the analyte can be anticipated. This 
prediction was recently supported by EISCAPs modified with ligand- 
stabilized charged gold nanoparticles of different coverages [26]. The 

influence of the surface coverage of receptor layers (such as enzymes) on 
the EISCAP performance, however, still needs to be studied in detail. 

In this work, a capacitive model for an enzyme-modified EISCAP 
biosensor was developed and the influence of enzyme surface coverage 
on the sensor signal has been studied theoretically and experimentally. 
The capacitance-voltage (C–V) curve and constant-capacitance (Con
Cap) signal of the EISCAP were simulated as a function of enzyme 
coverage. Bare and enzyme-modified EISCAPs were electrochemically 
characterized using a multicell arrangement, enabling the multiplexed 
addressing and readout of an array of up to 16 EISCAPs. Different 
enzyme coverages were accomplished via parallel electrical connection 
of bare and enzyme-modified single EISCAPs in various combinations. 
Finally, the ability of the multicell setup with multi-enzyme modified 
EISCAPs for the sequential detection of multianalytes without cross-talk 
effects was demonstrated experimentally and discussed. Penicillinase/ 
penicillin and urease/urea were used as model enzyme/substrate sys
tems, representing typical enzymatic reactions that generate H+ or OH−

ions, respectively. 

2. Capacitive model of enzyme-modified EISCAP biosensors 

Enzyme-based EISCAP biosensors usually consist of an immobilized 
enzyme onto the gate surface of a pH-sensitive EISCAP [7]. Fig. 1a shows 
the schematic of such an EISCAP biosensor with a stacked 
double-insulator structure, partially covered with enzyme molecules. 

Fig. 1. Schematic structure of the EISCAP partially covered with enzymes (a), profile of the depletion layer during enzymatic reaction (b), electrical equivalent 
circuit (c), and profile of the depletion layer in p-Si at the gate voltage (VGe), which should be applied by the ConCap-mode measurement to maintain a constant 
working-point capacitance (d). The dashed lines in (b) and (d) indicate the width of the depletion layer in p-Si for the unmodified EISCAP at the gate voltage VG. RRE: 
reference-electrode resistance (RE); VG: gate voltage; VAC: alternating current voltage; C2e, C1e, Cse, Ce: gate-insulator-2, gate-insulator-1, space-charge and overall 
capacitance in the enzyme-covered region, respectively; C2, C1, Cs, C0: gate-insulator-2, gate-insulator-1, space-charge and overall capacitance in the enzyme-free 
region, respectively; φe and φ0: gate insulator-2/electrolyte interfacial potential in the enzyme-covered and enzyme-free regions, respectively. 
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The upper gate insulator-2 serves as the pH-sensitive layer (e.g., Ta2O5, 
Al2O3), whereas gate insulator-1 (typically, SiO2) ensures stability of the 
oxide/semiconductor interface as it offers a low density of interface 
states. The surface area (Ae) covered with an enzyme layer is considered 
to be smaller than the total surface area (A) of the EISCAP chip con
tacting the electrolyte. Hence, enzyme surface coverage can be defined 
as η = Ae/A (i.e., the enzyme-covered fraction of the EISCAP’s surface 
contacting the solution). Thus, the model comprises the gate surfaces of 
EISCAPs with artificially patterned or partially immobilized enzyme 
areas as well as the surfaces with randomly immobilized enzymes, which 
form many small islands of active areas surrounded by inactive 
enzyme-free areas, all resulting in a surface coverage of η < 1. Since 
enzymes are typically charged in solutions, we assume that the immo
bilization of enzymes will locally alter the potential at the gate 
insulator-2/electrolyte interface. Thus, in a first approach, the EISCAP 
partially modified with enzymes can be divided into two regions:  

1) an enzyme-free region with a surface area of A0 = A − Ae = A(1 − η) 
and an interfacial potential of φ0, and  

2) an enzyme-covered region with a spot area of Ae, a surface coverage 
of η, and an interfacial potential of φe. 

The operating principle of enzyme-based EISCAPs relies on the 
sensing of local pH variations caused by enzymatic reactions, which 
either generate H+ ions (pH decrease) or consume H+/generate OH– ions 
(pH increase) [7]. Local changes in pH close to the surface of the 
pH-sensitive material will result in a modulation of the gate-surface 
charge, which, in turn, alters the width of the depletion region in the 
Si (see Fig. 1b). Accordingly, the space-charge capacitance in the Si and 
the total capacitance of the EISCAP will be modulated as well. The 
magnitude of the locally-induced pH variation and the amplitude of the 
recorded EISCAP signal are dependent on the concentration of the target 
analyte in solution. A large signal amplitude can be anticipated for 
EISCAPs with gate insulators displaying a high pH sensitivity (in this 
study, Ta2O5). 

The C–V and ConCap method are two convenient modes for the 
electrochemical characterization of EISCAP biosensors [7,51]. The 
typical C–V curves reflect the well-known accumulation, depletion and 
inversion regions. For an EISCAP application as potential- and 
charge-sensitive device, the depletion region of the C–V plot is the us
able range, where the total capacitance of the EISCAP is, among other 
parameters, a function of the gate voltage and the insulator/electrolyte 
interfacial potential [7]. Therefore, to define the influence of the enzyme 
coverage on the C–V characteristics, one should derive the equation for 
the equivalent capacitance of the enzyme-covered EISCAP in the 
depletion regime. 

The simplified electrical equivalent circuit of the enzyme-modified 
EISCAP is presented in Fig. 1c. The resistances of the rear-side contact 
(Al-p-Si), bulk semiconductor and solution have not been included in the 
equivalent circuit, because they are usually negligible compared to the 
resistance (RRE) of the reference electrode (RE). Moreover, for the gate- 
insulator thickness and measurement conditions used in this study, the 
double-layer capacitance at the gate insulator-2/electrolyte interface 
can be neglected [7,52,53]. Thus, the equivalent capacitance (Ceq) of the 
enzyme-based EISCAP can be expressed as a combination of the overall 
capacitances of the enzyme-covered (Ce) and enzyme-free (C0) regions 
in parallel: 

Ceq = Ce + C0 (1) 

Ce is determined by the combination of the capacitances of insulator- 
2 (C2e), insulator-1 (C1e) and space-charge (Cse) in the enzyme-covered 
region in series: 

1
Ce

=
1

C2e
+

1
C1e

+
1

Cse
(2)  

where C2e = ε2ε0Aη/d2 = AηC2a, C1e = ε1ε0Aη/d1 = AηC1a, Cse = εsε0Aη/ 
wse = AηCsea; ε2, ε1 and εs are the dielectric constants of insulator-2, 
insulator-1 and semiconductor, respectively; ε0 is the vacuum permit
tivity, d2 and d1 are the thicknesses of insulator-2 and insulator-1, 
respectively, C2a and C1a are the capacitances of insulator-2 and 
insulator-1 per unit surface area, and wse and Csea are the depletion 
layer’s width and capacitance (per unit area) for the enzyme-covered 
region. 

The term C0 in Eq. (1) is defined by the combination of the constant 
capacitances of insulator-2 (C2), insulator-1 (C1) and the variable space- 
charge capacitance (Cs) in the enzyme-free region in series: 

1
C0

=
1

C2
+

1
C1

+
1
Cs

(3)  

where C2 = ε2ε0A(1-η)/d2 = A(1-η)C2a, C1 = ε1ε0A(1-η)/d1 = A(1-η)C1a, 
Cs = εsε0A(1-η)/ws = A(1-η)Csa; ws and Csa are the depletion layer’s 
width and capacitance (per unit area) for the enzyme-free region. 

Generally, the depletion capacitance per unit surface area for an 
EISCAP with a stacked double-insulator structure is given by [50,54]: 

Ca =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vfb)

qNAεs

√

− C1a+C2a
C1aC2a

(4) 

In expression (4), VG is the gate voltage, q is the elementary charge 
(1.6×10− 19 C), NA is the density of ionized acceptors and Vfb represents 
the flat-band voltage given by [50]: 

Vfb = V ip – φ (5)  

where φ is the interfacial potential and Vip represents a group of analyte- 
concentration independent potentials. By assuming that the charges 
located in the stacked insulators and the surface and interface states are 
zero, Vip can be determined as [50]: 

Vip = Eref + χsol–Ws
/

q (6) 

Here, Eref represents the potential of the RE relative to vacuum, χsol is 
the surface-dipole potential of the solvent and Ws is the silicon electron 
work function. The expressions for Csea and Csa can be obtained by 
replacing the term φ in Eq. (5) with the interfacial potentials corre
sponding to the enzyme-covered (φe) and enzyme-free (φ0) regions, 
respectively, and subsequent substitution in Eq. (4). Hence, Cse and Cs 
can be expressed as: 

Cse = AηCsea =
Aη

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φe)

qNAεs

√

− C1a+C2a
C1aC2a

(7)  

Cs = A(1 − η)Csa =
A(1 − η)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φ0)

qNAεs

√

− C1a+C2a
C1aC2a

(8) 

The potential (φ0) at the interface electrolyte/pH-sensitive gate- 
insulator-2 is given by [55–57]: 

φ0 = 2.3
kT
q

α
(
pHpzc − pH

)
(9)  

where k is the Boltzmann‘s constant, T is the temperature of solution (in 
K), pHpzc represents the pH value at the point of zero charge (PZC), and α 
= S/SNernst is a dimensionless sensitivity parameter (between 0 and 1), 
representing the real sensitivity (S) of the used pH-sensitive gate insu
lator relative to the ideal Nernstian sensitivity (SNernst ≈ 59.16 mV/pH at 
room temperature (RT), T0 = 298 K). 

The equation for the equivalent capacitance of the enzyme-covered 
EISCAP in the depletion region is obtained by substitution of Eqs. (2), 
(3), (7) and (8) into Eq. (1): 
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Ceq =
Aη

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φe)

qNAεs

√ +
A(1 − η)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φ0)

qNAεs

√ (10) 

When the enzyme-modified EISCAP chip is exposed to the analyte 
solution, local pH variations (ΔpH) caused by the enzyme/substrate 
reaction nearby the gate surface of the enzyme-covered region will 
result in an analyte-concentration (c) dependent change (Δφe = f(c)) in 
the electrolyte-insulator interfacial potential. This can be deduced from 
Eq. (9): 

Δφe = − 2.3
kT
q

αΔpH (11) 

Here, ΔpH = f(c) is dependent on the substrate concentration. By 
assuming that the enzymatic reaction occurs only in the enzyme-covered 
region of the EISCAP chip and, to a first approximation, neglecting the 
possible influence of lateral diffusion of generated protons or hydroxide 
ions to the enzyme-free region, the equivalent capacitance (Ceq-c) in the 
depletion range (in the presence of analyte) will be determined as: 

Ceq− c =
Aη

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φe±Δφe)

qNAεs

√ +
A(1 − η)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φ0)

qNAεs

√ (12)  

where the terms +Δφe or − Δφe correspond to the enzymatic reactions 
producing H+ or OH− ions, respectively. 

Eqs. (10) and (12) render the shape of the C–V plot of the enzyme- 
modified EISCAP in the depletion range before and during the enzy
matic reaction. The evaluation of Eq. (12) shows that, at a constant VG, 
the equivalent capacitance (Ceq-c) in the presence of the analyte de
pends, among other parameters, on the enzyme coverage (η) and 
analyte-concentration dependent potential change (Δφe) at the 
electrolyte/gate-insulator-2 interface (induced by the local pH variation 
due to the enzymatic reaction). 

Besides the C–V plot, the influence of the enzyme coverage on the 
amplitude of the ConCap signal of the enzyme-covered EISCAP is also 
very important. Note that, in the ConCap mode, the working capacitance 
is kept at a fixed value by applying an instantly sign-inverted gate 
voltage to the EISCAP structure via a feedback circuit [7]. The gate 
voltage (VGe), which is necessary to apply in order to maintain a constant 
working capacitance of the enzyme-covered EISCAP, can be deduced 
from Eqs. (10) and (12) under the condition that Ceq-c = Ceq: 

η
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

C1a+C2a
C1aC2a

)2

+
2(VGe − Vip+φe±Δφe)

qNAεs

√ +
1 − η

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VGe − Vip+φ0)

qNAεs

√

=
η

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φe)

qNAεs

√ +
1 − η

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C1a+C2a
C1aC2a

)2

+
2(VG − Vip+φ0)

qNAεs

√ (13) 

The profile of the depletion layer in the Si underneath enzyme- 
covered and enzyme-free regions at the gate voltage (VGe) applied by 
the ConCap-mode measurements is schematically presented in Fig. 1d. 

We simulated C–V plots in the depletion range and the ConCap signal 
change (ΔVGe = VG − VGe) of an EISCAP as a function of the enzyme 
coverage in the presence of the analyte by Eqs. (12) and (13) using 
Python 3.9. We applied the following parameters for the simulation: ε0 =

8.854 × 10‑12 F/m, ε1 = 3.9 (SiO2), ε2 = 25 (Ta2O5), εs = 11.7 (Si), d1 =

30 nm, d2 = 60 nm, Na = 6.2 × 1015 cm-3, q = 1.6 × 10‑19 C, k = 1.38 ×
10‑23 J/K, A = 2 cm2, Vip = 0 V, φ0 = − 10 mV, φe = − 50 mV, Δφe =

60 mV, T = 300 K, and η = 0, 0.25, 0.5, 0.75, and 1. 
Fig. 2a depicts simulated C–V plots in the depletion range for a p-type 

EISCAP modified with enzymes of different coverages. At constant 
values of VG and Δφe, the local pH decrease (here, assuming an enzy
matic reaction producing H+ ions) on the enzyme-covered surface re
gion will decrease the total capacitance of the EISCAP. As a 
consequence, the C–V plots move along the gate-voltage axis towards 
less positive voltages. The higher the enzyme coverage, the larger is the 
shift of the C–V curves. 

ConCap signal changes (i.e., the additional gate voltage ΔVGe = VG −

VGe, required to maintain a constant working capacitance of the enzyme- 
covered EISCAP biosensor) on the enzyme coverage was simulated with 
Eq. (13) and is illustrated in Fig. 2b. Noticeably, as the enzyme coverage 
increases from η = 0.25 to η = 1, ΔVGe increases from 16 mV to 60 mV. 

It should be mentioned that Eqs. (12) and (13) do not take into ac
count possible lateral diffusion of generated protons or hydroxide ions 
from the enzyme-covered to the enzyme-free region [58]. To consider 
the impact of lateral diffusion of produced ions on the described 
capacitive model as well as on the EISCAP signal, the capacitance of the 
diffusion region with the surface-potential profile (corresponding to the 
diffusion profile of H+ or OH− ions) must be included in Eqs. (12) and 
(13). For this, Fick’s equation can be used to describe the spatiotemporal 
concentration distribution of produced ions in the diffusion region. 

It should be pointed out that the presented capacitive model can also 
be extended to EISCAP biosensors modified with multi-enzymes for the 
successive detection of multiple analytes. 

Fig. 2. (a) Simulated C–V plots in the depletion range (in the presence of the analyte) for a p-type EISCAP modified with enzymes of different coverages. (b) 
Calculated ConCap signal change (ΔVGe = VG − VGe) of an enzyme-modified EISCAP as a function of the enzyme coverage varying from η = 0 to η = 1. 
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3. Experimental 

3.1. Fabrication of the Ta2O5-gate EISCAPs 

EISCAPs composed of an Al-p-Si-SiO2-Ta2O5 layer structure with 
chip sizes of 1 cm × 1 cm were fabricated from commercially available 
p-Si-SiO2 wafers (Siegert Wafer, Germany) with a 30 nm SiO2 film 
prepared by dry thermal oxidation of a p-Si substrate (thickness: 380 ±
15 µm, specific resistivity: 5 – 10 Ωcm). As a pH-sensitive gate insulator 
we used Ta2O5, which is one of the best pH-sensitive materials pos
sessing a nearly-Nernstian pH sensitivity, low hysteresis and small drift 
rate [7–9,59]. The 60 nm thick Ta2O5 film was fabricated on the SiO2 
layer via electron-beam evaporation of a 30 nm Ta layer and subsequent 
dry thermal oxidation in O2 atmosphere at 520 ◦C for 2 h, according to 
the protocol given in [60]. Afterwards, the back-side of the SiO2 layer 
was etched with 5% HF, followed by electron-beam evaporation of 
300 nm Al as contact layer and annealing in N2 atmosphere at 400 ◦C for 
10 min. After dicing the wafer, the fabricated EISCAP chips were 
cleaned in an ultrasonic bath with acetone, isopropanol, ethanol, and 
deionized water for 3 min each, followed by drying with N2. The cleaned 
EISCAPs were installed into a custom-built multicell and sealed by a 
Viton O-ring to protect the side walls of the chips and the Al rear-side 
contacts from the solution. The remaining surface area of the Ta2O5 
gate in contact with the solution was approximately 50 mm2. Before 
multiplexed electrochemical characterization, the EISCAPs installed in 
the multicell, see Fig. 3, were conditioned at RT overnight in pH 7 
Titrisol buffer (Merck, Germany). 

3.2. Multicell design and measurement setup 

The bare and enzyme-modified EISCAPs were electrochemically 
characterized using the impedance analyzer Zahner IM6ex (Zahner 
Elektrik, Germany). The setup enables multiple addressing and readout 
of an array of 16 sensors installed in the multicell arrangement having 
one common RE. From the center of the multicell, where the RE (Met
rohm, Germany) was mounted, fluidic channels connect to the sensor 
reservoirs, which are all located at the same distance from the RE (see 
Fig. 3a, where the position of EISCAPs in the multicell is indicated, too). 
A custom Python script, build upon Zahner Elektrik’s GitHub repository 
[61], can was utilized for the multiplexing and fully automatic charac
terization of 16 EISCAP biosensors in the C− V and ConCap modes. The 
benefits of the multicell arrangement used in this study include [62]: i) 

the ability to characterize not only single EISCAPs, but also a group of 
parallel-connected EISCAPs with various combinations of bare and 
enzyme-modified EISCAPs, thus, mimicking the variation of enzyme 
surface coverage; ii) a fully automated multiplexed characterization of 
up to 16 EISCAPs by using only one conventional reference electrode to 
ensure comparability of the measurement results and cost-effectiveness; 
iii) the possibility of an immobilization of different enzymes on different 
EISCAP surfaces at the same time, making the system highly versatile for 
many applications; iv) an interchangeable, and nondestructive instal
lation and dismounting of the EISCAPs as well as easy integration of the 
multicell arrangement with the impedance analyzer; v) the possibility of 
differential-mode measurements. Moreover, the distance between 
neighboring EISCAPs in the multicell was sufficiently large (approxi
mately 13 mm) in order to practically exclude any cross-talk effects 
caused via the possible lateral diffusion of H+ or OH− ions generated by 
the enzymatic reactions during the measurement routine. 

Fig. 3b shows a photo of the fully assembled multicell arrangement 
with cover plate and mounted RE. More details on the multiplexing 
system and multicell design can be found in ref. [62]. 

For characterizing the EISCAPs in the C–V mode, a direct-current 
(DC) gate voltage (from − 2 V to 2 V in 100 mV increments) and a 
superimposed alternating-current (AC) voltage (20 mV with a frequency 
of f = 120 Hz) was applied between the RE and the rear-side Al contact 
of either the preselected single EISCAP in the array or a group of 
parallel-connected EISCAPs. After recording of the C− V curve, the 
working point (i.e., the constant capacitance) for the time-resolved 
measurement of the ConCap response was arranged by the Python 
script within the C–V curve’s quasi-linear range (usually, at ~60% of the 
measured maximum capacitance in the accumulation range [7,62]). 
Here, the total capacitance of the EISCAP is more sensitive to potential 
variations. For multiplexed ConCap measurements, the signal of each 
EISCAP has been recorded consecutively for 2 s, beginning with 
EISCAP-1 and continuing to EISCAP-16. This cycle has been repeated 
during the typical ConCap measurement time of about 10 min. All 
measurements have been conducted at room temperature in a dark and 
grounded Faraday box to protect the EISCAP biosensor from the effects 
of ambient light and/or electromagnetic fields. 

3.3. Enzyme immobilization and preparation of penicillin and urea 
solutions 

Enzyme solutions were prepared by dissolving penicillinase 

Fig. 3. Position of sixteen EISCAPs and RE in the multicell (a) and fully assembled multicell arrangement with cover plate and mounted RE (b). RE: refer
ence electrode. 
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(β-lactamase from Bacillus cereus with a specific activity of about 
2000 U/mg protein, Sigma-Aldrich, Germany) or urease (from Jack 
bean, Canavalia ensiformis, specific activity of about 76 U/mg solid, 
Sigma-Aldrich, Germany) in 1×PBS (phosphate buffered saline), pH 7.4. 
The enzymes penicillinase and urease were adsorptively immobilized on 
the gate surface of the EISCAPs. For the immobilization, 50 µl of the 
penicillinase (30 U) or urease (100 U) solution was drop-coated onto the 
Ta2O5 layer of the selected single EISCAPs and incubated at RT for about 
2 h in a humid chamber. Finally, the sensors were rinsed with 0.33 mM 
PBS, pH 7.4 (further referred to as measurement buffer) and dried at RT. 
When not in use, the enzyme-modified EISCAPs were stored in a mea
surement buffer at 4 ◦C. 

Penicillin and urea solutions have been prepared by adding penicillin 
G (Sigma–Aldrich, Germany) or urea (Fluka Analytical, Germany) to the 
measurement buffer. The pH value of the prepared penicillin and urea 
solutions was comparable to the optimal pH working range reported for 
penicillinase [63] and urease [64]. 

4. Results and discussion 

4.1. Electrochemical characterization of single EISCAPs: leakage current 
and pH sensitivity 

The gate leakage current level is an essential factor determining the 

correct functioning of EISCAPs. High leakage currents indicate a 
defective/degraded gate insulator. As a consequence, the EISCAPs may 
lose their functionality. Therefore, the gate-leakage current of all blank 
EISCAPs has been tested to ensure the quality of the gate insulator 
consisting of a stacked SiO2-Ta2O5 double layer. The leakage current of 
each EISCAP has been recorded in pH 7 Titrisol buffer (Merck, Germany) 
by applying gate voltages between − 2 V and +2 V. Only EISCAPs with a 
small leakage current below 10 nA were utilized for additional C− V and 
ConCap characterization as well as for enzyme immobilization; for the 
majority of tested EISCAPs, the maximum leakage current was < 6 nA. 

Since the output signal of enzyme-modified EISCAP biosensors de
pends on the local pH changes caused by the enzyme/substrate reaction 
(here, penicillinase/penicillin or urease/urea), the pH sensitivity of bare 
Ta2O5-gate EISCAPs has been evaluated from the C− V- and ConCap- 
mode measurements. The experiments were conducted in Titrisol 
buffer solutions with various pH values between pH 5 and pH 9. All C− V 
curves had an identical shape with characteristic accumulation, deple
tion and inversion ranges. 

The ConCap signal was recorded in the pH loop of 7 → 6 → 5 → 6 → 7 
→ 8 → 9 → 8 → 7 and also demonstrated a clear pH dependence. The 
mean pH sensitivity of sixteen bare EISCAPs in the multicell with Ta2O5 
as pH-sensitive layer was about 59 mV/pH, which agrees well with the 
literature values reported for different types of Ta2O5-gate field-effect 
pH sensors (see e.g., [8,9,65–67]). The evaluated pH sensitivity of 

Fig. 4. (a) Combinations of bare and/or penicillinase-modified EISCAPs in groups A, B, C and D. The electrical connections are depicted as gray lines. (b) C− V curves 
of parallel-connected EISCAPs in group A with a penicillinase coverage of η = 0.25. (c) C− V curves of parallel-connected EISCAPs in group D with a penicillinase 
coverage of η = 1. (d) Normalized ConCap signals of parallel-connected EISCAPs in groups A, B, C and D, corresponding to a penicillinase coverage of η = 0.25, 0.5, 
0.75, and 1, respectively. For comparison, (b) and (c) also show the C− V plots of the penicillin-modified single EISCAPs (EISCAP-2 in group A and EISCAP-11 in 
group D) with an enzyme coverage of η = 1, and the normalized ConCap signal of a single EISCAP-11 (pink) is included in (d). All measurements were performed in 
buffer and in 1 mM penicillin solution. P: penicillinase. 
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EISCAPs will be used in Section 4.2 to estimate the local pH change onto 
the EISCAP surface caused from the enzymatic reaction. For exemplary 
data of C− V and ConCap measurements on a bare EISCAP sensor, see 
Supplementary Information, Fig. S1. 

4.2. Characterization of penicillinase-modified EISCAPs: impact of 
enzyme coverage 

Enzymes were immobilized on the complete gate surface of selected 
single EISCAPs in contact with the solution (i.e., the enzyme coverage of 
these modified single EISCAPs can be considered as 100% or η = 1). To 
study the influence of enzyme coverage on the EISCAP signal in analyte 
solution, sixteen EISCAPs in the multicell were divided in four groups 
(A, B, C, and D) with various combinations of bare and/or penicillinase- 
modified EISCAPs, see Fig. 4a. For example, group A combined three 
bare (unmodified) EISCAPs and one penicillinase-modified EISCAP, 
while group D consisted of four penicillinase-modified single EISCAPs. 
Hence, different enzyme coverages were achieved by parallel electrical 
connection of four single EISCAPs (via short-circuiting the rear-side 
contacts; see gray lines in the figure) in each group. These parallel- 
connected single EISCAPs could be considered as one “large” EISCAP 
having a four times larger gate-surface area contacting the electrolyte. 
This way, different penicillinase coverages of η = 0.25 (group A), 0.5 
(group B), 0.75 (group C) and 1 (group D) with a good reproducibility 
can be easily achieved, using the multicell arrangement described in 
Section 3.2. 

The exemplary C− V curves of parallel-connected EISCAPs in groups 
A and D, corresponding to the penicillinase coverage of η = 0.25 and η =
1, are presented in Figs. 4b and 4c, respectively. The measurements were 
conducted in buffer and in 1 mM penicillin solution. For comparison, 
Figs. 4b and 4c represent also the C− V plots of the penicillin-modified 
single EISCAPs (EISCAP-2 in group A and EISCAP-11 in group D) with 
a coverage of η = 1. 

As expected, in the presence of penicillin in buffer, the C− V plots 
have shifted towards more negative voltages, which conforms to a more 
positively charged gate surface. Such a shift of C− V plots is attributed to 
the local increase of H+-ion concentration (i.e., pH decrease) near the 
enzyme-covered Ta2O5 surface induced by the penicillinase-catalyzed 
hydrolysis of penicillin (see e.g., [7]): 

penicillin + H2O ̅̅̅̅̅̅̅̅→
penicillinase penicilloic acid + H+ (14) 

At a constant penicillin concentration of 1 mM, a small voltage shift 
of 32 mV has been registered for the parallel-connected EISCAPs (group 

A) with an enzyme coverage of η = 0.25 (Fig. 4b), while large voltage 
shifts of 93 − 94 mV and 98 mV were observed for the single (EISCAP-2 
and EISCAP-11) and parallel-connected EISCAPs (group D), respec
tively, both with an enzyme coverage of η = 1 (Fig. 4c). 

Fig. 4d depicts the normalized ConCap signals of parallel-connected 
EISCAPs in groups A, B, C and D, corresponding to the penicillinase 
coverage of η = 0.25, 0.5, 0.75, and 1. The ConCap signals show a clear 
dependence on enzyme coverage that supports the simulation results 
given in Section 2. With increasing enzyme coverage from η = 0.25 to η 
= 1, the ConCap signal raised from 28 mV to 93 mV. As anticipated, the 
ConCap signal’s amplitude changes recorded for a single EISCAP-11 
(pink) and four parallel-connected EISCAPs (group D, black) with an 
enzyme coverage of η = 1 was practically identical with a value of about 
93 mV. Considering a pH sensitivity of 59 mV/pH for our EISCAPs (see 
Section 4.1), the ConCap signal change of 93 mV corresponds to a local 
pH decrease by approximately ΔpH ≈ 1.6. 

To assess the effect of the enzyme coverage on the penicillin sensi
tivity, the ConCap signal of parallel-connected EISCAPs in the groups B, 
C, and D (corresponding to a penicillinase coverage of η = 0.5, 0.75, and 
1) were measured at various penicillin concentrations between 0.2 mM 
and 2 mM. As can be seen in Fig. 5a, at all penicillin concentrations, the 
normalized ConCap signals show a clear dependence on enzyme 
coverage. The calibration plots of the EISCAP penicillin biosensors, 
determined from the ConCap curves in Fig. 5a at different enzyme 
coverages, are given in Fig. 5b. With increasing enzyme coverage from η 
= 0.5 to η = 1, the penicillin sensitivity of the EISCAPs rose from 42 mV/ 
dec to 70 mV/dec. 

The obtained results show that, owing to the working principle of 
field-effect EISCAPs, the presence of inactive (i.e., without or partially 
immobilized enzyme) areas of the chip surface in contact with solution 
will result in additional parasitic capacitances parallel to the capaci
tance of the active (i.e., with immobilized enzyme) chip region. The 
consequence is a smaller output signal and a reduced analyte sensitivity. 

As indicated in Section 3.2, the minimum distance between neigh
boring EISCAPs in the multicell was sufficiently large (~13 mm) in 
order to practically exclude possible cross-talk effects due to the lateral 
diffusion of H+ or OH− ions produced by the enzymatic reactions. 
However, in a real situation, if the separation between the enzyme 
(penicillinase)-covered active and enzyme-free passive areas of the 
EISCAP surface is small (or even is zero), part of the H+ ions, produced 
via the penicillinase/penicillin reaction, will laterally diffuse from the 
penicillinase-covered active region to the neighboring enzyme-free 
passive region (in addition to diffusion of H+ ions to the bulk solution 
perpendicular to the EISCAP surface). As a consequence, the surface 

Fig. 5. Normalized ConCap signals of parallel-connected EISCAPs (groups B, C and D) with different penicillinase coverage of η = 0.5, 0.75, and 1, recorded at 
various penicillin concentrations between 0.2 mM and 2 mM (a) and corresponding calibration plots (b). 
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potential and capacitance in the diffusion region (i.e., the transition 
region from enzyme-covered to enzyme-free spot) will be changed to 
some extent. At the same time, the surface potential and the capacitance 
in the remaining enzyme-free passive region (outside of the diffusion 
region) will not change. Similar diffusion effects of produced ions will 
occur if the EISCAP surface is divided into two spots modified with two 
different enzymes (e.g., penicillinase and urease). 

In the literature, lateral diffusion lengths between 100 µm and 1 mm 
(depending on experimental conditions) were reported for protons 
produced by enzymatic reactions or water electrolysis, studied by means 
of light-addressable sensors (see e.g., [68–72]). Thus, the capacitance 
associated with the diffusion region will be much smaller than the total 
capacitance of the EISCAP used in our experiments. For this reason, in a 
simplified capacitive model, to a first approximation, we neglected the 
possible influence of lateral diffusion of the produced protons from the 
enzyme-covered to the enzyme-free region. 

Unfortunately, the multicell utilized in this study is not suited for the 
experimental investigation of an influence of the lateral diffusion of 
produced H+ or OH− ions on the obtained results. On the other hand, the 
multicell setup allows to measure possible pH changes in the bulk so
lution, resulting from the diffusion of H+ or OH− ions in the direction 
perpendicular to the EISCAP surface (instead of a lateral diffusion). 
Therefore, we have performed additional experiments to measure pH 
changes in the perpendicular direction induced by the penicillinase/ 
penicillin reaction. For this, a commercial pH electrode (InLab Micro 
Pro-ISM, Mettler-Toledo, Germany) was positioned over a single 
penicillinase-immobilized EISCAP surface at a distance of about ≤ 1 mm 
from the sensor surface, and the pH value was recorded in a 1 mM 
penicillin solution for about 20 min. The registered pH change after 
20 min measurement was 0.11 pH that corresponds only to approxi
mately 7% of the surface pH change of ΔpH ≈ 1.6, estimated from the 
ConCap measurements in Fig. 4d. Based on the results of these experi
ments and by assuming that the diffusion length in the direction 
perpendicular to the EISCAP surface and the lateral diffusion length are 
comparable, it can be concluded that the lateral diffusion of H+ ions will 
have an insignificant impact on the obtained results. The lateral diffu
sion of H+ ions will reduce to some extent the enzyme-free passive 
surface area, where the surface potential remains unchanged. However, 
the main findings of this study − an increase of the enzyme coverage 
enhances the EISCAP signal and the analyte sensitivity of the biosensor 
− will remain intact. Nonetheless, in future works, the impact of the 
lateral diffusion of produced ions will be investigated in more detail by 
using a modified EISCAP structure and a novel design of the measure
ment cell. 

4.3. Towards multianalyte detection with a multi-enzyme modified 
EISCAP 

As outlined in the Introduction, the design of an array of separate 
EISCAPs on the same chip for multiplexed sensing of different species, 
without mutual interference between the different EISCAPs, is chal
lenging and requires complex fabrication technologies. In principle, an 
EISCAP biosensor for multianalyte detection can be accomplished by 
immobilizing different receptor molecules on different spots of the sin
gle EISCAP surface. However, in such configuration the capacitive field- 
effect structures underneath these sensitive regions will be inter
connected through the common silicon substrate. Accordingly, the 
overall capacitance of the single EISCAP will be determined by parallel- 
connected capacitances of EISCAP regions, corresponding to surface 
areas immobilized with different receptors: The resulting cross-talk will 
hinder the selective detection of a particular target analyte in the mul
tianalyte solution. As an alternative, a single EISCAP functionalized with 
various enzymes can be used to detect multiple analytes in a sequential 
manner via consecutive exchange of samples spiked with the respective 
target analyte; this will be demonstrated experimentally below. The 
price to be paid, however, will be a smaller signal amplitude and 

therefore, a lower analyte sensitivity. 
For these experiments, the two model enzymes penicillinase and 

urease were selected for the detection of penicillin and urea. Eight 
EISCAPs (EISCAPs 1− 4 and 9− 12) in the multicell were immobilized 
with penicillinase, while the remaining eight EISCAPs (EISCAPs 5− 8 
and 13− 16) were immobilized with urease (see Fig. 6a, left). To 
demonstrate the ability of EISCAPs for multianalyte detection, the 
sixteen EISCAPs in the multicell were divided again into four groups (A, 
B, C, and D), each combining two penicillinase- and two urease- 
functionalized individual EISCAPs. All four EISCAPs of each group 
were electrically connected in parallel, thus mimicking an EISCAP with 
an active surface area that is divided into two equal spots. This situation 
corresponds to an EISCAP with a surface coverage η = 0.5 or 50% for 
both enzymes, which will detect the two analytes (penicillin and urea) 
sequentially. 

Fig. 6a (right) exemplarily depicts normalized ConCap signals for 
four parallel-connected EISCAPs in groups A, B, C and D, recorded in 
buffer and in 1 mM urea or 1 mM penicillin solution, respectively. 
Evidently, in the presence of 1 mM urea solution (minute 10–20), the 
ConCap response of four parallel-connected EISCAPs in all groups shifts 
in the direction to positive voltages by 33 − 43 mV. This change of the 
ConCap signals corresponds to a more negatively charged gate surface 
and can be attributed to the local pH increase near the Ta2O5 surface of 
the urease-modified EISCAPs induced by the enzymatic urease/urea 
reaction. This means that OH– ions are produced, according to the 
following reaction scheme [7,73,74]: 

urea + 3H2O ̅̅̅̅→
urease CO2 + 2NH+

4 + 2OH− (15) 

After the second measurement of the ConCap signals in buffer solu
tion (minute 20–30), the EISCAPs were exposed to 1 mM penicillin so
lution (minute 30–40). In contrast to the measurement in urea solution, 
the ConCap responses of four parallel-connected EISCAPs in all groups 
shift towards more negative voltages, which corresponds to a more 
positively charged gate surface. Since four parallel-connected EISCAPs 
combine two urease- and two penicillinase-modified sensors, the Con
Cap signal shifts towards negative voltages can be attributed to the 
locally increased proton concentration (i.e., pH decrease) close to the 
Ta2O5 surface of the penicillinase-covered EISCAPs caused by the 
penicillinase/penicillin enzymatic reaction (as discussed in Section 4.2). 
The amplitude of the recorded signal shift (56 − 58 mV) was consistent 
with the results obtained in Fig. 4d for a penicillinase coverage of η = 0.5 
(58 mV) and approximately 1.6 times smaller than that of a single or 
parallel-connected EISCAPs with a penicillinase coverage of η = 1 
(93 mV). 

Finally, we studied whether the possible lateral diffusion of H+ or 
OH− ions generated by the enzymatic reactions could provoke cross-talk 
effects between neighboring EISCAPs in the multicell. Therefore, four 
penicillinase-immobilized EISCAPs in group A (EISCAPs 1 − 4) and 
group C (EISCAPs 9 − 12) as well as four urease-immobilized EISCAPs in 
group B (EISCAPs 5 − 8) and group D (EISCAPs 13 − 16) were connected 
in parallel (see Fig. 6b, left). They mimic penicillin- or urea-sensitive 
EISCAPs with a penicillinase or urease coverage of η = 1 (i.e., 100%). 
The results of these experiments are displayed in Fig. 6b, right. First, the 
ConCap signal of parallel-connected EISCAPs immobilized with urease 
or penicillinase were recorded in buffer (minute 0–10) and then in 1 mM 
urea solution (minute 10–20). As can be seen, the presence of 1 mM urea 
in the solution results in a ConCap-signal change of urease-immobilized 
EISCAPs by about 89 − 96 mV in the direction to positive voltages. In 
contrast, negligible changes in the ConCap signals of 6 − 8 mV were 
observed for the penicillinase-immobilized EISCAPs in the urea solution. 

After a second measurement in buffer solution (minute 20–30), the 
EISCAPs were exposed to 1 mM penicillin solution (minute 30–40). 
Shifts in the ConCap signal of 100 − 102 mV in the direction to negative 
voltages were recorded for the parallel-connected penicillinase-modi
fied EISCAPs. At the same time, as expected, registered changes in the 
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ConCap signals of the urease-immobilized EISCAPs in the penicillin so
lution were again small in the order of 8 − 9 mV. If cross-talk would exist 
between neighboring EISCAPs, the ConCap signal of urease-modified 
EISCAPs in penicillin solution should shift towards negative voltages, 
which is not the case in the experiments presented in Fig. 6b (right). 

To additionally check whether the diffusion of produced H+ or OH−

ions during the multicell experiment can cause cross-talk between the 
EISCAPs, we estimated the time tD required for diffusion transport of 
ions over the minimum distance S ≈ 13 mm between two neighboring 
EISCAPs using the following expression [60,75]: 

D = S2/2tD (16) 

Here, D is the diffusion coefficient of ions (DH = 9.33×10− 9 m2/s and 
DOH = 5.21×10− 9 m2/s at 25 ◦C for H+ and OH− ions, respectively [76]). 
The calculated tD values (2.5 h for H+ ions and 4.5 h for OH− ions) are 
much longer than the ConCap measurement period (10 min), which 
confirms that interferences between the EISCAPs in the multicell are 
indeed absent. 

The obtained findings reveal the capability of EISCAPs covered with 
multi-enzymes to detect multiple analytes in a sequential manner by 

exchanging the measurement solutions spiked with the respective target 
analyte. In particular, EISCAPs with immobilized penicillinase and 
urease can be used for the detection of penicillin in solutions, which do 
not contain urea, or for the detection of urea in solutions, which do not 
contain penicillin. However, in the case of presence of both substrates (i. 
e., penicillin and urea) in the solution, both the penicillinase- and the 
urease-immobilized regions are active and will contribute to the total 
EISCAP signal. As a consequence, such an EISCAP sensor will be unable 
to selectively distinguish between the target analytes in a multianalyte 
solution. Moreover, in the specific scenario of the penicillinase/peni
cillin and urease/urea system, the two enzymatic reactions will produce 
opposite pH changes and thus, a reduced overall EISCAP sensor signal. 
In some experimental conditions, even a fully compensation of signals 
generated by the two enzymatic reactions can be achieved, which has 
been used for the realization of an enzyme-based XOR (Exclusive OR) 
logic gate (see e.g., [33,77]). 

5. Conclusions 

The EISCAP represents a primary transducer structure for designing 

Fig. 6. (a) Combination of four parallel-connected enzyme-modified single EISCAPs in each group (A, B, C, D), mimicking a penicillinase and urease coverage of η =
0.5 (left) and corresponding normalized ConCap signals (right). b) Combination of four parallel-connected penicillinase- (groups A and C) and urease-modified 
(groups B and D) single EISCAPs, mimicking penicillinase and urease coverage of η = 1 (left) and normalized ConCap signals (right). The ConCap signals were 
recorded in buffer and in 1 mM urea or 1 mM penicillin solution. P: penicillinase; U: urease. The electrical connections are depicted as gray lines. 
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various field-effect biochemical sensors, including enzyme biosensors. 
In this study, a capacitive model for an enzyme-modified EISCAP has 
been developed and the impact of enzyme surface coverage on the 
biosensor performance was studied theoretically and experimentally. To 
achieve different enzyme coverages, bare and enzyme-covered (peni
cillinase) single EISCAPs in diverse combinations were electrically 
connected in parallel. The utilized multicell design enabled a multi
plexed electrochemical characterization of up to sixteen EISCAPs in the 
established C− V and ConCap modes. 

As predicted by the model, both the shift of the C− V curve along the 
voltage axis and the amplitude of the ConCap signal show a clear 
dependence on enzyme coverage. For instance, with increasing peni
cillinase coverage from η = 0.25 to η = 1, the normalized ConCap signal, 
recorded at a penicillin concentration of 1 mM, raised from 28 mV to 
93 mV. Moreover, an increase of the penicillinase coverage enhances the 
penicillin sensitivity of the EISCAP biosensor from 42 mV/dec at η = 0.5 
to 70 mV/dec at η = 1. Lastly, the ability of the multicell arrangement 
with bi-enzyme (urease and penicillinase) modified EISCAPs for the 
sequential multianalyte (urea and penicillin) detection was experimen
tally demonstrated and discussed. 

The theoretical model and experimental findings reveal that the 
enzyme surface coverage has a significant influence on the EISCAP 
signals and, thus, the biosensor performance. Therefore, this effect 
should be taken into account by designing enzyme-based field-effect 
biosensors as well as by comparison of their performances. The model 
presented in this study could be adapted to various types of enzyme- 
modified field-effect biosensors. 
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M.J. Schöning, An array of field-effect nanoplate SOI capacitors for (bio-)chemical 
sensing, Biosens. Bioelectron. 26 (2011) 3023–3028, https://doi.org/10.1016/j. 
bios.2010.12.006. 

[48] S. Dastidar, A. Agarwal, N. Kumar, V. Bal, S. Panda, Sensitivity enhancement of 
electrolyte-insulator-semiconductor sensors using mesotextured and nanotextured 

dielectric surfaces, Ieee. Sens. J. 15 (2015) 2039–2045, https://doi.org/10.1109/ 
JSEN.2014.2369739. 

[49] B. Gil Rosa, O.E. Akingbade, X. Guo, L. Gonzalez-Macia, M.A. Crone, L.P. Cameron, 
P. Freemont, K.-L. Choy, F. Güder, E. Yeatman, D.J. Sharp, B. Li, Multiplexed 
immunosensors for point-of-care diagnostic applications, Biosens. Bioelectron. 203 
(2022) 114050, https://doi.org/10.1016/j.bios.2022.114050. 

[50] A. Poghossian, R. Welden, V.V. Buniatyan, M.J. Schöning, An array of on-chip 
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