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1 | INTRODUCTION
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Abstract

Photoelectrochemical (PEC) biosensors are a rather novel type of biosensors that
utilize light to provide information about the composition of an analyte, enabling
light-controlled multi-analyte measurements. For enzymatic PEC biosensors,
amperometric detection principles are already known in the literature. In con-
trast, there is only a little information on H*-ion sensitive PEC biosensors. In
this work, we demonstrate the detection of H' ions emerged by H*-generating
enzymes, exemplarily demonstrated with penicillinase as a model enzyme on a
titanium dioxide photoanode. First, we describe the pH sensitivity of the sensor
and study possible photoelectrocatalytic reactions with penicillin. Second, we
show the enzymatic PEC detection of penicillin.
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The same principle holds for the functioning of PEC
biosensors, where the sensor operation functionality is

Light enhances the performance of many materials, as the
absorbed energy in form of photons can change fundamen-
tal material properties, especially, semiconductors can be
applied for solar cells, water splitting, or photocatalysis.'
In photoelectrochemical (PEC) cells, photon absorption
leads to the generation of electron-hole pairs inside the
semiconductor. When the semiconductor is in direct con-
tact with an analyte, the subsequent photo-induced cur-
rent can trigger photoelectrocatalytic reactions at the
semiconductor-analyte interface.

only present under illumination. The literature describes a
wide range of PEC biosensors, including examples of DNA
detection, autosensing, and the detection of metal ions.*°
PEC enzymatic biosensors are mostly based on the amper-
ometric principle, leading to reduction/oxidation reactions
or direct electron transfer at the working electrode.” This
principle is used, for example, for the detection of glu-
cose and lactate.®” On the other hand, if ions (protons
or hydroxides) serve as a product of the enzymatic
catalysis, potentiometric detection principles such as
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FIGURE 1
heterostructure connected to an electrochemical workstation
utilizing a three-electrode setup. Penicillinase immobilized on the
photoelectrochemical (PEC) surface catalyzes the conversion of
dissolved penicillin to penicilloic acid and H* ions

Schematic representation of the glass/SnO,:F/TiO,

electrolyte-insulator-semiconductor sensors can be
applied.'!" Here, in contrast to amperometry, a pH-
sensitive transducer layer can detect surface-charge
changes as well as variations in the H*-ion concentration.

Some of the recently discussed materials used in PEC
cells are also sensitive to pH changes and influence the
resulting photocurrent.lz’13 At the same time, enzymatic
PEC biosensors did not utilize this functionality to detect
pH changes so far. The extension to this class of H*-ion
generating enzymes would enable the detection of a vari-
ety of other analytes that become hydrolyzed by these
enzymes. Moreover, the possibility to address different
regions of such PEC-sensor surface with defined light spots
offers multi-analyte detection with various enzyme classes
on a single chip.’

To prove this feasibility for detection of enzymatically
produced H* ions with an amperometric detection prin-
ciple, penicillinase as a model enzyme was immobilized
on the PEC biosensor surface, as it converts penicillin to
penicilloic acid, whereby H* ions are generated (Figure 1).
Although penicillin only acts as a model enzyme in this
experiment, the on-field detection of penicillin becomes
more and more important, as multidrug-resistant organ-
isms emerge from high antibiotic usage in food and feed
productions, especially for livestock treatment.'*

We used a glass/SnO,:F/TiO, heterostructure (photoan-
ode) with SnO,:F as a transparent-conductive layer and
TiO, as the photoconductive material. This configura-
tion allows rear-side illumination, avoiding light-induced

influences on the enzyme and the analyte. The sensor
(working electrode, WE) is operated in a three-electrode
arrangement with the counter electrode (CE) and refer-
ence electrode (RE).

2 | MATERIALS AND METHODS

A thin TiO, layer (~150-200 nm) was deposited on the
glass/SnO,:F substrate using the pulsed laser deposition
technique. Details of fabrication parameters are described
in the study by Welden et al.”®

The enzyme penicillinase from Bacillus cereus (Sigma-
Aldrich) was immobilized by crosslinking with glutaralde-
hyde. For this, we have mixed 15 units of penicillinase with
glutaraldehyde and bovine serum albumin (2 vol%/2 vol%),
drop-coated on the TiO, surface, and dried for several
hours at room temperature.

For transient photocurrent measurements, the electrode
was connected to an electrochemical workstation (ZEN-
NIUM pro; Zahner-Elektrik GmbH & Co. KG, Kronach,
Germany) in a three-electrode setup with an Ag/AgCl
reference electrode (3 M KCl; Metrohm GmbH & Co.
KG, Filderstadt, Germany) and a Pt-counter electrode.
The rear side was illuminated with a 405 nm laser diode
(CP1TM9/M; Thorlabs, Germany) with a controlled laser
power of 2.0 mW. The laser diode had a beam diameter of
200 um (1/€?).

At the beginning of the transient photocurrent measure-
ments, the dark current was equilibrated for 2 min without
illumination. After that, the laser diode was switched on
and off for 60 s, respectively. The switching was repeated
three times. The net photocurrent (I,p,,,) Was calculated
by subtracting the dark current from the current with illu-
mination (Eq. (1))

Iphoto = Ieasured — Ldark €y

The stated I, values were calculated from the last 10
s of each respective illumination phase.

3 | RESULTS AND DISCUSSION

In order to determine changes in the Ht-ion concen-
tration resulting from the enzymatic conversion of peni-
cillin, in the first experiment, the pH sensitivity of the
glass/Sn0O,:F/TiO, transducer structure was studied. Sev-
eral reports for photoanodes discuss a pH dependence
of the photocurrent, which decreases when lowering the
pH.'®!” To assess whether this holds also for the utilized
Sn0O,:F/TiO, heterostructure, we evaluated the transient
photocurrent response for 0.33 mM phosphate buffered
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saline (PBS) solution with the pH adjusted in the range
from pH 5.0 to 8.0 (titration NaOH, HCI).

Exemplarily, Figure 2a depicts the pH-dependent pho-
tocurrent between the photoanode and the counter elec-
trode for an applied bias potential of -100 mV with respect
to the reference electrode. After the illumination starts, the
photocurrent equilibrated at 441 + 46 nA for pH 8.0 and
decreased to 51 + 6 nA for pH 5.0. In Figure 2c, the applied
potential was set to 300 mV, to evaluate the effect of the bias
potential towards the pH sensitivity. Here, during illumi-
nation, the photocurrent increased to 1780 + 146 nA at pH
8.0 and 1550 + 196 nA at pH 5.0. The general photocurrent
increase with higher applied potentials can be explained by
an increased band bending inside the semiconductor when
applying more positive potentials. Nevertheless, compari-
son between both applied potentials reveals an average pH
sensitivity (n = 3 sensors) of 133 + 12 nA/pH for -100 mV
(Figure 2b) and 79 + 29 nA/pH for 300 mV (Figure 2d) in
the range from pH 8.0 to 5.0. Only very slight hysteresis
effects occur when measuring upwards from pH 5.0 to 8.0.

Here, the pH sensitivity only slightly changed to 132 +
5 and 82 + 39 nA/pH for -100 and 300 mV, respectively,
which demonstrates the functionality of this sensor type.

In contrast, for applied potentials lower than -100 mV,
due to the proximity to the flat-band potential (~—400 mV),
the resulting photocurrent was not stable enough to per-
form a pH-dependent calibration curve.

Interestingly, for higher applied potentials (300 to
800 mV), the total photocurrent amplitude further
increased, however, a difference for varying pH of the
solutions was not visible (data not shown). The exact rea-
son for this behavior is currently being studied. A possible
explanation for the potential-dependent pH sensitivity
can be as follows: for potentials close to the flat-band
potential, the energy bands are almost flat. An additional
potential, e.g., due to surface protonation/deprotonation,
has a greater effect on the band bending than at higher
applied potentials, where a larger band bending occurs.

For the detection of penicillin, using the PEC biosensor
with penicillinase, it is important to understand the role
of photocatalytic effects between the molecules under test
and the electrode. When using metal-oxide semiconduc-
tors, it is possible to directly photoelectrocatalytically oxi-
dize or reduce the target substrate. Exemplarily, the photo-
catalytic oxidation of 3-lactam antibiotics, to which peni-
cillin belongs, can be found in the literature.'®!” To exclude
undesired photocurrent changes due to penicillin oxida-
tion without immobilized penicillinase on the transducer
structure, transient photocurrent response curves were
performed for 0, 0.5, and 1 mM penicillin G in solution as
a reference experiment. Figure 3 shows the recorded pho-
tocurrents for both applied potentials (-100 and 300 mV).
The pH for each penicillin concentration was set to match
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FIGURE 2 Transient photocurrent curves in 0.33 mM PBS

buffer, pH 5.0-8.0, for an applied bias potential of (a) -100 mV and
(c) 300 mV. Photocurrent-pH calibration curve for applied bias
potentials of (b) 100 mV and (d) 300 mV, respectively. The blue
curves (dotted) show the pH-dependent photocurrent from pH
5.0-8.0 and the red (solid) curves correspond to the pH-dependent
photocurrent for pH 8.0-5.0 (n = 3 sensors)
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FIGURE 3 Combined transient photocurrent curves for

0.1-1.0 mM penicillin in 0.33 mM PBS, pH 7.3, without immobilized
penicillinase for applied bias potentials of -100 and 300 mV

the buffer solution without penicillin (pH 7.3). Compared
to the measured photocurrent without penicillin, no signif-
icant photocurrent changes for increasing penicillin con-
centrations were detected for both applied potentials.

As a final experiment, penicillinase was immobilized
on the TiO, via crosslinking with bovine serum albumin
(BSA) and glutaraldehyde for enhanced stability. Penicillin
concentrations from 50 uM to 10.0 mM in 0.33 mM PBS
buffer were again adjusted to pH 7.3. The measurements
were started after 10 min of incubation with the respective
penicillin solution. A potential of -100 mV was applied as
the experiments described above show that this bias poten-
tial results in a higher pH sensitivity than 300 mV (Fig-
ure 2).

Figure 4a renders the transient photocurrent curve for
various penicillin concentrations having the typical “S-
shaped” biosensor characteristic. With increasing peni-
cillin concentration, the photocurrent decreases systemati-
cally because the surplus generation of H* ions (due to the
enzymatic reaction) leads to a decrease in the pH value.
The resulting surface protonation can be assigned to the
decreasing photocurrent.?’

With respect to PBS buffer without penicillin, for
0.05 mM penicillin solution, the photocurrent (ALp,)
decreased by 3 nA. For 0.1 mM, a photocurrent change
of 17 nA was measured. For increasing concentrations,
up to 5.0 mM, the photocurrent decreased further by 271
nA. For an even higher concentration of 10.0 mM, only
a small additional change of 11 nA (282 nA) was detected
(Figure 4b). The mean penicillin sensitivity for three exper-
iments was 161 + 34 nA/dec in the range 0.1-5.0 mM peni-
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FIGURE 4 (a)Transient photocurrent curves for increasing
penicillin concentrations from 0.05 to 10.0 mM penicillin in

0.33 mM PBS, pH 7.3, at an applied potential of -100 mV with
immobilized penicillinase. (b) Change in photocurrent for varying
penicillin concentrations with respect to 0.33 mM PBS buffer
solution without penicillin. The inset shows the Al -penicillin
calibration for 0.1-5.0 mM penicillin (n = 3)

cillin G (Figure 4b, inset). These results indicate the feasi-
bility of an enzymatic PEC detection of penicillin utilizing
a photoanode with an amperometric detection principle.

4 | CONCLUSION

In this work, we have shown in a proof-of-concept experi-
ment the PEC detection of H*-ion generation stimulated
by an enzymatic reaction. In a first step, the potential-
dependent pH sensitivity of TiO, was studied with a sen-
sitivity of 133 nA/pH for an applied potential of -100 mV.
Without the immobilized enzymes, no significant pho-
tocurrent change could be attributed to the photoelectro-
catalytic oxidation of penicillin.

For penicillin detection, cross-linked penicillinase was
immobilized on the TiO, surface. Photocurrent changes
were measured between 0.05 and 10.0 mM. Exemplarily, a
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penicillin sensitivity of 161 nA/dec was achieved between
0.1 and 5.0 mM. The results underline the feasibility of
this novel detection principle. For comparison, potentio-
metric field-effect sensors show a widely linear penicillin
detection range between 0.05 and 20.0 mM.?"*?> On the
other hand, the PEC penicillin detection has not yet been
optimized with regard to experimental conditions such
as enzyme immobilization strategy, temperature, and pH
optimum.

The main advantage of the new PEC detection with
a light-addressable PEC biosensor is given by its light
addressability. Immobilizing a variety of enzymes such as
urease or glucose oxidase, in addition to penicillinase, on
different positions of the same chip would enable multi-
analyte detection, without increasing the complexity of the
sensor. Changing the illuminating spot and tuning the bias
potential, would be enough to have three sensors in one
and further upgrades are always possible.
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