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Glucose sensors are essential for managing diabetes, a metabolic disease affecting 1 in 10 adults
globally. Enzyme-based biosensors, particularly those utilizing oxidoreductases, offer high specificity
for glucose detection. This study explores the use of flavin-dependent glucose dehydrogenase from
Aspergillus oryzae (AoGDH) in developing glucose sensors integrated into organic electrochemical
transistors (OECTs) without mediators. We employed tri-thiophene monomer units to form conductive
polymers interfacing with AoGDH, allowing sensing due to the proximity of the FAD cofactor. Despite
AoGDH'’s lower stability compared to glucose oxidase (GOx), its ability to function without oxygen
sensitivity makes it advantageous. Using electropolymerization, we successfully incorporated
AoGDH into the OECT gate electrode, demonstrating glucose detection in physiological ranges, albeit
in buffer solutions. Furthermore, integrating this system into a 3D-printed capillary-driven microfluidic
device facilitated on-demand sensor fabrication, enhancing portability and point-of-care application
potential. This study underscores the viability of AoGDH-based, and ad hoc fabricated, OECT sensors

for accurate and responsive glucose monitoring in biomedical applications.

Glucose sensors are a heavily studied and well-developed technology since
they provide a necessary tool in both hospitals and at point-of-care to
monitor diabetes, a metabolic disease that effects 1 in 10 (aged 20-79 in
2021), with incidence only increasing'. Glucose levels are maintained in a
small window (3.5-6 mM) and even a slight increase (7 mM) can be a sign of
diabetes in fasting blood glucose levels™.

Enzymes are extensively used to develop biosensors for metabolite
detection because of their ability to catalyze the conversion of highly
specific substrates - i.e., analytes - into products. Oxidoreductases
specifically are involved in the reduction and oxidation of substrates,
transferring electrons through the enzymatic cofactor from substrate to
product, making them a highly attractive sensing unit for selective
electronic biosensors™. The electron transfer (ET) to the biosensor’s
electrode surface can occur with three different mechanisms, depending
on the enzyme structure, modification, and/or functionalization
method: (i) the enzymatic reaction produces electroactive species that
are oxidized/reduced at the electrode (e.g., H,O,); (ii) the enzymatic
reaction uses a redox mediator to shuttle the electron from the cofactor
site to the electrode surface, often referred to as mediated electron
transfer; (iii) the enzymatic reaction produces electrons which can be
transferred directly to the electrode, due to the cofactor’s proximity with
the surface. Sensors, based on the final enzymatic mechanism, are
referred to as direct electron transfer (DET) or “3* generation™.

Creating a 3" generation enzymatic sensor comes with a set of
problems’. Oxygen sensitivity, as an electron acceptor, is one of these
problems for most enzymes and can be circumvented by selecting a dehy-
drogenase enzyme, such as flavin-dependent glucose dehydrogenase (FAD-
GDH) instead of glucose oxidase (GOx)’. GOx is one of the most frequently
used enzymatic units to detect glucose, but current approaches in 3* gen-
eration configurations are debated as wiring the cofactor (facilitating elec-
tron transfer) directly to the electrode is not straightforward and may not be
possible at all**"'’. This is because the GOx structure presents a homodimer
(two flavin adenine dinucleotide, FAD, sites) protected deeply inside the
enzyme pocket, thus far from the surface and the electrodes (17-22 A)"'"".
This distance is also increased by the high glycosylation of the enzyme,
making electron tunneling to the electrode highly improbable for GOx’. An
alternative is FAD-GDH, a dehydrogenase enzyme derived from fungi,
bacteria, or insects’. Depending on the type and source of enzyme, different
subunits present a cofactor close to the surface (e.g., heme), so no mediated
pathway is needed to achieve electron transfer (Fig. 1c). It should be noted
that present bacteria-derived FAD-GDH often have affinity for maltose and
fungi-derived FAD-GDH have affinity for xylose, though new derivatives
with less interference are actively researched®’. Secondary substrates can
cause interference and limit biosensor applications, so must be controlled
for, if present”’. FAD-GDH is most often found in fuel cell demonstrations,

but has also been used for amperometric biosensors™"*".
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In this study, we used a commercial FAD-GDH linked to Aspergillus
oryzae by Milton et al.”. Aspergillus oryzae FAD-GDH (AoGDH) has no
heme cofactor'® and therefore the mechanism for electron transfer from
FAD to the electrode is of a different origin. It has been speculated to be
direct tunneling/transfer”’, and glucose could thus be sensed without a
mediator. AoGDH has an entrance in the protein data bank (PDB ID:
7VZP)”, where X-ray experiments indicate that the FAD is around 13 A
inside the enzyme (center, not edge of the FAD). The direct electron transfer
mechanism, and therefore 3rd generation sensor with AoGDH, was cor-
roborated by another work where glucose was sensed without a mediator
due to the proximity of debundled single-walled carbon nanotubes to the
enzymes (no glucose response was observed if the carbon nanotubes were
bundled)”. In general, there have been several approaches to facilitate
enzyme ET, and finding or engineering a more accessible cofactor close to
the surface is one promising strategy (as in the case of FAD-GDH). Others
have proposed methods including enzyme orientation, immobilization of
cofactors on the surface, using structures that can penetrate to the active
site of the enzyme, or immobilization into a preformed matrix, to name
a few(),'/',lS,ZZ'

Another piece of the puzzle in biosensor development is enhancing the
electrical signals used to determine analyte concentration. Transistor-based
biosensors have thus gained wide interest, with electrolyte-gated transistors
(and organic electrochemical transistors, OECTs, in particular) taking a
leading role. In general, transistors are three-terminal devices in which a
current flow between the two terminals of a semiconductor channel is
regulated (“amplified”) by a third terminal, controlling the amount of
current passing through the semiconductor. For OECTs, the organic mixed
ionic-electronic conductor (OMIEC) channel layer and the gate are coupled
by an electrolyte (instead of the dielectric of field effect transistors), and a
voltage at the gate electrode pushes ions from the electrolyte into the channel
layer™*". By far the most common OMIEC used for OECTs is the con-
ducting polymer/polyelectrolyte blend poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT: PSS). For a depletion-mode p-
type PEDOT: PSS channel, cations driven into the OMIEC channel (i.e., by
positive gate voltage) charge-balance the sulfonate groups on the PSS and
therefore reduce the doping state of PEDOT. This switches the transistor
“off”, hence the classification as depletion mode. Since the OMIEC channel
exhibits bulk ion conductivity and thus bulk electrochemical activity,
OECTs are defined by scaling with the channel volume, not only the
channel surface area, enabling demonstration with high transconductance
(0Ipg/0V s, where Ing is the drain current through the OMIEC channel
and Vs is the gate voltage). Generally, faradaic and non-faradaic principles
are distinguished in OECT biosensors. Non-faradaic or capacitive sensors
feature no electron transfer but rely on capacitive changes at one or more

interfaces. On the other hand, faradaic sensors exhibit charge transfer when
electrons from the solution (e.g., from an enzyme) cross the electrolyte/
electrode interface.

Enzymes are commonly used recognition elements to add specificity/
selectivity to OECT? and field effect transistor biosensors™. Enzyme-based
OECT sensors are also able to sense in complex solutions, e.g., plant xylem
sap”’ or cells. Drop casting the enzymes on the gate or channel surface
remains a common approach®'. Though drop casting is simple, the
orientation of the enzyme is random, and the enzyme can easily detach from
the surface. While binding to the surface is possible, orienting the enzymes
into the most favorable enzyme/electrode complex is equally important™”.
Another solution is the integration into a polymer matrix (ideally
conductive).

For our approach, we utilize tri-thiophone monomer building blocks
(Fig. 1a) to form PEDOT- and polythiophene-like polymers interfacing with
AoGDH for glucose sensing. These monomers have shown great potential
in interfacing with enzymes™° and forming conducting polymers in living
animals™. Furthermore, due to their OMEIC nature, they can be used
for OECT applications””. Here, we utilized the in situ polymerization of
monomers in solution with enzymes to form a polymer/enzyme matrix.
The (electro)polymerization could be achieved at low potentials and could
even be driven by enzymatic reactions, as has been shown for similar
monomers” .

While FAD-GDH offers a viable solution to circumvent the oxygen
sensitivity of GOx, it has shown lower stability, which has limited its
applicability. As a solution to this issue, we suggest an ad hoc fabrication
inside a microfluidic device, which still allows for a portable measurement
platform. Microfluidics has been shown to not only be a convenient aug-
mentation to biosensor systems, but also a possible option to aid
detection’”. Microfluidic devices mostly operate using external flow
actuators, whereas capillary-driven microfluidics use capillary action to
regulate and drag the liquid along the designed microchannels. These sys-
tems are passive and do not need peripheral equipment like electrically
powered valves and pumps, so they are a sustainable alternative and ideal for
point-of-care applications™. Furthermore, employing 3D features allows the
sophisticated possibility of sequencing capillary flows”, for which 3D
printing has enabled highly customizable microfluidics, allowing more

complex structures to be produced for biomedical applications™*'.

Results and discussion

The monomer system referred to above is based on functionalized varieties
of an EDOT-thiophene-EDOT (“ETE”) unit, where EDOT is the 34-
ethylenedioxythiophene monomer of PEDOT (Fig. 1a). In this study, we
focused on OECT structures functionalized with various ETE-enzyme
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cocktails. To form a homogenous layer, electropolymerization (chron-
oamperometry) was used to form an enzyme-polymer matrix from an
enzyme/monomer solution on the gate electrode of a PEDOT: PSS-based
OECT (Fig. la—c); i.e,, a premade Au-contact OECT with PEDOT: PSS
channel and gate electrode (see materials and methods). This general
structure was designed to provide a system where, if the AoGDH has a
cofactor close to the surface of the enzyme (Fig. 1¢), electron transfer would
be possible directly into the polymer matrix.

Monomers with different side groups have been used successfully in
combination with enzymes but have shown slight variations in properties,
e.g., polymerization potential*. We chose two main candidates, ETE-S and
ETE-COONa (Fig. 1a), and analyzed their cyclic voltammetry after film
formation, with and without enzymes (Fig. 2a). Clean ETE-COONa films
(no enzyme) exhibited a reductive current in a similar range where one
would expect FAD activity (—0.265 V vs SHE or —0.45 V vs Ag/AgC)™.
Similar behavior was observed for ETE-S and ETE-S with AoGDH. Because
of the polymers’ reduction currents, AoGDH peaks were difficult to identify.
Both pETE (polymer) varieties without enzyme showed a similar box shape
from —0.1 V to 0.2 V. But with enzymes, the capacitance (area inside CV
curve) reduces slightly for pETE-S/AoGD,H, whereas the capacitance
increases slightly for pETE-COONa/AoGDH.

Figure 2b shows the current response (Ips) of an OECT with a pETE-
COONa/AoGDH film on top of the PEDOT: PSS/Au gate electrode. After
an initial stabilization time, various glucose concentrations (from 100 pM to
40 mM) were added and the sensor response observed. Upon each glucose
solution change, a current increase was observed (Fig. 2b with concentration
change indicated). In most cases, the response seemed rather slow and linear
after glucose addition (up to 20 mM), with no step-like behavior. Both
pETE-S and pETE-COONa with AoGDH combinations were tested in a
constant OECT configuration (recording Ipg vs time) to measure glucose
levels. pETE-COONa/AoGDH outperformed pETE-S/AoGDH  sig-
nificantly, with the disparity increasing with concentration up to nearly an
order of magnitude at 40 mM. The measured signal is expressed as nor-
malized response, NR = (I,-Ip)/I, where I is the current at x M glucose just
before the next concentration is added and I, is the current without glucose
before the first addition. Repetition of the experiments revealed that pETE-
COONa/AoGDH outperforms pETE-S/AoGDH again (with varying dis-
parity, Fig. S2), therefore, pPETE-COONa/AoGDH was chosen to investigate

in more detail. The disparity between the two trimers could be that in the
case of pPETE-COONa/AoGDH, the conductive part of the formed polymer
is more favorably oriented in relation to the enzyme cofactor than in the case
of pETE-S/AoGDH. We also performed a comparison measurement with
GOx embedded in the pETE-COONa instead of AoGDH (Fig. 2d). Only the
combination with AoGDH resulted in an observable glucose response in the
range 2-40 mM. While sensing glucose by incorporating GOx into the
matrix was not successful, production of H,O, could still occur, and
therefore we investigated the effect of H,O, on the OECT, which was
negligible (Fig. S3).

In order to more deeply assess our strategy’s viability for biosensing,
different monomer to enzyme ratios and polymerization times were
investigated (Fig. S4). Reproducibility was also tested and the corresponding
dose curve for 4 samples can be seen in Fig. 3a. To show that it follows a
typical enzyme trend, it was fitted with a sigmoid function as a visual guide®.
Levels corresponding to normal/healthy blood glucose concentration are
indicated in green and elevated/warning levels in orange, showing that our
sensor covers this range nearly perfectly over its linear range (albeit in buffer
solution). In Fig. 3b we investigated the effect of gate potential on the
normalized response and found that lower gate potentials (even 0 V and
0.1 V) were also able to detect glucose. Their signal response was compar-
able to that of 0.3 V or 0.5 V. While surprising at first glance, especially when
considering mediated electron transfer, in DET, the only redox potential to
be overcome is the one from FAD. For cyclic voltammetry, an overpotential
of +0.1V relative to the potential of the FAD (—0.45V vs Ag/AgCl) was
calculated to indicate a tunneling distance of approximately 1 nm*'. Another
consideration stems from the OECT setup and its undefined electro-
chemical nature. Often, no reference electrode is employed, and therefore,
only relative voltage differences are considered rather than the absolute
voltage in the system. Another issue to consider is that while Vs might be
small, there is also Vpg to consider, and therefore an implicit difference.

One drawback is that AoGDH seems to be less stable than GOx, and
Fig. 3c also shows a significant decrease in normalized response (10x for
4 mM) after 7 days, effectively losing sensitivity in the physiological region of
(3.5-6 mM). Though it should be noted that for this sample, the monomer/
enzyme solution was 3 days old at day 0, indicating that storage of the
solution exhibits slower degradation than storage of the formed sensor.
Continuous glucose monitoring technology is also limited by storage and
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degradation, which also constrain fabrication and shipping times for a
sensing product. Given the relative ease of functionalization of our approach
by electropolymerization, an ad hoc fabricated sensor inside a capillary-
driven microfluidic device can be realized.

To couple the OECT with a microfluidic device, we fabricated Au-
contact OECTs with PEDOT: PSS on the channel and gate electrode on a
glass substrate. A thin double-sided adhesive tape allowed for the attach-
ment of the 3D printed microfluidic to the glass substrate. The reference
electrode (R in Fig. 4a) for electropolymerization was a separate screen-
printed electrode integrated with the microfluidic. For the first tests, we used
a microfluidic design with a single inlet with determined resistance (capil-
lary retention valve, marked S) to prevent emptying of the microchannel
(Figs. 4a, 5). Thus, the liquid at the inlet would stop after the inlet reservoir
(having filled the microfluidic channel) and adding another drop into this
reservoir would continue the fluid flow in the microfluidic channel. With

this passive stop-and-go approach, functionalization, washing, and mea-
suring of glucose could be performed on demand.

The microfluidic was tested with DI water for leakage before adding the
monomer/enzyme solution, filling the detection zone (Dz) with the OECT,
and the patch for the reference electrode (R). The gate electrode was then
functionalized as above using chronoamperometric electropolymerization.
The system was then washed with PBS 1x buffer and the measurement
(Ips vs time) for glucose concentration (0.5-100 mM) obtained (Fig. 4b).
The physiological range of interest can be resolved, as seen by the step for
5 mM of glucose (iv) as well as in the dose curve (Fig. 4¢). This system shows
a lower response to the same concentrations compared to the open OECT
measurements above (Fig. 3a), possibly due to polymerization inside the
microfluidic. The lower reservoir volume during polymerization or the
electrodes being connected via small liquid channels (thus introducing
resistance) could affect the polymerization and therefore the dose curve.
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Fig. 5 | Envisioned microfluidic device with preprogrammed sequence (scalebar =
10 mm) and its integration with an OECT (zoom; scalebar = 4 mm).

An envisioned version with an “automated” release sequence of
reservoirs (1-3) is shown in Fig. 5, based on a previously described
principle”. This allows not only for a preprogrammed sequence to occur but
also limits unwanted diffusion from the reservoirs to the microchannel.
Figure S5 depicts the time evolution of the microfluidic device for an
automated delivery of reagents in a preprogrammed sequence. Coupling the
on-demand fabrication with the fact that OECTs can be operated with
microcontroller systems” makes this valuable for point-of-care approaches
(Fig. S5b), with the added benefit of microfluidics only requiring small
sample volumes.

We have demonstrated ad hoc fabrication of OECT-based glucose
sensors with enzymes embedded in a polymer matrix on the channel. The
system exhibits easy and targeted fabrication even within a microfluidic
channel. The recognition element is the enzyme AoGDH, and to the best of
our knowledge, this is the first report of AoGDH in an OECT-based sensor
(but FAD-GDH has been integrated with other transistor sensors*"). Due to
the uncertainty of the origin species of the commercial enzyme, only ten-
tative statements on the transfer mechanism can be drawn, even though
glucose could be measured without mediator. This was not the case for GOx
with the same approach. Also, given the significance of the origin of the
possible electron transfer mechanism (even 3 generation), a clear indica-
tion of its origin should be provided if possible, to avoid misunderstandings.
This is especially important as some FAD-GDH species have been inves-
tigated more than others, and their structures are therefore better under-
stood. Likewise, OECTs have been used with capillary-driven microfluidics
for ion sensing” or with finger-powered microfluidics for enzymatic
sensing, but we believe this to be the first demonstration of such a system
fabricated/functionalized on demand inside the fluidic channel.

This ad hoc fabrication allows us to circumvent a drawback of FAD-
GDH sensors: their stability. The physiological concentration range was
clearly detectable within the microfluidic setup. In addition, a fast reaction
time of the sensor was achieved, visible as a step-like behavior on analyte
addition. Furthermore, an “automated” release sequence of reagents inside
the microfluidic channel can be preprogrammed by including more reser-
voirs with different retentions at their upstream (reservoir inlets). The
special design of the reservoirs’ connections to the main microfluidic
channel mitigates premature intermixing and diffusion®.

Further investigation to reduce device-to-device variation in glucose
detection is crucial for a reliable conclusion of glucose levels. Multiple
sequential film formations are possible, potentially expanding the operation
time of the device and possibly allowing for near continuous monitoring.
Furthermore, given the targeted deposition onto electrodes, a multi-
electrode sensing array can also be envisioned.

Methods

Chemicals were obtained from Sigma Aldrich unless otherwise stated. FAD-
GDH was purchased from BBI solutions. ETE-S and ETE-COONa were
synthesized as described previously™.

For flexible OECT, photolithography was used to fabricate OECTs on
PET foil, followed by the same process as described previously”"’. The
channel width is 100 um, the length is 20 um, and the gate is 250 x 250 pm.

For integration with capillary-driven microfluidic devices, micro-
fabricated OECT's were fabricated with a double Parylene C layer on glass

slides with Cr (5nm) and Au (50 nm) trough photolithography as pre-
viously described”. PEDOT: PSS films were spin-coated (1400 rpm for
30 sec) and cured for 1 hat 120 °C before removing the sacrificial Parylene C
layer. Channel width is 100 pm, length is 10 pm, and the gate is 600 x
600 um. PEDOT: PSS formulation consisted of PH1000 with 5% ethylene
glycol (v/v), 1% (3-glycidyloxypropyl)trimethoxysilane (GOPS, v/v), and
dodecylbenzenesulfonic acid (DBSA, 1 drop per 5 ml).

ETE-COONa (1 mg/ml) was mixed with AoGDH (5 mg/ml) in PBS
1x and polymerized onto an electrode with 300 mV for 60 sec in a two-
electrode setup with an Ag/AgCl as counter/reference electrode. For devices
in microfluidic chips, a screen-printed Ag/AgCl was used*".

Measurement strategy

Electrical characterizations were performed using a Keithley 2612 and a
custom LabVIEW program. Or in the case of integration with the micro-
fluidic chip, a microcontroller was used as described by Diacci et al.”’. Cyclic
voltammetry and chronoamperometry were obtained using a Keithley 2612
with a custom LabVIEW program and Ag/AgCl as reference electrode
(pellet for free-standing or screen-printed for microfluidic integration) in a
2-electrode setup. The normalized response (NR) of the sensor upon glucose
addition was taken before changing to another concentration and calculated
via NR = (I-Io)/I,, with I, the current at a given concentration x and I, the
current without glucose (before addition of glucose).

Capillary-driven microfluidics

The microfluidic devices were designed with SolidWorks 2021 (Dassault
Systemes SE, France) and printed using the stereolithography (SLA) 3D
printer Form3 (Formlabs, USA). Clear V4 resin was used in all cases. After
3DP, they were activated by atmospheric plasma (Plasmatreat Steinhagen
FG3001 4+ RD1004, Germany). A 1.6-mm-thick optically clear silicone
pressure-sensitive adhesive (PSA) was used to seal the microchannels
(ARclear 93495, Adhesives Research, Ireland). Subsequent to plasma acti-
vation of the 3DP chips, the results showed hydrophilicity with the contact
angle of 30°+ 5° for over a week, whereas the sealing layer of PSA was
hydrophobic (C.A.~100°). As the utilized PSA is a double-sided adhesive, it
attaches the microfluidic chip with the reference electrode and micro-
fabricated OECT on a glass slide, while the shapes and openings were cut
with a cutting machine (Cricut Explore 3). We found that having “ripples”
in the detection zone was beneficial compared to a flat surface to facilitate a
homogeneous filling of the chip without air bubbles.

Alignment of the microfluidic chip, the adhesive silicone, and the
OECT was done manually. During the mounting of the OECT with a
Parylene C encapsulation layer on glass, this encapsulation layer around the
gate was damaged, increasing the functionalized gate area for the mea-
surement in Fig. 4.

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information files. Should
any raw data files be needed in another format they are available from the
corresponding author upon reasonable request.
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