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ARTICLE INFO ABSTRACT

Keywords: Herein, a biosensor based on a reduced graphene oxide field effect transistor (rfGO-FET) functionalized with the
Enzymatic cascade cascading enzymes arginase and urease was developed for the detection of 1-arginine. Arginase and urease were
Bios.e“SOT immobilized on the rGO-FET sensing surface via electrostatic layer-by-layer assembly using polyethylenimine
Arginase (PEI) as cationic building block. The signal transduction mechanism is based on the ability of the cascading
Urease . . . is

Graphene enzymes to selectively perform chemical transformations and prompt local pH changes, that are sensitively

detected by the rGO-FET. In the presence of r-arginine, the transistors modified with (PEl/urease(arginase))
multilayers showed a shift in the Dirac point due to the change in the local pH close to the graphene surface,
produced by the catalyzed urea hydrolysis. The transistors were able to monitor r-arginine in the 10-1000 pM
linear range with a LOD of 10 uM, displaying a fast response and a good long-term stability. The sensor showed
stereospecificity and high selectivity in the presence of non-target amino acids. Taking into account the label-
free, real-time measurement capabilities and the easily quantifiable, electronic output signal, this biosensor

Field-effect transistor

offers advantages over state-of-the-art L-arginine detection methods.

1. Introduction

L-arginine ((S)-amino-5-guanidinopentanoic acid) is the most basic
amino acid and occurs widely in living organisms. In the human body, it
has significant biological functions in the cardiovascular, immune and
endocrine system (Guoyao, 2009; Popolo et al., 2014; Tong and Barbul,
2004). The monitoring of r-arginine in physiological fluids is therefore
of great interest in clinical diagnostics, research and therapy. Further-
more, it is relevant in industrial settings, such as quality control in food
and beverages (Stasyuk et al., 2016; Valle-Vega et al., 1980; Verma
et al., 2015) and optimization of microbial biosynthesis in industrial t-
arginine production (Ginesy et al., 2015). To date, detection of 1-argi-
nine in health-related studies is mostly done by high-performance li-
quid chromatography (HPLC) (Bode-Boger et al., 1998; Hong et al.,
2010; Van Waardenburg et al., 2007) and liquid chromatography-
tandem mass spectrometry (LC-MS) (Luneburg et al., 2011; Németh
et al., 2016), both of which require specialized equipment and labor-
ious sample preparation and analysis. Optical detection methods may
rely on enzymatic reactions (Alonso et al., 1995; Stasyuk et al., 2017,
2016), fluorescent probes (Lu et al, 2017) or functionalized
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nanoparticles (Pu et al., 2013; Velugula and Chinta, 2017). Albeit en-
abling highly sensitive and precise detection, these methods frequently
fail to meet many other desirable features such as easy handling, real
time response, electronic read-out and cost-efficiency.

As a cutting-edge approach, biosensors based on nanomaterial field-
effect transistors (FET) have gained increasing attention in clinical di-
agnostics because of their following attractive features (Yan et al.,
2014): Label-free, real-time response, operation in aqueous solutions at
very low voltages (less than 1V, which is elemental for biological
sensing), and inherent amplification property (Zhang et al., 2015).
Graphene, a two-dimensional zero band gap semiconducting material,
has remarkable electronic, chemical and mechanical properties
(Balasubramanian and Kern, 2014; Nehra and Pal Singh, 2015). Its high
carrier mobility and ambipolar field effect together with a great inter-
face sensitivity make graphene a unique sensing material. Graphene-
based FETs (gFETs) have been applied for detection of pH (Ohno et al.,
2009; Reiner-Rozman et al., 2015), DNA (Dong et al., 2010) and pro-
teins (Kim et al., 2013), as well as for the enzymatic detection of small
molecules like urea or glucose (Piccinini et al., 2017; Zhang et al.,
2015) and other analytes (Fu et al., 2017).
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The approach of enzymatically converting an analyte and detecting
it by the resulting small pH changes near the reduced graphene oxide
(rGO) surface has successfully been pursued in case of urea (Piccinini
et al., 2017). Furthermore, this work reported that electrostatic layer-
by-layer (LbL) assemblies offer a versatile bottom-up technique for the
immobilization of recognition elements on graphene-modified surfaces,
ensuring biological activity and accessibility of the analyte to the active
sites of the enzyme.

In the study presented in this paper, we expand this concept to a
coupled enzymatic reaction, thereby broadening the spectrum of de-
tectable analytes. For this, the enzymes arginase and urease were im-
mobilized as recognition elements in an LbL assembly on reduced
graphene oxide field effect transistors (rGO-FET), thus enabling a
highly sensitive, precise and selective detection of L-arginine. In the first
reaction step of this cascading set-up, arginase hydrolyzes r-arginine to
yield ornithine and urea, none of which provoke a sensor response. The
intermediate urea serves as a substrate for the second reaction step, in
which it is converted by urease into NH3 and CO,, thus leading to an
increase in pH on the rGO-FET surface. Optimizing the LbL architecture,
biosensors with a very low limit of detection (LOD) of < 10 uM, a wide
linear range of 10-1000 uM and rapid response time of 180s were
obtained. Featuring these characteristics, our biosensor compares fa-
vorably with those described in the literature. Furthermore, our study is
the first one describing the construction of an enzymatic cascade in an
LbL assembly on an rGO-FET, thus paving the way for other sequential
enzymes to potentially be applied as cascading recognition elements in
biosensors.

2. Material and methods
2.1. Chemicals

For the experiments performed in this study, the following reagents
were used: L-arginase (Ar) from bovine liver (100 units/mg, Calzyme
Laboratories Inc., San Luis Obispo, CA, USA), urease (Ur) from
Jackbean (Canavalia ensiformis) (100 units/mg, Calzyme) and di-
methylformamide (DMF) (Research AG, Argentina). r-arginine mono-
hydrochloride, p-arginine monohydrochloride, L-canavanine, 1-valine,
t-alanine, creatinine, i-phenylalanine, i-proline, hydrazine mono-
hydrate (99%), (3-aminopropyl)-triethoxysilane (APTES) (97%), so-
dium 1-pyrenesulfonate (SPS), polyethyleneimine (PEI) (Mw 10,000)
and urea (all from Sigma-Aldrich, USA). Interdigitated microelectrodes
(ED-IDE1-Au) as well as the electrochemical flow cell were obtained
from Micrux Technologies (Oviedo, Spain). Ultrapure Milli-Q water was
used to prepare all the solutions.

2.2. Preparation of reduced graphene oxide field effect transistors (rGO-
FETs) and layer-by-layer assembly

As a first step, rGO-FETs as transducing platforms were prepared as
described in Piccinini et al. (2017). To functionalize the rGO-FETs for
sensing applications, the enzymes were integrated on the rGO platform
via electrostatic layer-by-layer (LbL) assembly in the presence of
polyethyleneimine (PEI). The use of the polyelectrolyte has three dis-
tinctive advantages: 1) weak polyelectrolytes amplify the pH sensitivity
by protonation and deprotonation of the monomer units, thus resulting
in electrostatic gating (Piccinini et al., 2017), 2) they increase the in-
terfacial sensitivity of gFETs (Piccinini and Alberti et al., 2018) and 3)
they act as supramolecular building blocks (Ariga et al., 2014, 2007;
Decher and Hong, 1991). The enzyme solutions were prepared in
10 mM HEPES + 10 mM KClI aqueous buffer and pH was adjusted above
their isoelectric points. The solutions contained either 1 mg/ml of ur-
ease or arginase respectively or a mixture of both enzymes in a ratio of
1:1 or 1:2, maintaining the total enzyme concentration of 1 mg/ml
constant. The rGO-functionalized microelectrodes were immersed in a
solution of 5mM SPS in DMF overnight, conferring negative surface
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charge. After rinsing with DMF and water, the first polycation layer was
assembled submerging the rGO-FETs for 10 min in a 2 mg/ml aqueous
PEI solution (adjusted to pH 8). Subsequently, the rGO-FETs were
rinsed with water and transferred into the enzyme solution for 30 min.
Unbound enzymes were carefully washed off by rinsing with water.
Different LbL-architectures were obtained by repeating the alternating
steps of polycation and enzyme adsorption and varying the ratio of
arginase and urease as desired. The functionalized rGO-FETs were used
for electrochemical measurements immediately.

2.3. Surface plasmon resonance (SPR) spectroscopy

Basic piranha solution (H>0, 30% and NH,OH 35% 1:1) was used to
clean gold SPR substrates (SPR102 AU, BioNavis) by heating at 60 °C
for 10 min. The SPR substrates were first modified with cysteamine and
then with rGO as previously reported (Piccinini and Alberti et al.,
2018). The rGO-modified substrates were washed with water and dried
with N,. The assembly process involving the sequential adsorption of
PEL urease and arginase adsorption was monitored using the multi-
parametric surface plasmon resonance (MP-SPR) instrument SPR Navi
210 A (BioNavis Ltd, Tampere, Finland). The measurements were car-
ried out using a 785 nm laser and a flow rate of 10 pl/min. To estimate
the surface coverage of the biocomponents, the SPR angle of minimum
reflectivity, O, was measured in situ during the assembly. The shift of
the minimum reflectivity angle (A0) resulting from the adsorption of
each enzyme was converted into mass surface coverage (I, ng/cm?)
using the following equation (Stenberg et al., 1991):

_ Abkd
" dy/dC

(€3]

The parameter k*d, which depends on the SPR substrate and the
wavelength of the laser, was provided by BioNavis with a value of
1.9 x 1077 cm/deg. The refractive-index variation (n) with con-
centration (C), ie.: (dn/dC), was considered equal for urease and ar-
ginase with a value of 1.82 x 107'° em®/ng (Zhao et al., 2011).

2.4. Electrochemical r-arginine detection

Real time measurements were performed using the functionalized
rGO-FETs. They were inserted into the electrochemical flow cell to
perform the measurements in a liquid gated configuration with a silver
wire as gate electrode. All analytes (1-arginine and non-target amino
acids) were prepared in a 10 mM KCl buffer adjusted to pH 6. The
analyte solutions were continuously injected by a peristaltic pump at a
flow rate of 100 pl/min (Reglo ICC, Ismatec, Cole-Parmer GmbH,
Wertheim, Germany). The current between source and drain electrodes
(Ip) was monitored by applying a source-drain bias (V) of 0.1 V and a
fixed gate voltage (Vg) of — 0.2 V. The term Aly, refers to the variation
in I, upon adding the analyte to the working solution.

3. Results and discussion
3.1. Characterization of the rGO-FETs

Liquid gated FETs using rGO as a channel material were used as
sensing platforms (Fig. 1a). The bridging of source and drain electrode
by the randomly organized rGO flakes is facilitated by the special ar-
chitecture with a small channel length (10 um), resulting in an ex-
tremely high transconductance of up to 800 puS (Piccinini et al., 2017) as
well as a stable response and high device to device reproducibility.

We recently reported the outstanding sensitivity of electrolyte so-
lution-gated rGO-FETs towards pH changes near the rGO surface ex-
hibiting a broad linear range with a slope of 20.3 + 0.6 pA/pH
(Piccinini et al., 2017). This phenomenon arises from two effects: 1)
changes in the surface charge density by the protonation or deproto-
nation of remaining functional groups at the rGO surface and the charge
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Fig. 1. a) Illustration of the liquid gated gFET with source, drain and gate electrode, an enlarged view of the interdigitated channel and a SEM image of the rGO
modified channel; scale bar = 10 uM. b) Schematic of the LbL assembly process using PEI as the cationic building block, and urease (for the 1° cycle) and ur-
ease:arginase 1:2 (for the 2° cycle) as the anionic building blocks. c) Representation of the LbL assembly of PEI (blue), urease (red) and arginase (green). d) Reaction
equation of the conversion of L-arginine into L-ornithine and the intermediate substrate urea by the enzyme arginase (EC 3.5.3.1., green) and the following urease (EC
3.5.1.5., red)-catalyzed hydrolysis of urea. (For the color version of all the figures, the reader is referred to the online version of this article.).

doping effect of adsorbed H* or OH" ions and 2) electrostatic gating
effects due to changes in the Debye layer (Heller et al., 2010; Sohn
et al., 2013; Wang and Burke, 2014). By integrating the weak polyca-
tion polyethylenimine (PEI) with a pKa of 8-9, the pH sensitivity of the
device has been enhanced by 28%. This was due to the deprotonation of
PEI when increasing the pH, resulting in p-doping of the transducer by
electrostatic gating effects (Piccinini et al., 2017). This pH sensitivity,
together with the ease of fabrication and low cost, makes the developed
rGO-FETs highly suitable to be used as biosensing platforms.

3.2. Immobilization of enzymes using the layer-by-layer (LbL) assembly
technique

Enzymes were immobilized on the sensing platform using the LbL
technique, which relies on the electrostatic interaction of the polycation
PEI and the enzymes (Fig. 1b,c). This method overcomes the constraints
of standard covalent attachment, which might disrupt the folding and
functionality of the enzymes if essential groups are involved in the
immobilization (Scouten et al., 1995; Sheldon and van Pelt, 2013). In
addition, direct covalent attachment to the graphene surface can induce
the damage to the sp? structure and thus impair signal transduction
(Niyogi et al., 2010). The use of polyelectrolytes allow for precise
tuning of the enzyme spacing and loading within the assembly as well
as to optimizing the enzyme ratio (Ariga et al., 2013), which is of great
importance in multistep cascade reactions.

Before assembling the initial layer of PEIL, a negative charge was
conferred to the rGO surface by using sodium 1-pyrenesulfonate (SPS)
as a priming layer. In the assembly process, the pH of the polyelec-
trolyte and enzyme solution is critical. Enzymes are negatively charged
at a pH above their characteristic isoelectric point (pI), which is re-
quired for their electrostatic adsorption to the positively charged PEL
To identify a suitable pH, the adsorption process of PEI and enzymes
onto the rGO-modified substrates was followed by SPR at enzyme buffer
pH of 7.4 or 8.5. Fig. 2 shows the reflectivity curves after the adsorption
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Fig. 2. SPR reflectivity curves of the LbL assembly of PEI (dashed blue), urease
(blue), PEI (dashed red) and arginase (red) onto rGO (black) at pH 7.4 (top) and
8.5 (bottom). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).
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and rinsing of each component. SPR measurements confirmed the
successful assembly of the enzymes and a high stability of the whole
supramolecular interfacial architecture. The surface coverage (I") of the
enzymes was calculated applying Eq. (1) described in the methods
section. By increasing the pH of the arginase buffer to 8.5, the loaded
arginase increased by 20% compared to adsorption at pH 7.4. Surface
coverage values of 1054 and 292 ng/cm? were obtained for urease and
arginase, respectively, when the proteins were assembled at pH 8.5.
Since pH 8.5 increased arginase adsorption and did not impede urease
functionality (Figs. S4 and S5 in the Supporting information file), the
enzyme buffer was adjusted to this value in all further LbL assemblies.

3.3. Sensing performance depending on LbL architecture

Due to their outstanding selectivity, enzymes were used as bior-
ecognition elements on the rGO FETs. The change in the local pH at the
transducer surface upon analyte conversion can be correlated to the
substrate concentration (Lee et al., 2009; Piccinini et al., 2017; Sohn
et al., 2013; Soldatkin et al., 2002). By sequentially coupling enzymes,
the scope of detectable analytes can be extended. This is particularly
true for the cascading enzymatic arrangement of arginase and urease to
detect 1-arginine (Fig. 1d). The first reaction, catalyzed by arginase,
leads to the formation of L-ornithine and urea. Neither of these inter-
mediates are pH active, however, urea is the substrate for the following
urease-catalyzed reaction into NH,*, HCO3™ and OH". Thus, the cou-
pling of both enzymes leads to an pH increase in the presence of i-
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increase in the hole carrier concentration, which is recorded as an in-
crease in I (Fig. 3a,b).

The assembly architecture containing the enzymes is highly relevant
for the sensing performance, especially when dealing with cascading
enzymatic reactions (Disawal et al., 2003; Pescador et al., 2008). The
immobilization process should prevent the leakage of the enzyme
(Saiapina et al., 2012) and ensure the substrate accessibility. To identify
the optimum LbL architecture, different multilayer arrangements were
examined in order to elucidate the best sensing performance (Figs S4
and S5 in the Supporting information file). We observed that the con-
figuration PEI-Ur-PEI-UrAr-PEI (Ur:Ar 1:2) exhibits the best perfor-
mance in comparison with PEI-Ur-PEI-UrAr-PEI (Ur:Ar 1:1) and PEI-
UrAr-PEL

The close proximity of both enzymes participating in a cascade re-
action is crucial for optimal catalytic conversion of the analyte (Fu
et al., 2012; Kang et al., 2014; Pescador et al., 2008). Fu et al. (2012)
attributed this phenomenon to the facilitated transport of the inter-
mediate along the protein surfaces as opposed to diffusion through the
bulk solution, whereas other authors argue that the enhanced activity is
due to a positive effect of close entrapment in the scaffold on kinetic
parameters, for example by changes in the pH of the microenvironment
(Zhang and Hess, 2017).

Therefore, the enzymes urease and arginase were co-immobilized in
the outermost layer of the assembly. Furthermore, urease was in-
corporated in the assembly in excess by including a bottom layer en-
tirely constituted of urease (rGO-pyrSOs;/PEI/Urease/PEI/Urease

arginine. At negative V,, the local accumulation of OH induces an + Arginase/PEI), thus preventing unspecific interaction of the
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Fig. 3. a) Real-time channel current response (Alp) for the PEI-Ur-PEI-UrAr-PEI assembly with a ratio of Ur:Ar of 1:1 b) and Ur:Ar 1:2 in the outermost enzyme layer.
The dashed lines represent the change in concentration. c) Al response of the assemblies PEI-UrAr-PEI Ur:Ar 1:1 (R = 0.90) (red), PEI-Ur-PEI-UrAr-PEI Ur:Ar 1:1 (R
= 0.99) (blue) and PEI-Ur-PEI-UrAr-PEI Ur:Ar 1:2 (R = 0.99) (green). Error bars represent the standard deviation of three measurements. Experimental conditions:
10mM KCl at pH 6, Vg: — 0.2V, Vgq: 0.1V, flow rate: 100 pl/min. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).
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transducing element with charged intermediate products due to in-
complete enzymatic conversion, which may lower the signal of the
transistor. This configuration allowed the real time detection of argi-
nine, with a detection limit of 10 uM, a linear range from 10 uM to
1000 uM and a slope of 24 uA per decade [1-arginine] when both en-
zymes were integrated in a 1:1 ratio (Fig. 3a,c).

In addition to proximity, the ratio between both enzymes has been
suggested as an effective approach to optimize the bi-enzymatic cascade
reaction (Zhang and Hess, 2017). In order to ensure sufficient analyte
conversion and thus intermediate substrate concentration, the ur-
ease:arginase ratio was increased to 1:2 in the outermost enzyme layer
of the assembly. However, owing to the additional urease layer, the
concentration of urease was kept higher within the entire assembly. In
the two-step hydrolysis of r-arginine, urease is known to be the rate-
limiting enzyme due to its lower K, and thus lower maximum reaction
rate V. compared to arginase for the same amount of enzymatic units
(Liu et al., 1996). Therefore, the application of urease in excess has
been suggested to ensure a prompt conversion of all intermediate spe-
cies and render the observed rate of ammonia formation directly pro-
portional to the concentration of arginine (Liu et al., 1996).

For the optimized assembly we could observe an enhanced sensi-
tivity towards the analyte with a slope of 33.5 pA per decade and a
linear range between 10 and 1000 uM (3b,c). The sensitivity decayed
above 1000 uM arginine due to the saturation of the enzymatic activity.
A dilution of the sample should be done to measure above this con-
centration. The presented sensor outperforms most of the urease/argi-
nase based potentiometric sensors reported in the literature with re-
spect to its LOD, linear working range and response time (see Table 1).
In this sense, we should note that while the conductometric sensor
presented by Saiapina et al. (2012) displayed a lower LOD and a slightly
faster response time, our rGO-FET based sensor has the advantage of
enabling measurements in continuous flow conditions and, thus,
achieving a real-time detection of the analyte. Furthermore, the bio-
sensor response was completely reversible, which was shown by in-
jecting buffer solution subsequent to analyte titration, resulting in the
decrease of I to reach the initial baseline value. This indicated the
absence of undesirable, unspecific adsorption of substrate or products
near the surface of the rGO-FET, which would have altered its charge
carrier mobility and thereby also Ip. The use of the LbL technique for
enzyme immobilization offers the opportunity of closely controlling the
nanoarchitecture of the assembly as opposed to other methods invol-
ving covalent chemisties such as cross-linking the bi-enzyme solution.
This is not only relevant in the case of our arginine biosensor, but may
also serve as a model approach for the study of other multienzyme
systems and their microenvironments. By optimizing the composition of
the LbL assembly the working stability of the sensor could be improved,
resulting in a low standard deviation within measurements. A com-
parison with other sensing strategies reveals that the response time of
our platform is faster than other arginine sensors. The response was
very rapid, reaching 95% of the maximum value within the initial 180 s.
This is opposed to the slow substrate conversion of free enzymes in
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buffer, indicating a successful enhancement of catalytic activity by
enzyme immobilization using polyelectrolytes in a multilayer archi-
tecture.

The linear range of our device covers typical concentrations in real
samples. r-arginine concentration in human plasma normally lies be-
tween 40 and 110 uM (Luneburg et al., 2011). However, it can reach up
to 1.2mM after oral ingestion and even higher values of up to 7.7 mM
after intravenous infusion (Bode-Boger et al., 1998). Also, r-arginine
levels in food samples or industrial production may exceed the upper
limit of the linear range of our biosensor. However, the linear range can
be shifted by adjusting the operating conditions. For example, in-
creasing the buffer capacity in the working buffer was reported to
render the biosensor less sensitive, but resulted in a linear response up
to higher concentrations (Saiapina et al., 2012). Therefore, it is en-
visaged the application of the developed biosensor in a variety of set-
tings involving different matrices.

To investigate the selectivity of the biosensor towards r-arginine, a
range of non-target amino acids was studied. To this end, the response
of rGO-FETs modified with the optimized LbL architecture (rGO-
pyrSO3/PEl/Urease/PEl/Urease + Arginase/PEI) was evaluated in the
presence of 1-valine, 1-alanine, creatinine and r-phenylalanine. The
sensor showed no or very little response (max. 3 pA) to non-target
amino acids even at high concentrations (100 uM and 1 mM) (Fig. 4).
Furthermore, stereospecificity was confirmed by exposing the sensor to
p-arginine solutions. This control experiment in the presence of 100 uM
p-arginine resulted in approximately a 5 pA decrease in Al (Fig. 4b).
Since the resulting signal (decrease in Alp) of these non-target amino
acids was in contrast to the one by r-arginine (increase in Alp), none of
them is expected to yield a false positive response.

Recent works (Fu et al., 2017; Piccinini et al., 2018) explained that
the electrostatic screening by mobile ions (Debye length) is an im-
portant limitation in graphene-based FETs if real samples such as serum
need to be measured. This drawback applies when the sensing me-
chanism is the induction of a local electric field produced by the
charged target molecule (e.g., DNA, antigen, proteins, etc.) recognized
on the graphene surface. Since the sensing mechanism used in this work
is based on the acid/base equilibrium of the products of an enzymatic
reaction, the above mentioned issue is not a limitation for our sensors.
Nevertheless, the sensor surface should be engineered to avoid the
fouling of proteins on the film using different building blocks such as
PEG or zwitterionic polymers.

4. Conclusion

We described a novel, highly sensitive biosensing platform to detect
L-arginine. The biosensor has been designed and built employing the
enzymatic cascade of arginase and urease as recognition elements.
These enzymes were immobilized on an rGO-FET by employing the LbL
technique. By evaluating the performance of different LbL archi-
tectures, it has been concluded that the enzyme ratio and the proximity
between arginase and urease represent key factors. Our experiments

Table 1

Overview of electrochemical r-arginine biosensors based on enzyme coupling described in the literature.
Biological recognition element Method LOD mM Linear range mM Response time Reference
Urease/Arginase Amperometric 0.038 0.07-0.6 10s (Stasyuk et al., 2012)
Urease/Arginase Conductometric 0.0005 0.01-4 120s (Saiapina et al., 2012)
Urease/Arginase Potentiometric 0.03-3 300s (Nikolelis and Hadjiioannou, 1983)
Urease/Arginase Potentiometric < 0.01 0.1-30 90-360s (95%) (Koncki et al., 1996)
Urease/Arginase Potentiometric 0.025-0.310 600s (Karacaoglu et al., 2003)
Urease/Arginase Potentiometric 0.1 0.12 - 40 180-300s (95%) (Stasyuk et al., 2011)
Urease/Arginase Potentiometric 0.1-10 300s (Valle-Vega et al., 1980)
Urease/Arginase Potentiometric mM range (Disawal et al., 2003)
Urease/Arginase Potentiometric 0.01-1 (Komaba et al., 1998)
Urease/Arginase Potentiometric 0.1-1 (Ivnitskii and Rishpon, 1993)
Urease/Arginase FET 0.01 0.01-1 180s This work
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Fig. 4. a) Real-time channel current response (Aly) for the LbL assembly PEI-Ur-
PEI-UrAr-PEI Ur:Ar 1:2 titrating different interfering species: ir-valine, L-
Lalanine, Creatinine, L-phenylalanin, r-proline as well as b) p-arginine and
canavanine at concentrations of 100 uM (light blue) and 1 mM (blue). The
dashed lines represent the change in concentration. Experimental conditions:
10mM KCl at pH 6, Vg — 200 mV, Veg: 100 mV, flow rate: 100 pl/min. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.).

revealed that the best sensing performance was achieved by those as-
semblies containing only urease in the inner bioactive layer and both
enzymes (Ur:Ar 1:2) in the outer bioactive layer (rGO-pyrSOs/PEl/
Urease/PEI/Urease + Arginase 1:2/PEI). As a result, a sensing platform
exhibiting fast response (180s), a linear range between 10 uM and
1 mM, a LOD of 10 uM, and a sensitivity of 33 pA/uM was obtained. We
envision that further exploration of this strategy relying on the use of
enzymatic cascades to other enzymatic systems will open up new op-
portunities to highly sensitive graphene-based sensors.
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