Author’s Accepted Manuscript

Hybrid organic/inorganic interfaces as reversible
label-free platform for direct monitoring of
biochemical interactions

The principal internatioaal Journal devoted to research, design, development and
biosensors and boelectronics

‘applcaton of

Tatiana P. Vello, Larissa M.B. da Silva, Gustavo
O. Silva, Davi H.S. de Camargo, Catia C. Corréa,
Carlos C. Bof Bufon

www.elsevier.convlocate/bios

PII: S0956-5663(16)30805-3
DOI: http://dx.doi.org/10.1016/1.bi0s.2016.08.050
Reference: BIOS9047

To appear in:  Biosensors and Bioelectronic

Received date: 1 June 2016
Revised date: 5 August 2016
Accepted date: 16 August 2016

Cite this article as: Tatiana P. Vello, Larissa M.B. da Silva, Gustavo O. Silva,
Davi H.S. de Camargo, Catia C. Corréa and Carlos C. Bof Bufon, Hybri
organic/inorganic interfaces as reversible label-free platform for direct monitorin;

of biochemical interactions, Biosensors and Bioelectronic
http://dx.doi.org/10.1016/5.bi0s.2016.08.050

This is a PDF file of an unedited manuscript that has been accepted fo
publication. As a service to our customers we are providing this early version o
the manuscript. The manuscript will undergo copyediting, typesetting, an
review of the resulting galley proof before it is published in its final citable forn
Please note that during the production process errors may be discovered whic
could affect the content, and all legal disclaimers that apply to the journal pertain


http://www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2016.08.050
http://dx.doi.org/10.1016/j.bios.2016.08.050

Hybrid organic/inorganic interfaces as reversible label-free

platform for direct monitoring of biochemical interactions

Tatiana P. Vello™®, Larissa M. B. da Silva®, Gustavo O. Silva®, Davi H. S. de Camargo®, Catia C.

Corréa®, Carlos C. Bof Bufon™"™"

“Brazilian Nanotechnology National Laboratory (LNNano), CNPEM, 13083-970, Campinas,

Brazil.

®Department of Physical Chemistry, Institute of Chemistry, University of Campinas, P.O. Box

6154, 13084-862 Campinas, SP Brazil.

“Institute of Physics "Gleb Wataghin" (IFGW), UNICAMP, 13083-859, Campinas, Brazil.
“Corresponding author. cesar.bof@lnnano.cnpem.br
Abstract

The combination of organic and inorganic materials to create hybrid nanostructures is an
effective approach to develop label-free platforms for biosensing as well as to overcome eventual
leakage current-related problems in capacitive sensors operating in liquid. In this work, we
combine an ultra-thin high-k dielectric layer (Al,O3) with a nanostructured organic functional tail
to create a platform capable of monitoring biospecific interactions directly in liquid at very low

analyte concentrations. As a proof of concept, a reversible label-free glutathione-S-transferase



(GST) biosensor is demonstrated. The sensor can quantify the GST enzyme concentration
through its biospecific interaction with tripeptide reduced glutathione (GSH) bioreceptor directly
immobilized on the dielectric surface. The enzymatic reaction is monitored by electrical
impedance measurements, evaluating variations on the overall capacitance values according to
the GST concentration. The biosensor surface can be easily regenerated, allowing the detection
of GST with the very same device. The biosensor shows a linear response in the range of
200 pmol.L™! to 2 pmol.L™", the largest reported in the literature along with the lowest detectable
GST concentration (200 pmol.L™") for GST label-free sensors. Such a nanostructured hybrid
organic-inorganic system represents a powerful tool for the monitoring of biochemical reactions,

such as protein-protein interactions, for biosensing and biotechnological applications.

Keywords: Hybrid organic-inorganic nanostructures, solid-liquid interfaces, biosensor,

glutathione S-transferase.

1. Introduction

The combination of materials of different nature and dimensionalities to form functional
elements is an effective approach to address sensing- and biosensing-related challenges (Zheng
et al.,, 2005; Lin et al., 2009; Stern et al., 2007). The immobilization of organic layers on
nanostructured materials such as silicon nanowires (Ahn et al., 2010; Gao et al., 2010),
semiconducting layers (Ashkenasy et al., 2002; Casalini et al., 2015; Bof Bufon et al., 2011),
carbon nanotubes (Lin et al., 2004; Nguyen et al., 2002), high-k oxides films (Bof Bufon et al.,
2010; Vervacke et al., 2014, 2012) and, more recently, graphene (Liu et al., 2012; Shan et al.,
2009) has been recognized as key to produce devices with novel functionalities and improved

performance. In sensing and biosensing, additional advantage is achieved by making use of



solid-liquid interfaces for the detection of specific analytes. Insulator/electrolyte (Bousse and
Bergveld, 1983) interfaces, for instance, have been widely exploited in transistor-like structures
for the detection/monitoring of organic solvents (Grimm et al., 2013), heavy metal ions (Cobben
et al., 1992) and biomolecules (Cui, 2001), to mention a few. In order to use such interfaces to
target specific molecules, receptor elements are immobilized on top of the insulating layer
(Berggren et al., 2001; Cui, 2001).

In capacitive sensors, the observation of changes in the solid/liquid interface requires the
capacitance of the insulating layer to be as high as possible (Berggren et al., 2001). This strategy
is adopted to enhance the capability of measuring the changes on the electrical double layer
capacitance as a result of recognition events occurring at the solid/liquid interface. Consequently,
to monitor the concentration of specific analytes in this type of devices, which is proportional to
the charge density at the interface, the sensor has to operate at low frequencies (< 100 Hz)
(Taylor and Macdonald, 1987), which is known to be unstable (Maupas et al., 1997). The
incorporation of insulating organic molecules on top of conducting substrates has also been
investigated and modeled (Finklea et al., 1993; Goes et al., 2012). Nevertheless, the permeability
of the organic tail to the plethora of ions present in solution may bring serious instabilities to
device operation (Goées et al., 2012).

The understanding of biochemical interactions is also of fundamental importance for both
biosensor’s development and the identification of biological mechanisms responsible for a set of
physiological activities. Reduced glutathione (GSH), for instance, is an ubiquitous tripeptide
associated with vital functions in the body, including the regulation of cell’s redox system
(Martos-Maldonado et al., 2015). The protection of cells against damage occurs via a

detoxification process driven by the conjugation of GSH with xenobiotics, which is mediated by



the glutathione S-transferase (GST) enzyme (Martos-Maldonado et al., 2015, 2012). In this
sense, the GSH/GST pair is key for detecting different exogenous substances, such as herbicides
and insecticides (Kapoli et al., 2008), fungicides (Singh et al., 2009) and anticancer drugs
(Materon et al., 2014). Furthermore, the GSH concentration, along with the GST expression and
activity, have been associated to the neurodegenerative diseases like Parkinson’s and
Alzheimer’s (Liu et al., 2015; Mazzetti et al., 2015). In addition, variable expressions of GST
have been correlated to various types of cancer (Chuang et al., 2005), as well as to the capability
of cells to respond to anticancer drugs (Townsend and Tew, 2003; Tsuchida and Sato, 1992). In
all cited cases, the evaluation methodology consists on comparing healthy and pathological cells,
where the relative changes of GSH and GST quantities are of interest.

Complexes or labeled methods of analysis, such as radioimmunoassays (Howie et al., 1989),
gene chips (Chuang et al., 2005) and ELISA (Daukantiené et al., 2014) are usually employed to
follow the probe/target molecule interaction. These methods, however, usually cannot provide
real time measurements, are more expensive and bulkier then label-free systems (Tsouti et al.,
2011). The development of a label-free GST biosensor, i.e., an analytical device to directly
monitor the presence of the target molecule (GST) without requiring additional reagents, usually
luminescent and electrochemical compounds, for signal generation, is a relevant case as a proof
of concept for the monitoring of biochemical interactions. In the literature, just a very limited
number of methods, including surface plasmon resonance (Jung et al., 2006), silicon nanowire
field-effect transistors (Lin et al., 2009) and water-gated organic transistors (de Oliveira et al.,
2016) have reported the label-free detection of GST. To the best of our knowledge, if all reported
GST label-free sensors (Jung et al., 2006; Lin et al., 2009; Martos-Maldonado et al., 2012; Qin et

al., 2015) are combined, GST can be monitored in a range of concentration of three orders of



magnitude (from 2x 10 °mol L *to 4.2x10°mol LY. In addition, most of these devices
cannot be reused since they employ innovative but complexes functionalization methods that
may lead to difficulties in obtaining reproducible manufacturing/regeneration processes (Ahn et
al., 2010) as well as routes for GSH/GST monitoring that are not reversible (Jung et al., 2006;
Martos-Maldonado et al., 2012; Qin et al., 2015).

In this work, we demonstrate a label-free, reversible and highly sensitive hybrid organic-
inorganic biosensor to monitor GSH/GST at a wide range of GST concentration (from
200 pmol.L! to 2 pmol.L™"). The sensor’s architecture and operation rely on the combination of
an ultra-thin high-k dielectric layer (3.3 nm Al,O3) with the functional bioactive tail to monitor
variations of the net charge at the hybrid solid/liquid interface caused by the GSH/GST
biospecific interaction. Here, the organic-inorganic combination allowed us to overcome two
critical drawbacks in capacitive biosensors: a) the instabilities arising from low frequency
operation (Maupas et al., 1997; Taylor and Macdonald, 1987) and b) the high ionic permeability
of the biorecognition layer, which may lead to electrical instabilities and irreproducible
measurements (Berggren et al., 2001). The conformational Al,O5; coating of metallic electrodes
is capable of suppressing eventual leakage currents and enables the device to continuously
operate in aqueous buffered medium.

The immobilization of biomolecules in biosensors and related biotechnological applications
commonly utilizes functionalization agents bearing thiol and silane groups (Lin et al., 2009;
Casero et al., 2002). Here, we employed an alternative functionalization route capable of
delivering high quality self-assembled phosphonic acid monolayers (SAM) chemically bonded to
the Al,O3 nanocoating. Such a layer is part of the organic functional tail of our device that allows

the GSH immobilization. Once the functionalized device is exposed to the GST in aqueous



phosphate buffer solution (PBS), the GSH/GST reversible interaction can be precisely
monitored. The very same biosensor was successfully employed to quantify the GST
concentration from 200 pmol.L™ to 2 pmol.L™; the broadest linear operation range reported so
far to this enzyme. For comparison, even combining all label-free devices reported in literature,
our device outperforms their operation range in one order of magnitude. In addition, to the best
of our knowledge, we also achieved the lowest detectable concentration of GST (200 pmol.L™)
among such devices (Jung et al., 2006; Lin et al., 2009). From the manufacturing point of view,
the fabrication process is compatible with standard microfabrication techniques and the scaling-
up production is simple and straightforward. Finally, the devices exhibited a stable operation,

with the possibility of being constantly regenerated for further use.

2. Materials and methods
2.1. Fabrication of the biosensor’s inorganic structure

The inorganic part of the device comprises nickel interdigitated electrodes, prepared by
standard photolithography and thin-film deposition processes (see Section 1 and Fig. S1 in the
Supplementary Material for details), coated with a conformational Al,O3; insulating layer.
Therefore, the device’s electrodes are protected from PBS used for the device functionalization
and characterization. The gap between electrodes (~21 um) is filled with PBS. In such a
configuration, the device electrical impedance depends on the insulator thickness, the aqueous
medium (PBS) ionic strength, and the device interfacial characteristics. The equivalent circuit
shown in Fig. 1b represents the inorganic part of the device when exposed to the liquid medium.
The modification created by the immobilization of the bioactive layer at the oxide surface is

expected to induce changes in the electrical double layer capacitance (Cq) at the solid/liquid



interface. Therefore, to assess such changes, the capacitance of the insulating layer (Cox) has to
be maximized. For simplicity, two variables were initially considered: the insulating layer a)
dielectric constant (¢) and b) thickness (d). Here, we opted to use an ultrathin Al,O3 film
deposited by atomic layer deposition (ALD) at 150°C as the device insulator. This choice is
made based on the following reasons: firstly, ALD guarantees an excellent conformational
coating within the monolayer precision level (Groner et al., 2004); secondly, amorphous Al,O3
layers with thicknesses smaller than 10 nm can exhibit both high € (~9) and low leakage currents
(Bof Bufon et al., 2010). Different from what has been recently reported (Correa et al., 2015), no
signature of degradation of the Al,O3; nanocoating in the presence of aqueous solution was
observed. Here, stability is achieved after conditioning the Al,O; layer using an ac voltage with
amplitude 5 times higher than the signal used to characterize the devices (200 mV). The
procedure consists of immersing the Al,O3; coated interdigitated electrodes in PBS while
applying 1 V to the devices pads. This process takes approximately 30 minutes and provides the
stability necessary to operate the devices in aqueous medium (see Section 2 in the
Supplementary Material).
2.2. Fabrication of the biosensor’s organic tail

The device functionalization starts with the immersion of Al,O5 coated electrodes in a 5 mol L
! solution of 2-aminoethylphosphonic acid prepared in deionized water for approximately 1 h.
Next, the device is exposed to 1mol L' solution of 3-maleimidobenzoic acid N-
hydroxysuccinimide ester (MBS) prepared in ethanol for 2 h. The functionalization continues by
immobilizing reduced glutathione (GSH) from a solution of 1 mol L™ prepared in PBS (0.1 mol
L' pH 7.0) for 2 h. The target enzyme glutathione S-transferase (GST), > 25 U/mg, from equine

liver (E.C. 2.5.1.18), was prepared in PBS (0.1 mol L', pH 7.0) at different concentrations. The



exposure of GSH to GST takes ~1 h and it is performed at various concentrations of GST (from
200 pmol L' to 2 umol L'"). All chemicals were purchased from Sigma-Aldrich and used
without further purification. A schematic diagram of the device functionalization steps and GST
biorecognition is illustrated in Fig. 2. The biosensor electrical response was evaluated in 0.1 mol
L' PBS using an Agilent E4980A Precision LCR Meter. The parallel capacitance (Cp) and
resistance (R;) values were analyzed in the frequency range of 20 Hz — 2 MHz with a sine-wave
voltage signal amplitude of 200 mV. For measurements at a fixed frequency, an average of 90
points were collected during approximately 10 minutes.
3. Results and Discussion
3.1. Evaluation of the oxide/liquid interface capacitance

Fig. 1c presents the measured capacitance (Cp) as a function of the Al,Os thickness for devices

immersed in PBS. Considering the equivalent circuit presented in Fig. 1b, the measured

capacitance (Cp) can be fit according:

1 1 1 1 d
—:——I——: —_—

Cp Car Cox Cai EgA

(1)

where g is the permittivity of the free space and A the electrode’s area. The specific capacitance
of the electrical double layer (Cq/4) was found ~19uF/cm®, in agreement with previously
reported values (Bard and Faulkner, 2000). Here, it is worth mentioning that Al,O3 films are
sufficiently thin to allow the formation of a non-negligible electrical double layer at the
oxide/electrolyte interface even with the metallic electrode not being directly exposed to the
electrolyte. From the insulator capacitance (Coy), the value obtained for € is 9+1, which agrees
with previously reported data (Bof Bufon et al., 2010; Sharma et al., 2014). Since we are capable

of experimentally retrieve both Cq4 and & we can use such capacitor structure to evaluate



capacitance changes occurring at the oxide/dielectric interface as a result of the surface

functionalization and the detection of analytes.
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Fig. 1. (a) Schematics of the capacitor structure comprising interdigitated nickel electrodes coated by an
Al,O5 conformational film (not to scale). The Al,O; thickness varied from 0.9 to 36 nm. The gap between
the electrodes is 21 um. (b) Equivalent circuit of the structure described in (a); C,x and Cy are the
capacitances of the oxide and electrical double layers, respectively. R.x and Ry refers to the respective
resistances and Rpgs is the resistance associated to PBS (<50 Q). (c) C, as a function of the Al,Os
thickness. From the data fit, using Eq. 1, C4 was found equal to 44.2 uF and &~9+1 for
A =2.37+0.05 cm® (Cq/A ~19uF/cm®). The total Al,Os thickness used in the biosensor is ~6.6 nm (3.3 nm

covering each electrode). This value was defined evaluating the phase of the ac signal in combination



with the capacitance measurements shown in Fig. 1c (see Section 3 and Fig. S3 in the Supplementary

Material).

3.2 Evaluation of the device functionalization tail

As described in the experimental section, the device functional tail is prepared in three steps
(see Fig. 2b) namely: incorporation of phosphonic acid SAM on top of the Al,O; surface (step I),
MBS attachment (step II) and GSH immobilization (step III). Once the functional layer is
assembled, the biosensor is exposed to GST as shown in Fig. 2c (step IV). The association and
dissociation of the GSH/GST pair is known to be reversible (Glatz et al., 1997a). Such
reversibility, illustrated in Fig. 2c (step V), was achieved by removing the GST enzyme with a
highly concentrated washing solution of GSH (10 mmol L"), allowing the biosensor reutilization

(Lin et al., 2009).
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Fig. 2. (a) Device structure comprising the functional layer immobilized on a Al,O;-coated Ni film
(3.3 nm) deposited by ALD. The functional layer (b) is formed by first modifying the Al,O; surface with
2-aminoethylphosphonic acid SAM (I). Next, the MBS is linked (II) to allow the immobilization of GSH
(ITI). (c) The GST enzyme interact with GSH (IV). (d) The GSH-GST interaction is detected at the
biosensor surface and the resulting capacitance changes are recorded. The device regeneration occurs by
rinsing the surface (c¢) with 10 mmol L™ GSH solution, removing GST (step V). After rising, the structure

returns to the original functional layer (a).

10



The functionalization steps and GSH/GST interaction were monitored by measuring both the
capacitance (Fig. 3a) and the resistance (see Section 4 and Fig. S4 in the Supplementary
Material) as a function of frequency. As shown in Fig. 3a, capacitance changes are verified at
both low and high frequencies as the surface functionalization evolves. At low frequencies, due
to the protonation of the phosphonic acid amino groups in PBS, the net amount of positive
charges at the electrode’s surface increases after step I (Lai et al., 2012). As a result, the
electrode-electrolyte capacitance increases by ~80 uF at 20 Hz. The calculated amount of
additional positive charges (AQ, =AC, - V,.) from the amino groups created at the surface is
16 pC. Considering one charge per molecule and an electrode area of ~0.250 cm®, we estimate a
surface coverage of ~4 x 10'* molecules/cm®. This value corresponds to a molecular cross-
sectional area of ~25 A*molecule, which is in the range of values previously reported for
organophosphonate monolayers (Hanson et al., 2003). After the functionalization steps II and III
(MBS and GSH immobilization, respectively) such net amount of charges reduces, leading to a
capacitance decrease. Finally, the exposure of the GSH layer to a 0.2 pmol L™ GST solution
(step IV in Fig. 2c) results in an increase of the capacitance at low frequencies (20 Hz). By
applying the same evaluation method used above, the charge increment (AQ) at the electrode-
electrolyte interface after the GSH/GST interaction (step III to IV) becomes 6.5uC. Even though
GST is slightly negatively charged in PBS at pH 7.0 (GST isoelectronic point (Lin et al., 2009) is
6.7), after its interaction with the immobilized GSH the net amount of charge available at the
device surface is still positive. This suggests that some GSH sites remain available for GST
binding at such enzyme concentration.

At high frequencies (60 kHz), according to the theoretical model (Bousse and Bergveld, 1983)

used to explain the electrical impedance of the electrolyte/insulator interface, the measured
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capacitance is mainly a result of the insulating layer - the capacitance due to the electrical
double-layer is disregarded. Therefore, in this regime, the device is modeled as a parallel plate

capacitor where the geometrical capacitance is given by:

£gpA
d

C =

2)

where ¢ is thin-film dielectric constant, &) the permittivity of the free space, 4 is the electrode
area and d the thin-film thickness. Again, we can retrieve the oxide dielectric constant (& = 9+£1)
now from capacitance-frequency measurements. At the very same frequency, the capacitance
obtained by immobilizing the aminophosphonic acid SAM (step I in Fig. 2b) on top of the Al,O3
surface (Cpp) decreases to 0.17 pF. Consequently, by considering the equivalent capacitance of

the device immediately after the functionalization step I as:

1 1 1
—=—+= 0)
Cpr Cox Ca

the capacitance of the amino molecule (C,) can be obtained. By using the experimental values
Cox=027pF and C,= 0.17 pF, C, is found equal to 0.46 pF, which correspond to a
0.7+0.2 nm thick aminophosphonic acid SAM, considering a dielectric constant of 2.5 - 3.0 (Bof
Bufon et al., 2010; Goes et al., 2012) and a close-packed monolayer arrangement.

The inset of Fig. 3a shows the normalized capacitance (C,/Cgsn) at both 20 Hz and 60 kHz. C,
is the capacitance measured after each functionalization step and Cgsy is the capacitance
measured after GSH immobilization (step III). At 20 Hz, C,/Cgsn increases from step 0 to I and
drops as the functionalization evolves (from I to II and then to III). The 60 kHz trace exhibits a
continuous decrease from 0 to III. Note that the changes in C,/Cgsn observed for the GSH/GST
interaction (step III to IV) are identical at both 20 Hz and 60 kHz. In principle, both frequencies

can be used to probe the GSH/GST interaction. The differences lie in the manner the biosensor

12



operates. At low frequencies, the net amount of charges present at the device surface is essential

to define the electrode-electrolyte capacitance. At high frequencies, however, the capacitance is

mainly due to the dielectric properties of the immobilized molecular layers, since the electrical

double-layer formation can be disregarded.
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Fig. 3. (a) Frequency dependence of the measured capacitance as the functionalization steps evolve. All

measurements were done after each respective functionalization step in a solution of 0.1 mol L™ PBS at

pH 7.0. The immobilization of the GST was performed in a 0.2 pmol L™ solution. (inset) C, normalized

by Cgsu. at 20 Hz and 60 kHz for the sequential functionalization steps. (b) Variation of the capacitance

for sequential immobilization and regeneration steps. The electrode area (4) is ~0.250 cm’.

13



Fig. 3b exhibits the changes of the capacitance under immobilization (step IV in Fig. 2¢) and
regeneration steps ( V), showing the reversibility of the GSH/GST interaction. This evaluation
was carried out at 20 Hz. As previously described, the immobilization (odd-even steps in Fig. 3b)
takes 1h a 0.2 pmol L™ GST solution prepared in PBS. The regeneration (even-odd steps in Fig.
3b) was performed by washing the device in a 10 mmol L' GSH solution for 2 h. The
regeneration of functional layer has been previously reported by Glatz et.al.(Glatz et al., 1997b),
and most recently by Lin et.al. and de Oliveira et.al. (de Oliveira et al., 2016; Lin et al., 2004),
where GST can be eluted using a highly concentrated GSH solution. This is possible because of
the specific interaction between GSH and GST is more favored to occur with free GSH
molecules in washing solution than with the immobilized ones. The capacitance changes shown
in Fig. 3b varied up 6.5% when using the same device for detecting GST, whereas the response
varied about 20% among four distinct biosensors. Such low variability of the biosensor response
validates the effectiveness and reproducibility of the fabrication method. By following Fig. 3b,
the variation of the net amount of positive charges at the electrode-electrolyte interface, due to
the GSH/GST interaction (Qgsr), is in average 67+2 pC/cm’. Finally, a similar evolution shown
in Fig. 3b for capacitance values can also be observed for the measured resistance (see Section 5

and Fig. S5 in the Supplementary Material).

3.3 Reversible detection of GST at various concentrations

By repeating the same procedure employed to evaluate the reversibility of the detection
process (Fig. 3b), the GSH/GST interaction was probed by varying the GST concentration from
200 pmol L™ to 2pmol L. For this experiment, an electrode area of ~0.15 cm® was employed.
Since the biosensor surface can be easily regenerated, the same device was used for all assays.

Fig. 4 shows the device capacitance at 20Hz as a function of the GST concentration. Each point

14



in the graph corresponds to a series of 4 consecutive immobilization/regeneration cycles. After
each GST immobilization step (~1h), the GSH -capacitance value is fully recovered
(Cgsp= 57.1£0.1puF). It is worth to mention that the data set shown in the Fig. 4a consist in a
continuous increase of GST concentration, alternated with regeneration steps. Since the total
capacitance is proportional to the whole amount of GST immobilized at the surface, we pointing
out that the correlation between capacitance and GST concentration depends on both the
regeneration time and the GST exposure time. The GST exposure time has to be kept constant
regardless its concentration. If regeneration is not performed and the biosensor is exposed to new
a GST concentration, the corresponding capacitance would be dependent on the availability of
GSH sites. In this scenario, the measured capacitance will have an increment based on the value
measured in the previous GST concentration. Finally, the hybrid functional structure endured a
total of 28 immobilization/regeneration cycles. This fact demonstrates the robustness and
stability of the device presented here. The capacitance changes, verified by varying the enzyme
concentration, point out to a direct correlation between the amount of GST in solution and that at
the device surface. Such correlation is better visualized by the difference AC = Cgst-Casu
presented in Fig. 4b.

In Fig. 4b, the plot log(AC) vs. log[GST] indicates a linear operation regime (R*=0.99) over
4 orders of magnitude. The red fitting line shown in the graph can be used as a reference curve
for the biosensor operation. The biosensor shows a sensitivity of 0.2 F/mol.L" in a log-log
calibration curve. Its response time (~ 10 min) corresponds to the time interval for the acquisition
of an average of 90 capacitance readings. Faster acquisition of the biosensor response can be

done in a timescale of 10s with lower accuracy on the measured capacitance.
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The inset of Fig. 4b shows the evolution of Qgst as a function of the concentration of GST. As
the GST concentration increases, Qgsr tends to saturation, indicating that the structure is
approaching the full surface molecular coverage at a given immobilization time. This regime also
defines the upper detection limit of the sensor. The Qgst vs. [GST] dependence, shown in the
Fig. 4b inset, is better fit by a logarithmic function. Considering, in addition, an experimental
error of ~2-3% (as obtained at 0.2 umol. L"), we conclude that the upper detection limit for the

device presented here may be set at ~2-10 pmol. L™ of GST.
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(inset). The biosensor sensitivity is 0.2 F/mol L' in a log-log scale. The coefficient of variation is

6.5% Supporting electrolyte: 0.1 mol. L' PBS, pH 7.0. The electrode area (4) in this device is
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Finally, Table 1 shows a comparison between the performance of our device in respect to
previously reported GST biosensors based on different platforms. Apart of being one of the few
available reversible systems, the label-free hybrid biosensor is capable to detect GST at
concentrations down to 200 pmol. L™ — the lowest value reported according to the references. In
addition, our device shows the broadest linear operation range, with response to GST
concentrations over 4 orders of magnitude. To the best of our knowledge, this value is twice the
highest value presented in literature for GST detection. The highest detectable concentration
(2 pumol. L) is in the same order of what has been reported by spectral surface plasmon

resonance (Jung et al., 2006).

Table 1. Comparison of the main parameters in GST biosensors. LDV is the lowest detectable
value and HDV the highest detectable value obtained from literature. The last row includes the

values obtained in this work.

System (nf:)ll).z'l) (mlf)ll?]jl) Reversible Refs.
GSH/GST 2x 107 1x107 Yes [(Lin et al., 2009)]
GSH/GST 21x10%  42x10° No [(Jung et al., 2006)]
Ferrocene-glutathione/GST - 9x 107 No [(Martos-Maldonado et al., 2012)]
AuNc/AuNR-GSH/GST ~ 2x 107 1x107 No [(Qin et al., 2015)]
GSH/GST 2x10™" 2x10° Yes This work

4. Conclusion
In this work, we demonstrate the fabrication and characterization of a reversible label-free
hybrid organic-inorganic nanostructured biosensor for the direct evaluation of biochemical

interactions. The device’s manufacture process combines standard microfabrication techniques
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with self-assembly methods, highlighting the synergy between top-down and bottom-up
approaches. The device performance also evidences the potentiality of nanostructured hybrid
systems, which in our case involves materials and interfaces with different nature: organic-
inorganic and solid-liquid. The functionalization route designed to immobilize the organic
functional layer on top of the Al,O3; nanocoating is successfully demonstrated. The conditioning
method applied to the oxide surface is effective to bring the stability necessary to continuously
operate the device in aqueous medium. The device structure can be easily regenerated for
repeating analysis. Such advantage reduces device-to-device measurement variations as well as
manufacturing costs. Two figures-of-merit are substantially improved in this work considering
other GST biosensors reported in literature: a) the linear operation range is two orders of
magnitude (from 200 pmol.L" to 2 pmol.L"" GST) broader, and b) the lowest detectable GST
concentration is one order of magnitude smaller. Due to the high performance obtained during
the monitoring of GSH/GST interaction through the relative charge variation at the
solid(hybrid)/liquid interface, this platform may be of interest as screening biosensor for future

studies of other biomolecular associations.
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