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Single-Step Functionalization Strategy of Graphene
Microtransistor Array with Chemically Modified Aptamers

for Biosensing Applications

Sergi Brosel-Oliu, Gemma Rius, Anna Avinié, Nako Nakatsuka, Xavi llla, Elena del Corro,
Marta Delga-Ferndndez, Eduard Masvidal-Codina, Natalia Rodriguez, Juan Pedro Merino,
Alejandro Criado, Maurizio Prato, Raphaela Tkatchenko, Ramdn Eritja,

Philippe Godignon, José Antonio Garrido, Rosa Villa, Anton Guimera,*

and Elisabet Prats-Alfonso*

Graphene solution-gated field-effect transistors (gSGFETs) offer high
potential for chemical and biochemical sensing applications. Among the
current trends to improve this technology, the functionalization

processes are gaining relevance for its crucial impact on biosensing
performance. Previous efforts are focused on simplifying the attachment
procedure from standard multi-step to single-step strategies, but they still
suffer from overreaction, and impurity issues and are limited to a particular
ligand. Herein, a novel strategy for single-step immobilization of chemically
modified aptamers with fluorenylmethyl and acridine moieties, based on a
straightforward synthetic route to overcome the aforementioned limitations is
presented. This approach is benchmarked versus a standard multi-step
strategy using thrombin as detection model. In order to assess the reliability
of the functionalization strategies 48-gSGFETs arrays are employed to acquire
large datasets with multiple replicas. Graphene surface characterization
demonstrates robust and higher efficiency in the chemical coupling of the
aptamers with the single-step strategy, while the electrical response
evaluation validates the sensing capability, allowing to implement different
alternatives for data analysis and reduce the sensing variability. In this work, a
new tool capable of overcome the functionalization challenges of graphene
surfaces is provided, paving the way toward the standardization of gSGFETs
for biosensing purposes.

1. Introduction

The development of novel biosensing tech-
nologies based on graphene has contin-
uously increased over the last years. Re-
cent reports have demonstrated the use of
graphene biosensors for the detection of
various analytes, in biomedical and envi-
ronmental fields.'"1) Taking profit from
the chemical stability and field-effect prop-
erties of graphene,'!l numerous develop-
ments are based on gSGFETs as a signal
transducer (Figure 1a). In comparison with
standard FETS, generally based on silicon,
the high chemical stability of graphene al-
lows the operation without a gate dielec-
tric layer!’] as graphene behaves nearly
like an ideal polarizable electrode!’*'* and
no charge is transferred across the in-
terface under the electrochemical water
window.[’*] This property leads to a higher
gate capacitance and transistor transcon-
ductance (gm),'® resulting in a higher
sensitivity to gate voltage variations. The
graphene—electrolyte interface can be mod-
eled as a combination of two capacitors in
series.['”] The first component is the typical
electrical double-layer capacitance (EDL),

accounting for two layers of ions that are created at the surface of
a polarized electrode. In addition, the quantum capacitance must
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also be considered due to the low density of states near the charge
neutrality point (CNP), which limits its value and becomes lower
than the EDL and thus prevails in the interfacial capacitance.['!]

The use of the emerging graphene-based field-effect transis-
tors has been reported for several sensing applications due to
their key advantages such as easy operation, fast response time,
label-free and real-time monitoring, multiplexing capability, and
possible microfluidic integration.'®°l However, some limita-
tions such as the device structure, graphene batch-to-batch het-
erogeneity, functionalization and bioreceptor immobilization ap-
proaches, and limitations related to the Debye length are some
of the difficulties that still need to be addressed.?!l In previ-
ous works, we have studied the use of gSGFETs technology for
developing advanced neural interfaces,['"??] taking advantage of
its chemical stability to enable dc-coupled recordings!?*?*! and
for exploring multiplexing readout strategies.!?>2°] Here we have
built a platform on rigid substrate for the exploration of novel
functionalization strategies for biosensing.

In particular, the use of gSGFETs for biosensing applica-
tions allows the direct monitoring of charges on the graphene
channel surface in aqueous environments. The electrical con-
ductivity changes on graphene can be related to the charges
introduced upon chemical functionalization (i.e., immobiliza-
tion of biomolecules) and the specific response to an analyte of
interest,[*] thus enabling the development of label-free detection
applications. In this sense, it is critical that the functionalization
strategy employed has to preserve the pristine graphene proper-
ties while ensuring selectivity. Therefore, a simplified standard-
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ization procedure for functionalization can pave the way for the
scaling-up of biosensor production.

Accordingly, different routes have been reported to immo-
bilize bioreceptors on the graphene surface.l””] For instance,
non-covalent and covalent methodologies are employed to bind
linker molecules on graphene.?®! Among the non-covalent in-
teractions, one of the most employed methods is based on 7—
« interactions, which rely on the interaction of z molecular or-
bitals of a planar molecule with the sp? hybrid structure present
in graphene.[??] Graphene has a honeycomb lattice framework in
which every carbon atom has r electrons, which can interact with
aromatic groups containing z-bonds.**) The main advantage of
non-covalent functionalization is the absence of a disruption of
the extended 7 conjugation on the graphene surface, unlike cova-
lent functionalization, which creates structural distortion of the
graphene sheet.3132] Some reports propose the use of z-stacking
with different molecules based on pyrene linkers, that have been
employed for the functionalization of gSGFETs.33*] Regard-
ing the biorecognition molecule, the use of aptamers, negatively
charged oligonucleotides, has gained interest due to its high
affinity and specificity to structurally similar targets, robustness,
thermal stability, and non-immunogenicity**-38] that have been
combined with graphene-based FETs in different works.>**%l In
addition, aptamers can be functionalized with a large variety of
ligands based on robust solid-phase phosphoramidite chemistry,
which permits the introduction of different terminal groups to
interact with graphene.

In general, currently reported functionalization methodolo-
gies require multiple steps and additional spacers to achieve
biomolecule immobilization to graphene surfaces, such as in the
case of pyrene linkers. Such multi-step approaches involve limi-
tations in terms of reproducibility and introduce enhanced com-
plexity during the biofunctionalization process. Moreover, pyrene
linkers require organic solvents(**2 which can degrade the poly-
mers or passivation layers used in the device fabrication. There-
fore, investigations on simpler functionalization strategies to di-
rectly immobilize the biomolecules on the graphene surface are
warranted. Along this line, some works explored single-step func-
tionalization by using specific biomolecules directly tagged with
a pyrene moiety.**] These biomolecules are based on an exter-
nal conjugation which can introduce some restrictions in terms
of overreaction, impurity issues, and a direct conjugation being
limited to a particular ligand.

In this work, we demonstrate the viability of a novel single-
step functionalization strategy of aptamers tagged with differ-
ent aromatic moieties to solve the aforementioned limitations,
helping in the up-scaling and standardization of gSGFET biosen-
sor technology. The elegant and versatile synthetic route used
herein enables aromatic molecules to be introduced and tai-
lored at any position in the oligonucleotide. We have employed
this superior approach to derivatize a thrombin aptamer, as a
protein binding model, with aromatic moieties such as fluo-
renylmethyl and acridine,[*®l allowing the single-step function-
alization by means of z—z interactions (Figure 1d). This sim-
plified and less time-consuming approach is compared to the
well-described multi-step strategy of pyrene-linker functionaliza-
tion. Further, this novel strategy has been interrogated compre-
hensibly by various surface techniques such as X-ray photoelec-
tron spectroscopy (XPS), atomic force microscopy (AFM), Raman
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Figure 1. a) Schematic of a gSGFET. b) Schematic of the layout of a chip with 48-gSGFET array and the optical microscope image of the fabricated
chip. c¢) Image of the sensing platform with the electrical connectors to the gSGFET pads and the pool for the measurements in a liquid solution. d)
Flow process of the functionalization steps with the different derivatized aptamers. e) Schematics of the transfer curves obtained during the detection
of different concentrations of thrombin. Left: Schematic of the sequence of I-V gSGFET transfer curves, Ids versus Vgs, in discrete measurements
at different concentrations. Right: Plot of variation of the CNP at different thrombin concentrations extracted from the left |-V transfer data. f) Left:
|-V transfer employed to calibrate the current to voltage conversion during the time measurements. Upper Right: Ids variations by time during the
detection process. Bottom right: Vgs variations along time during the detection process, to establish the calibration plot based on the |-V transfer curve

characteristics.

spectroscopy, and quartz crystal microbalance with dissipation
monitoring (QCM-D).

The reliability of the functionalization strategies is evaluated
in 48-gSGFETs array devices (Figure 1b) with an easy-to-use
and customized platform, for label-free detection of thrombin
(Figure 1c). The gSGFET electrical characterization is performed
in steady-state operation mode using transfer curves, in which
the CNP is obtained as a figure of merit for surface charge moni-
toring, allowing evaluation of the functionalization strategies and
the thrombin detection. In addition, thrombin detection is also
performed in time series measurements with the same technol-
ogy (Figure 1e,f).[2%]
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The integration of numerous microtransistors in one array is
a powerful tool for simultaneous measurement of multi-replicas
of a given sample, allowing acquisition of statistically robust data,
which is essential to perform bioassays.['>?] In this work, in
contrast to what is usually reported in the literature in which
fundamental studies are performed with a limited number of
transistors, here large datasets are obtained, allowing compre-
hensive evaluation of the different variabilities observed. Mainly,
it has been considered the intrinsic transistor-to-transistor vari-
ability, during the detection process, providing improved quan-
tification of the target analyte. Taking profit of these large
datasets, different alternatives for data analysis are presented,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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which is crucial to benchmark the applicability of the employed
technology.?]

2. Results and Discussion

2.1. Graphene Functionalization and Surface Characterization

Two aromatic ring molecules attached to a thrombin-based
aptamer (fluorenylmethyl, Fm-TBA, and acridine, Ac-TBA)
were explored for implementing non-covalent functionaliza-
tion, both based on z—r interactions with the graphene sur-
face (Figure 1d).[*¢#7] The synthesis of the 3’-modified aptamers
was performed using a threoninol derivative already preloaded
in the solid support that can be functionalized with the men-
tioned aromatic moieties as well as with many others.[*’] Tak-
ing profit of this versatile strategy,[*°! the synthetic route allows
obtaining the molecules in a very efficient and straightforward
manner in contrast with other previous studies that suffer from
impurity and overreaction issues,*>*! being the closest prece-
dent the chemical conjugation of pyrene but limited at the 5’
end of an aptamer.*}] In contrast, our strategy is here presented
for the first time for direct functionalization of graphene, con-
ferring a universal platform for derivatizing aptamers at any nu-
cleotide position, but specially simplified for the functionaliza-
tion of the 3’-ends of different nucleotide lengths. Therefore, this
approach gives the possibility of extending the preparation of
multifunctional aptamers that may increase the sensor capabil-
ities by the immobilization of different groups for the incorpo-
ration of other functionalities.!*8] Moreover, it has been demon-
strated that the presence of acridine and other aromatic moieties
atthe 3’-end of thrombin aptamer does not disturb its intramolec-
ular G-quadruplex structure.[*’]

To validate the single-step strategy as a rapid and sim-
plified route, comparative studies were conducted versus the
well-established multi-step strategy, based on pyrene COOH-
terminated graphene which requires NHS/EDC coupling of the
amine-terminated aptamer (Figure 1d).*”) Thus, for assessing
the functionalization degree and the immobilization efficiency
with the different molecules, the graphene surface was fully char-
acterized by combining XPS, AFM, and Raman spectroscopy
with 1 cm? SiO, substrates with transferred graphene, while
QCM-D measurements were performed with graphene-coated
QCM chips.

First, XPS studies were performed to assess the anchoring
of the modified aptamer on the graphene surface, by follow-
ing the presence of atomic nitrogen as a univocally elemen-
tal constituent of this biomolecule. For this purpose, the N1s
peak was qualitatively analyzed for four different concentra-
tions of Fm-TBA (1, 50, 250, and 1000 nm) compared with a
control substrate without the aptamer. In Figure 2a, the XPS
spectrum confirms that the nitrogen signature has a notice-
able change when increasing concentrations between 50 and
250 nMm, which saturates at 1 pm, demonstrating the aptamer
immobilization. Therefore, XPS results support the validation
of the graphene surface functionalization and the attachment
of the derivatized oligonucleotide. To guarantee the coverage
of graphene by the fluorenylmethyl moiety, a minimum of
1 uM concentration was employed discarding lower concentra-
tions.
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A complementary method, AFM allows visualization of the
specific surface topographies of graphene obtained for each of
the employed molecules before and after functionalization at
1 um for Fm-TBA, Ac-TBA, and pyrene linker-mediated NH,-TBA
(Figure 2b; Figure S1, Supporting Information). All the strate-
gies show very uniform functionalization (Figure S1b,eh, Sup-
porting Information), and even coverage is observed regardless
of graphene morpho-structural defects such as wrinkles or tears,
and maintaining the uniformity in large areas (Figure Slcf, i,
Supporting Information). Indicative roughness values are ob-
tained from appropriate AFM imaging, using 1 um? scan areas.
In agreement with the values of pristine graphene described in
the literature,l! the bare graphene control has an average esti-
mation of RMS of 0.35 + 0.06 nm. In both strategies post func-
tionalization, a significant increasing trend in RMS value toward
0.79 + 0.08 nm for NH,-TBA and 0.99 + 0.18 for Fm-TBA is ob-
served. These results are similar to a previous workl>!! that sug-
gested that a higher functionalization degree increases the sur-
face roughness, demonstrating grafting of the biomolecules in
both strategies. In addition, Raman spectroscopy was conducted
to complement the surface evaluation as shown in Figure S2
(Supporting Information), in which the spectrum remains basi-
cally invariable after Fm-TBA functionalization. Molecules con-
taining aromatic rings, such as pyrene, fluorenylmethyl, or acri-
dine, form a IT-IT stacking with graphene basal plane, which not
necessarily induces the apparition of the D band. In the literature,
itis commonly observed a decrease in the 2D/G intensity ratio for
this type of coverage, resembling the transition from mono to bi-
layer graphene. Such decrease is proportional to incubation time,
which for 1 h, as here employed, it should be expected a low or
negligible decrease of 12D/G as reported,[*! thus confirming the
preservation of as-transferred graphene crystalline structure.

Additionally, QCM-D measurements were used to monitor the
assembly of thrombin aptamers on graphene through the single
and multi-step strategies. Previously, QCM-D has been employed
to monitor the assembly of DNA aptamers on surfaces.[*>>3] In
QCM-D, a piezoelectric sensor is excited upon application of
an alternating voltage and the resonance frequency, which cor-
relates to assembled mass on the surface, and monitored over
time. The dissipation or energy loss of the system can be moni-
tored in parallel, which gives insight into the mechanical proper-
ties of the surface-assembled layer. Hydrophilic aptamers form a
soft viscoelastic monolayer coupled to water, which mostly con-
tributes to the mass uptake at the surface of the sensor. For
quasi-rigid films (ADissipation/—AFrequency < 4 x 1077 Hz™!
for a 5 MHz quartz sensor at 25 °C),[** the frequency change
can be related to the mass uptake by the Sauerbrey equation:**!
Am = —C-(A f/n) (Where the mass sensitivity coeflicient, C re-
lated to the properties of the quartz crystal is 17.7 ng cm? Hz™!
and the parameter n is the number of the harmonic). Due to
the hydrophilic nature of oligonucleotides, the aptamer mono-
layer is associated with many water ions. Using the density of
water (1 g cm~2) we can approximate assembled aptamer mono-
layer thicknesses of 9 nm for Fm-TBA and ~4 nm for the
NH,-TBA assembled using multi-step coupling chemistry. The
assembled layers remain stable after rinsing the surface with a
buffer solution (Figure 2c). The lower dissipation observed in the
Fm-TBA suggests a more rigid film formation compared to the
NH,-terminated aptamers. Regardless, assembly through both

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) N1s spectra recorded at room temperature from the 1 cm? samples for 1, 50, 250, and 1000 nm concentrations of Fm-TBA. b) AFM
images corresponding to before (left image) and after (right image) functionalization with Fm-TBA (1 um). c) Left image: QCM-D traces upon addition
of 50 ug mL~" of Fm-modified thrombin aptamer (Fm-TBA) on graphene-coated QCM sensors (pink shading) and right image: QCM-D traces upon
addition of 50 ug mL™" of NH,-modified thrombin aptamer assembled on carboxyl-terminated graphene substrates (orange shading) after activation
with coupling agents. Baseline and rinsing steps in 10 mm PBS are shaded in blue. The frequency and dissipation shift are shown for overtone n = 5.

routes was validated on graphene surfaces. Overall, these com-
plementary surface characterization techniques (XPS, AFM, Ra-
man, and QCM-D) demonstrate that the chemically derivatized
aptamer is assembled robustly on the surface of graphene, pre-
serving its crystal lattice, and validating the single-step strategy
as a rapid and efficient approach for suitable and alternative tool
for graphene biofunctionalization. An aptamer concentration of
1 um was selected for surface coverage to perform the subsequent
detection assays with gSGFETs technology.

2.2. Electrical Evaluation of gSGFETs Functionalization

The single and multiple-step functionalization strategies were
performed on gSGFETs, which were electrically characterized by
measuring the transistor transfer curve (I-V characteristic). Ar-
rays of 48 gSGFETs with a graphene channel of 50 X 50 ym and a
common source terminal were employed, as shown in Figure 1b.

Under steady-state conditions, the [~V characterization con-
sists of measuring the drain-source current (Ids) as a function
of the gate-source voltage (Vgs), while the drain-source voltage
(Vds) is kept at a constant value (0.05 V). From this character-
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ization, the CNP of the transistor is extracted. The CNP is de-
fined as the Vgs bias potential at which the Fermi level reaches
the Dirac point and corresponds to the minimum of free car-
riers in the graphene channel, and thus the minimum of con-
ductivity. The CNP depends mainly on the electrochemical po-
tential of the reference electrode, the intrinsic doping level of
graphene, and the surface charges governed by the EDL of the
graphene/electrolyte interface.l''®] Therefore, the introduction
of charged molecules on the graphene surface during function-
alization steps and the subsequent analyte detection can be moni-
tored by evaluating the CNP variations (Figure 1a). The capability
of the gSGFET platform for detecting surface charges changes
has been validated by using pyrene molecules with positive (1-
pyrenemethylamine hydrochloride—pyrene—NH;* linker—) or
negative (1-pyrenebutyric acid—pyrene—COO~ linker—) func-
tional groups, observed as CNP shifts toward more negative or
positive values respectively, shown in Figure S3 (Supporting In-
formation).

The -V characteristics of a representative transistor obtained
after each functionalization step for the direct assembly with Ac-
TBA and Fm-TBA, and for the multi-step pyrene linker function-
alization (before and after ethanolamine blocking, see Figure 1d)

© 2023 The Authors. Small published by Wiley-VCH GmbH
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are shown in Figure 3a. In each case, the transfer curve after
the incubation with thrombin at a concentration of 200 nwm is
indicated. The same figure presents the transfer curves over-
laid at the same Vgs point to compare the curve shape at differ-
ent functionalization steps. Additionally, the transconductance,
which mainly depends on the mobility of charge carriers and
the interfacial capacitance, is calculated as the derivative of the
transfer curve. The transconductance is affected when the func-
tionalization moieties generate scattering sites on graphene.[?!
Importantly, here the transconductance from one array of gS-
GFETs remains stable in all the modifications and after the de-
tection steps (Figure 3b). The shape preservation is indicative of
the pristine graphene lattice maintenance, being in accordance
with Raman spectra previously presented ( Figure S2, Support-
ing Information). Therefore, the CNP shift will be employed as
a sensing parameter for monitoring the surface charges intro-
duced by the functionalization steps and the subsequent analyte
detection.®®

The evolution of the CNP values from one array of gSGFETSs
during the functionalization and thrombin detection steps with
both approaches is shown in Figure 3c. First, regarding the
functionalization, the multi-step strategy based on pyrene linker
presents a positive shift of the CNP due to the negative charges
of pyrene—COO™ assembled on graphene, as also commented in
Figure S3 (Supporting Information). Then, after the addition of
the blocker on the non-reacted carboxylic groups, a decrease in
the CNP is produced by both, first the charges of the NH,-TBA
interaction and the subsequent blocking effect that partially
compensates the free charges of carboxylic groups. In con-
trast, the single-step assembly of Ac-TBA and Fm-TBA shows
a positive shift in the CNP compared with the bare graphene
surface, attributed exclusively to the exposed negative charges
of the aptamer that is assembled on the surface. The binding of
thrombin, a positively charged protein at physiological pH,>7>8]
shifts the CNP in the opposite direction regardless of the surface
modification. Comparing both approaches, the change in the
CNP between the last functionalization step with the throm-
bin detection is greater in the single-step strategy (Ac-TBA or
Fm-TBA vs thrombin) than in the sequential (Pyr-TBA-Blocker
vs thrombin). Therefore, these results are in accordance with
the previous measurements performed by QCM-D, in which
the higher response shown with the single-step strategies
demonstrates an increased efficiency in terms of the chemical
coupling.

2.3. Evaluation of Thrombin Sensing with Functionalized
gSGFETs

The sensor response and selectivity of proposed single-step func-
tionalization strategy (Ac-TBA and Fm-TBA) was extensively eval-
uated and compared with multi-step functionalization (pyrene
linker with NH,-TBA). A total of 770 microtransistors from
20 gSGFET arrays were employed to perform 5500 measure-
ments in order to obtain a large dataset, while different thrombin
batches were employed with all the strategies to perform the de-
tection. The acquisition of data with multiple sensors in a single
array of gSGFETs allows measuring multiple replicas simultane-
ously, guaranteeing data reliability from a statistical perspective,
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especially when compared to other works in the field where the
number of sensors and measurements were limited.[2%)

Aptamer-functionalized devices were incubated with solutions
of increasing thrombin concentrations (0.2, 2, 20, and 200 nm)
added sequentially during the same exposure time (30 min) and
the I-V transfer curves for each step were recorded. Addition-
ally, a baseline electrical characterization was performed in PBS
before being exposed to the lowest thrombin concentration (Con-
trol 1), and a final measurement was acquired by incubating with
Phosphate Buffered Saline (PBS) for an additional 30 min after
the highest tested thrombin concentration (Control 2). Impor-
tantly, to validate the selectivity of the response, complementary
experimental controls and blanks were performed. Functional-
ized sensors were incubated with increasing concentrations of
bovine serum albumin (BSA), mimicking the assay with throm-
bin, as a negative control.[*>®" Finally, a blank assay was carried
out by performing incubations in PBS solution in sequential in-
tervals of 30 min. A detailed scheme of the performed measure-
ments protocol is presented in Figure S4 (Supporting Informa-
tion). Here, all the values are presented as the shift in the CNP
value after each detection step compared with Control 1 (with-
out analyte) as follows: ACNP = CNPCtr1-CNPDetection step.
The dataset obtained with the different transistors modified with
single-step and multi-step approaches during the detection of
thrombin is summarized in Figure 4a and detailed in Figure S5
(Supporting Information).

The exposure to different concentrations of thrombin shows
an increase in ACNP, with a similar response in all the function-
alizations (Figure 4a; Figures S5 and S6, Supporting Informa-
tion). After the incubation with thrombin at 200 nwm, a signal satu-
ration was obtained, while the final incubation with PBS (Control
2) resulted in negligible changes, demonstrating the strong bind-
ing between the aptamer and the protein (Kd ~ 100 nm).[5!] The
results obtained demonstrate the applicability of both strategies
for sensing and quantifying thrombin, confirming the suitability
of the proposed single-step strategy (Fm-TBA and Ac-TBA).

Regarding the selectivity control with BSA, all the different in-
creasing concentrations were plotted together showing that min-
imal changes were observed in the whole concentration range
(Figure S7a, Supporting Information). Similarly, the blank car-
ried out with sequential incubations in PBS solution, which
is also represented together (Figure S7b, Supporting Informa-
tion), shows almost no variations. This indicates the absence of
non-controlled rearrangement of the charges of the immobilized
molecules. In both cases, significant differences are observed
from 2 nm of thrombin according to the Student’s t-test per-
formed, within the physiological range.l®” Thus, it has to be high-
lighted the 0.2 nm response is comparable to controls (PBS and
BSA) and, therefore, not within the thrombin detection range,
with the exception of some individual transistors with higher
sensitivity (see Figure 4a, Student’s t-test of 0.2 mm vs PBS or
BSA are generally non-significant). In consequence, the ACNP
changes at 0-10 mV signals can be attributed to the existing in-
trinsic variability of the measurements performed with the gS-
GFETs arrays, affecting the sensitivity and being challenging to
discriminate among lower thrombin concentrations.

In parallel, to evaluate the capability of proposed easy-to-use
single-step strategy to perform time monitoring, gSGFET ar-
ray was functionalized with Fm-TBA, and then response was
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Figure 3. a) Ids versus Vgs, transfer curves, of three representative transistors functionalized with Ac-TBA, Fm-TBA, and pyrene multiple steps protocol,

respectively. In the three cases, it is shown the response with the bare graphene surface, after the functionalization with Ac-TBA, Fm-TBA, and pyrene

(steps with pyrene—COOH and pyrene-TBA-blocker corresponding to the blocking with ethanolamine) respectively, and finally the subsequent detection
of thrombin (200 nm). The dashed lines represent the same curves overlaid at CNP value (Vgs—CNP) to ease shape variation assessment. b) gm and

c) CNP boxplots respectively, from data extracted from transfer curves from the transistors of each device after the different functionalization steps
(Ac-TBA, n =10, Fm-TBA, n = 21, pyrene—COOH, n = 19).
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Figure 4. a) Variations in CNP from data obtained by the transfer curves performed at lower (0.2 nm) and higher (200 nm) concentrations of thrombin
detection assays with gSGFETs functionalized with single-step strategy (Ac-TBA & Fm-TBA) and multi-step strategy (NH2-TBA through pyrene—COOH),
respectively. In the figures it is also included the control experiments with BSA—non-specific protein- and buffer PBS. Ctr1 (control 1) and Ctr2 (control
2) correspond to the functionalized device before and after the detection of thrombin in PBS, respectively. Data plotted in graphs has been normalized by
Control 1 (ACNP = CNPCtr1-CNPDetection step). Statistics are shown on top of each boxplot by comparison to pairs. In total, the data shown comprises
a total of 770 transistors, resulting in 5494 measurements, while four thrombin protein batches were employed to perform all the assays. b) Detection of
thrombin in time measurement with Fm-TBA functionalized gSGFET. Ctr1 and Ctr2 correspond to the functionalized device before and after the detection
of thrombin in PBS, respectively. Left. Changes of CNP values of different transistors in time measuring setup at different concentrations of thrombin
(AVgs = VgsCtr1-VgsDetection step). Right. Data extracted from the bullets of the left graphs are represented in boxplots. Statistical analysis: Student’s

t-test independent samples with Bonferroni correction. p-value annotation legend. (ns: 5.00e-02 < p < = 1.00e + 00;

*:1.00e-02 < p < = 5.00e-02; *

1.00e-03 < p < = 1.00e-02; “**: 1.00e-04 < p < = 1.00e-03; “**: p < = 1.00e-04).

recorded over time while incubated with increasing concentra-
tions of thrombin. The use of gSGFET technology also allows
performing time series experiments by fixing a certain polariza-
tion voltage, while the Ids current response is continuously mon-
itored. To compare the Ids current variations with the ACNP val-
ues, the equivalent Vgs voltage is obtained by using a previously
measured transfer curve, as shown in Figure 1f.

The time response of transistors array after the exposure to
thrombin concentrations (0.2, 2, 5, 10, 20, 50, 100, and 200 nm)
is shown in Figure 4b. First, the functionalized device was ex-
posed to PBS solution (Control 1), maintaining a steady response.
Afterward, different concentrations were added during the same
incubation time, with a brief rising with PBS (observed in the
graph as sharp peaks) after each thrombin exposure to minimize
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the non-specifically bound protein. Initially, the response is quite
small, which is also in accordance with the previously shown re-
sults in the CNP with the lower concentrations (Figure 4a; Figure
S5, Supporting Information). However, from 5 nm a large and
continuous increase in the Vgs is observed until 50 nm, with a
final saturation of the gSGFET response at the higher concen-
trations (100 and 200 nm). Exposure to PBS (Control 2) main-
tains almost the same signal as the higher thrombin concen-
tration due to the high binding affinity of the aptamer to the
target.l®) Still, a small decrease is observed that can be attributed
to a certain nonspecific binding of thrombin on the surface. Sim-
ilarly, after each rinsing the response is maintained, which indi-
cates that the signal is only related with the aptamer-thrombin
interactions.
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Figure 5. QCM-D monitoring traces for thrombin detection on aptamer-modified graphene surfaces. Post assembly of a) Fm-modified thrombin aptamer
(Fm-TBA) or b) NH,-modified TBA, sequential concentrations of thrombin protein were added from 0.2 to 1 nm. The baseline in 10 mm PBS is shaded
in blue. The frequency and dissipation shift are shown for overtone n = 5. Concentration dependence curves upon thrombin exposure for ¢) Fm-TBA-
and d) NH2-modified TBA-graphene surfaces are shown. Data is shown at three different overtones (n =5, 7, and 9) are shown and the standard error
between N = 2 surfaces are too small to be observed. The Fm-TBA-modified graphene surfaces showed an approximately twofold higher sensor response

to thrombin.

Despite the limitations of the thrombin detection model to
monitor concentration variations, as it does not allow unbind-
ing the recognized molecule, the presented results show the
potential of the sensing platform to perform continuous mon-
itoring of certain analyte. This capability can help in the de-
velopment of future applications based on conformational ap-
tamers able to dynamically bind and unbind the measured
analyte,[®] being extremely interesting for in vivo monitoring
applications.[*]

In parallel, QCM-D measurements were also employed to
study the detection of thrombin at different concentrations
when comparing the multi- versus single-step functionalizations.
Concentration-specific decreases in the frequency were observed,
starting at 20 nm for both Fm-TBA (Figure 5a) and NH,-TBA
(Figure 5b). We note that the magnitude of signal change is
approximately twofold larger for the Fm-TBA-modified surfaces
(Figure 5c) compared to the NH,-TBA-functionalized graphene
sensors (Figure 5d). This difference in sensor response is likely
due to a more uniform and higher density distribution of the
single-step modified Fm-TBA aptamer compared to the sequen-
tially functionalized NH,-TBA (Figure 2c). Importantly, when a
scrambled NH,-terminated DNA sequence was used to demon-
strate sequence specificity, minimal changes in the frequency
were observed despite high thrombin concentrations (Figure S8,
Supporting Information). Such measurements corroborate the
biomolecular recognition of the assembled TBA via two differ-
ent functionalization strategies, which are in accordance with the
gSGFET electrical measurements performed.
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2.4. Variability Analysis on gSGFETs Sensing Response

Once thrombin detection via the single-step strategies were con-
firmed, we explored a way to evaluate the variabilities in the gS-
GFETs performance. The previous results presented in Figure 4
clearly shows differences in the individual behavior of gSGFET
in which some present higher or lower responses for the same
conditions. The origin of these differences can be attributed to
diverse causes such as the variation in the degree of functional-
ization and aptamer densities, the variability among transistors
due to fabrication processes (graphene transfer, cleaning of resist
residues, etc.), the lack of interaction with the target molecule or
the variations in the thrombin protein batches employed.[2!65-66]
This batch-to-batch variability is clearly observed in Figure S9
(Supporting Information), in which different batches of throm-
bin exhibit slightly different responses for each type of function-
alization. Moreover, other causes may have an impact in the vari-
ability, such as the transistor size, but further studies should be
performed to assess the relevance in this regard.[67:8]

In order to evaluate the data obtained as a whole, the CNP
changes from all the transistors with the three modifications dur-
ing thrombin detection are plotted in Figure 6a. In the majority
of cases, the functionalized gSGFETs detect different concentra-
tions of thrombin with all the strategies performed, but the vari-
ability in the sensor responses is also evident. Thus, using single
or limited devices does not enable accurate and representative
data analysis. Herein lies one of the main advantages of using ar-
rays, the acquisition of simultaneous replicas with a high number
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Figure 6. a) Left: Variations in CNP normalized by Control 1 (ACNP = CNPCtr1—CNPDetection step) from data obtained by the transfer curves performed
with single-step strategy (Ac-TBA & Fm-TBA) and multi-step strategy (NH,-TBA through pyrene—COOH) during the thrombin detection assays. Insert:
stability in the response after rinsing with PBS after each thrombin concentration. Right: Data normalized with the last step (ACNP/ ACNPCtr2) after
the detection of thrombin separated by the three different functionalization strategies. In total, data shown comprises a total of 770 microtransistors,
resulting in 5494 measurements, while three thrombin protein batches were employed to perform all the assays. b) Left: Time measurements normalized

to control 2 (AVgs/AVgsCtr2). Right: Data extracted from the bullets of the left graphs represented in boxplots.

of gSGFETs in the same device from a single sample, allowing ac-
quisition of statistically-robust data.

In this case, the impact of transistor-to-transistor variability
can be partially tackled considering that 48 replicas are simulta-
neously performed. Similarly, the inter-device variability can also
be assessed for the data analysis considering that here the num-
ber of devices employed is also considerable (n = 20) (Figure
S10, Supporting Information). In both cases, the large amount
of data allows discrimination of devices with non-ideal perfor-
mances that can be neglected. Therefore, by evaluating the global
response from the set of microtransistors allows reduction of the
impact of the multifactorial variability, especially compared with
other works in which just a few sensors were employed to per-
form reported measurements.!'%7% In parallel, further studies
in reducing these variabilities have to be carried out, paying spe-
cial attention to the fabrication process, including enhancement
in the graphene transfer method, the reduction of the trapped
charges between the graphene and the substrate, and the clean-
ing of the fabrication resist residues.!*!]

Additionally, data standardization is a common procedure
to compensate the measurement variations and facilitate data
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comparison.”!l For that, the value of each concentration

is normalized by the maximum response (ACNPDetection
step/ACNPControl 2) to minimize the transistor-to-transistor
variability on the detection process as shown in Figure 6a. This
normalization allows the reduction of variability between tran-
sistors within the same array as well the inter-device variabil-
ity to easily compare the response of each transistor to throm-
bin concentrations. Similarly, the same data processing can be
performed with the time measurements performed in one de-
vice previously shown in Figure 4b. In that case, to homogenize
the response of each individual transistor at every time-point an
equivalent operation was performed as follows: AVgsDetection
step /AVgsControl 2 (Figure 6b). Therefore, this procedure can be
easily implemented in point-of-care applications by performing
three measurement steps: i) response evaluation of the function-
alized array of gSGFETs in the absence of the analyte, ii) measure-
ment in the studied sample and, iii) determination of the signal
to the analyte of interest at high and known concentration.

As a result, gSGFETs arrays have been proven as an effective
tool to perform simultaneous multi-replicas from a specific sam-
ple allowing to obtain large datasets and reliable statistical data,
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guaranteeing a proper analysis of the variabilities among the dif-
ferent transistors employed as sensing sites.

Finally, from a general perspective in the biosensing area with
graphene-based transistors and considering all the results pre-
sented in this work, it has been proven that the single-step ap-
proach obtained with this versatile synthesis strategy is a clear
step-forward for effective, rapid, and simple graphene function-
alization, one of the main challenges in graphene biosensors de-
velopment. In parallel, the relatively easy integration of multiple
sensing sites on a single device is a powerful tool for the variabil-
ity analysis as here demonstrated, and should be a tendency in
the majority of future works on the field to ensure the reliability
of the data. These advances are key-points to assist the implemen-
tation of graphene-based FETs for biosensing and pave the way
to near future multiomic analysis.!”?]

3. Conclusion

An alternative and simplified biofunctionalization strategy is pro-
vided on gSGFETs arrays for an in-depth analysis of in vitro
thrombin sensing. The use of tagged aptamers with fluorenyl-
methyl and acridine molecules via a versatile synthetic route al-
lows the direct immobilization of this bioreceptors to graphene
via 7—x interactions in a single step, overcoming the function-
alization challenges and enabling the standardization and up-
scaling of this technology for biosensing applications.

The surface characterization with multiple techniques opens
the way to the use of these molecules as an effective alternative
for graphene functionalization, minimizing the time and com-
plexity of the process while increasing the coupling efficiency.
Further, complementary measurements with QCM-D suggests
that optimal surface density of the biorecognition elements is
achieved, which leads to improved reproducibility and perfor-
mance of gSGFET-based sensing. By monitoring the gSGFET
transfer characteristics during graphene functionalization and
subsequent detection of thrombin, we have validated the sens-
ing capabilities of these devices, either in steady-state conditions
by evaluating the CNP variations or in time measurements. Im-
portantly, these strategies can be adapted to other biomolecules,
demonstrating the potential of gSGFETs with multiple record-
ing sites for the detection of diverse analytes in one single
assay.

The use of arrays with 48-gSGFET to perform simultane-
ous multiple replicas guarantees the acquisition of statistically
robust data. Through a comprehensive analysis of this data,
it becomes possible to observe transistor-to-transistor variabil-
ity. These results demonstrate that while some transistors are
characterized by undesired behavior, such sensors can be omit-
ted by evaluating the large dataset simultaneously. Appropriate
data processing and normalization can also reduce differences
among transistors, yielding high-fidelity quantification. Still, the
main efforts in future works have to be made in the reduction
of these sources of variabilities for the implementation of this
technology.

Lastly, it is important to note that this gSGFET technology
is adaptable for point-of-care applications as well as continu-
ous measurements usually required for in vivo conditions. This
adaptability enhances the potential use of graphene transistor ar-
rays as platforms for detecting biomarkers.
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4. Experimental Section

Graphene CVD Growth and Transfers:  Graphene was grown by chemi-
cal vapor deposition (CVD) method. Black magic Pro 4” CVD Aixtron Reac-
tor and 25 um thick, 99.8% metal-based copper foil provided by Alfa Aesar
has been employed. Prior to CVD process, copper foils were cut into 6 X 5
cm? samples sequentially cleaned in acetic acid and acetone, and finally
rinsed in isopropyl alcohol (IPA). Graphene growth processing sequence
and conditions included a first step of Cu annealing at 1000 °C, for 10 min,
in 400 standard cubic centimetres per minute (sccm) of H,, 600 sccm of
Ar, and 150 sccm of N,, followed by graphene growth at 970 °C, during
10 min, using methane as carbon precursor (10/100 sccm CH,4/ H, ra-
tio). A 700 nm thick sacrificial layer of polymethyl methacrylate (PMMA)
was deposited by spin-coating above the graphene (7% 950k MW PMMA
dissolved in anisole, provided by Micro Resist technology GmbH, DE).
CVD graphene was delaminated from the Cu foil by the electrochemical
method.73] Before the transfer process, supporting substrates were acti-
vated by UVO cleaner for 5 min. After transfer, samples drying and routine
for optimal adhesion consists of a 40 min temperature ramp from RT to
180 °C and final bake at 180 °C for 2 min. The last step of cooling until
RT was performed. Then, the PMMA sacrificial layer was removed by im-
mersing samples in acetone and then in isopropanol, for 30 min in each
solvent.

Device Fabrication: Arrays of 48 graphene microtransistors with a
channel area of 50 x 50 um? were employed. A conventional lift-off process
using the image reversal photoresist AZ5214E (Clariant, Germany) was fol-
lowed in four-inch silicon wafers covered by 2 um thick thermal oxide. The
bottom metal layer is an e-beam evaporated Ti/Au, 10/100 nm in thick-
ness. After graphene transfer, the graphene SGFET active areas were de-
fined by means of an oxygen-based reactive ion etching using a patterned
HiPR 6512 resist mask, which was subsequently removed in acetone. The
patterning process of the top metal layer is similar to bottom metal con-
tact patterning but metal stack consisted in a Ni/Au, 20/200 nm thick film.
Finally, SU-8 negative photoresist (SU-8 2005, MicroChem, USA) was used
to passivate the metal leads while defining the graphene channel and metal
contacts openings.

In addition, samples of 1 cm? of silicon wafer covered by 2 um thick
thermal oxide with a layer of CVD graphene on top were used for Raman
spectroscopy, XPS, and AFM characterization.

Aptamer  Synthesis: Oligonucleotide  aptamers  5’-NHg;-hexyl-
GGTTGGTGTGGTTGG-3  (NH,-TBA), 5-GGTTGGTGTGGTTGG-3'-
fluorenylmethyl (Fm-TBA) and 5-GGTTGGTGTGGTTGG-3'-acridine
(Ac-TBA) were prepared on a DNA synthesizer using solid-phase phos-
phoramidite chemistry (1 micromol scale synthesis). For the introduction
of the amino group at the 5'-end, the MMT-6-aminohexyl phospho-
ramidite (Link Technologies, Scotland) was used. The introduction of the
fluorenylmethyl and acridine groups at the 3’-end was done by using the
solid supports functionalized with the corresponding threoninol deriva-
tives as described (Figure S11, Supporting Information).[“®] The resulting
oligonucleotides were desalted (NAP-10, Sephadex G-25), analyzed
by reversed-phase HiHPLC, and characterized by mass spectrometry
(MALDI-TOFF). Ac-TBA: expected for C;ggH05 N5gOgg P15 5096.89, found
[M] 5096.4.; Fm-TBA: expected for CygqH07Ns53099P15 5096.90, found
[M] 5096.1.

Graphene Functionalization: The gSGFET was functionalized with
three different strategies depending on theTBA terminal groups. In
the case of the TBA-NH,, the graphene surface was first chemically
grafted for 1 h with 5 mm T-pyrenebutyric acid (Sigma—Aldrich, Ger-
many) dissolved in ethanol. Subsequently, the surface was rinsed with
ethanol and distilled water to remove the non-attached molecules,
and the carboxyl groups were activated with 100 mm of N-ethyl-
N’-(3-(dimethylamino) propyl)carbodiimide (EDC) and 20 mm of N-
hydroxysuccinimide (NHS) prepared in phosphate buffered solution
tablets, PBS (10 mm sodium phosphate, 137 mm NacCl, and 2.7 mwm KCl,
pH 7.4, from Sigma—-Aldrich, Germany) for amide bond formation with
amino groups. After rinsing with buffer, a solution of PBS 10 mwm contain-
ing the TBA-NH, aptamer at 1 pm was applied on the surface overnight.
To prevent the unspecific binding with free terminal carboxyl groups of
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pyrene derivative, 100 mm ethanolamine (Sigma—Aldrich, Germany) was
added as blocking reagent. In parallel, gSGFETs were also grafted with Ac-
TBA and Fm-TBA dissolved in 10 mm PBS solutions at T um during 1h for
direct interaction with the graphene sheet. After the aptamer immobiliza-
tion, the gSGFET surface was vigorously rinsed with PBS in all the cases.
For the substrates of 1 cm? the incubation had been performed with a
silicone insert.

1-Pyrenemethylamine hydrochloride and 1-pyrenebutyric acid (Sigma—
Aldrich, Germany) at 5 mm dissolved in ethanol for 1 h was employed for
the surface charges study (Figure S3, Supporting Information).

Biosensing Assays:  After the aptamer assembly, the graphene transis-
tors were placed in a customized PMMA platform with spring loads and
connectors to interface with an electronic acquisition and signal process-
ing instrumentation to perform the electrical measurements. To carry
out the detection assays, different concentrations of thrombin (Sigma—
Aldrich, Germany) were aliquoted in 10 mm PBS solution (0.2, 2, 20, and
200 nm). Initially, 10 mm PBS was applied on the gSGFETs surface for 30
min followed by the electrical measurements as detailed below. Afterward,
different thrombin concentrations were added subsequently from the low-
est concentration (0.2 nm) to the highest (200 nm) on incubation periods
of 30 min. To prevent unspecific binding the surface was rinsed with 10 mm
PBS, and the electrical measurements were performed after each incuba-
tion in fresh solution of PBS 1T mm. The same procedure was performed
with BSA (Sigma-Aldrich, Germany) to perform the controls as unspe-
cific protein, using equivalent concentrations (0.2, 2, 20, and 200 nwm). The
blank consists on performing series of incubations with 10 mm PBS for the
same time intervals.

The electrical measurements were performed in 1 mm PBS. First, only
PBS solution was introduced in the setup for 30 min (Control 1), followed
by the exposition to the increasing concentrations of thrombin, also for
30 min, rinsing the device surface with PBS between each concentration.
Finally, an additional incubation with PBS was performed for 30 min (Con-
trol 2). For time measurements, the thrombin concentrations employed
were prepared at (0.2, 2, 5, 10, 20, 50, 100, and 200 nm).

Electrical Characterization Set Up and Data Analysis: The current—
voltage characteristic (transfer curves) of graphene transistors were per-
formed in the common gate mode with a fixed Vds = 50 mV), and chang-
ing the Vgs versus Ag/AgCl reference electrode in 10mm PBS solution.
For that, custom electronics were developed, it was based on a tran-
simpedance amplifier, which converts the Ids current into voltage while
applying a constant bias voltage. The resulting voltage signals were ac-
quired by National Instruments USB-6363 which was controlled by a cus-
tom software. Transfer curves were obtained by the interpolation of the
individual 30 points obtained during the measurements throughout the
Vgs bias range. The minimum of the curve is the CNP, which was ob-
tained by fitting the measured transfer curve to a polynomical function
of degree 11. From transfer curves the CNP, but also g, whose val-
ues were normalized by the applied Vds, and the current at CNP were
considered.

Data were analyzed by means of Python scripts and during the analysis,
the damaged transistors were removed, excluding the data from transis-
tors where the resistance at CNP was >20 kQ or <3 kQ.

Surface Characterization Techniques: AFM: AFM characterization had
been performed with a Nanoscope IV controller and Dimension 3100
head from Veeco, including a close-loop scanner and motorized 4” stage,
in the intermittent contact mode at room temperature and air ambient.
OTESPA-R3 silicon probes from Bruker had been used, which nominal
values include 7 nm tip radius, 300 kHz frequency, 26 N nm~'. Open
software WSxM was applied in post-acquisition AFM data and image
processing.

XPS: The functionalization of the aptamers on graphene layers was in-
vestigated by XPS. The measurements were performed at room temper-
ature in a hemispheric analyzer SPECS PHOIBOS 150 (SPECS GmbH,
Berlin, Germany) system using AlKa monochromatic radiation with an
energy of 1486.74 eV as an excitation source, with a base pressure of
5 x 10719 mbar. The binding energies were determined with an accuracy of
+0.1 eV utilizing the CTs line at 285.0 eV (from an adventitious carbon) as
areference. The changes in the concentration of aptamer were determined
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on the basis of the areas and binding energies of N 1s photoelectron peaks
(after linear subtraction of the background).

Raman spectroscopy: Raman spectra were recorded with a Witec Raman
spectrometer equipped with a blue laser (4 = 488 nm). The laser was fo-
cused on the sample using a 50X magnification, thus providing a spatial
resolution of <1 um. The laser power was kept at <1.5 mW to avoid sam-
ple heating. A 600 lines/nm spectral grating was used, allowing a spectral
resolution, pixel to pixel, of 3 cm™'. Raman mappings were registered over
a 900 um? area using an acquisition time of 3 s. The Raman mapping was
analyzed and plotted after baseline correction by means of the Witec soft-
ware version 5.1.

QCM: Measurements were performed gmusing the Q-Sense E4 (Bi-
olin Scientific) equipped with four flow modules. Every experiment was re-
peated twice in parallel chambers. We measured the resonance frequency
(F), and the energy dissipation (D) of the quartz crystal, at the fundamen-
tal resonance frequency of 5 MHz as well as at the 3rd, 5th, 7th, and 9th
overtones. The normalized frequency and dissipation shifts post-baseline
subtraction in stabilized 1X PBS were presented. The temperature of the
QCM-D platform was stabilized at 25 °C throughout the measurement.
The QCM-D sensors with Au metallization and SiO, coating (5 MHz,
14 mm diameter) were purchased from Micro-Vacuum Ltd. (Budapest,
Hungary), and had been modified with a CVD graphene layer on top with
the same procedure of transference previously described.

The graphene-coated chips were then inserted in the QCM-D flow
chamber with PBS as the running buffer and a steady baseline was
obtained. The chips were then exposed to thrombin aptamer solution
(50 ug mL™" in PBS—10 pum) and incubated until a stable steady-state was
reached. The surfaces were then rinsed with PBS to remove any nonspe-
cific surface adsorption. Upon confirming the assembly of the aptamer on
the surface of the quartz crystal, the analyte (0.2—1 um thrombin protein)
was exposed to the sensor surface.

Statistical Analysis: In boxplots, the horizontal line in the boxes repre-
sents the median, the bottom and top represent the 25th and 75th per-
centiles, and bars represent the upper 90th and lower 10th percentile, and
the outliers were plotted as separate dots. Boxplots characterize a sam-
ple using the 25th, 50th, and 75th percentiles—also known as the lower
quartile (Q1), median (m or Q2), and upper quartile (Q3)—and the in-
terquartile range (IQR = Q3-Q1), which covers the central 50% of the data.
Quartiles were insensitive to outliers and preserved information about the
center and spread box plots require a sample size of only 5, provide more
detail in the tails of the distribution. Outliers beyond the whiskers might
be individually plotted. Boxplot construction requires a sample of at least
n=5.174]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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