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Biofunctionalization of Graphene-Based FET Sensors
through Heterobifunctional Nanoscaffolds: Technology
Validation toward Rapid COVID-19 Diagnostics and

Monitoring

Esteban Piccinini,* Gonzalo E. Fenoy, Agustin L. Cantillo, Juan A. Allegretto,
Juliana Scotto, José M. Piccinini, Waldemar A. Marmisollé, and Omar Azzaroni*

The biofunctionalization of graphene field-effect transistors (GFETs)
through vinylsulfonated-polyethyleneimine nanoscaffold is presented for
enhanced biosensing of severe acute respiratory-related coronavirus 2
(SARS-CoV-2) spike protein and human ferritin, two targets of great impor-
tance for the rapid diagnostic and monitoring of individuals with COVID-
19. The heterobifunctional nanoscaffold enables covalent immobilization
of binding proteins and antifouling polymers while the whole architecture
is attached to graphene by multivalent 7~z interactions. First, to optimize
the sensing platform, concanavalin A is employed for glycoprotein detec-
tion. Then, monoclonal antibodies specific against SARS-CoV-2 spike
protein and human ferritin are anchored, yielding biosensors with limit of
detections of 0.74 and 0.23 nMm, and apparent affinity constants (K5") of
6.7 and 8.8 nM, respectively. Both biosensing platforms show good speci-
ficity, fast time response, and wide dynamic range (0.1-100 nm). Moreover,
SARS-CoV-2 spike protein is also detected in spiked nasopharyngeal swab
samples. To rigorously validate this biosensing technology, the GFET
response is matched with surface plasmon resonance measurements,
exhibiting linear correlations (from 2 to 100 ng cm~2) and good agreement
in terms of Kp, values. Finally, the performance of the biosensors fabri-
cated through the nanoscaffold strategy is compared with those obtained
through the widely employed monopyrene approach, showing enhanced
sensitivity.

1. Introduction

The coronavirus disease 2019 (COVID-19)
pandemic has profoundly changed soci-
ety’s need for diagnostic tools.l! This is
due to the fast transmission rate of severe
acute respiratory-related coronavirus 2
(SARS-CoV-2) and the fact that some of
the patients are asymptomatic but still
capable of transmitting the virus, serving
as hidden drivers of the pandemic. More-
over, the features of the virus and the
disease seem to trigger superspreading
events provoking massive infection.?
In this regard, diagnostics play a crucial
role in making timely decisions on the
isolation of infected people for slowing
or stopping the spread of COVID-19 dis-
ease. World Health Organization has for-
mulated a guideline, named ASSURED
(Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment-
free and Deliverable to end-users) as a
benchmark to identify the most suitable
diagnostic tools for such situations.
Although antibody (Ab)-based serolog-
ical test meets most of these features,
its relevance for COVID-19 diagnostic
purposes is limited because the genera-
tion of Abs against SARS-CoV-2 in the
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body takes a substantial amount of days after infection.>®
To rapidly detect and isolate infected people during the first
days of their diseases, spike or nucleocapsid antigen tests can
be used.’”] On the other hand, some test methods and diag-
nostic products present sensitivities lower than needed to stop
COVID-19 spreading.l For instance, it was reported the sensi-
tivity of COVID-19 Ag Respi-Strip (Coris Bioconcept, Belgium)
and NADAL COVID-19 Ag Test (Nal Von Minden GmbH, Ger-
many), both antigen test products for nasopharyngeal swab
samples, ranges from 30% to 50%.5°1 To overcome this issue,
tests based on ultrasensitive techniques are being developed to
reach sensitivities similar to reverse-transcription polymerase
chain reaction (RT-PCR), the gold standard COVID-19 dia-
gnostic method.

(1of 1) © 2022 Wiley-VCH GmbH
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Among the currently available antigen rapid detection
methods, the biosensing through nanomaterial-based field-
effect transistor (FET) has several advantages, including high
sensitivity and virtually instantaneous measurements using
small sample volume.l'“2 Moreover, FET electronic meas-
urements can be easily digitalized for a quicker tracking of
exposed individuals and coordinating case assignments with
health care facilities.}] These features make nanomaterial-
based FETs ideal transducers for RE-ASSURED tests, an
acronym for real-time connectivity and ease of specimen col-
lection (RE) combined with ASSURED.!™ In particular, gra-
phene field-effect transistors (GFETSs) are one of the most
attractive systems for biosensing,>') since graphene, a 2D
sheet of carbon atoms with high conductivity and good chem-
ical stability, secures high signal-to-noise ratio and great detec-
tion sensitivity.[/18l

Although the GFET technology is suitable for immunolog-
ical rapid tests, the launch of such commercial product is still
presenting some challenges: 1) Most of reported GFET devices
have complex designs which are useful for research activities
in a laboratory but are hardily adaptable to user-friendly and
portable tests.1] 2) They are usually prepared by protocols
that are incompatible with wafer-scale mass production. For
instance, although chemical vapor deposition (CVD) of gra-
phene from a carbon feedstock gas at high temperatures on Cu
surfaces is the commonly chosen method given its cost-quality
ratio, it requires some steps such as Cu etching and graphene
transfer that are not completely adapted for large-scale produc-
tion.222l As an appealing alternative, GFET sensors prepared
from reduced graphene oxide (rGO) endow good semicon-
ducting properties and high performance for biosensing appli-
cations.[?>-% Moreover, this method could be easily realized in
microchip foundries. 3) Finally, there is a need for a binding
approach suitable to attach recognition elements to graphene
surfaces with enhanced stability. In this regard, the covalent
modification of graphene induces lattice defects that hinder
charge transport and reduce the FET transconductance.6-281
On the other hand, traditional strategies, such as monopyrene
docking on graphene by 7~ interactions, are susceptible to des-
orption, particularly if highly charged or hydrophilic molecules
are bonded.?-32 In this regard, we have recently described the
construction of vinylsulfonated-polyethyleneimine (VS-PEI)
nanoscaffolds for performing the immobilization of both recog-
nition and antifouling elements on graphene.**! By employing
this strategy, binding proteins and amino-terminated polyethyl-
eneglycol (PEG) can be covalently bound to VS-PEI, while the
whole architecture is attached to graphene by multivalent 77
interactions. Interestingly, the whole bio-interface was dem-
onstrated to be more stable and presented better antifouling
properties in comparison with that the obtained by a mono-
pyrene-based approach. Moreover, this approach did not disrupt
the aromatic chemical structure of graphene, maintaining its
semiconducting properties. Although there are some reports of
sensing platforms prepared with Abs adsorbed onto PEI-modified
graphenic surfaces3*37! the VS-PEI nanoscaffold approach has
the advantages of presenting covalent-like stability, even in
strong surfactant solutions, making possible the sensor regen-
eration for reusing, and the capacity of anchoring both Abs and
antifouling elements. 3]
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Compared with conventional SARS-CoV-2 antigen immu-
noassays, for example, ELISA and lateral-flow tests,/¥! GFET
sensing devices modified the heterofunctional VS-PA scaffolds
displaying recognition and antifouling elements could have the
following advantages: 1) simple digitization of the output data
that could be used to improve medical record systems, that is,
rapid access to information concerning a patient’s health care;
2) GFET technology is fully compatible with the development
of standalone smartphone-based biosensors; 3) only one type
of recognition element (e.g., a capture Ab) is needed, whereas
antigen immunoassay tests require the use of capture Abs,
detector Abs, and nanoparticles or enzymes for the readout;
4) GFET test methodology is simpler and faster than ELISA
since it does not require washing steps, incubation in solution
with enzyme linked to detector Ab, enzymatic reaction, and a
subsequent readout step with an additional laboratory equip-
ment; 5) the activity of the Ab bound to VS—PEI on graphene
could be restored with regeneration solutions,3 a feature that
is not accessible with lateral-flow tests, but may be particularly
beneficial for reusing at-home antigen tests.

In this work, we report the design and construction of
GFET biosensors for the fast and reliable detection of SARS-
CoV-2 spike protein and human ferritin, both targets of major
importance for a rapid diagnostic and monitoring of COVID-19.
The biosensors were prepared from GFETs manufactured in
commercial fabrication facilities. A complete electrochemical
characterization of the GFET devices was carried out to assess
the reproducibility, transistor sensitivity (in terms of transcon-
ductance, g.), signal-to-noise ratio, and long-term stability in
buffer medium. Then, through a straightforward surface engi-
neering of graphene, VS-PEI nanoscaffolds were constructed
on GFETs to covalently bind recognition and antifouling ele-
ments. To optimize this approach, a well-known lectin (as
binding protein) with a high affinity against glycoproteins (as
targets) was used as a model system. Real-time glycoprotein
detection was studied in buffers of high and low ionic strength.
Then, the optimized protocols were used to anchor monoclonal
antibodies (mAbs) specific against SARS-CoV-2 spike protein
and human ferritin for the detection of both targets. Sensing
features such as dynamic range, limit of detection (LOD),
specificity, and apparent K were obtained. Furthermore, target
adsorbed mass was studied by surface plasmon resonance
(SPR) spectroscopy. We show and discuss the correlation
between the GFET response and the adsorbed surface mass,
and compare the K obtained from both techniques. Finally, we
show the outperformance of GFETs biosensors prepared by the
VS-PEI nanoscaffolds approach with respect to those obtained
with a commonly used monopyrene approach.

2. Results and Discussion

2.1. Electrical Characterization and Functionalization
of the GFETs

For the implementation of graphene FETs as a suitable tech-
nology to be used in biosensing products, the demonstration
of scalability, high sensitivity, and good device-to-device repro-
ducibility is critical. Toward this aim, certain figures of merit

© 2022 Wiley-VCH GmbH
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Figure 1. A) Photograph of the portable and wireless field-effect measurement station and scheme of a GFET sensor. B) Histogram of electrical resist-
ance for 240 GFETs prepared with a wafer-scale method and randomly selected from independent production batches. Different sensing features
were obtained from electrolyte-gated GFET measurements for nine randomly selected sensors: C) transconductance (g,,) normalized by Vps =0.05 V
for the hole (orange) and electron (turquoise) branches; D) integrated Ips current noise (Ips™*); and E) gate-source potential noise (Vgs™*). Data
are presented with a boxplot (values within 25th and 75th percentile) and the average value is represented with a solid line. F) Scheme of the VS-PEI
nanoscaffold on a GFET sensor. G) Transfer characteristic curve for a bare GFET (solid line) and the same sensor after its surface modification with
VS-PEI (blue line), and subsequently with both mAb-spike protein and PEG (red line). H) AVcyp as a function of time for three GFETs modified with
the mAb specific to SARS-CoV-2 spike protein. Electrolyte-gated measurements were performed with PBS buffer pH 7.4 and Vs =0.05 V.

of the transistors were evaluated. Electrical measurements were
performed employing a portable FET measurement station and
ready-to-sense GFETs (Figure 1A and Figure S1, Supporting
Information). In Figure 1B the electrical resistance measured
for 240 transistors produced with rGO and using a previously
reported wafer-scale method®! is shown. The resistance mean
value was 222 Q with a standard deviation (SD) of 71 Q, and the
histogram satisfactorily fits with a lognormal distribution (see
Figure S2A, Supporting Information, for probability P-P plot).
In the group of 240 chips, only 5 presented an out of range (too
low or too high) resistance to be used for sensing field-effect.
Therefore, the unsuccessful rate in the device fabrication was
2%, 15-fold better than GFETs prepared by other upscaled
methods.® Then, 9 chips were randomly selected from dif-
ferent batches to assess the field-effect properties and sensing
features in Phosphate buffer saline (PBS) buffer (Figure S2B,C,
Supporting Information). Transconductance (g,,) normalized
by Vpg was calculated from transfer characteristics curves for
the hole and electron branches (Figure 1C). Average values of
10.5 and —11.7 mS V! were obtained, respectively. These values
are many times higher with respect to silicon nanowire FETs,*!l
organic FETs,*>*] and other graphene-based FETs.['40445] The
higher the transconductance, the greater the sensing amplifica-
tion of the FET when the sensing strategy is based on mon-
itoring changes in Ipg at a constant V. It is also possible to
observe a high homogeneity in terms of g, since all the devices
displayed a g,, above 0.7 times the average value; a criterion
previously considered as a good GFET reproducibility.*¥ The
minimum in Ipg occurs at a particular gate voltage, referred to
as the charge neutrality point (Vcyp). This point corresponds
to the conditions for which the Fermi energy in the graphene
channel is, on average, closest to the energy with a minimum
density of states. Vcyp is a relevant parameter to be moni-
tored for different biosensing applications.['?44] For the same
group of devices, the V¢yp change (AVcyp) in PBS solution was
obtained (Figure S2D, Supporting Information) with a mean
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value of —3 mV. Moreover, V™" is an important parameter
to evaluate the real noise of the sensors, which is defined as
the ratio between the integrated Ipg current noise (Ips™) of
the transistor and its transconductance.”’! Figure 1D,E shows
Ins™® and Vg™ of the devices, with mean values of 0.068 LA
and 0.088 mV, respectively.

For the robust immobilization of affinity-proteins and anti-
fouling polymers, surface engineering of GFETs through het-
erobifunctional supramolecular-covalent scaffolds based on
VS-PEI (Figure 1F) was conducted as previously described.*!
Briefly, VS-PEI scaffolds were constructed onto GFETS by three
simple surface modification steps: 1) the adsorption of pyreneb-
utanoic acid succinimidyl ester (PBSE) on graphene; 2) the fast
reaction of polyethyleneimine (PEI) in aqueous solutions with
surface-bound PBSE; and 3) the modification of remaining pri-
mary amine groups with divinylsulfone (DVS, a well-known
cross-linker of —SH, —NH),, and —OH groups via Michael type
addition),**>1 yielding VS-PEI on graphene. In these scaffolds,
one side binds graphene through multivalent 77 interactions
with pyrene groups, and the other side presents vinylsulfonated
pending groups that can be used for covalent binding. As previ-
ously reported,3] the preparation of VS-PEI was characterized
by Raman spectroscopy; the step-by-step construction of the
nanoscaffold on rGO and the subsequent covalent immobiliza-
tion of the binding-protein and the antifouling elements was
corroborated by spectroscopic ellipsometry, SPR spectroscopy,
and contact angle goniometry. A summary of the characteriza-
tion is described in Tables S1and S2, Supporting Information.

Transfer characteristic curves were recorded before and after
the modification steps (black and blue lines in Figure 1G).
The calculated g, values are shown in Figure S3A, Supporting
Information, while the Viyp values for the curves are exhib-
ited in Figure S3B, Supporting Information. A shift in the
Venp to more positive values is observed after the modification
with the VS-PEI nanoscaffold, probably ascribed to the n-type
doping occurring upon the modification of the transistors with

© 2022 Wiley-VCH GmbH
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the pyrene-like molecule, the polyelectrolyte, and the reaction
with DVS.2 Moreover, the incorporation of the rest of the ele-
ments of the assembly (PEG and mAb) yields a diminution in
this shift, although the Vcyp value does not reach that of the
bare device. This result can be ascribed to a diminution of the
doping caused by the VS-PEI scaffolds, since some of these
moieties are employed in order to anchor the recognition
entities. From these results it can be concluded that our func-
tionalization approach does not disrupt the semiconducting
properties of graphene, as previously demonstrated.?!

Next, recognition elements were bound to VS-PEI scaffolds
prepared onto the graphene transistor. Three affinity-proteins
were used as recognition elements: 1) Concanavalin A (ConA),
a well-known lectin with high affinity to glycans; 2 a mAb spe-
cific to SARS-CoV-2 spike protein; 3) a mADb specific to human
ferritin. After that, the sensors were modified with PEG, for
avoiding nonspecific adsorption, followed by blocking the
remaining vinylsulfonated-groups with ethanolamine (ETA). It
should be noted that throughout this modification approach,
GFETs retain the sensitivity after anchoring both the recogni-
tion and the antifouling elements (see transfer characteristic
curves in Figure 1G, red line, and their transconductances in
Figure S3, Supporting Information).

On the other hand, the stability of the GFETs modified
with the mAb specific to SARS-CoV-2 spike protein was
studied in PBS to ensure the reliability of the recording
system. Transfer characteristics curves were recorded during
100 h; then AVcyp referred to the initial CNP was calculated
(Figure 1H). Minor AVcyp differences were obtained during
the whole study, evidencing high stability of the GFETs
electronic properties which is of paramount importance to
maintain a good sensitivity. Therefore, the coplanar micro-
electronic design of these devices with an Ag/AgCl gate over-
comes the low Viyp stability previously observed for GFETs
made with Au gates.[*!
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2.2. Detection of Glycoprotein-Lectin Recognition

First, as a model system for the evaluation of the GFET tech-
nology for the detection of proteins through biological affinity,
we explored the recognition of the glycoprotein glucose oxi-
dase (GOx) by the ConA lectin. ConA exists as a tetramer at
neutral pH, and each monomer contains one carbohydrate-
binding site, specific to o+D-mannose and o-D-glucose.”®l On
the other hand, GOx presents o~D-mannose residues enabling
a high-affinity recognition to ConA.’*% We take advantage of
this well-known system to study the field-effect response after
GOx binding to ConA immobilized on GFETs (Figure 2A). To
this end, the lectin was covalently attached to graphene by the
VS-PEI scaffold, followed by PEGylation and blocking with
ETA.

Figure 2B shows the response of a ConA-modified GFET
while increasing the concentration of GOx employing a buffer
HEPES solution of low (0.1x) ionic strength, while Figure 2C
shows the obtained results for both low and high ionic strength
conditions. From Figure 2B, the addition of GOx solutions
causes a change in the Ipg, ascribed to the biorecognition of
GOx by ConA. The recognition-mediated assembly of GOx is
observed as a decrease in Ipg, coherent with negatively charged
species adsorption, that is, n-doping effect since GOx has nega-
tive charges at the pH employed (the isoelectric point of GOx
is 4.21°%). Moreover, from Figure 2C, the devices show a higher
response (i.e., a higher change in Ipg) while performing the
measurements in low ionic strength solution. For this solution,
the amplitude of the biosensor response is 201 £ 32% higher
than the measurements performed in high ionic strength solu-
tion. This effect has already been reported in FETs and it is
ascribed to more noticeable changes in graphene doping due
to a diminution of the ionic screening (i.e., an increase of the
Debye length) with the decrease of the ionic strength.1$19%7] [n
order to obtain the apparent affinity constant from the GFET
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Figure 2. A) Scheme of the biosensors functionalization process employing the VS-PEI strategy. B) Relative change in Ips for a ConA-GFET upon the

addition of different GOx concentrations (Vps =50 mV, Vs =-250 mV, HEPES buffer pH 7.4 with 0.5 mm CaCl,).

strengths and Hill (n =1) fitting.
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C) Results obtained at different ionic
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Figure 3. A) Scheme of the SPR measurement setup. B) Change in the surface plasmon resonance minimum reflectivity angle shift (ABspg) upon
increasing GOx concentration. C) Correlation between Ips response and GOx surface mass density obtained from GFET and SPR measurements,
respectively. Both measurements were carried out in HEPES buffer pH 7.4 with 0.5 mm CaCl,.

measures (K5™"), the relative changes in Ipg current were fitted
to a noncooperative Hill model. The obtained K5™" values were
33+ 7 nm (R?=0.95) and 75 + 28 nm (R? = 0.90) for measure-
ments in high and low ionic strength, respectively. Our values
are in close agreement with previous works.l>8l

With the aim of validating the GFET-based detection method
and evaluating the response of the devices in terms of the GOx
adsorbed mass, SPR measurements were performed employing
the same interfacial architecture on graphene-modified SPR
sensors to determine the amount of immobilized protein.
Figure 3A shows a scheme of the measurement setup and the
interfacial architecture constructed on the SPR sensors. Next,
GOx adsorption on this platform was evaluated, and results are
shown in Figure 3B. The SPR minimum reflectivity angle shift
(ABspg) was fitted to a noncooperative Hill model, yielding a
K™ of 59 nm (R? = 0.99), in excellent concordance with GFETs
results. Moreover, Figure 3C shows the relative changes in Ipg
versus GOx surface mass density obtained from GFET and
SPR measurements, respectively. A higher sensitivity of the
devices in lower ionic strength electrolyte solution is evidenced
because of a larger Debye screening length. Interestingly, it can
be observed that the dependence of the biosensor electronic
response with the GOx surface coverage is linear, thus vali-
dating the use of our GFET devices modified with binding pro-
teins, through the VS-PEI scaffold strategy, for the detection of
charged protein targets. These features together with the great
stability and antifouling properties of the nanoscaffolds, as pre-
viously demonstrated by spectroscopic ellipsometry and SPR,33!
and the well portability of the field-effect measurement station
make the technology highly convenient for the rapid electronic
detection of protein biomarkers.

Next, in order to compare the VS-PEI strategy with the widely
employed monopyrene PBSE approach, we also modified
GFETs with ConA employing this latter strategy (Figure S4A,
Supporting Information). The performance of the biosensing
devices toward GOx recognition was evaluated. From Figure S4B,
Supporting Information, a decrease in Ipg is obtained upon
GOx addition to the electrolyte solution, similar to what was
observed for the VS-PEI approach. Furthermore, the devices
also show a higher response while performing the measure-
ments in the low ionic strength buffer solution (Figure S4C,
Supporting Information). In this case, compared to the meas-
urements performed in the high ionic strength solution, the
amplitude of the biosensor response is increased by 173 + 23%
when measuring in the low ionic strength solution, displaying
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the same effect ascribed to the increase in the Debye length pre-
viously stated. Furthermore, Ky, values of 97 £ 25 nm (R? = 0.95)
and 46 + 11 nm (R? = 0.95) for measurements in high and
low ionic strength were obtained, respectively. Figure S4D,
Supporting Information, shows the relative changes in Ipg
with respect to the recognized GOx mass obtained from SPR
measurements employing the same interfacial architecture
on graphene-modified SPR sensors (see Experimental Sec-
tion). Similar to what it was shown for VS-PEI-GFETS, a linear
dependence of the biosensor response with the GOx surface
coverage can be observed. A more exhaustive discussion about
the implications of the experiments is found in Section 2.5.

2.3. Detection of SARS-CoV-2 Spike Protein

The COVID-19 pandemic has emphasized the necessity for
rapid and sensitive SARS-CoV-2 antigen detection through
robust, portable, and easy-to-handle devices for field diagnos-
tics. SARS-CoV-2 encodes four structural proteins: spike, enve-
lope, matrix, and nucleocapsid.’¥ Among them, the spike
protein is an attractive target for use as an ultrarapid diagnostic
antigen because it is a major transmembrane protein of the
virus and is highly immunogenic. Moreover, the spike protein
enables the specific detection of SARS-CoV-2, among other
coronaviruses, in nasopharyngeal swab or saliva samples.[106%
Therefore, a mAD specific to SARS-CoV-2 S1 spike was chosen
to be immobilized on GFETs for antigen detection.

The immobilization of the mAb was performed by the
VS-PEI approach as described in the Experimental Section
and illustrated in Figure 4A. GFET measurements for S1 spike
detection were performed in low ionic strength PBS x0.1 solu-
tions due to the improved sensibility of the devices in this
condition, as previously shown. From Figure 4B, the binding
of the S1 spike protein to the Ab increases the Ips for both
functionalized devices, coherent with positively charged spe-
cies adsorption, that is, a p-doping effect. Such result is con-
sistent with the positive net charge of S1 protein at pH 74, as
its isoelectric point is 780.1°!l This effect has been very recently
reported and employed for the construction of phononic gra-
phene sensor,[®? and our signal behavior is in accordance with
SARS-CoV-2 S1 protein biosensors based on GFETs prepared
using CVD graphene.[%]

Moreover, the devices show a dynamic sensing range of
0.1-100 nM, a LOD of 0.74 nM, and a K§™" value of 6.7 £ 0.8 nm

© 2022 Wiley-VCH GmbH
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Figure 4. A) Scheme of the VS-PEI approach employed for the fabrication of the SARS-CoV-2 S1 protein biosensors. B) Ips relative change for a VS-PEI-
MAb-GFET upon the addition of increasing spike protein concentrations (Vps =50 mV, Vgs =—-250 mV, PBS x0.1 at pH 7.4). C) Results obtained from
the selectivity assay employing the spike MERS protein compared with SARS-CoV2. D) Change in the SPR angle upon flowing spike solution through
the SPR cell for a VS-PEI-modified SPR sensor and scheme of the SPR measurement setup. E) Ips relative change comparing both approaches (n = 2).
F) Relative changes in Ips as a function of the SARS-CoV-2 spike protein surface mass density obtained from SPR measurements for both strategies.
G) SARS-CoV-2 S1 detection results in spiked nasopharyngeal swab samples (error corresponds to three independent measurements).

(results are shown in Figure 4E for the sake of clarity). The
LOD of the biosensors is adequate to detect SARS-CoV-2 spike
in saliva or nasopharyngeal swab samples.*® It should be noted
that, since the Alpg obtained at the LOD is 0.28 YA and Ipg™®
of the devices is 0.068 pA, the GFET technology is highly reli-
able even at the LOD. Moreover, the specificity of the biosen-
sors was evaluated against the detection of MERS-CoV spike
protein. Figure 4C shows that the biosensors have a specific
response to SARS-CoV-2 spike protein (in terms of the posi-
tivity criterion obtained from Figure 4G), thus supporting the
use of this approach to fabricate COVID-19 diagnostic devices.
The specific binding between the S1 spike and mAb was
also studied by SPR (Figure 4D) and a K3'® of 8.5 nm (1.8 nm,
R? = 0.93) was estimated. To correlate GFET and SPR results,
the relative changes in I with respect to the estimated S1 spike
surface mass density (i) are also presented in Figure 4F. Tt
can be observed that the dependence of the biosensor response
with the S1 Iy is linear up to =30 ng cm~2 with a slope of
0.12%AIpg/ng cm™2. Next, the immobilization of the mAb spe-
cific against SARS-CoV-2 spike protein was also performed by
the PBSE approach (as illustrated in the scheme of Figure S5,
Supporting Information) using a similar protocol as previously
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reported.l”! GFET measurements of increasing concentrations
of SARS-CoV-2 S1 spike were carried out (Figure S5, Supporting
Information, and Figure 4E), and a LOD of 0.72 nm and a K§™"
of 10.4 £ 1.3 nm were obtained. It is observed that the devices
fabricated with the VS-PEI approach show a better performance
than those obtained by the widely employed PBSE strategy. A
detailed discussion of the comparison between both approaches
is found in Section 2.5.

To investigate the practical applicability of the GFET bio-
sensing technology, SARS-CoV-2 spike protein detection was
studied in spiked nasopharyngeal swab samples. The naso-
pharyngeal swab samples were collected from a healthy vol-
unteer who was negative to the SARS-CoV-2 test by RT-PCR.
Then, the samples were spiked with SARS-CoV-2 S1 protein
(i-e., positive samples) and subjected to electronic measure-
ment (see Section 4.3 for sample preparation details). As shown
in Figure 4G, the biosensor response to the positive samples
was considerably higher than the obtained to the negative
samples. For the analysis of spiked nasopharyngeal swab sam-
ples, a SARS-CoV-2 S1 assay result was considered positive if
it was equal or higher than a cutoff threshold of 3 x standard
deviation (SD) of the negative control samples above the assay

© 2022 Wiley-VCH GmbH
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background, in accordance with ICH Quality Guidelines and
other bioelectronics antigen assays.®*Y Based on this crite-
rion, the electronic test showed sensitivity and selectivity both
of 100%.

To understand whether the sensing features of the biosen-
sors are adequate for S1 detection in clinical samples with
SARS-CoV-2 variants of concern, S1 concentration was esti-
mated from the viral load reported in nasopharyngeal sam-
ples. Puhach et al. reported 107—=10° viral RNA copies/
mL for Omicron and Delta variants,®® while Earnest et al.
reported an average of 1073 viral RNA copies/mL for Delta
variant.[°® Thus, a range from 10”* to 10°° viral RNA copies/
mL can be considered. In addition, there are =50 spike trim-
mers per virus particle,l®”] and each spike monomer has one
S1 subunit; so, there are =150 S1 proteins per virion. There-
fore, a range from 0.05 to 78 nm S1 is estimated for naso-
pharyngeal samples (see Supporting Information for cal-
culation details). Thus, our GFET biosensors with a LOD of
0.74 nm could detect positively a large fraction of the clinical
samples from COVID-19 patients.

In addition, since VS-PEI nanoscaffolds can easily bind dif-
ferent mAbs, as demonstrated in this and previous works, 33! the
advent of new commercially available mAbs with higher affinity
could lead to the development of GFETs with even higher sensi-
tivity, able to detect most of the positive clinical samples.

2.4. Detection of Ferritin

Finally, we studied the detection of human ferritin by GFETs
modified with mAbs specific against the ferritin heavy chain
(FTH1). Serum ferritin level increase is associated to a higher
probability of developing or continuing a cytokine storm in
COVID-19 patients.®®! Therefore, ferritin is considered a good

A B
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: Ab-GFET . Ab-GFET °
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indicator of the COVID-19 inflammatory response, and its value
can be used to perform an assessment of clinical progress and
provides alertness on critical patients."%) FTH1-mAb and PEG
were anchored on GFETs by the VS-PEI scaffold (left panel
of Figure 5A), as described in the Experimental Section. The
measurements were performed at HEPES buffer x0.1 pH 74.
From Figure 5B, the recognition of the ferritin to the platforms
yields a decrease in Ipg, that is, an n-doping effect, consist-
ently with its negative net charge (the isoelectric point is 5.5).%
Furthermore, the biosensors show a Ipg dynamic range of
0.1-10 nM, a LOD of 0.23 nm, and a K™ value of 8.8 + 1.5 nm
(Figure 5C). Since it has been reported that COVID-19 patients
with poor clinical progress present hyperferritinemia, that is,
ferritin serum levels higher than 500 pug L7 (1.04 nwm),"72
the GFET technology becomes promising to assess the pres-
ence of hyperinflammation and to predict the aggravation in
COVID-19 patients.”® In this system, the specificity was evalu-
ated by monitoring the electric response for BSA-modified
GFETs during the addition of ferritin. Figure 5G shows that
only the biosensors fabricated with the Ab display a response to
ferritin, supporting the use of this approach to fabricate ferritin
sensing devices.

Figure 5D shows the relative changes in Ipg with respect to
the Tgerun obtained from previously reported SPR measure-
ments employing the same interfacial architecture.?3 A good
linear correlation up to =45 ng cm™ with a slope of 0.073%
Alpg/ng cm™ and a good agreement between Kp, values (8.8 and
15.0 nm by GFET and SPR, respectively) can be observed. Fur-
thermore, the immobilization of the FTH1-mADb was also done
by the PBSE approach (as illustrated in the right scheme of
Figure 5A). GFET measurements of increasing concentrations
of ferritin were carried out with these sensors yielding a LOD
of 0.53 nm and a K5™" of 11.8 £ 3.2 nm (Figure S6, Supporting
Information, and Figure 5C).

C 4
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B )
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Figure 5. A) Scheme of the fabrication of ferritin biosensors, by VS-PEI (left) and PBSE (right) approaches. B) Relative change in Ips for a MAb-VS-
PEI-GFET upon the addition of different ferritin concentrations (Vps = 50 mV, Vs = —250 mV, HEPES buffer 0.1 at pH 7.4). C) Results obtained for
the two different approaches (n = 2). D) Relative changes in Ips for deposited ferritin surface mass density obtained from SPR measurements for both
strategies. E) Specificity experiment for ferritin sensing by BSA and mAb-modified GFETs.

Adv. Mater. Interfaces 2022, 2102526

2102526 (7 of 11)

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

2.5. GFETs—SPR Correlation and Comparison between
Bio-Immobilization Approaches

In general, it is considered that the recognition of charged
target molecules leads to a GFET response caused by changes
in the Donnan potential and the electrostatic potential at the
graphene interface.”® Moreover, some models that describe
the GFET sensing response were previously reported.[**74
Nevertheless, for a rigorous validation of the GFET-based bio-
sensing technology, it is still necessary to correlate the GFET
response with the recognized surface mass obtained by a ref-
erence method. To achieve this goal, SPR measurements were
performed, since it is the gold standard technique to study
affinity systems on surfaces.”>”! Thus, the same interfacial
architectures were constructed on graphene-SPR sensors and
the surface concentrations (I') of the different biomolecules
were calculated from the changes in the angular dependence
of the sensor’s reflectivity. Then, the SPR results were com-
pared with those obtained with GFET sensors. As depicted in
Figure S4D,H, Supporting Information, and Figure 5D, for all
the studied protein—protein recognition systems and for both
immobilization approaches (i.e., VS-PEI and PBSE), GFET
responses correlate linearly with targets surface concentration
(T) up to 100 ng cm~2, showing adequate “goodness of fits”
(R? > 0.90). The directly proportional relation between I' and
%Ips suggests that the biosensing platform response follows
a Debye-Huckel model-like behavior;" that is, (for low inter-
face potentials) the potential at the graphene surface (y) can be
expressed as ¥ = olp/eg, where o is the charge density and Ap
the Debye length. This deduction can be understood as fol-
lows, since the o of the recognized proteins is proportional to
I', and A%l is proportional to Ay (A% Ips = gnAY), therefore
A%l o< T.

From the same correlations and using the LOD obtained
values, it is derived that the transistors could sense surface
mass changes as low as 2 ng cm™2. Furthermore, Ky, values
obtained by GFET sensors are in excellent agreement with
those obtained by SPR (Figure 6A). These results show the
high reliability of the GFET technology for sensing target bio-
molecules and also for the investigation of molecule-molecule
affinity constants, yielding values similar to those obtained by
SPR while requiring simpler equipment, less amount of rea-
gents, and less operative time.

Since the studied target molecules and recognition elements
have different isoelectric points, molecular weights, and net
charges, it is expected that GFET technology display different
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sensitivity for each system. To analyze this point in deep, slope
values obtained from the linear regressions of I as a function
of T are shown in Figure 6B. It can be seen that higher slope
values are obtained for the mAb-antigen systems in comparison
to the lectin-glycoprotein one. This suggests that the recogni-
tion element properties such as its charge, size, and molecular
structure impact directly on the sensitivity of the sensors, in
agreement with previous reports.[187980]

It is also interesting to compare the GFET sensing fea-
tures resulting from both immobilization approaches used
in this work. From Figures 2C, 4G, and 5C and Figure S4C,
Supporting Information, it is observed that the GFET-based
biosensors employing the VS-PEI approach show better sensi-
tivities, higher sensing amplitudes (see Figure S7, Supporting
Information), and similar LODs. In addition, from the linear
regressions of Ipg as a function of " (Figure 6B), higher slope
values are displayed for VS-PEI-functionalized GFETs in all the
systems. It is worth noting that the VS-PEI approach leads to
a higher distance between the graphene and the recognition
element than PBSE which, at a first glance, seems to result
in a decrease of the GFET sensitivity due to ionic screening.
Nevertheless, polymer interfaces can improve the transistors
sensing features.'” In particular, as previously demonstrated
both experimentally and theoretically, polyelectrolyte films are
capable to extend the sensing range of GFETs by increasing
the Debye length by more than one order of magnitude.’
This enhancement results mainly from the entropic cost of
confining ions inside the polymer film. For instance, when
considering measurements in physiological conditions, it has
been proved that polyelectrolyte films can increase the sensing
range from 0.82 to 9.6 nm, which has major consequences for
the construction of biosensors. This phenomenon may yield
the enhanced response of the biosensors constructed by the
nanoscaffold strategy.

3. Conclusions

We have developed a novel approach for functionalizing GFETs
to be used as biosensors. This approach involves the construc-
tion of a VS-PEI interfacial architecture containing reactive
groups for the covalent immobilization of recognition elements
together with antifouling elements. Different types of binding-
protein were immobilized on the graphene surface to study
different protein—protein recognition equilibria. First, a lectin
(ConA) was immobilized on the VS-PEI nanoscaffold, and the

[ VVS-PEI gFETs
22 VS-PEI SPR

Slope (%|Alys| / ng cm?)
o = o
4 53 o

=4
=
S

ConA-GOx Spike
Analyte

Ferritin

Il FBSE
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Recognition
element:
Binding specificity

X

SARS-CoV-2 Spike /

Ferritin / GOX)

VS-PEl scaffold:
Increased interfacial sensitivity
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Graphene:

Ferritin Spike Semiconduct
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Figure 6. A) Comparison of obtained Ky values from fittings of the SPR data and the data obtained with FETs. B) Comparison of the slopes obtained
with both approaches for the different systems evaluated; and a scheme of the main features presented in the biosensors that use VS-PEI nanoscaf-

folds. The error bars correspond to the values obtained from the fitting.
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binding of GOx was detected by the changes in the Ipg induced
by the glycoprotein-lectin biorecognition interaction. Moreover,
the spike protein of the SARS-CoV-2 virus was also detected
by GFETs biosensors previously functionalized with specific
Abs, and their specificity was evaluated against the spike pro-
tein of the MERS virus. SARS-CoV-2 spike protein biosensors
were further evaluated in spiked nasopharyngeal swab samples,
displaying sensitivity and selectivity both of 100%. In other
words, all the nasopharyngeal swab samples (from a healthy
volunteer) spiked with S1 SARS-CoV-2 antigen were detected
as “positive test results” by the sensors, while no false-positive
test results were obtained from control samples without SARS-
CoV-2 S1 antigen. Furthermore, ferritin biosensors were also
fabricated by this approach using mAbs-functionalized GFETs
which detected human ferritin with a very low LOD. On the
other hand, the VS-PEI strategy was validated by functional-
izing graphene-modified SPR sensors with the same interfacial
architecture, and the amount of analyte adsorbed was corre-
lated to the response of the GFETs-based biosensors. Finally,
the approach developed was compared to the widely employed
PBSE-based approach, showing better performance in terms of
signal amplitude, sensitivity, and detection limits. This work
introduces an appealing strategy for the development of novel
GFET-based biosensing devices, overcoming common prob-
lems of the pyrene-based approach such as low stability, and
paves the way for reliable biosensing devices toward point-of-
care and mobile health medicine.

4. Experimental Section

Materials: Dimethylformamide (DMF), Na,CO;, and HEPES were
purchased from Anedra. DVS, 1-pyrenebutanoic acid succinimidyl ester
(PBSE), PEI (750 kDa), PEG-NH, (10 kDa), ConA (catalog number:
C2010), and human ferritin (CAS: 9007-73-2, catalog number: 341482,
purity > 95% by SDS-PAGE) were purchased from Sigma-Aldrich,
sodium borate from Parafarm, NaCl and KC| from Biopack, and ETA
from Mallinckrodt. SARS-CoV-2 spike neutralizing mAb (source: mouse
1gG1, catalog number: 400591-MM43), anti-human ferritin heavy chain
1 (FTH1) mAb (source: mouse IgGl, catalog number: 13217-MMO06),
SARS-CoV-2 S1 spike recombinant protein (catalog number: 40591-VO8H,
purity > 95% by SDS-PAGE) and MERS-CoV S1 spike protein (catalog
number: 40069-VO8H, purity > 95% by SDS-PAGE) were purchased
from Sino Biological (USA). PBS solutions pH 7.4 were prepared from
PBS tablets (Sigma-Aldrich, P4417). All solutions were prepared using
milli-Q grade water. SPR sensors modified with rGO (referred to as
graphene-SPR sensors) were prepared as previously described.[”#1

Functionalization of GFET and Graphene-SPR  Sensors: VS-PEI
nanoscaffolds:  Biofunctionalization and PEGylation of GFET and
graphene-SPR  sensors were done by vinylsulfonated-polyamine
nanoscaffolds according to a previously reported procedure.?l Briefly, the
approach involved the modification of the graphene-sensors as follows
(see Scheme S1, Supporting Information): 1) sensors were incubated in
5 mm PBSE in DMF for 2 h, washed with DMF and dried; 2) The sensors
were then incubated in 2 mg mL™" PEI at pH = 10 for 1 h, washed with
deionized water and dried; 3) the VS-PEI nanoscaffolds were obtained by
incubating the PBSE-polyamine-modified GFETs in 5% DVS solution in
carbonate buffer (0.5 M Na,CO;, pH = 11) for 1 h, washed with deionized
water and dried. To anchor the different recognition elements to this
surface, the graphene-sensors were incubated in 100 ug mL™" ConA or
mADb solution in borate-buffered saline (BBS) buffer pH = 9.0 for 5 h and
then washed with BBS. Next, the biosensors were incubated in 0.2 mm
PEG-NH, (10 kDa), to confer antifouling properties to the surface,** and
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subsequently incubated in 100 mm ETA, for blocking the vinylsulfone
remaining groups that could have not reacted. Finally, the biosensors
were washed with BBS and stored in buffer.

PBSE approach: In order to compare VS-PE| nanoscaffolds approach
with a widely employed monopyrene-based approach,[%#2 the GFET and
graphene-SPR sensors were first modified with PBSE and subsequently
incubated in ConA or mAb solution in PBS pH = 7.4 buffer for 1.5 h
(see Scheme S1, Supporting Information). Then, the substrates were
incubated in 0.2 mm PEG-NH, (10 kDa) in PBS pH = 7.4 for 2 h and
finally incubated in 100 mm ETA solution in PBS pH = 7.4 for 15 min. The
biosensors were washed with PBS and stored in buffer.

GFET Measurements: Electrical measurements were performed
employing a portable FET measurement station Zaphyrus-W10 (GISENS
BIOTECH, Argentina). rGO field-effect transistors (GFETs) with a
coplanar Ag/AgCl gate prepared by a previously reported wafer-scale
method®®) were supplied by GISENS BIOTECH (further information
about the fabrication and characterization of the graphene-based devices
is shown in Figures S1 and S8 and Table S3, Supporting Information).
The drain—source current (Ips) was recorded while applying both fixed
Vps = 50 mV and Vs = —250 mV. The cell was filled with 200 uL buffer
solution and the measurements were started. Volumes of different
analyte/protein concentration solutions prepared in the same buffer
were added to the cell to reach the final analyte concentration. All
measurements were performed in triplicate unless otherwise indicated.
For ferritin measurements, 10 mm HEPES, 140 mm NaCl pH 7.4 buffer
solution (HEPES buffer x1), or the same buffer tenfold diluted with
milli-Q water (HEPES buffer x0.1) were used. Since Ca" was a necessary
ion for the binding site of ConA, 0.5 mm CaCl, was added to the HEPES
buffer for GOx measurements. SARS-CoV-2 spike protein measurements
were performed in PBS X1 or PBS x0.1 pH 7.4.

The response of the biosensors was measured as

M

%lps = .IOO[IDS _Ilbaseline )
0

where the changes in Ips were obtained by correction by baseline
subtraction (Ips — lpaseline) @nd lo was the initial current value of the GFET
measurement, similar to what was previously reported.*’]

The response of all the systems (i.e., GOx-ConA, Ferritin and Spike
protein) were fitted to a noncooperative Hill model (n =1):

_ %IDS,maxC

%elps = C+KSFET (2)

where %Ips max Was the maximum GFET response, C was the target
concentration, and KSFET was the apparent affinity constant.

The LOD of the biosensors was determined as three times the
average of the standard deviation of two different blank injections.
Ips"™ were obtained from 1-min Ips measurements using Vps = 50 mV
and Vgs = =250 mV in PBS X0.1. First, mean values of Ips (<Ips>) were
calculated and then, these values were extracted from the Ips (i.e.,
Ips — <Ips>). Finally, their root mean square (rms) values were calculated.

SARS-CoV-2 ST protein detection in spiked nasopharyngeal swab samples:
The nanopharyngeal swab samples were collected from a healthy
volunteer who was negative to the SARS-CoV-2 test by RT-PCR. An
informed consent was obtained from the volunteer. The swab samples
were extracted in 1 mL of PBS pH 7.4 for 10 min. To prepare the positive
samples, 56 nm SARS-CoV-2 S1 protein was added to the nasopharyngeal
sample extracts. Negative (control) samples were nasopharyngeal swab
extracts in the absence of antigen. From the tests results, selectivity (TN/
(TN+FP)) and sensitivity (TP/(TP+FN)) values were calculated.

SPR Measurements: A multiparametric SPR instrument SPR Navi
210 A (BioNavis, Finland) was used to monitor the binding between
the recognition elements and the target molecules. SPR measurements
were carried out using a flow rate of 20 UL min' and a 670 nm laser. The
response at the steady states (i.e., at the equilibrium) of the SPR angle
shifts (ABspr) was obtained as a function of the protein concentration
(C). Then, apparent equilibrium dissociation constants (K5PR) were
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determined by fitting the experimental data with a noncooperative Hill
model:[8384

_ AeSPR,maxC

ABs
Tk SPR

©)

where Afspr max Was the maximum binding capacity. Each system was
measured and analyzed in duplicate. Surface mass density estimation
was performed as described elsewherel®! and using a dn/dC value of
1.77 x 107° cm® ng™'. All measurements were performed in duplicate.

Supporting Information

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