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ABSTRACT: Graphene is a two-dimensional semiconducting
material whose application for diagnostics has been a real game-
changer in terms of sensitivity and response time, variables of
paramount importance to stop the COVID-19 spreading. Never-
theless, strategies for the modification of docking recognition and
antifouling elements to obtain covalent-like stability without the
disruption of the graphene band structure are still needed. In this
work, we conducted surface engineering of graphene through
heterofunctional supramolecular-covalent scaffolds based on vinyl-
sulfonated-polyamines (PA-VS). In these scaffolds, one side binds
graphene through multivalent π−π interactions with pyrene
groups, and the other side presents vinylsulfonated pending groups
that can be used for covalent binding. The construction of PA-VS
scaffolds was demonstrated by spectroscopic ellipsometry, Raman spectroscopy, and contact angle measurements. The covalent
binding of −SH, −NH2, or −OH groups was confirmed, and it evidenced great chemical versatility. After field-effect studies, we
found that the PA-VS-based scaffolds do not disrupt the semiconducting properties of graphene. Moreover, the scaffolds were
covalently modified with poly(ethylene glycol) (PEG), which improved the resistance to nonspecific proteins by almost 7-fold
compared to the widely used PEG-monopyrene approach. The attachment of recognition elements to PA-VS was optimized for
concanavalin A (ConA), a model lectin with a high affinity to glycans. Lastly, the platform was implemented for the rapid, sensitive,
and regenerable recognition of SARS-CoV-2 spike protein and human ferritin in lab-made samples. Those two are the target
molecules of major importance for the rapid detection and monitoring of COVID-19-positive patients. For that purpose, monoclonal
antibodies (mAbs) were bound to the scaffolds, resulting in a surface coverage of 436 ± 30 ng/cm2. KD affinity constants of 48.4 and
2.54 nM were obtained by surface plasmon resonance (SPR) spectroscopy for SARS-CoV-2 spike protein and human ferritin
binding on these supramolecular scaffolds, respectively.
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1. INTRODUCTION

Two-dimensional (2D) semiconducting materials such as
graphene, hexagonal boron nitride (h-BN), and black
phosphorus have attracted increasing interest during the past
years due to their outstanding physicochemical, optical, and
electronic properties.1−3 The use of these materials for
diagnostic applications has helped overcome the current
boundaries of sensitivity, response time, and sample process-
ing.4,5 Due to its high conductivity, large specific area, and
excellent chemical stability, graphene, a sheet of hexagonally
arranged carbon atoms, is one of the most attractive 2D
materials for the fabrication of biosensing devices.5−7 Its
optical and electronic properties can be exploited in a broad
variety of techniques; for instance, field-effect transistors
(FET), photoelectrochemistry, fluorescence, and surface-

enhanced Raman scattering (SERS), in the development of
sensing platforms. In particular, those biosensing platforms
based on high-affinity complexes (e.g., antibody−antigen,8

CRISPR/Cas-target RNA,9 among others) show the greatest
potential for the construction of ultrasensitive and ultrafast
diagnostic devices. Moreover, rapid diagnostic tests (RDT)
help to control the SARS-CoV-2 pandemic by the detection of
COVID-19-infected people and monitoring of hospitalized
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patients.8,10−12 In this regard, certain common requirements
are needed for reliable and high-performance-affinity bio-
sensors based on 2D materials: (i) the anchoring of the
recognition element to the 2D nanomaterial must preserve its
affinity to the target entity; (ii) antifouling elements for
avoiding nonspecific response from the biological sample must
be incorporated; (iii) the modification methods should not
cause the degradation of the inherent physicochemical
properties of the transducing 2D nanomaterial; (iv) the
biointerfaces must show good stability in the presence of
surfactants that are typically used in extraction media for the
preparation of samples; (v) the biointerface must be able to be
regenerated to reuse the device. While many covalent and
supramolecular approaches were reported to fulfil those
requisites,13 there are still some challenges to surpass.
For instance, the direct covalent attachment to 2D

semiconducting materials could induce lattice defects that
hinder charge transport and, thus, impair signal trans-
duction.14,15 This is the case of graphene covalent function-
alization, which is accomplished using oxidized defects, such as

carboxyl or hydroxyl groups.16 As an attractive alternative, a
heterobifunctional supramolecular architecture can be used. In
this regard, a widely employed approach involves the
immobilization of monopyrenes with reactive pendant groups
(e.g., −COOH, −NH2, −NHS) on graphene.17 Since
monopyrenes attach to graphene by π−π interaction, the
disruption of the aromatic chemical structure is avoided.16

However, and even when monopyrene linkers were reported to
efficiently anchor some biomolecules,8,18,19 they are susceptible
to desorption, particularly if highly charged or hydrophilic
molecules are bonded.20−22 In connection with this, stability is
important not only for the immobilization of the recognition
element but also for the incorporation of antifouling entities
(e.g., PEG, zwitterionic polymers, among others).23,24 Thus,
the lack of a strategy to avoid the desorption of these elements
may lead to 2D material-based biointerfaces that are unsuitable
for biosensing applications. Although multipyrene hetero-
bifunctional cross-linkers were demonstrated to efficiently link
biomolecules on graphene with better stability,25 these
molecules are not commercially available, and their obtention

Figure 1. (a−c) Schematic representation of the functionalization steps for obtaining PA-VS surfaces. (d) Thickness and (e) contact angle
evolution after different functionalization steps: PA anchoring on rGO/PBSE surfaces; changes after DVS functionalization (DVS); mannosylation
(Mannose). Error bars represent the 95% confidence interval. (f) Raman spectra of DVS, PEI (750 kDa), and the product of the reaction between
them in aqueous solution (PEI-DVS).
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requires several complex steps, which lead to difficulty in their
mass production.
On the other hand, it has been demonstrated that 2D

material-based devices do not necessarily require setting the
recognition elements in direct contact with the semiconducting
nanomaterial for achieving the transduction mechanism. This
is because the electric field decay length can be strongly
extended by the integration of polymers such as PEG-
brushes26,27 or polyelectrolyte multilayers28,29 to the interface.
In this sense, the construction of heterobifunctional supra-
molecular-covalent polymer scaffolds may be an attractive
approach to robustly bond different desired elements.
Although noncovalent immobilization strategies have been
reported for the integration of enzymes with polyelectro-
lytes,30,31 there is still a lack of a general approach for
anchoring affinity recognition elements (e.g., antibodies,
aptamers, etc.) and antifouling building blocks, both of
which are key components for the generation of sensing
devices in biological samples.
Here, we describe the design and synthesis of vinyl-

sulfonated-polyamine (PA-VS) scaffolds suitable for the
immobilization of both recognition (lectins and antibodies)
and antifouling elements (PEG) on graphene surfaces. These
heterobifunctional scaffolds were constructed by three simple
surface modification steps: (i) the adsorption of pyrenebuta-
noic acid succinimidyl ester (PBSE) on graphene; (ii) the fast
reaction of polyamines in aqueous solutions with surface-
bound PBSE, yielding a multipoint attached film through
pyrene groups; and (iii) the modification of the remaining
primary amine groups with divinylsulfone (a well-known cross-
linker of −SH, −NH2, and −OH groups via Michael type
addition32−34), yielding PA-VS on graphene. The step-by-step
construction of the heterobifunctional coating was monitored
by spectroscopic ellipsometry and contact angle measurements.
Vinylsulfonation of polyamines was proved by Raman
spectroscopy, and its reactivity towards hydrophilic molecules
containing −SH, −NH2, or −OH groups was demonstrated by
contact angle measurements. Furthermore, the conservation of
the semiconducting properties of the underlying graphene was
evaluated by recording the features of the field-effect
transistors (FETs) after the modification by PA-VS scaffolds.
Later, the attachment of recognition elements to PA-VS was
firstly optimized for concanavalin A (ConA), a model lectin
with a high affinity to glycans. The stability of the architecture

in surfactant-containing media, its antifouling properties, and
the recognition of a glycoprotein were studied by spectroscopic
ellipsometry and surface plasmon resonance (SPR) spectros-
copy. Finally, the specific recognition of SARS-CoV-2 spike
protein and human ferritin by two different scaffolds
containing the respective monoclonal antibodies (mAbs) was
studied by SPR. These target molecules are of major
importance for the rapid detection and monitoring of
COVID-19-affected people. Both KD equilibrium constant
determination and regeneration studies on these functionalized
surfaces were also performed.

2. METHODS
2.1. Heterobifunctional Scaffold. Supramolecular scaffolds of

vinylsulfonated-polyamines (PA-VS) on graphene-covered surfaces
(obtained as previously reported28,30) were prepared by sequential
surface modification steps: (i) Substrates modified by reduced
graphene oxide (rGO) were incubated in 5 mM 1-pyrenebutanoic
acid succinimidyl ester (PBSE) in dimethylformamide (DMF) for 2 h
(see the scheme in Figure 1a). Then, the substrates were washed with
DMF and dried. (ii) PBSE-modified graphene substrates (hereafter
rGO/PBSE) were then incubated in 2 mg/mL poly(allylamine
hydrochloride) (PAH) or poly(ethyleneimine) (PEI) at pH = 10 for 1
h, washed with deionized water, and dried (Figure 1b). (iii) The PA-
VS scaffolds (hereafter rGO/PBSE-PA-VS) were obtained by
incubating the polyamine-modified rGO/PBSE substrates in 5%
divinylsulfone (DVS) solution in carbonate buffer (0.5 M Na2CO3,
pH = 11) for 1 h, washed with deionized water, and dried (Figure 1c).

2.2. Binding of Small Motifs to rGO/PBSE-PA-VS Substrates.
(a) Mannose binding (through -OH groups) was performed by
incubating the substrates in a 10 wt % mannose solution in carbonate
buffer (0.5 M Na2CO3, pH = 11) for 18 h. (b) Cysteine (Cys)
binding (through −SH groups) was performed by incubation of the
substrates in 10 mM L-cysteine in PBS (pH = 7.4) for 12 h. (c) Lysine
(Lys) binding (through −NH2 groups) was carried out by incubation
of the substrates in 10 mM L-Lysine in borate-buffered saline solution
(BBS, 10 mM sodium borate, 140 mM NaCl pH = 9.0) for 12 h (see
the scheme in Figure 2a). The substrates were finally washed with
Milli-Q water and dried.

2.3. Covalent Binding of Lectins and Antibodies to rGO/
PBSE-PEI−VS. (i) The substrates were incubated in 100 μg/mL
protein solution in BBS buffer (pH = 9.0) for 5 h (at this pH, both
Cys and Lys residues present in the protein react covalently with
PEI−VS) and then washed with BBS. (ii) For the incorporation of the
antifouling properties, the substrates were then incubated in 0.2 mM
PEG-NH2 (10 kDa) solution in BBS (pH = 9.0) for 2 h and washed
with BBS. (iii) The substrates were finally incubated in 100 mM

Figure 2. (a) Scheme of the covalent binding of small motifs to PEI−VS substrates. (b) Contact angle values at different functionalization steps of
PEI 750 kDa-modified substrates. The error bars represent the 95% confidence interval.
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ethanolamine (ETA) solution in BBS (pH = 9.0) for 30 min to block
the remaining vinyl sulfone groups,35 washed with BBS, and stored in
buffer.
The PEI−VS scaffold approach was compared to the usual

monopyrene modification method widely reported in the liter-
ature:8,16,18,19,21,25 Briefly, rGO/PBSE substrates were incubated in
100 μg/mL protein solution in PBS (pH = 7.4) buffer for 1.5 h. Then,
the substrates were incubated in 0.2 mM PEG-NH2 (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, washed with BBS, and stored in PBS.
2.4. Surface Plasmon Resonance (SPR) Spectroscopy. A basic

piranha solution at 60 °C (NH4OH 35% and H2O2 30% 1:1) was
used to clean SPR102 Au substrates (BioNavis) for 10 min. The SPR
substrates were first modified with cysteamine and then with rGO as
previously reported.28,36 The rGO-modified substrates were washed
with water and dried with N2. A multiparametric surface plasmon
resonance (MP-SPR) instrument, SPR Navi 210 A (BioNavis Ltd.,
Tampere, Finland), was used to monitor the sequential processes for
protein functionalization, and their affinity to the target molecules.
SPR measurements were carried out using a 670 nm laser and a flow
rate of 20 μL/min. Time-resolved SPR responses were fitted with
TraceDrawer software to obtain association (kass) and dissociation
(kdiss) kinetic constants and the effective dissociation equilibrium
constant (KD = kdiss/kass). The software corrected small TIR matrix
differences by comparison with the buffer (appreciated as sharp falls
in the fitted curves). Each system was measured and analyzed in
duplicate. Surface mass density estimation was performed as described
elsewhere,37 using a dη/dC value of 1.77 × 10−10 cm3 ng−1. The
regeneration of the interface for antibody−antigen recognition was
carried out by elution of 10 mM glycine (Gly) pH = 2.0 for 2 min.
2.5. Raman Spectroscopy. Raman spectra were acquired using

an i-Raman BW415-532S (BWTek) Raman spectrometer. The
excitation wavelength was 785 nm (power = 395 mW) and the
laser was focused on the substrates by an optical microscope
(BAC151B, BWTek).
2.6. Spectroscopic Ellipsometry. Ellipsometric measurements

were done using an α-SE (J.A. Woollam) ellipsometer with a rotating
compensator and CCD detector. Measurements were performed for
the entire spectral range (380−900 nm, 180 wavelengths) at three
angles of incidence (65°−70°−75°), using a collimated beam (∼3
mm). Setup alignment and lamp intensity were checked before every
measurement. Each sample was analyzed at least at two different
spots, using the high-precision alignment routine and a long
acquisition time. All measurements were performed in air, on dried
samples. Unless otherwise stated, all ellipsometric models were fitted
for the entire spectral range.
2.7. Contact Angle. Measurements were done with a Rame-́Hart

System model 290 in a static-drop setup. Two drops of Milli-Q water
(1 μL) were analyzed for each sample.
2.8. Field-Effect Measurements of Graphene Transistors

(GFETs). Electrolyte-gated graphene field-effect transistors with an
Ag/AgCl gate (model GFET-GB10) were supplied by GISENS
BIOTECH (Argentina). Electrical measurements were performed by
utilizing a FET measurement station Zaphyrus-W10 (GISENS
BIOTECH, Argentina). For the acquisition of GFET transfer
characteristic curves, the current between the source and drain
electrodes (IDS) was measured as a function of the gate potential
(VG), while the potential between the drain and the source (VDS) was
fixed at 100 mV. Field-effect experiments were performed in 200 μL
of 10 mM HEPES buffer and 100 mM KCl (pH = 7.4). Charge
neutrality point VCNP and transconductance ([dIDS/dVG]/VDS) were
obtained from the transfer curves.

3. RESULTS AND DISCUSSION

3.1. Construction of Vinylsulfonated-Polyamines (PA-
VS) Heterofunctional Scaffolds. After PBSE modification
(Figure 1a), polyamines were attached to the surface by the
reaction of their amino groups with the succinimide group
from PBSE (Figure 1b). Particularly, low- and high-molecular-

weight (Mw) PAH (17.5 and 140 kDa) and PEI (25 and 750
kDa) were used. The step-by-step surface functionalization was
monitored by spectroscopic ellipsometry (SE), as it is a highly
sensitive, nondestructive, and reliable technique for determin-
ing thin-film thickness. An ellipsometric model was con-
structed for rGO substrates and their modification with PBSE,
as described in the Supplementary Information file (SI). Then,
an optical model was built for analyzing the ellipsometric
results from the functionalized rGO/PBSE surfaces. For the
construction of the optical model, a Cauchy layer was
introduced on top of the rGO layer, and its thickness was
adjusted until it became optimally fit.
As can be seen from the thickness evolution of the Cauchy

layer in Figure 1d, both polyamines are being successfully
deposited on the rGO/PBSE surface. However, the use of PEI
allows for a thicker coating layer compared with PAH. As
expected,38 Mw impacts on the thickness of the PA layer,
yielding thicker deposited PA layers for higher Mw polymers.
Complementary characterization of the surface modifications
by contact angle (CA) measurements was also performed
(Figure 1e).
CA measurements reveal that PBSE is being anchored to

rGO, as a decrease in the contact angle by 7.4% (from 78.8 ±
0.7° to 73.0 ± 0.5°) is observed. Furthermore, the integration
of the polyamines is also confirmed by a decrease in the CA. In
addition, a more efficient coverage could be ascribed to the
functionalization with PEI as compared with PAH. Whereas
the modification with PAH decreases the CA just by ∼5%, the
modification with PEI leads to a marked decrease of the CA of
almost 30%.
As previously mentioned, divinylsulfone (DVS) has proved

to be a suitable chemical tool for surface modification, allowing
the cross-linking of different biological molecules with high
efficiency and resistance towards hydrolysis. Therefore, PA
films were then exposed to DVS, allowing the −NHx groups to
react with the vinylic groups from DVS, as depicted in Figure
1c. The thickness of the PA-VS layer was estimated by SE,
adjusting the thickness of the previous Cauchy layer. As can be
seen in Figure 1d, none of the PA layers seems to detach from
the rGO/PBSE surface after treatment with DVS. Contrarily,
the ellipsometric response of the platform suggests an effective
thickness increase of the layer. These effects are more
notorious in the case of PEI films, also evidencing the
coverage differences between both polyamine platforms.
Moreover, CA values increased considerably after DVS
reaction (except for PAH 140 kDa), which proves the success
of the functionalization step (Figure 1e).
Taking advantage of the high hydrophilicity of glycosylated

surfaces, the functionalization with mannose (mannosylation)
was used as a strategy for proving the reactivity and degree of
modification of the vinylsulfonated-polyamine scaffolds.39,40 As
displayed in Figure 1d, no desorption of the previously
assembled platform is observed after the mannosylation
procedure as the ellipsometric thickness of the whole coating
remains almost the same. In terms of the CA values, however,
there is a clear decrease after mannosylation. Furthermore, the
substrate modified with PEI 750 kDa exhibits the greatest
surface hydrophilic character after the incubation in mannose
(45.4 ± 1.7°), suggesting a higher degree of functionalization.
Then, based on the above-mentioned results, PEI 750 kDa was
chosen for the preparation of vinylsulfonated-polyamine
scaffolds to further study the binding of small chemical motifs,
lectins, and antibodies.
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To further confirm the reaction of DVS with amine groups
of PEI, Raman spectroscopy measurements were performed.
As described in SI, a volume of PEI dispersion was mixed with
DVS for 1 h and then purified. Raman spectra of pure DVS and
PEI and PEI-modified samples are shown in Figure 1f. Typical
peaks for PEI and DVS are observed in their respective spectra,
while both sets of peaks are present in the PEI−VS sample,
indicating a successful reaction. Furthermore, the peak
assigned to the symmetric C−S stretching, which is observed
at 714 cm−1 for DVS, shifts to 674 cm−1 in the PEI−VS
composite. This shift towards lower wavenumbers confirms
that the reaction between the vinylic moieties from DVS and
the amine groups from PEI effectively takes place. Table S2
summarizes the peak assignments for the three samples.
3.2. Covalent Binding of Small Motifs to PEI−VS

Scaffolds. Surface covalent cross-linking of biomolecules such
as proteins, DNA, and other recognition elements is typically
performed through specifically and carefully chosen chemical
groups to ensure the biomolecule functionality. In this regard,
vinyl sulfone (VS) chemistry is particularly attractive due to its
reaction selectivity, as the VS group specifically reacts with
−SH, −NH2, or −OH groups depending on the pH value,39,41

endowing the covalent cross-linking to particular biomolecule
sites.32,42,43

Therefore, those reactions were employed to covalently
attach different chemical motifs, such as mannose (through
−OH groups), cysteine (through −SH groups), and lysine
(through −NH2 groups) to the rGO/PBSE-PEI−VS scaffolds.
To this end, the heterofunctional scaffolds were incubated in
mannose, lysine, or cysteine solutions (Figure 2a), which
yielded a marked decrease in the contact angle (45 ± 2° for
mannose, 40 ± 2° for cysteine, and 33.0 ± 0.3° for lysine) as
shown in Figure 2b. In all cases, a noticeable increase in the
hydrophilicity of the surface is evidenced, owing to the
hydrophilic character of the linked moieties, confirming the
chemical modification of the surface and displaying the
versatility of the fabricated architecture. It is worth noting
that no significant difference in the coating thickness after each
modification was observed by ellipsometry (see SI, Figure S2).
3.3. In Situ PEGylation: Stability of PEG Interfaces on

Graphene. One of the most commonly used strategies for
imparting adhesion resistance to nonspecific biomolecules
involves the functionalization of surfaces with poly(ethylene
glycol) (PEG).44 In fact, this element has provided excellent
antifouling features to graphene-based biosensors.18,26 There-
fore, the covalent modification of the PEI−VS coatings with
PEG (PEGylation) was also studied as shown in Figure 3a.
The results in Figure 3b correspond to the in situ PEGylation
of rGO/PBSE-PEI−VS monitored by surface plasmon
resonance (SPR) spectroscopy. Consecutive injections of 0.2
mM PEG-NH2 solution (12 min) followed by a buffer
injection (3 min) were performed. The time evolution of the
minimum reflectivity angle (θSPR) of the SPR sensor is
presented in Figure 3b. As shown in the sensorgram, θSPR
increases sequentially with the number of PEG-NH2 injections
(highlighted by a dashed line in the sensorgram), which
indicates an increase in coating thickness. A thickness of
approximately 2 nm after three injections was estimated. Since
the most common strategy to attach antifouling elements to
graphene-based sensors is through monopyrene linkers, the
PEGylation of unmodified rGO/PBSE substrates was com-
paratively studied (Figures 3c and S3).45 For the rGO/PBSE
system, a large increase of θSPR was observed during the first

PEG-NH2 injection. However, an important and non-
recoverable PEG mass loss occurred during the washing step
with buffer and even after the following two PEG-NH2
injections. This desorption of PEG linked to PBSE is in
agreement with previously reported observations for monop-
yrene molecules on graphene.20−22,25 Thus, it is evidenced that
construction of the PEI−VS scaffold on the rGO/PBSE surface
effectively prevents the coating desorption after the PEGyla-
tion step, resulting in more stable functional surfaces.

3.4. Covalent Cross-linking of Proteins and Subse-
quent PEGylation of PEI−VS Scaffolds. Having shown that
the vinylic groups of PEI−VS scaffolds are selectively reactive
to a variety of chemical moieties, the covalent cross-linking of
biomacromolecules was also explored. The subsequent
PEGylation of the protein-modified PEI−VS architecture was
studied as a strategy for conferring antifouling properties to the
whole scaffolds. As a model system, the anchoring of
Concanavalin A (ConA, a well-known lectin protein with
high lysine content and no cysteine residues46) was first

Figure 3. (a) Schematic representation of PEI−VS PEGylation. (b)
SPR sensorgrams for the PEGylation of PEI−VS-modified graphene
sensors. The dashed line serves as an eye guide for appreciating the
PEGylation. (c) Change of θSPR as a function of the number of
injections determined in the buffer media for rGO/PBSE-PEI−VS
(solid bars) and rGO/PBSE (patterned bars).
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performed, followed by reaction with PEG-NH2 and
deactivation of the remaining VS groups by treatment with
ethanolamine (ETA) solution, as schematized in Figure 4a,b.
The step-by-step covalent modification of PEI−VS scaffolds

with ConA, PEG-NH2, and ETA was monitored by SE and CA
measurements. As can be seen from Figure 4c,d, a thickness
increase of approximately 2 nm and a CA decrease of
approximately 5° were observed after ConA binding.
Furthermore, a thickness increase of approximately 0.5 nm
was observed after the PEGylation step of the PEI−VS/ConA
substrates. Finally, after blocking the remaining VS groups with
ETA, a film thickness decrease of 0.8 nm was observed. In
addition, the evolution of the CA confirms the successful
integration of each component into the supramolecular
scaffold.
The covalent modification of PEI−VS scaffolds with ConA,

PEG-NH2, and ethanolamine (ETA) was also studied by in situ
SPR. As can be seen in the SPR sensorgrams depicted in Figure
S4, more than 95% of the protein was attached to PEI−VS
scaffolds during the first 40 min. Nevertheless, as the covalent
reaction to lysine groups is relatively slow,39 the incubation of
PEI−VS scaffolds in the protein solution was maintained
during 5 h (Figure S4). PEGylation was performed afterwards,
showing a slight increase of the θSPR signal and confirming the
SE results discussed above. Direct protein cross-linking on
unmodified rGO/PBSE sensors was comparatively studied (see
the SI file).
The estimated ConA surface mass density values are in the

range of 350−440 ng/cm2 for PEI−VS and PBSE systems
(Figure S5). These values obtained for graphene-modified SPR
sensors are slightly higher than those obtained for Au SPR
sensors without graphene.47−51 This observation may be
explained in terms of the higher surface area caused by
graphene flakes, in agreement with other reports.52,53 However,

when employing the monopyrene approach, a decrease of θSPR
is observed during the PEGylation and ETA steps, suggesting
some protein-PBSE desorption. Therefore, once again, the
architecture built by ConA cross-linking to PEI−VS scaffolds
proves to be more stable than that produced directly on PBSE.

3.5. Stability of the Architecture, Antifouling Capa-
bilities, and Specific Recognition. Time stability in the
sensing media is a prerequisite of any interfacial architecture
developed for use in sensing devices. Therefore, the stability of
the PEI−VS/ConA/PEG-NH2 scaffolds was studied in
surfactant-containing solutions.
Although the new covalent bonds formed after each

modification step are not likely to be cleaved in operative
conditions, the whole system stability relies on the noncovalent
multivalent π−π interactions between graphene and PBSE-
modified PEI. Having this in mind, to study the stability of the
whole architecture, the PEI−VS/ConA/PEG-NH2 scaffolds
were incubated in a solution of the nonionic surfactant Triton
X-100 (0.2% in the same buffer used for the assembly), and the
changes in the thickness of the film were monitored by SE at
different time intervals during 24 h.
For each measurement, the substrates were rinsed with the

appropriate buffer and dried. As shown in Figure 5a, no
significant thickness changes are observed after the surfactant
treatment (differences are within the deviation of the
measurements), suggesting that no desorption of the film
components occurs and demonstrating the good stability of the
whole architecture.
Another crucial aspect for the proper use of the present

scaffolds in biosensing applications is the antifouling behavior
of the interface. To evaluate the antifouling performance, the
nonspecific adsorption of bovine serum albumin (BSA) on
different interfaces was comparatively studied as a model of
fouling. As a reference, the adsorption on rGO-coated

Figure 4. Schematic representation of the covalent binding of ConA on PEI−VS scaffolds (a) and later PEGylation and blocking with ETA (b).
Thickness (c) and contact angle values (d) after each modification step of rGO/PBSE substrates. Bars represent the 95% confidence interval.
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substrates was first determined by exposing the rGO surfaces
to 1 μM bovine serum albumin (BSA) solution in BBS (pH =
9) for 30 min, rinsing with BBS and deionized water, and
drying. The nonspecific interaction of BSA with rGO was
monitored by SE measurements.
After adsorption, a Cauchy layer of 1.88 nm was fitted. This

thickness value is consistent with the formation of a monolayer
coverage for this protein,54 and it was used to estimate the
protein coverage degree of the other surfaces. In the case of
PEGylated rGO/PBSE substrates (previously deactivated by
ETA), the adsorption of BSA corresponds to 85% of the
amount of protein adsorbed on rGO (Figure 5b). Contrarily,
PEGylated PEI−VS substrates (also deactivated by ETA)
exhibited coverage values of just 12% of the coverage observed
in rGO substrates. Clearly, the strategy employing the rGO/
PBSE-PEI−VS/PEG-NH2 architecture leads to superior
antifouling properties of the surface.
Having shown the structural stability and antifouling

capability of the PEGylated PEI−VS scaffold, the recognition
capacity of the covalently bound biomacromolecules was
studied. To this end, the biological affinity between the cross-

linked lectin ConA (a carbohydrate-binding protein) and
glucose oxidase49,55 (GOx, a model protein with a high content
of carbohydrate residues) was evaluated in situ by SPR.
Solutions of increasing GOx concentrations were injected at 20
μL/min and monitored by employing SPR sensors modified
with the rGO/PBSE-PEI−VS/ConA/PEG-NH2 architecture.
The steady-state increment of the minimum reflectivity angle
(ΔθSPR) was obtained as a function of the GOx concen-
tration,56 as shown in Figure 5c. By fitting these values to a
simple binding equation (eq S1), the effective dissociation
constant was estimated to be KD = 134 ± 18 nM, in good
agreement with the ConA-GOx affinity constants reported by
other authors, demonstrating that cross-linked ConA retains its
recognition ability when integrated to the PEI−VS scaffolds,
even after PEGylation.57

3.6. Semiconducting Properties of the Underlying
Graphene. To demonstrate that the construction of the
heterofunctional scaffolds does not disrupt the semiconducting
properties of graphene, the construction of a PEI−VS scaffold
and its binding to ConA and PEG-NH2 were performed on the
graphene channel of GFETs. The transfer characteristic curves
after each modification step were recorded in HEPES buffer at
pH 7.4. Figure 6 summarizes the results for the relevant

parameters of the field-effect study. Minor changes in both the
voltage of the charge neutrality point (ΔVCNP) (Figure 6a) and
transconductance ([dIDS/dVG]/VDS) values (Figure 6b) were
detected after each functionalization step. These results
indicate that the integration of the different components on
the graphene channel does not modify its semiconducting
properties. Thus, the construction of the PEI−VS scaffolds

Figure 5. (a) Structural stability of PEI−VS/ConA/PEG-NH2
scaffolds in terms of the ellipsometric thickness after incubation in
Triton X-100 solutions for increasing soaking times. Bars represent
the 95% confidence interval. (b) Antifouling capacity of the
PEGylated scaffold compared with rGO and PBSE substrates. (c)
Steady-state θSPR response as a function of the glucose oxidase (GOx)
concentration for PEG-ConA-VS−PEI scaffolds.

Figure 6. (a) Transfer characteristic curves for a GFET before and
after each modification step for the preparation of PEI−VS and its
binding to ConA, PEGylation, and blocking. Inset: Shift of the charge
neutrality point (ΔVCNP) as a function of the successive modifications
for a set of three GFETs. (b) Transconductance as a function of VG
for the characteristic transfer curves shown in (a) and its percentual
change (inset).
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becomes compatible with the development of biosensing
platforms based on GFETs.
3.7. Covalent Binding of Antibodies to PEI−VS

Scaffolds for Antigen Recognition. To evaluate the
suitability of the PEI−VS scaffolds for the development of
graphene-based affinity biosensors, two different antibody−
antigen pairs were tested. For these studies, monoclonal
antibodies (mAbs) against SARS-CoV-2 spike protein (mAb-
SARS-CoV-2 spike, Sino Biological Inc., catalog number:
40150-R007) and human ferritin (mAb-FTH1, Sino Biological
Inc, catalog number: 13217-MM06) were covalently bound to
the PEI−VS scaffold on rGO-modified substrates (Figure 7a).
Both SARS-CoV-2 spike and human ferritin have become
proteins of huge relevance in the context of the COVID-19
pandemic. On one side, the spike protein of the SARS-CoV-2
virus is an antigen of paramount importance for ultrarapid
COVID-19 diagnosis in nasopharyngeal swab or saliva
samples.8,11,58 On the other hand, serum ferritin level increase
is associated with a higher probability of developing or
continuing a cytokine storm in COVID-19 patients.59 Thus,
ferritin is considered a good indicator of the COVID-19
inflammatory response, and its value can be used to perform an
assessment of the clinical progress and provide alertness on
critical patients.10,60

The covalent modification of PEI−VS scaffolds with mAb-
SARS-CoV-2 or mAb-FTH1, followed by PEG-NH2 and ETA
modifications, was monitored by SPR. A surface coverage of
436 ± 30 ng/cm2 was estimated from SPR measurements

(Figure 7b), and the interfacial architecture exhibited excellent
stability to remain stable after PEGylation and ETA
deactivation steps. Contrarily, experiments performed directly
on the rGO/PBSE substrates revealed noticeable coating
desorption during post-treatment with PEG-NH2 and ETA
(Figure S6), reinforcing the advantages of employing the PEI−
VS functionalization approach.
The recognition of the SARS-CoV-2 spike protein by the

mAb-SARS-CoV-2-modified PEI−VS platform was also
studied by SPR. Solutions of increasing concentration of
Wuhan SARS-CoV-2 S1 protein (Sino Biological Inc., catalog
number: 40591-V08H, accession number YP_009724390.1)
were injected and the obtained steady-state ΔθSPR values are
shown in Figure 7c, as a function of the protein concentration.
Analogous experiments were carried out employing MERS
spike protein as a control (also depicted in Figure 7c). SPR
results indicate that the mAb-SARS-CoV-2-modified PEI−VS
platform has a suitable specificity against SARS-CoV-2 S1,
whereas no recognition was observed for the MERS S1 protein.
The affinity profile is in good agreement with previously
reported ELISA measurements employing the same reagents.8

Both association (kass = 6.74 × 103 M−1 s−1) and dissociation
(kdiss = 3.26 × 10−4 s−1) kinetic constants and KD were
estimated from the analysis of the time-resolved binding curves
(Figure 7c inset). The obtained dissociation constant value
(KD = 48.4 nM) indicates an affinity in the same range as those
reported for the interaction of human angiotensin-converting
enzyme 2 (hACE2) with SARS-CoV-2 S1 (KD = 94.6 nM61),

Figure 7. (a) Scheme of antigen capture and regeneration of the antibody-covered PEI−VS scaffolds. (b) Surface mass density after each
modification step for VS−PEI/rGO-SPR sensors. (c) Steady-state SPR response (ΔθSPR) as a function of SARS-CoV-2 (circles) and MERS
(triangles) spike protein concentrations for VS−PEI scaffolds modified with spike protein. Inset: Kinetic SPR response during the elution of 6.53,
13.07, and 65 nM SARS-CoV-2 S1 protein for the same sensor. Association and dissociation best fits are plotted with solid lines. (d) θSPR response
as a function of the human ferritin concentration for VS−PEI scaffolds modified with mAb-FTH1 (circles) or BSA (triangles). Inset: Kinetic SPR
response during the elution of 1.74, 3.5, and 35 nM human ferritin for the same sensor. (e) SPR response to SARS-CoV-2 S1 protein after every
three regenerations of the biointerface.
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SARS-CoV-2 spike (KD = 1.2−15 nM62,63), and SARS-CoV-2
RBD (4.7 nM64). It is worth noting that our KD value implies
that the present construction would become suitable for the
development of rapid detection platforms for SARS-CoV-2
antigens.58,65

A KD value of 42 nM was obtained for SARS-CoV-2 S1 and
the mAb immobilized with the PBSE approach (Figure S7).
The similarity of the KD values suggests that the VS−PEI
scaffold does not compromise the affinity between mAb and S1
to a greater extent than the PBSE method. Since the used mAb
neutralizes also the RBD protein (see Materials Section of the
SI), a binding event through the RBD is the most likely
scenario. As RBD groups can present variations for different
SARS-CoV-2 mutations, the used mAb may display some
affinity energy changes for the virus variants. In this regard, the
high versatility of the VS−PEI scaffold would enable also the
covalent binding of mAbs specially developed for the new
variants.
In addition, the recognition of human ferritin by the rGO/

PBSE-PEI−VS sensors modified with mAb-FTH1 was also
studied by SPR (Figure 7d). A high affinity of ferritin with the
interface was found, while no recognition was observed for a
sensor modified with BSA, employed as a control. From the fit
of the time-resolved binding curves (Figure 7d inset), the
derived constant values are kdiss = 2.60 × 10−4 s−1, kass 1.02 ×
105 M−1 s−1, and KD = 2.54 nM. Since COVID-19 patients
with poor clinical progress present ferritin serum values higher
than 400 μg/L = 0.84 nM (i.e., hyperferritinemia), and those
severely ill higher than 3 nM,60 the mAb-FTH1-modified
architecture becomes a promising alternative platform for the
development of rapid ferritin diagnostics based on graphene
sensors. For instance, the platform could be used for the
clinical discrimination of COVID-19 patients in terms of their
ferritin level ranges (e.g., normal levels, hyperferritinemia, and
severe cytokine storm; see Figure S8). This information is
useful to predict disease severity and the extent of the cytokine
storm, and therefore, to tailor the treatment strategy.59,66

Finally, the regeneration of the mAb recognition sites after
the binding of antigens was also studied. SPR results show that
incubation in glycine 10 mM (pH = 2) for 2 min is a suitable
regeneration treatment, as the initial SPR signal was recovered
even after three binding−regeneration cycles (Figure 7e).

4. CONCLUSIONS
Herein, we have shown that the sequential construction of
PBSE-PA-VS scaffolds yields robust supramolecular coatings
on graphene anchored by π−π interactions with multiple
pyrene groups. Particularly, the PEI−VS scaffold has been
proved to allow the suitable covalent linking of different small
motifs, lectins, and antibodies. By exploding the pH depend-
ence of the VS moiety reactivity, selective functionalization by
covalent cross-linking to different chemical groups was
demonstrated. Moreover, PEI−VS scaffolds can be endowed
with antifouling capabilities by the covalent integration of
short-length PEG chains. Furthermore, the whole PBSE-PEI−
VS scaffolds become more stable towards post-functionaliza-
tion treatments in comparison with the widely employed
monopyrene modification approach. Thus, PEGylation pro-
vides antifouling capabilities without hampering the specific
recognition between surface-anchored biomacromolecules and
target molecules, as in the case of Concanavalin A−Glucose
oxidase interaction. Finally, we have also proved that the
construction of PEI−VS-based scaffolds does not disrupt the

band structure of graphene, keeping its semiconducting
properties.
The potential of the PEI−VS-based scaffolds in affinity

biosensing platforms was illustrated by integrating monoclonal
antibodies against SARS-CoV-2 spike protein and human
ferritin, which allowed for the selective and accurate binding of
these relevant antigen proteins related to the COVID-19
pandemic in lab-made solutions. The KD values obtained for
these antigen−antibody-based recognition strategies in syn-
thetic samples are within a range that becomes promissory for
the construction of sensors operating in real clinical samples
for the rapid detection of SARS-CoV-2 infections and for
monitoring the health state of patients transiting the COVID-
19 disease. For application in a real device, further tests for
evaluating the functionalized GFET performance in biological
samples such as human serum or saliva are required together
with proper positive and negative controls, cutoff reading,
sensitivity, and specificity determination in real complex
matrices. However, the present results constitute a solid basis
for deeper studies concerning not only COVID-related
antigens but also other relevant biomarkers by conjugating
the suitable recognition elements using this functionalization
methodology for the construction of GFET-based sensors. In
this regard, compared with conventional immunoassays such as
ELISA or lateral-flow test, graphene FET sensing devices
prepared with the heterofunctional VS-PA scaffolds for the
anchoring of recognition and antifouling elements with
covalent-like stability could have the following advantages:
(i) The present detection strategy needs just one recognition
element (e.g., a capture mAb), whereas the commonly used
ELISA and lateral-flow test require the use of capture Abs,
detector Abs, and enzymes or nanoparticles for the readout.
(ii) The target molecule recognition and, therefore, the sensor
response would be faster than the ELISA methodology that
requires sample incubation, washing steps, incubation in
solution with enzyme linked to detector Ab, enzymatic
reaction, and a readout step. (iii) The activity of the mAb
covalently bound to VS−PEI on graphene could be
regenerated for reusing a feature that is not possible in
lateral-flow tests.
We envision this heterobifunctional supramolecular-covalent

approach will contribute to the development of novel rapid,
reproducible, sensitive, and scalable diagnostic GFET devices
based on the synergy between 2D semiconducting nanoma-
terials and affinity-based recognition elements.
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Megia-Fernandez, A.; Perez-Balderas, F.; Hernandez-Mateo, F.;
Santoyo-Gonzalez, F. Vinyl Sulfone: A Versatile Function for Simple
Bioconjugation and Immobilization. Org. Biomol. Chem. 2010, 8,
667−675.
(33) Lin, G. G. H.; Scott, J. G. Investigations of the Constitutive
Overexpression of CYP6D1 in the Permethrin Resistant LPR Strain of
House Fly (Musca Domestica). Pestic. Biochem. Physiol. 2011, 100,
130−134.
(34) Hermanson, G. T. The Reactions of Bioconjugation. In
Bioconjugate Techniques; Elsevier, 2013; pp 229−258.
(35) Dos Santos, J. C. S.; Rueda, N.; Barbosa, O.; Fernández-
Sánchez, J. F.; Medina-Castillo, A. L.; Ramón-Márquez, T.; Arias-
Martos, M. C.; Millán-Linares, M. C.; Pedroche, J.; Yust, M. D. M.;
Gonca̧lves, L. R. B.; Fernandez-Lafuente, R. Characterization of
Supports Activated with Divinyl Sulfone as a Tool to Immobilize and
Stabilize Enzymes via Multipoint Covalent Attachment. Application
to Chymotrypsin. RSC Adv. 2015, 5, 20639−20649.
(36) Bliem, C.; Piccinini, E.; Knoll, W.; Azzaroni, O. Enzyme
Multilayers on Graphene-Based FETs for Biosensing Applications. In
Methods in Enzymology; Academic Press Inc., 2018; Vol. 609, pp 23−
46.

(37) Sappia, L. D.; Piccinini, E.; Marmisollé, W.; Santilli, N.; Maza,
E.; Moya, S.; Battaglini, F.; Madrid, R. E.; Azzaroni, O. Integration of
Biorecognition Elements on PEDOT Platforms through Supra-
molecular Interactions. Adv. Mater. Interfaces 2017, 4, No. 1700502.
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