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Graphene has received intensive research interest due to its remarkable charge mobility, and the efforts in the
use of graphene-based field effect transistors (GFETSs) for the sensing of biological biomarkers is on the rise.
Because of the high non-specific protein adsorption on graphene, well-defined surface modification strategies
have to be implemented to benefit from the excellent electronic transfer characteristics of GFET devices for
specific detection of biomarkers. Surprisingly, while pyrene-based ligands are the most widely used graphene
surface anchors for sensing-related applications, no systematic investigation on the reaction conditions
employed and the influence of pyrene functionalities has been reported so far. As this is one of the essential
steps for efficient receptor integration and sensitive sensing, by using GFET-based analysis of cardiac troponin
| (cTnl) as the model compound we will show that an optimized pyrene-maleimide ligand incubation time on
graphene of 2 h gives the best sensing performance. This study not only will be a guideline for researchers
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Introduction

In the past years, we have witnessed an overwhelming
research interest in graphene.' To fully harness the
potential of graphene for sensing-related applications and
allow a controlled tuning of its physical and chemical
properties, surface functionalization became an important
topic in  graphene  research.®'®  While covalent
functionalization has become by far the most promising
approach for reaching robust and stable interfaces,”"*™** this
strategy causes the most significant change in the electric
band structure of graphene due to the rehybridization of sp?
carbons to sp® carbons not only on graphene edges but also
on the basal plane of a graphene lattice. This has promoted
the use of non-covalent modifications mostly relying on n-n
stacking interactions of aromatic ligands with graphene, with
an obvious benefit of retaining the structures and electrical
properties of graphene with this approach.'™* Pyrene-based
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interested in GFET biosensors but also will hopefully allow industrial GFET development in a faster path.

surface ligands have been most widely employed, as van der
Waals forces between graphene and the pyrene backbone
ensure their tight binding via n stacking.*™® For receptor-
based analyte sensing, anchoring surface ligands to a
graphene channel is an important part of designing a
functional GFET biosensor. Pyrene-modified nitriloacetic acid
was proposed, for example by Singh et al, to further attach
biotinylated cholera toxin via biotin-copper coordination.®
Ingrosso et al. used 1-pyrenebutyric acid (PBA) to anchor PbS
nanocrystals to graphene sheets.”® Our group used PBA for
the covalent grafting of an aptamer specific to the human
papillomavirus HPV-16 E7 protein.'®> Poly(ethylene glycol)
modified pyrene (pyrene-PEG) was used for inhibiting the
surface fouling of reduced graphene oxide matrices and for a
selective isolation of E. coli associated with urinary tract
infections," or electrochemical sensing of cardiac troponin
1>> The use of 1-pyrenebutanoic acid succinimidyl ester
(PBASE) became particularly popular for non-covalent
modification of graphene.*?* As a heterobifunctional
linker, it contains a pyrene group that stacks onto graphene
by m-n overlapping and an N-hydroxysuccinimide (NHS) ester
that reacts with primary amines. As has been lately stated by
Wang et al., the conditions used for modification of graphene
with PBASE are crucial in maximizing the device
performance.” They optimized this process by incubating
graphene in dry dimethylformamide (DMF) solutions of 50
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mM PBASE for 1-8 h at room temperature. A time of 4 h was
identified as optimal, as longer times resulted in aggregation
of pyrene groups onto monolayer graphene forming a
structure similar to that of bilayer graphene.

In spite of the importance of PBASE, the question of
knowing if PBASE is the most suitable surface ligand for
obtaining  optimal receptor integration wvia  post-
functionalization can be raised due to the labile character of
the reactive ester function. How does PBASE integration onto
graphene compare to other pyrene-based surface ligands
such as 1-pyrenebutyric acid (PBA) or a pyrene-maleimide
linker, where the maleimide unit is separated from the
pyrene unit by 7-carbon units and the bulk cyclic maleimide
tail is orientated perpendicular to pyrene? Thodkar et al. have
investigated self-assembled pyrene stacks and their influence
on electrolyte-gated GFET transistors lately."® Their data
suggests that when incubating for 1.5 h in a mixture of PBA/
pyrene-maleimide (1 mM/0.5 mM) in DMF, a right shift of
the Dirac point is observed with a decrease of charge mobility
by 5% due to the formation of dense, ordered multilayers on
graphene as evidenced by AFM. For the use of GFETs as
biosensors, next to understanding how pyrene stacks on
graphene, the ultimate integration of a controlled amount of
a bioreceptor is required. How will different pyrene
derivatives and interaction times with graphene influence the
final grafting density and sensor performance?

Table 1 highlights different GFET biosensors where
various aromatic surface linkers were employed for receptor
integration. The key advantages of using the m-n stacking
interaction capability of aromatic ligands with graphene for
introducing surface functions are that they do not alter the
graphene band structure, conserve the initial electronic
properties and show a binding energy of Egx = -48 meV per C
strong enough to link a bioreceptor and perform sensing.
The group of Chappell et al. has demonstrated using DFT
calculations that the binding energy for Dbenzene,
naphthalene, anthracene and pyrene increases with the
increase in the C/H ratio making the pyrene-based molecules
the top performer in the row.”® Interestingly, substituents in
the aromatic molecules enhance the binding to graphene due
to secondary attractive interactions with graphene. Compared
to other non-covalent bioprobes (e.g. BSA,”” Au NPs,*®
polymers® etc.), pyrene-based ligands are small in size and
are attached in close vicinity to the graphene interface. This

Table 1 GFET-based biosensors with different pyrene ligands
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Fig. 1 Liquid gated graphene-based field effect transistor combined
with a classical three-electrode electrochemical setup. The graphene
surface is modified with three different pyrene ligands.

is especially important for electrical biosensors, since the
ionic strength of the solution greatly reduces the Debye
sensing range and makes these sensors sensitive only in the
immediate vicinity of the graphene surface.*

To shed more light on this apparently trivial reaction,
three different pyrene ligands were integrated for different
time intervals onto the graphene-based interfaces (Fig. 1) in
this work. Using Raman spectroscopy and cyclic voltammetry
(CV), the impact of the incubation time (2 h to 24 h) for each
linker on the final graphene-pyrene interface was probed,
and a surface coverage value was obtained using a ferrocene
redox probe covalently attached to each linker. Our results
show the benefits of using pyrene-propanoic amid
ethylmaleimide (PMAL) and how tailoring incubation
conditions is crucial to promote an optimal GFET sensing
response using cardiac troponin I (cTnl) protein as a model
analyte for sensing.

Results and discussion

Graphene modification with 1-pyrenebutanoic acid
succinimidyl ester (PBASE)

1-Pyrenebutanoic acid succinimidyl ester (PBASE) is the most
widely used pyrene-based graphene anchor as it allows the
linking of molecules containing lysine and NH, residues
readily via the formation of amide bonds. The graphene-

Target analyte Electrode architecture Surface chemistry Probe Ref.
SARS-CoV-2 G/PBASE-Ab n-1 stacking PBASE 31
E. coli bacteria G/PBASE-Ab n-n stacking PBASE 32
Papillomavirus G/PBA-aptamer n-n stacking PBA 15
Glucose G/PBA-GOD n-7 stacking PBA 33
T4 lysozyme G/PMAL n-1 stacking PMAL 34
Matrilysin MMP-7 G/PMAL-JR2EC n-n stacking PMAL 35

G: graphene; BSA: bovine serum albumin; Ab: antibody; DNA: deoxyribonucleic acid; GOD: glucose oxidase; JR2EC: de novo designed synthetic

polypeptide for MMP-7.
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Fig. 2 1-Pyrenebutanoic acid succinimidyl ester (PBASE) modified
GFET devices: (a) Raman spectra at different areas of the initial GFET
interface after wet-chemical transfer of graphene onto the IDE (inset:
optical image of the GFET device and the spots where the Raman
spectra were taken). (b) Raman spectra recorded at different time
intervals (0, 2, 4, 8, 12 & 24 h) upon immersion of the GFET device into
PBASE (5 mM, DMF). (c) Ixp/lg ratio extracted from Fig. 2b. (d) Cyclic
voltammograms of the ferrocene modified GFET (4 h) in acetonitrile/
NBu4PFg (0.1 M) (blue) and the unmodified GFET interface immersed in
ferrocene-NH, (control; grey), scan rate = 100 mV s (inset: interaction
of PBASE with ferrocene-NH,). (e) AFM images of the GFETs having
been immersed for 0.5, 1 and 24 h into PBASE (5 mM) solutions.

based interfaces used in this study are interdigitated gold
electrode (IDE) arrays of 90 pairs, each with a width of 10
um, and separated by 10 um as used earlier by us,"® with the
main difference in the channel material, in which CVD grown
graphene was used instead of reduced graphene oxide (Fig. 1).*°
The Raman spectra recorded after wet-chemical transfer of
graphene on different areas of the device underline the
homogenous character of the interface (Fig. 2a) with a
dominating band at 1580 cm™ assigned to the G band of
graphene sp” carbon lattice and contributions at 1350 cm™ (D
band), 2706 cm™ (2D secondary D band) and ~2450 cm™ (low-
intensity D + D" contribution) due to defects in the graphene
sheet introduced during the transfer. The intensity ratios Ip/Ig
=2.04 + 0.07 and Ip/Is = 0.35 indicate a high-quality graphene
monolayer with low disorder.>”

The recorded Raman spectra of graphene coated
interdigitated electrodes when immersed in PBASE (5 mM) for
increasing times (up to 24 h) (Fig. 2b) show the appearance of
a defect induced D’ band at 1620 cm 2 after 2 h immersion,
with its intensity increasing with time. The mechanism giving
rise to the D’ band is due to the interaction of the localized
vibration modes of PBASE with the extended phonon modes of
graphene." The I,p/I; ratio (Fig. 2c) gradually decreases to an
L/l value <2 after 2 h modification, and approaches 1 after 6
h of PBASE/graphene interactions. The decrease of the ILp/Ig

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

ratio is related to multilayer formation on graphene, with an
Lpllg ratio equal to 1 for bilayer graphene.’” For incubation
time longer than 12 h, aggregation of pyrene groups has
therefore taken place onto the monolayer graphene sheets,
structurally similar to bilayer graphene. To reach a sufficient
coverage while limiting the introduction of defects, an optimal
modification time would be below the 6 h time span using 5
mM PBASE in DMF.

To estimate the amount of receptor ligands which can be
integrated into the PBASE modified GFET at different
incubation times, post-treatment of the ester groups with
ferrocene-amide was performed readily after (inset in
Fig. 2d). From the cyclic voltammogram of the ferrocene
modified GFET (Fig. 2d) the amount of surface linked
ferrocene was evaluated using eqn (1)

I'= Q/nFA 1)

where Q is the passed charge, n is the number of exchanged
electrons (n = 1), F is the Faraday constant and A is the
electroactive surface area of the electrode determined to be
0.10 cm®. In the case of 4 h incubation, a surface coverage
value of I = 6.44 + 1.52 x 107" mol em™> was obtained
(Table 2), being two orders of magnitude larger than that
when it is left of up to 6 h. No ferrocene ligands were
detected for 12 and 24 h immersion times, respectively.
Considering the maximum possible surface coverage
density of PBASE as I" = 4.76 x 10'° mol cm2,'® the surface
coverage of ferrocene (Table 2) is less than a quarter after 2-4
h and only a fraction after 6 h. Only a small portion of the
ester groups of PBASE seems to have reacted with the
ferrocene ligand. The use of longer interaction times might

Table 2 Summary of the ferrocene surface coverage /" as a function of
immersion time into different pyrene solutions (5 mM in dry DMF)
[maximum possible surface coverage density when considering 0.71 nm x
0.492 nm rectangular approximation of the pyrene ligands is I" = 4.76 x
107*° mol cm™8

Time [h] I'[mol em™]
PBASE“ 2 6.04 +1.01 x 10 **
4 6.44 +1.52 x 10"
6 8.02 +2.36 x 10 **
12 0
PBA? 2; Z 14 +0.34 x 10°*°
4 411+ 0.52 x107*°
6 4.13 £0.37 x 10 *°
12 417 +0.29 x 10°*°
24 417 £0.51 x 10°*°
PMAL® 2 4.18 +0.25 x 10 *°
4 3.96 + 0.18 x 10 °
6 1.77 +0.28 x 10 *°
12 1.13 +0.48 x 10 °
24 1.11 +0.33 x 10 *°

% Non-specific interaction as deduced from Fig. 2d: I" = 1.81 + 0.35 x
10" mol cm™. » Non-specific interaction as deduced from Fig. 3d: I”
=1.84 + 0.87 x 10" mol cm ™. ¢ Non-specific interaction as deduced
from Fig. 4d: I' = 3.07 + 0.37 x 10" mol cm ™.

Sens. Diagn., 2022, 1, 235-244 | 237
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also result in hydrolysation of the labile ester functions. The
limited accessibility of the ester function is most likely not
the reason for these findings. The water contact angle
measurements before and after PBASE modification indicate
a decrease in the water contact angle by 29% from 85 + 1° to
60 + 2°. The graphene surface without PBASE is largely
hydrophobic, while PBASE modified graphene is hydrophilic
if the ester groups are facing out of the surface."”” From the
AFM images of PBASE modified GFETs for increased time
spans (Fig. 2e), the PBASE deposits which formed a dense
pyrene layer after 2 h are clearly visible. The labile character
of the ester groups is clearly the reason for the lower grafting
density of ferrocene molecules at long immersion times
rather than the presence of poor pyrene stacks.

Graphene modification with 1-pyrenebutyric acid (PBA)

To study the hydrolysis of the ester functions in PBASE over
time, the graphene channel was further modified with
1-pyrenebutyric acid (PBA) for 2-24 h in the same manner as
that with PBASE (Fig. 3a). Similar to the trend observed for the
PBASE linker, the I,p/I; ratio (Fig. 3b) decreases below 2 after 2
h modification, eventually reaching a value below 1 after 24 h
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Fig. 3 1-Pyrenebutyric acid (PBA) modified GFET devices: (a) Raman
spectra recorded at different time intervals (0, 2, 4, 8, 12 & 24 h) upon
immersion of the GFET device into PBA (5 mM, DMF). (b) I,p/lg ratio
extracted from Fig. 3a. (c) Interaction scheme with ferrocene-NH,
utilizing NHS/EDC activation of carboxyl groups. (d) Cyclic
voltammograms of the GFET modified with PBA for 4 h and post-
modified with ferrocene-NH, through NHS/EDC activation, solvent:
acetonitrile/NBusPFg (0.1 M) (blue), the PBA modified interface
immersed in ferrocene-NH, without NHS/EDC activation, (control 2;
black) and the unmodified GFET interface immersed in ferrocene-NH,
(control 1; grey), scan rate = 100 mV s™. (e) AFM images of the GFETs
modified for 1, 2 and 24 h with PBA.
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of modification, suggesting a similar non-specific pyrene
multilayer formation when increasing the incubation time.

The surface coverage of ferrocene largely increased to I" =
4.14 + 0.34 x 10"° mol em™ in 2 h, reaching 4.17 + 0.51 x
107" mol ecm™ after 12 h (Table 2). In a first control
experiment to see non-specific interaction phenomena, the
unmodified GFET device was incubated in the ferrocene-NH,
redox probe. From Fig. 3d (grey curve), a surface coverage of
I'=1.78 x 107" mol cm™ is extracted, corresponding to 3%
of the maximum coverage. The noise resulting from the
eventual non-specific adsorption of the redox probe directly
on graphene is therefore not significant in our experiments.
In a second control experiment, the GFET device modified
with PBA for 4 h was immersed in ferrocene-NH, without
NHS/EDC activation (Fig. 3d). No ferrocene bound molecules
were observed, similar to the those for 12-24 h of PBASE
incubation. This result suggests that the low coverage
ferrocene on the PBASE-modified devices is indeed due to
the hydrolysis of the NHS-ester group.

In addition, the AFM images were acquired at 1 h, 2 h and
24 h (Fig. 3e). Compared to PBASE, PBA is following a faster
reaction kinetic with pyrene stacks clearly observed after 1 h.
However, PBA pyramids (local PBA stacking) rather than
complete GFET coverage is observed at longer times. Some
graphene remains uncovered with pyrene ligands in this case.
For sensing based applications this will lead to increased
surface fouling, which has to be avoided.

Graphene modification with pyrene-propanoic amid
ethylmaleimide (PMAL)

We were intrigued to understand how a different hetero-
bifunctional linker such as pyrene-propanoic amid
ethylmaleimide (PMAL) would behave when in contact with a
GFET device. The interest in PMAL is because cysteine and
thiol carrying receptors can be readily attached to graphene
using thiol-maleimide linkage via the PMAL linker. Different
to PBASE (Fig. 2a), modification of the GFET with PMAL for
longer than 12 h gives rise to increased D’ band
contributions (Fig. 4a). Bilayer formation with Lp/Ig = 1 is
reached after 12 h modification (Fig. 4b).

Chemical linkage of the thiolated ferrocene derivative
(Fig. 4c) followed by electrochemical investigation reveals a
ferrocene coverage as high as I" = 4.18 + 0.25 x 10"'° mol
cm™? after only 2 h (Table 2). Similar to PBA, the non-specific
adsorption of ferrocene on graphene was not significant in
our experiments (Fig. 4d). While longer incubation times
yielded higher surface coverage with PBA, longer PMAL
incubation times did not show increased ferrocene loading.
From the AFM investigations, the formation of nm-thick
PMAL films is clearly identified when the GFET surfaces are
immersed overnight (Fig. 4e). The thicker film can partially
block electron transfer resulting in lower ferrocene redox
current. It could be also hypothesized that ferrocene is only
grafted to the poorly bound upper pyrene layer being washed
out during the chemical coupling process. Indeed, the bulky

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pyrene-propanoic amid ethylmaleimide (PMAL) modified GFET
devices: (a) Raman images recorded at different time intervals upon
immersion of the GFET device into PMAL (5 mM, DMF). (b) /I,p/lg ratio
extracted from Fig. 4a. (c) Interaction scheme with ferrocene-thiol. (d)
Cyclic voltammograms of the ferrocene modified GFET (4 h) in
acetonitrile/NBu4PFg (0.1 M), scan rate = 100 mV st (blue) and the
GFET interface immersed with ferrocene-thiol without PMAL (control;
grey). (e) AFM images of GFET modified for 0.5, 2 and 24 h with
PMAL.

cyclic maleimide tail of PMAL is orientated perpendicular to
pyrene and weakens pyrene-graphene n-m stacking,'’
reducing the stability of multi-layered PMAL stacks.
Increasing incubation times could therefore induce weaker
van der Waals interactions with the substrate surface,
resulting in a decrease in the ferrocene surface coverage.

Comparing PBASE, PBA and PMAL proves that PMAL is
the most promising linker for further graphene
functionalization. Indeed, the widely used PBASE linker
suffers from hydrolysis of its ester function over time,
resulting in a lower density of active moieties available for
receptor grafting. PBA shows a high surface coverage but
tends to form pyrene-stacks rather than fully covered GFET
surfaces. This will negatively influence GFET measurements,
but will also pose sensing related limitations due to
increased non-specific adsorption occurring on non-modified
graphene areas. It furthermore requires an additional EDC/
NHS activation step to obtain a surface coverage comparable
to the one obtained after 2 h of PMAL incubation.

Graphene modification with PMAL for sensing of ¢TnI

To validate the importance of the pyrene immersion time on
GFET devices for sensing related aspects, cardiac troponin I
(cTnI) was chosen as a model biomarker. This was motivated
by the fact that cardiovascular diseases have become the first

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cause of death globally, taking an estimated 17.9 million lives
each year. As the level of cTnl is directly correlated with the
occurrence of acute myocardial infarction (AMI), the most
life-threatening version of acute coronary syndrome causing
severe irreversible tissue injury in the myocardium, it has
become the golden standard for myocardial infarction
diagnostics.*®* The cut-off level of c¢Tnl in plasma for
healthy patients is currently set to 26 pg mL™,*® two to three
orders of magnitudes differentiated from the cTnI level in
patients diagnosed with AMI, with serum levels of ¢TnI of
5000-50 000 pg mL™". A ¢Tnl GFET biosensor was built by
integrating a cTnl specific thiol-terminated aptamer (5-thiol
TTT TTT CGT GCA GTA CGC CAA CCT TTC TCA TGC GCT
GCC CCT CTT A-3)** through first reduction of the eventual
disulphide bonds formed in the thiol-labelled aptamer,
followed by covalent aptamer attachment to PMAL via
formation of the maleimide-thiol bond. To
acceptable anti-fouling behaviour, next to the thiolated
aptamer ligand, a thiol-(PEG),-methyl was used with an
aptamer/PEG ratio of 2:1 (Fig. 5a). Starting with the optimal
PMAL incubation time (i.e., 2 h for a maximal PMAL surface
coverage, see Table 2), the GFET transfer characteristics (Ipg/
Vis) were recorded in buffer (0.01x PBS/1 mM MgCl,) at each
step of the device functionalization, as shown in Fig. 5b.
Typically, the charge carrier density of the graphene FET

insure an
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Fig. 5 Aptamer modified GFETs for cTnl sensing and PMAL incubation
time effect on the sensor performance: (a) schematic of integration of
the cTnl aptamer onto the GFET. (b) Transfer characteristics of GFET,
GFET-PMAL (2 h PMAL incubation) and GFET-aptamer/PEG in 0.01x
PBS/MgCl, (1 mM) (pH 7.4), applied Vps = 50 mV. (c) Transfer
characteristics of the GFET devices modified with PMAL for 2 h and (d)
17 h, after stabilization for each cTnl concentration in 0.01x PBS/MgCl,
(1 mM) (pH 7.4) without washing steps, applied Vps = 50 mV. (e)
Absolute Dirac point variations (AVpjrac = Vpirac ([cTnl]) = Vpirac (buffer))
as a function of cTnl concentration using a logarithmic scale.
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channel is modulated when sweeping the potential at the
gate electrode immersed in the electrolyte, with holes being
the dominant charge carriers at low gate voltage (left side, p
branch) and electrons at high gate voltage (right side, n
branch). The two branches are separated by the so-called
Dirac point (Vpirac), corresponding to the potential of
minimal conductivity (or the charge neutrality point),
allowing the monitoring of any doping effects of graphene by
its chemical environment. The GFET gating mechanism relies
on the electrostatic monitoring of any charge distribution
modification at the graphene-electrolyte interface (induced
here by the immobilization of the pyrene linker and the
aptamer receptor and the specific binding of the target
analyte to the aptamer) as it is capacitively compensated by a
charge carrier modulation in graphene, thus shifting the
Dirac point.

Particularly, a positive Vpjirae (+0.31 V) is observed before
GFET functionalization (Fig. 5b, black curve), which is
commonly attributed to graphene p-doping induced by the
fabrication process.*' After immobilization of the PMAL
linker at the graphene surface (Fig. 5b, blue curve), Vpirac
shifts toward a more positive gate voltage (+0.33 V). As it has
been consistently reported that PBASE adsorption on
graphene induces hole doping due to the presence of an NHS
electron withdrawer group,**™** it is expected from PMAL
molecules carrying a similar chemical functionality to also
induce a hole doping effect after immobilization on
graphene. Successively, a negative shift of Vpipae (+0.31 V) is
observed after covalent grafting of the thiolated cTnI-
aptamer and PEG to PMAL linkers (Fig. 5b, red curve).
Following the introduction at the graphene-electrolyte
interface of the DNA aptamer made of a negatively charged
phosphate backbone, one would expect positive charges to be
electrostatically induced in graphene in order to insure the
system charge neutrality.*® Usually, such electrostatic doping
would shift Vpji,. toward more positive gate Voltage.47 In fact,
several groups have a similar reported negative Vpjp,. shift
upon DNA aptamer immobilization on graphene,**" which
is attributed to a competitive n-doping effect induced
through the interaction between the aptamer nucleoside
groups and graphene.’

The PMAL-aptamer functionalized GFET sensing principle
is based on conformational changes of the aptamer loop
upon cTnl target binding. A current decrease is indicative of
aptamer reorientation towards the sensing channel, while a
current increase often indicates aptamer loop bending away
from the surface.”® The transfer characteristics of the
aptamer/PEG modified GFET during exposure to increasing
¢Tnl concentrations from 1 to 1000 pg mL™" in 0.01x PBS/1
mM MgCl, buffer were recorded after flowing the cTnl
solutions for 15 min for each concentration (Fig. 5c). A sharp
Dirac point shift (AVpirac = Vpirac ([€TNI]) = Vpirae (buffer))
towards a negative gate voltage can be observed with
increasing cTnl concentrations (Fig. 5e, blue curve). The
predominant horizontal shift of the curves suggests that the
capacitive effects are mainly at play during the whole
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experiment. This result agrees with the positively charged
cTnl target (pI = 9.87) binding to the aptamer within the
electrochemical double layer at the sensor surface,
consequently inducing graphene n-doping through
electrostatic gating.

With a view to show how the optimization of the density
of active functionality through PMAL incubation time can
affect the biosensor final performance, a GFET device was
functionalized with PMAL overnight (17 h). Under these
conditions, the PMAL layer at the graphene surface shows a
proportion of active MAL moieties available for binding the
aptamer receptor, reduced by 70% relatively to the surface
coverage obtained after 2 h of PMAL incubation time
(Table 2). The resulting transfer characteristics upon
exposure of the sensor to increasing c¢Tnl concentrations are
shown in Fig. 5d and e (green curve). A significant negative
shift of Vpirae (-13 mV) is observed in response to the first
cTnl concentration of 1 pg mL™'. With increasing cTnlI
concentrations up to 100 pg mL™", Vp;.. is shifting back to
the level observed in pure buffer before shifting again toward
a negative voltage in the 100-1000 pg mL™ concentration
range. From this dose response curve, two graphene doping
regimes can be distinguished: before (p-doping) and after (n-
doping) 100 pg mL™ analyte addition. The p-doping effect
could be attributed to the desorption of non-specifically
bound aptamer/PEG resulting from the poor fraction of active
maleimide groups of the PMAL multilayer at the graphene
surface. Since the formation of the aptamer/PEG induced
graphene n-doping (Fig. 5b, red curve), desorbing species
during the first part of the cTnl dose-response experiment
could explain the “removal” of this n-doping (thus causing p-
doping). Above 100 pg mL™, the n-doping effect could result
from cTnl binding to the fraction of the aptamer covalently
bound to PMAL linkers.

Nonetheless, the device response obtained with non-
optimized PMAL incubation falls below the signal obtained
from the GFET device incubated for 2 h. The latter can be
fitted assuming a Langmuir model (R* = 0.992)
(Fig. 6a, blue curve) to provide an estimation of the
dissociation constant of Kp = 254 + 31 pg mL™". Using the
lowest cTnl concentration of 1 pg mL™", which induced a
negligible Vp;... variation within a margin of error (-1 + 2.5

(a) 70 ————s (b) 70
o cTnl response o cTnlresponse |
60 Langmuir fit 60 Langmuir fit 1+
|
50 50 4
E 2 :
g ~ 40 3
2 9 [ ___ E] cTnl
£30 K = « 30 cut-off level
= 1 Kp =264 +31 pg/mL ) ;
T 20 1R2=0,992 <20 i
1
10 \ 10
Yl Cleiaaaaaas
0 ! 0
0 200 400 600 800 1000 1 10 100 1000
[cTnl}/ pg mL™? [cTnl)/ pg mL*

Fig. 6 cTnl sensing performance of the GFET modified with PMAL
for 2 h: Dirac point variations (AVpiac = Vbirac ([CTNI)) = Vpirac
(buffer)) as a function of cTnl concentration using (a) a linear scale
and (b) a logarithmic scale for better visualisation of the LoD and
the cTnl cut-off level.
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mvV), a limit of detection (LoD) of 22 + 1 pg mL ™" is estimated
(Fig. 6b). Comparing the impact of the PMAL incubation time
of the sensing performance demonstrates that the linker
incubation conditions should be thoroughly chosen in order
to promote a robust and functional biorecognition layer on
the GFET for optimizing the sensor performance.

Finally, the specificity of the signal induced by the c¢TnI
binding to the aptamer immobilized at the graphene surface
was assessed against two other cardiac biomarkers. GFETs
functionalized with the same optimized PMAL incubation
conditions (2 h) were exposed to increasing concentrations of
either brain natriuretic peptide (BNP) or cardiac troponin T
(cTnT). BNP is a hormone secreted in the heart ventricles, in
response to ventricular stretching, used as a biomarker for
heart failure diagnosis,® while ¢TnT, similar to cTnl, is a
subunit of the troponin complex also used as a biomarker for
myocardial infarction.”® In the presence of BNP (Fig. 7a) or
cTnT (Fig. 7b), only minor modifications of the transfer curve
could be observed in the 1-1000 pg mL™" concentration
range. While cTnl specific binding induced a negative shift
of the whole transfer curve, both non-specific target analytes
induced a positive shift only to the n-branch of the curve.
This modification induced by non-specific interactions
resulted in a negative shift of the Dirac point, up to Vpjrac =
+11 + 2.5 mV for ¢TnT and Vpjrae = +2 + 2.5 mV for the largest
target concentration tested (1000 pg ml™) (Fig. 7c and d). For
comparison, the negative shift induced by the detection of
the specific target at a 1000 pg ml™" concentration was Vpiac
= -56 + 2.5 mV, representing an absolute Dirac point shift
variation 5 times larger than that for ¢I'nT and 25 times
larger than that for BNP.

A variety of c¢Tnl biosensors based on optical,
electrochemical and electrical transduction have been
reported,” among which nanowire-based FET biosensors have

(@) 1200 (b)  4e00
GFET-PMAL-ApY/PEG (2h) + BNP-32] GFET-PMAL-ApUPEG (2h) + cTnT
~ buffe
1000 1600 gL
12,5 pgimL
25 pg/mL
g 800 1400 50 pgimL
k! 100point 1 100 pgimL.
% pg/m B 200 pgimL
* 600 —— 400 pgimL & 1200 400 pgimL
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Fig. 7 Non-specific response of the PMAL modified GFET: (a) transfer
characteristics of GFET-aptamer/PEG (2 h PMAL incubation) after
stabilization for increasing concentrations of (a) BNP-32 or (b) cTnT in
0.01x PBS/MgCl, (1 mM) (pH 7.4) without washing steps, applied Vps =
50 mV. Absolute Dirac point variations (AVpiac = Vpirac ([protein]) —
Vbirac (buffer)) as a function of cTnl (blue), cTnT (green) or BNP (red)
concentration using (c) a linear scale and (d) a logarithmic scale.
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shown LoD values typically ranging from 100 pg mL™" down to
1 pg mL "> Yet, the discussed GFET approach based on the
use of optimized pyrene-based functionalization has a
comparable high sensitivity to cTnl sensing, with the
additional advantage of using considerably simpler fabrication
processes, without the need of harsh and complex chemistry
methods for the functionalization of the sensing area.

Conclusions

In this article, three different pyrene ligands
investigated not only for the interaction capability with CVD
graphene, but also in terms of post-functionalization for
biosensing. The results presented all point to a limited utility
of PBASE due to the labile character of the
hydroxysuccinimide ester. Using ferrocene as the model
ligand, it could be shown that PBA is better suited but forms
pyrene stacks rather than fully covered graphene interfaces.
Non-specific interactions might easily take place on the
nonmodified areas in this case. Pyrene carrying a maleimide
tail clearly outperformed the other two pyrene surface
anchors. Most interestingly, the time of immersion between
graphene and PMAL has an important impact on the sensing
performance of the GFET device. Using the sensing of cTnl
as the model, it could be shown that 2 h incubation
promotes the formation of a robust and functional
biorecognition layer on the GFET for optimized sensor
performance. With a limit of detection of 22 + 1 pg mL™ the
performance of the GFET sensor is within the -clinical
important window of 40 pg mL™, which is the cut-off for
detection of myocardial ischemia. Troponin diagnostics thus
evolved from a test to diagnose acute myocardial infarction
(AMI) to one that allows early detection of cardiac injuries.

were

Experimental

Materials

1-Pyrenebutyric acid (PBA), 1-pyrenebutyric acid
N-hydroxysuccinimide ester (PBASE), aminoferrocene (Fc-
NH,),  6-(ferrocenyl)hexanethiol  (Fc-SH),  1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide  hydrochloride (EDC),
N-hydroxysuccinimide (NHS), phosphate buffered saline
(PBS), magnesium sulfate (MgSO,), tetrabutylammonium
hexafluorophosphate  (NBu,FP), ammonium persulfate
((NH,4),S,0s), polymethyl methacrylate (PMMA), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) and thiolated-
PEG,-methyl were purchased from Sigma-Aldrich and used as
received. Pyrene maleimide (PMAL) was purchased from
Lumiprobe GmbH, Germany. Interdigitated microelectrodes
(ED-IDE1-Au  w/o SUS8) were purchased form Micrux
Technologies, Spain. cTnl-specific DNA aptamer (5'-thiol TTT
TTT CGT GCA GTA CGC CAA CCT TTC TCA TGC GCT GCC
CCT CTT A-3') was provided by Integrated DNA Technologies
(Leuven, Belgium). Recombinant human cardiac troponin I
protein (My, = 24 kDa) and recombinant human cardiac
troponin T protein (My = 36 kDa) were obtained from Abcam
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(Cambridge, UK). BNP-32 peptide (M
obtained from BACHEM AG (Switzerland).

= 3.4 kDa) was

Graphene synthesis

The monolayer graphene is grown by chemical vapor
deposition (CVD) on commercial Cu foil from Alfa Aesar
(high purity - 99.9999%). Graphene growth is carried out
using a Jipelec JetFirst Rapid Thermal CVD (RTCVD). This
system allows heating and cooling at high rates (10 °C s).
The growth itself comprises heating, annealing, growth and
cooling steps. We used a mixture of 100 sccm of argon and 5
scem of dihydrogen during all the steps and 20 sccm of
methane as a precursor during the growth phase. We first cut
the Cu foil into small pieces (2.5 x 2.5 cm) and clean them
with acetic acid, acetone and IPA for 5 min each under
ultrasonication in order to remove all possible copper oxide
and to produce the cleanest surface possible. We then put
the pieces onto a Si wafer in the chamber. We proceed to
evacuate the chamber to achieve a high vacuum (<5 x 107°
bar) before starting, and then the sample is heated for 5 min
from room temperature to 300 °C, followed by heating for 2
min from 300 °C to 1070 °C, annealing for 5 min, growth for
5 min and finally a quick cooling of the chamber using a
water flow (with a decrease rate of 60 °C s 1 from 1000 to 700
°C), for 10 min to reach room temperature.

FET sensor fabrication

Prior to graphene transfer, the interdigitated microelectrodes
(ED-IDE1-Au w/o SU8, Micrux Technologies) are cleaned in an
UV-ozone chamber (Jelight, USA) for 10 min followed by
submersion for 15 min sequentially in 10 mL of acetone, iso-
propanol and water. Finally, every chip is copiously rinsed with
a large amount of water and dried under a nitrogen flow. The
cleaned interfaces are placed in a plastic Petri dish and stored
in a desiccator under vacuum. The cleaned IDEs are modified
with trimethoxyphenylsilane (TMPS, 300 pL of TMPS in 15 mL
of ethanol) in a plastic falcon tube for 1 h. Afterwards, the
electrodes are immersed for 15 min in ethanol to remove
excess silane compounds from the surface. Subsequently, the
modified interfaces are blow dried with nitrogen and stored
under vacuum. The chips are placed on a hot plate at 120 °C
and ambient pressure for 2 h to anneal the formed monolayer
and provide complete removal of the solvents from the surface.
Graphene is directly transferred to these interfaces. For
graphene transfer, a polymethyl methacrylate (PMMA) film of
200 nm in thickness is spin-coated onto the graphene/Cu foil
and annealed at 110 °C with very slow heating and cooling
rates (1 °C min™") in order to prevent cracks in the graphene
due to the difference of the thermal expansion coefficient
between copper and graphene. The graphene on the back side
of the Cu foil was removed by reactive ion etching (RIE) in an
O, plasma (50 W/100 mT/25 sccm/1 min). Copper foil etching
was achieved in 0.2 M ammonium persulfate ((NH,),S,0s) for 8
h, and the floating PMMA/graphene sample was put in DI
water. This operation was repeated about 10 times in order to
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rinse the graphene from the etchant solution. Graphene
transfer onto the IDE was achieved by submerging the IDE
under the floating graphene/PMMA film. To remove traces of
trapped water between graphene and the IDE and to increase
the adhesion of graphene to the IDE, the substrate was placed
on a hot plate and annealed at 90 °C for 30 min using slow
heating and cooling rates (1 °C min™"). The PMMA layer was
effectively removed by UV/ozone cleaning at 28-35 mW cm >
for 5 min followed by a hot acetone rinse (50 °C for 180 min).

Surface modification

Pyrene derivatives were dissolved in dry DMF at 5 mM and
the interfaces immersed with constant agitation under
ambient conditions for different time intervals. After the
modification the interfaces were withdrawn, copiously
washed with DMF and water and dried under a nitrogen flow.
For PBA the carboxyl groups were activated via NHS/EDC by
first adding 2 mM aqueous EDC solution onto the PBA
modified interfaces for 30 min, followed by addition of 5 mM
aqueous NHS solution for 30 min. The corresponding
ferrocene derivatives (5 mM) in DMF (Fc-NH, for PBA and
PBASE; Fc-SH for PMAL) were drop-cast on the modified
interfaces. The reaction time was 4 hours followed by
washing in DMF and water.

Electrical sensing

Electrical measurements were conducted using a source
meter unit U2722A (Keysight Technologies, USA). All
measurements were performed using a PMMA commercial
flow cell (Micrux Technologies, Spain) with a fixed flow
channel geometry (16 pL), ensuring a defined flow rate of 50
uL min™' to minimize mass transport limitation of the
analyte to the sensor surface in all experiments. A silver
chloride wire (diameter 1 mm, Sigma-Aldrich) was used to
operate the GFET device in a liquid gate configuration, with a
constant source-drain bias (Vpg) of 0.05 V, sweeping the gate
voltage (Vgs) between —0.2 V and 0.7 V.

Biosensing

The cTnl-specific DNA aptamer was resuspended in 1x PBS
buffer containing 1 mM of MgCl,. The aptamer solution
(100 pug mL™) was then heated at 90 °C for 5 min and
cooled down slowly to room temperature to insure proper
folding. A thiolated-PEG4-methyl was used to prevent non-
specific adsorption on graphene. The PEG solution was
prepared in the same buffer used for the aptamer with an
aptamer/PEG molar ratio of 2:1. Both the aptamer and PEG
solutions were diluted in a TCEP solution (1:1 volume
ratio; 100 molar excess) for 20 min right before use in order
to reduce eventual disulphide bonds. The GFET was then
functionalized by adding both solutions to the graphene
channel area, incubated for 2 h and rinsed with 0.01x PBS/
MgCl, (1 mM) buffer before electrical characterization. ¢Tnl
and BNP solutions were prepared in 0.01x PBS/MgCl, (1
mM) buffer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Characterization

Water contact angles were acquired with a contact angle
meter (FTA 200, Data physics Inc, USA) at room temperature.
A water droplet (about 8 pL) was dropped gently onto the
interface, and the values reported are averages of five
measurements made on different positions of the sample
surface. The accuracy of the CA value was +2°. The images
were captured using a CCD digital camera. Raman
spectroscopy measurements were performed on a LabRam
HR Micro-Raman system (Horiba Jobin Yvon, France)
combined with a 473 nm laser diode as the excitation source.
Visible light was focused using a 100x objective. The
scattered light was collected using the same objective in a
backscattering configuration, dispersed using a 1800 mm
focal length monochromator and detected using a CCD. A
PalmSens4  Potentiostat/Galvanostat ~ (PalmSens,  The
Netherlands) was used to perform cyclic voltammetry
measurements. The potentiostat was connected to a three-
electrode cell (Micrux, Spain) with an IDE acting as a working
electrode, a Pt wire as the counter electrode and Ag/AgCl as
the reference electrode. The cyclic voltammograms were
recorded with a scan rate of 100 mV s~ and a potential step
of 0.01 V.
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