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ABSTRACT: This study investigates the effect of different linkers
and solvents on the immobilization of DNA probes on graphene
surfaces, which are crucial for developing high-performance
biosensors. Quartz crystal microbalance with dissipation (QCM-
D) measurements were used to characterize in situ and real-time
the immobilization of ssDNA and hybridization efficiency on
model graphene surfaces. The DNA probes immobilization kinetics
and thermodynamics were systematically investigated for all the
pairings between three bifunctional linkers—I1-pyrenebutyric acid
succinimidyl ester (PBSE), Fluorenylmethylsuccinimidyl carbonate
(FSC), and Acridine Orange (AO) succinimidyl ester—and three
organic solvents (DMF, DMSO, and 10% DMF/ethanol). The
linker’s spatial orientation and effective surface modification for
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DNA probe attachment were also evaluated based on footprints and DNA probe surface coverage. Graphene surfaces functionalized
with PBSE in DMF achieved the highest DNA probe surface density (up to 1.31 X 10" molecules cm™?) and fastest kinetic, p values
above 4, and hybridization efficiencies of at least 70%, with 20 to 30% of ssDNA directly adsorbed nonspecifically on the
functionalized graphene surface, which has significant implications for the design of sensitive biosensors. The efficiency of the
ethanolamine-NHS blocking reaction was estimated to be 80%. The surface packing density of the linker was estimated at 25% of the
entire surface coverage for PBSE, and about 22 and 13% for AO and FSC, respectively. Overall, the surface coverage achieved for
probe DNA was in the same order of magnitude as that obtained on flat gold surfaces (>10"* molecules cm™2), typically used in
biosensors. These findings highlight the importance of the selected conditions for graphene surface modification to achieve high
DNA probe surface density on graphene materials. These results underscore the critical role of interface engineering in achieving

target functional outcomes in biosensing technology.

B INTRODUCTION

Most fundamental biochemical events in the human body rely
on the binding kinetics and thermodynamics of interactions
between DNA, RNA, proteins, and small ligands, which are the
basis for developing specific biosensors. DNA molecules
provide exceptional specificity, versatility, and sensitivity,
establishing them as a fundamental building block in the
design of advanced biosensors with wide-ranging applica-
tions."”” The biosensing research field has been focusing on
mimicking natural biochemical mechanisms to deeply under-
stand and provide new insights in areas ranging from detectin
disease biomarkers to exploring DNA—DNA interactions’~
which are crucial for application in diagnostics, environmental
monitoring, food control, and many other applications.” DNA-
based biosensors exploit the unique benefit of a robust
deterministic relationship between DNA sequences and
biorecognition specificity and reliability.'”'" Advancements
in the fast and inexpensive synthesis of oligonucleotides
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combined with the rapid hybridization of complementary
DNA strands, make synthetic oligonucleotides highly practical
as recognition elements in biosensors.'”"? The ability to
control DNA spatial orientation through surface functionaliza-
tion is critical to optimize DNA—DNA interaction at solid
surfaces, a key factor in achieving excellent analytical
performance of biosensor microarrays."* Typically, in DNA-
based biosensors a short single-stranded DNA (ssDNA) with a
specific sequence (DNA probe) is immobilized onto a surface
for further hybridization with the complementary ssDNA
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Figure 1. (A) QCM-D Setup. Left: A schematic diagram of QCM-D and the SiO, quartz crystal with graphene on top, functionalized with different
linkers, and single-strand DNA is attached and ready to form double-stranded DNA. Right: Typical QCM measurements illustrate the changes in
the resonance frequency, Af, after probe immobilization and target DNA detection. (B) Chemical structure of the linkers studied in this work. Left:
1-pyrenebutyric acid succinimidyl ester (PBSE); Center: acridine orange succinimidyl ester (AO). Right: fluorenylmethyl succinimidyl carbonate

(FSC).

target (in solution).">'® Gold surfaces remain a popular choice

for DNA immobilization, due to their inert properties,
biocompatibility, conductivity, and ease of chemical mod-
ification with diverse functional groups through the self-
assembly of alkanethiols.'”"® The thiol adsorption mechanism
and self-assembled monolayers’ formation on gold are already
deeply understood.'”*® Likewise, the thiol-modified DNA
molecules bind to gold through thiol single-atom attachment,
showing good stability, reproducibility, and high surface
densities (21013 molecules/ cmz). However, with the emer-
gence of two-dimensional (2D) materials, alternative trans-
ducers for biosensing applications are being explored offering
potential advantages. Graphene-based biosensors have been
attracting growing attention due to their extremely high
sensitivity based on graphene’s unique electronic properties
and high chemical and mechanical stability.”"** Graphene is a
single layer of carbon atoms in a perfect honeycomb lattice,
with remarkable transducing sensitivity,” sizable specific
surface area,”* biocompatibility,”® decreased manufacturing
cost,”® and high signal-to-noise features.”’ "> These features
position graphene as a leading material for next-generation
biosensing technologies.

Graphene-based DNA biosensing critically depends on
surface functionalization, which can be achieved by covalent
or noncovalent immobilization.”’ ~** Covalent surface func-
tionalization is commonly applied to graphene-derived
materials, such as graphene oxide, due to its characteristically
multiple oxygen functional groups and their reactivity for
surface modification.” Covalent functionalization of pristine
graphene can be achieved without compromising the graphene
quality and biosensor analytical performance, as we have
shown elsewhere.*> However, expensive machinery is required,
which can complicate the industrial upscaling of these
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methods. In contrast, noncovalent functionalization is advanta-
geous as it is easy to perform and preserves the intrinsic
properties of graphene while offering a strong attachment for
DNA probes. Typically, graphene-based DNA sensors exploit
the graphene interaction with the negatively charged network
of the DNA phosphate backbone or its aromatic nitrogenous
bases.’® DNA can also be immobilized on the graphene surface
by physical adsorption through electrostatic van der Waals
interactions or by covalently binding to (hetero)bifunctional
linkers that anchor to graphene via 7—7z or hydrophobicity
stacking.”’~*” Short DNA sequences, DNA composition, and
low pH favor their rapid adsorption to graphene. Nevertheless,
the affinity of DNA bases may differ between graphene and
other materials, such as graphene oxide, due to the distinct
surface properties of each material.”® While a consensus
suggests the order G > A > C > T for adsorption onto
graphene, discrepancies exist regarding the relative affinity
between C and T."'~* Despite the importance of these
interactions, the mechanisms underlying the oriented attach-
ment of DNA sequences using (hetero)bifunctional linkers
have been neglected, considering that only an indirect measure
of hybridization efficiency is commonly assessed.

Several ligands have been employed in noncovalent
graphene functionalization, primarily derived from aromatic
organic molecules, such as pyrene-butyric acid,"*~** trypt-
amine,”” and l-aminopyrene™ often without further surface
characterization. Among various bifunctional linkers, pyrene
derivatives, such as the 1-pyrene butyric succinimidyl ester
(PBSE), are the most commonly used for graphene
functionalization®” inspired by their successful use in carbon
nanotube-based biosensors. PBSE relies on the van der Waals
interaction between the pyrene group and graphene, yet
studies exploring linkers based on other conjugated groups,
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such as those derived from acridine and fluorenyl methyl-
carbamate, are limited.>’

Therefore, there is a clear need to enhance and understand
graphene functionalization by investigating the mechanism of
probe attachment, the kinetics of DNA immobilization, and
the influence of linkers and solvent selection on the DNA
surface coverage and binding stability. These new insights are
fundamental for improving DNA sensing on graphene, as the
DNA probe surface coverage strongly influences the hybrid-
ization efficiency and kinetics. Techniques such as surface
plasmon resonance (SPR),*" X-ray photoelectron spectroscopy
(XPS),**** and quartz crystal microbalance with dissipation
monitoring (QCM-D),*” allow the label-free monitoring of the
kinetics and surface coverage of DNA probe immobilization.>*

Here, we systematically investigate DNA immobilization and
surface density onto pristine graphene using three van der
Waals (hetero)bifunctional linkers with different footprints.
We also assess the impact of the linker’s solvent on the
immobilization process. Taking advantage of the versatility and
high sensitivity of QCM-D, we measure the molecular density
coverage of the graphene surfaces for each linker and evaluate
its effect on the DNA probe immobilization. Real-time
monitoring of DNA probe-target hybridization allowed the
quantification of DNA probe density on graphene, which was
further assessed using graphene multitransistor biosensing
chips functionalized with ssDNA probes immobilized by one of
the three linkers and measuring the sensor’s signal at saturation
after DNA hybridization completion (Figure 1A). The process
is repeated for the other two linkers.

B MATERIALS AND METHODS

Chemicals and Biomolecules. 1-pyrenebutyric acid succinimidyl
ester (PBSE, CAS 114932—60—4, C,,H;,)NO,, M = 385.41 g/mol),
N,N-dimethylformamide (DMF), ethanol (EtOH), dimethyl sulfoxide
(DMSO), ethylenediaminetetraacetic acid (EDTA), Alconox deter-
gent, sodium hydroxide, calcium chloride, tris(hydroxymethyl)-
aminomethane (Tris), Tris-EDTA buffer (TE), and ethanolamine
(ETA) were purchased from Sigma-Aldrich. Hexamethyldisilazane
(HMDS) was purchased from Technic. Fluorenylmethylsuccinimidyl
carbonate (FSC, CAS 82911-69—1, C;,H;sNO;, M = 337.34 g/mol;
also referred to as Fmoc-OSu) was purchased from Alfa Aesar
(catalog item A13143). Acridine orange succinimidyl ester (AO,
CyH33BrN,O,, M = 577.49 g/mol) was purchased from Biotium
(catalog item 40074). Probe DNA sequence (pDNA) 3'C6-amino
modification (5’- TCA TAA CCG GCG AAA GGC TGA AGC T-3/,
T, = 77.5 °C, M = 7909 g/mol), the complementary target DNA
(tDNA) (5'-AGC TTC AGC CTT TCG CCG GTT ATG A-3/, T, =
80.4 °C, M = 7624 g/mol), fromVitis vinifera (wine grape), were
synthesized by Metabion International AG, Martinsried, Germany.

Measurements with Quartz Crystal Microbalance with
Dissipation (QCM-D). QCM crystals coated with silicon dioxide
(QSX 335, Biolin scientific: SiO, 50 nm with adhesion layer Ti 100
nm) were used as substrates for transferring CVD-grown graphene (2
X 2 cm?). When used for the first time, the crystals were rinsed with
ethanol and MQ, dried in nitrogen, cleaned in oxygen plasma for 2
min, and stored in MQ_until graphene transfer. When reused, the
crystals were cleaned with 1% Alconox aqueous solution at 60 °C for
1 h, followed by exposure to oxygen plasma (Gigabatch 360M, PVA
Tepla, 500 sccm O,, 100 sccm Ar, S Torr, 300 W) for S min. After
that, the surface of the crystal was treated by HMDS in a vapor
priming oven (310-TA, YES Engineering, 6 Torr, 150 °C, 300 s) to
increase the graphene adhesion to the silicon dioxide that covers the
QCM crystal surface. Details in the Supporting Information, Figures
S1 and S2.

QCM-D experiments were conducted in a QSense El system
(Biolin Scientific) where all the overtones were recorded simulta-
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neously (3rd, Sth, 7th, 11th, and 13th). Before starting QCM-D
experiments the crystals were verified as detailed in Supporting
Information, Figure S3. A peristaltic pump controlled the flow rate.
All measurements were performed at a temperature of 21 °C.

Surface Functionalization and DNA Probe Immobilization.
Graphene surface functionalization was performed using three
heterobifunctional linkers, PBSE, FSC, and AO succinimidyl ester
(Figure 1B). Graphene-transferred crystals were incubated with a 100
uL droplet of each linker at 10 mM concentration, and placed in a
humid chamber for 2 h, outside the QCM chamber. After incubation,
the crystals were rinsed with the solvents used to prepare the linkers
and then transferred to the QCM chamber. For pDNA immobiliza-
tion, a running buffer of 0.99 M CaCl,-TE (matched to the buffer
concentration in the 1 uM pDNA solution) was injected at a flow rate
of 60 yL/min until a stable baseline. Then, 1 mL of 1 uM pDNA
solution (prepared by diluting 10 uL of 100 M pDNA in 990 uL of 1
M CaC,-TE) was injected for approximately 12 min, followed by
recirculation, given the limited volume of the DNA solution. The
pDNA was allowed to interact with the surface under continuous flow
for 45 min. The surface was then rinsed with the DNA-matched
running buffer until a plateau was reached, indicating the removal of
nonspecifically bound DNA probes. A baseline was considered stable
for frequency drifts within the 0.15—0.5 Hz range. Blocking of
unreacted ester groups at the graphene surface was performed by
incubating the crystal, outside the QCM chamber, for 30 min with
aqueous 100 mM ethanolamine at pH 8.5. After the blocking, the
surface was rinsed with water and immediately placed back inside the
QCM chamber for hybridization experiments.

DNA Hybridization Experiments. Hybridization experiments
were carried out by introducing the tDNA sequence complementary
to the probe sequence (pDNA) immobilized on the graphene surface
at a temperature of 21 °C. The measurements began by introducing
the DNA matching buffer until a stable baseline was reached. Next, 1
mL of 1 uM tDNA (prepared by diluting 10 L of 100 4uM tDNA in
990 uL of 1 M CaCl,-TE) was introduced into the system at a flow
rate of 60 pL/min. Target recirculation started after ca. 8 min, and
was allowed to continue for 45 min to facilitate hybridization.
Subsequently, DNA-matched running buffer was pumped through the
chamber to remove nonspecifically bound tDNAs. The QCM signals
from DNA hybridization were quantified using three additional
controls: (i) PBSE/ pDNA/ETA/pDNA; (ii) PBSE/ETA/ pDNA; and
(iii) PBSE/ETA/tDNA. These controls were processed using the
same solutions and procedures for surface functionalization, ester
blocking, and DNA interaction.

B RESULTS

Preparation of QCM Sensors. The quality of the
graphene single-layer produced was evaluated by comparing
optical images of the quartz crystal before and after graphene
transfer. These images showed no evidence of cracks and
discontinuities in the graphene layer across several square
millimeters (Figure S4A—C). Analysis by Raman spectroscopy
(Figure SS) and of the optical images (Figure S4D,E) indicates
that single-layer graphene represents 79.2% of the graphene
sample.

As expected, the Raman spectra of the graphene samples
show the G-band at 21580 cm™', characteristic of the graphitic
lattice vibration mode, and the 2D band at ~2700 cm™, which
corresponds to a second-order Raman process involving two
phonons close to the zone boundary at the K point. Besides
these two modes, the Raman spectra also show, although with
lower intensity, the disorder-induced phonon mode D band at
~1350 cm™!. From the relative intensities of these modes, it is
possible to differentiate between graphene single-layer and
multilayer (Ip/I;) and assess the crystallographic quality of
the graphene layer (Ip/I). The graphene on the QCM crystal
(green line) presents an Lp/I; of 1.5, and the defects are
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Figure 2. Frequency (left axis) and dissipation (right axis) change vs time response for probe immobilization with different linkers dissolved in
different solvents. (A) Linker PBSE dissolved in DMF; (B) linker FSC dissolved in DMF; (C) linker AO dissolved in DMF; (D) linker PBSE
dissolved in DMSO; (E) linker FSC dissolved in DMSO; (F) linker AO dissolved in DMSO; (G) linker PBSE dissolved in 10% DMF/EtOH; (H)
linker FSC dissolved in 10% DMFE/EtOH; (I) linker AO dissolved in 10% DMF/EtOH.

residual (Ip/Ig = 0.24), indicating a single-layer graphene with
high crystalline quality55 (Figure SS).

Surface Functionalization Experiments. This study
systematically compared three heterobifunctional linkers,
selected from the literature:*>*° the PBSE, FSC, and AO,
Figure 1B, for immobilizing ssDNA probes onto graphene
surfaces. Benzene rings are expected to interact with graphene
via 7—7 interactions while reactive NHS ester groups undergo
a nucleophilic substitution when exposed to primary amines,
such as those in the amine-modified DNA probes (pDNA).
The functionalization of graphene with the three linkers was
also performed in three different solvents, DMF, DMSO, and
ethanol combined with DMF. The DMF was chosen for its
compatibility with carbon materials, as it is well-known for

dissolving single-wall carbon nanotubes***’

and suspensions of
graphite powders and oxides.”® QCM-D measures precise
changes in adsorbed mass and viscoelastic properties of
adsorbed material®® and was used in this study to monitor

the immobilization and kinetics of pDNA by covalent binding
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to the linkers with different solvents, yielding the resulting
surface density of pDNA immobilization.

Figure 2 displays the QCM-D frequency shift and dissipation
signal as a function of time for the linkers and solvent
combinations (additional details in Figure S6). In Figure 2A—1,
three consecutive time points are marked with gray dashed
vertical lines, corresponding to the injection of pDNA,
recirculation of pDNA, and injection of the running buffer.
When the amine-modified DNA probes covalently bind to the
very reactive NHS esters at the graphene surface, a decrease in
frequency is observed, simultaneously with a small energy
dissipation (dark gray lines in Figure 2A—I). The pDNA
recirculation slightly disturbs the flow equilibrium, promoting
some DNA removal with immobilization kinetics slowing
down until a stable frequency. The last step of running buffer
enables the wash of nonreacted pDNA from the surface. The
observed negative shift reflects an increase in mass on the
QCM crystal due to the specific attachment of the pDNA
molecules to the surface. Conversely, pDNA immobilization
did not produce a significant change in dissipation; the

https://doi.org/10.1021/acs.langmuir.4c03420
Langmuir 2025, 41, 263—-273


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c03420/suppl_file/la4c03420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c03420/suppl_file/la4c03420_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03420?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03420?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03420?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03420?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c03420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Table 1. pDNA-on-Graphene Density Calculated for Each Linker/Solvent Pair Based on QCM-D Frequency-Shift

Measurements (Af)

solvents parameters” PBSE AO FSC
DMF Af (Hz) —9.11 + 0.31 —8.43 + 0.34 —7.36 + 0.16
AD (1 x 107%) 027 + 0.13 023 + 0.11 0.14 + 0.08
density (molecules/cm?) 1.27 + 0.04 x 10" 1.18 + 0.05 x 10" 1.03 + 0.07 x 10"
DMSO Af (Hz) —7.58 + 0.12 —6.59 + 0.28 —5.95 + 0.11
AD (1 x 1079) 0.15 + 0.09 0.08 + 0.04 0.19 + 0.11
density (molecules/cm?®) 1.06 + 0.02 x 10" 9.22 + 0.93 x 10" 8.32 + 0.17 X 10"
10% DMF/EtOH Af (Hz) —6.83 + 0.17 —6.11 + 0.29 —6.05 + 0.17
AD (1 x 1079) 023 + 0.12 0.11 + 0.06 0.11 + 0.05

density (molecules/cm?)

9.55 + 0.04 X 10?2

8.55 + 0.16 x 10*?

8.46 + 0.30 X 10*?

“Values based on the average of all QCM-D overtones except the 1st.

Table 2. Theoretical and Indirect Experimental Linker Densities for the Three Linkers”

theoretical (densest regular packing)

footprint linker geometrical density intermolecular
linker (nm? (molecules/cm?*) spacing (nm)
PBSE 1.93 5.18 x 10" 2.11
AO 1.85 5.40 x 10" 2.07
FSC 1.29 7.75 x 10" 1.72

observed comparison
footprint pDNA density (DMF) intermolecular coverage (density
nm? (molecules/cm?)” spacing (nm) ratio) (%)
7.87 1.27 + 0.04 x 10" 426 24.5
8.47 1.18 + 0.05 x 10" 4.42 219
9.71 1.03 + 0.07 x 10" 4.74 133

“The theoretical footprint (in nm?) and the observed density calculated from the saturated pDNA concentration (Table 1), highlighted in bold, are
primary data from which the others were derived. The theoretical geometrical density is inversely proportional to the footprint area; the average
intermolecular spacing is computed from the density assuming a densely-packed surface following a law of triangular networks p = 4/(a2 \/ 3); the
coverage is expressed as the ratio between the observed density and the density of the closet packing. The observed density for DMF is the largest
within the 3 solvents. “Calculated from QCM-D measurements. Values based on the average of all QCM-D overtones except the Ist.

magnitude in the order of 1077 suggests a minimal change in
the viscoelastic properties of the molecular biointerface,
indicating that the pDNA is relatively rigid.

We calculated the surface density of pDNA immobilized on
graphene for all linker-solvent pairs with the correction of 1.5%
on the molecular density due to the amide bond formation,
and NHS release for each pDNA strand added to the surface
(details in the Supporting Information). The results are
presented in Table 1. The main differences among the linkers
structures, Figure 1B, are their footprint (pyrene, benzene rings
with a pyridine, and a fluorene group) and the vertical distance
to the reactive amine. For all three linkers, DMF is the solvent
that consistently resulted in the highest pDNA density, within
33 to 39%, while the mixture of 10% DMF/EtOH led to the
lowest pDNA density.

When comparing the use of the three linkers, independently
of the solvent used, pDNA density was always highest with
PBSE, intermediate with AO, and lowest with FSC. The
difference in density between the linkers ranged from 12 to
27%, depending on the solvent. PBSE, the linker with the
larger aromatic system, achieved the highest immobilization,
which may be attributed to stronger 7—7 interactions with the
graphene surface, providing greater stability during function-
alization steps. Regarding AO and FSC, its smaller -
conjugation suggests weaker surface interactions that limit
stable attachment. The choice of solvent also significantly
influenced the immobilization efficiency, with DMF facilitating
the highest pDNA surface density. As a polar aprotic solvent,
DMF enhances the solubility and distribution of PBSE,
inducing a stable attachment to the graphene surface,
optimizing interaction, and minimizing interlinker repulsion.
In contrast, the other two solvents used limited linker
solubility, resulting in lower effective coverage, possibly due
to partial aggregation or reduced linker mobility.
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Figure 2 data were also fitted with the logistic function to
quantitatively assess the binding kinetics of pPDNA adsorption,
Figure S7. The fitting provides several parameters with p
indicating the steepness of the sigmoidal curve in the function,
Table S1. According to Figure 2, the linkers dissolved in DMF
exhibit a significant frequency shift approximately 150 s after
introducing the pDNA, with p values above 4, a change not
consistently observed with the other solvents. This reflects the
fast-binding transition when pDNA flows through the QCM-D
chamber. Additionally, DMF as the dissolution solvent
consistently resulted in the highest probe immobilization
signal across all cases, Af of approximately —9.11 + 0.31 Hz,
Figure 2A—C. In contrast, DMSO and the EtOH-DMF
showed a slower increase in frequency, with p values between
1.7 and 3.2, indicating a more gradual pDNA binding and the
lowest pDNA immobilization, Figure 2D—1.

Both AO and FSC linkers in 10% DMF in EtOH mixture,
behaved slightly differently with p values of 3.8 and 2.6,
respectively, as well as AO in DMSO, p values of 3.2, indicating
faster kinetics and displaying high pDNA adsorption rate, Af ~
—6 Hz, Figure 2H—1. In summary, the solvent that provided
slower kinetics for pPDNA binding was the DMSO, followed by
10% EtOH/DMEF, while the fastest binding was observed with
DME. The desorption rate followed a similar trend for all
linkers and solvents, except for AO in 10% DMF in EtOH,
which showed a noticeably faster desorption rate (Figure 2I).
Interestingly, this condition also exhibited one of the fastest
adsorption rates, suggesting that AO might have reduced
solubility in this solvent mixture, leading to weaker surface
interactions and less stable adsorption. Moreover, it is also
possible that the lower solvation ability of this solvent mixture
may contribute to undissolved residues, possibly leading to
nonspecific adsorption. It should be noted that the observed
molecular density during functionalization represents an
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equilibrium value achieved with a saturating concentration of
pDNA. Some pDNA molecules are expected to diffuse into the
active linker occasionally and, upon unsuccessful binding
attempts, subsequently move away from the surface. The
desorption rate followed a similar trend for all linkers and
solvents, except for AO in 10% DMF in EtOH, which showed
a noticeably faster desorption rate (Figure 2I).

Overall, the highest density of pDNA immobilized on the
modified graphene surface was achieved with PBSE dissolved
in DMF, reaching 1.27 + 0.04 X 10" molecules/cm® of DNA.
This result aligns with our previous findings’’ and represents
one of the fastest binding rates observed.

Table 2 presents theoretical and observed surface density
data for the 3 linkers. Molecular footprints for the three linkers
were obtained using ACD chemSketch software, assuming a
planar face-to-face binding linker/graphene modulated as an
elliptical area to reflect the different possible directional
attachments of the linkers. The obtained footprint is larger
than the area of the fused benzene rings to account for the
necessary interatomic space between consecutive molecules,
even assuming perfect coverage. PBSE, with its 4 fused
benzene rings, and AO, with 3 fused rings, have closely
resembled footprints, whereas FSC, with one S-carbon ring
sided by two benzene rings, is 1.5-fold smaller. In this work, we
could not perform the linker functionalization step under
QCM-D monitoring due to the incompatibility between the
solvents used and the plastic tubing of the QCM-D equipment.
Therefore, the measured linker densities are indirect measure-
ments from two successive steps: the actual linker immobiliza-
tion density and the linker-pDNA reaction. Linker footprints
are more significant when compared with the 1.13 nm” of
ssDNA (cross-sectional radius of 0.6 nm**), modeled as a
circular area. Therefore, in the case of a linker stacked face-to-
face on graphene, pDNA density is mainly ruled by the spatial
distribution of the linker molecules on the surface. The
effective coverage, obtained from the ratio of measured pDNA
and theoretical surface densities of the linker, suggests values
ranging from 15% to 25%.

An immediate conclusion is that the linker is far from fully
covering the available surface area, even though a relatively
high concentration of 10 mM was used for the functionaliza-
tion step. One explanation could be that the bidimensional
molecular distribution, due to the random nature of the linker
diffusion and sedimentation toward the graphene surface,
resulted in random packing, which is loose compared to the
regular tessellation of the linker footprints that define the
densest plane. However, against this argument, mathematical
approaches to the random packing problem have shown that
the 2D random packing is only slightly lower than the densest
plane by a small percentage. 061

Regarding intermolecular spacing, the distance between
linkers, as deduced from the densest distribution and the
measured density, assuming a homogeneous linker distribu-
tion, differs roughly by a factor of 2, from 2.1 to 4.2 nm in the
case of PBSE, Table 2. Because the linker densities are indirect
measurements, the lower observed coverage may relate more
to the linker-pDNA reaction than the linker density. Electro-
static repulsion between 25-mer ssDNA (~8 nm) molecules
cannot be neglected with the calculated intermolecular
distances. They may reduce the ability of the DNA molecules
to bind to the linker even when linker molecules are available,
resulting in a lower pDNA density than the underlying linker
density. Additionally, this effect may contribute to the number
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of unreacted linker molecules, which are prevented from
reacting with pDNA due to nearby, already reacted, linker-
pDNA complexes. Our observations of DNA desorption and
unspecifically bound groups could also partially result from
linker or linker-pDNA configurations that were unstable
throughout the functionalization process and desorbed during
buffer recirculation.

When comparing the density of functionalization obtained
with the three linkers, we observed that the density of pDNA
increases with the linker footprint. This observation contra-
dicts the intuitive rationale that a smaller linker footprint
would allow denser packing on the surface. In addition to the
above arguments, one contributing factor to the final lower
density with a smaller linker footprint is the presumably
reduced interaction energy with graphene associated with
linkers with fewer benzene rings. This reduced interaction
energy is due to less extensive face-to-face surface contact and
decreased electron cloud overlap, leading to weaker attachment
of these linkers. As a result, poorly attached groups may be
washed away during the functionalization step, contributing to
the overall lower density.

Interestingly, a study by Hinnemo et al. on Pyrene-butyric
acid (PBA) coverage on graphene62 found that vertical
stacking of the benzene rings becomes energetically favorable
as the linker concentration increases, reaching its maximum at
10 mM, the same concentration used in this work. This
stacking configuration could theoretically enhance the surface
coverage by facilitating closer packing of the linkers. However,
when comparing our pDNA surface coverage using PBSE with
those reported in the literature (=1 X 10" molecules/cm?,
Table S2), our results demonstrate a surface coverage
enhanced by 2 orders of magnitude.*”** One could consider
that such a higher functionalization coverage could require
upright conformation, increasing the chance of pPDNA to move
close to the surface and to react with active linker’s succinimide
groups, which is likely the primary reason for the obtained
higher surface coverage. However, with an average coverage
ratio below 25%, the vertical stacking would only be possible
through a patchwork functionalization with areas of very high
linker density and areas without linker molecules, a hypothesis
for which there is no evidence, and is not supported by our
previous work.”*

The high surface coverage also results from the surface
characteristics of the graphene layer. Surface topography
dominates over probe density to enhance hybridization in
nanostructured materials.”* However, graphene is planar.
Efforts were made to reduce graphene nucleation sites during
graphene growth, leading to crystal sizes of tens or hundreds of
micrometers, and improving the cleanliness of chemical
residues during the graphene process.”> With a cleaner surface,
a more significant proportion of the surface is available for
functionalization. The cleanliness of graphene surfaces cannot
reach the same levels as that of gold thin-film surfaces, where
plasma cleaning to strip all organics is very efficient.
Nevertheless, the functionalization densities were comparable
to the reference DNA immobilization on gold (oligo ~20
mer), whether using a single-point thiol-based attachment or
an attachment via ligands with a consistent footprint.”®

The pDNA immobilization followed a kinetic rate as fast as
the trend observed for gold—thiol DNA, up to 15 min.
Therefore, the kinetics of graphene-linker ssDNA immobiliza-
tion is not a limitation. The linker most commonly used in
practice—PBSE—produced the highest surface densities of
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Figure 3. QCM-D frequency (orange, left axis) and dissipation (brown, right axis) change vs time response of DNA hybridization experiments. (A)
PBSE/pDNA/ETA/tDNA and three controls: (B) control (i) PBSE/pDNA/ETA/pDNA, (C) control (ii) PBSE/ETA/pDNA and (D) control
(iii) PBSE/ETA/tDNA. The time break visible in (A, B) corresponds to the application of ETA outside the QCM chamber. The frequency value in
the graphs corresponds to Af (Hz) between the baseline before the probe’s introduction and the baseline acquisition’s end.

DNA probes with the different solvents, reinforcing its
suitability in biosensing applications.

DNA Hybridization Experiments. Our findings provide
evidence that the interplay between the surface, the linkers’
aromatic ligands, solvent quality, and concentrations is crucial
in determining the effectiveness of these linkers to function-
alize graphene for subsequent pDNA attachment, however, the
DNA hybridization needed to be assessed. Thus, the QCM-D
hybridization experiments were performed using PBSE
dissolved in DMF.

Figure 3A (left) showed a fast shift to a stable frequency
around 11 Hz upon introducing pDNA, resulting in a final
frequency shift of —9.52 + 0.21 Hz (Figure 3A). Afterward, the
sample was removed from the QCM-D chamber (time-axis
break in Figure 3A), and the unreacted activated ester ligands
were blocked with ethanolamine. The sample was then
reintroduced in the chamber and exposed to the comple-
mentary sequence of tDNA (vertical dashed line at t = 150 s
for hybridization). The QCM signal after injection and
recirculation of the tDNA is shown in Figure 3A (right),
with the general kinetics profile similar to the one observed for
the immobilization of pDNA. The Af reaches the value of
—9.72 + 0.63 Hz, corresponding to a tDNA density of 1.39 +
0.09 X 10" molecules/cm? which is higher than the surface
coverage estimation for pDNA of 1.31 + 0.03 X 10'3. This
slightly higher surface density for tDNA vs pDNA suggests that
a small fraction of the tDNA is bound nonspecifically rather
than in a hybrid form on the surface. This nonspecific
contribution was further quantified through three additional
experiments: (i) PBSE/ pDNA/ETA/pDNA to verify the
binding capacity of pDNA in a second interaction after
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ethanolamine blocking (Figure 3B); (ii) PBSE/ETA/pDNA to
study the ability of pDNA to bind onto a surface of a putative
entirely blocked PBSE (Figure 3C); and (iii)) PBSE/ETA/
tDNA to study the capability of tDNA binding onto a surface
of a putative entirely blocked PBSE (Figure 3D).

In the first of the additional experiments, denoted as (i)
(Figure 3B), the graphene surface functionalized with PBSE
tethered pDNA similarly to the previous experiment (cf. Figure
3B, left and Figure 3A, left), leading to a rapid and consistent
shift in resonance frequency of —7.19 Hz. After ethanolamine
blocking of the NHS reactive ester, one would expect that
adding more pDNA would not lead to a higher signal because
all reacting sites were already occupied by pDNA or blocked
with ETA. However, the second round of pDNA resulted in a
shift in resonance frequency of —4.72 Hz (Figure 3B, right),
corresponding to an additional density of 6.6 + 0.5 X 10"
molecules/cm? This increase may include two contributions,
one from nonspecific interactions between pDNA and the
graphene surface and one from a reaction with activated ester
that did not previously react with ethanolamine.

Controls (ii) PBSE/ETA/pDNA (Figure 3C) and (iii)
PBSE/ETA/tDNA (Figure 3D) consisted of reacting the
activated NHS reactive ester groups of PBSE on the surface
with ethanolamine, followed by an attempt to adsorb DNA on
the surface. In control (ii), pPDNA is used, and the experiment
results are similar to control (i), with a decrease in frequency
of —4.11 Hz. Control (iii) consists of the same as experiment
(ii) using tDNA instead of pDNA, resulting in a reduction in
frequency of —2.39 Hz, indicating that a fraction of the DNA
strands from solution adsorbs onto the surface.
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In the three controls, ethanolamine in excess should
completely react with the activated ester groups into an
amide formation, preventing further specific interactions
between NHS and the amine-modified pDNA. However, in
controls (i) and (ii) after ETA exposure, pDNA may still react
with any remaining nonblocked esters or adsorb nonspecifi-
cally onto the graphene surface. The similar results observed in
both controls indicate that the layer of pDNA added onto
PBSE does not introduce significant steric hindrance, allowing
additional pDNA to bind onto the surface. In control (iii),
tDNA, which is not amine-modified, cannot react with NHS
and can only interact through nonspecific adsorption onto the
graphene surface. As a result, it produces a notably lower
change in frequency compared to control (ji), where pDNA
had two potential interaction pathways.

Quantitatively, control (iii) provides a nonspecific DNA
binding onto the graphene-PBSE-ETA surface of 3.3 + 0.7 X
10'2 molecules/cm?® The difference between experiments (iii)
and (ii) provides the amount of pDNA still able to bind to
unreacted PBSE after ETA, of 2.4 + 0.7 X 10'? molecules/cm?.
When referring these numbers to the density of functionaliza-
tion on the surface from Table 1 (PBSE/DMF), they
correspond to an additional nonspecific binding of approx-
imately 26% DNA that may interact with the surface and an
unreacted portion of PBSE after the ETA step of 19%, leading
to an efficiency of the PBSE-ETA reaction estimated to be
approximately 80%. These results highlight the robustness of
the functionalization process but even more remarkable is the
high hybridization efficiency implied by capturing the
estimated 1.39 + 0.09 X 10" molecules/cm® of tDNAs onto
a surface with 1.31 + 0.03 X 10" molecules/cm” density of
DNA probes. Even accounting for up to ca. 25% of targets that
become adsorbed nonspecifically, the implied hybridization
efficiency around 71% is high for this range of probe
density.”"** Although not evaluated here, PEG could help
minimize nonspecific DNA adsorption on the graphene
surface.*”

In summary, the choice of the linker and the respective
solvent impacted the final pDNA density similarly. The solvent
inducing the best performance was the DMF, with a probe
density 30% higher than that obtained with 10%DMF/EtOH.
This observation is consistent with the effect of linker
orientation, considering that the solvent plays an important
role when minimizing repulsion between the linker and
graphene or between nearby molecules. Additionally, increas-
ing the linker footprint increases the distance between
successive pDNA that react with the linker, minimizing
repulsive interactions between the charged pDNA strands
approaching the binding sites.

Our results suggest electrostatics, space constraints, and
accessibility primarily governed hybridization.

B CONCLUSIONS

In this study, we used graphene field-effect transistor-based
biosensing chips and quartz crystal microbalance with
dissipation (QCM-D) measurements for the real-time
monitoring of immobilization of DNA probes and DNA
hybridization as a function of pairing heterobifunctional linkers
(PBSE, FSC, and AO) and solvents (DMF, DMSO, 10% DMF
in EtOH) for the initial noncovalent functionalization of
single-layer graphene surfaces. The highest density of the
immobilized DNA probes was achieved for graphene surfaces
functionalized with PBSE in DMF. The high density of pPDNA
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is achievable via a two-step biofunctionalization leading to 1.27
+ 0.04 X 10" molecules/cm” of pDNA, corresponding to a
surface packing density of 25%. The functionalization density
was affected by an energetically favorable effect of a larger
linker footprint and a reduced steric and electrostatic
hindrance between DNA molecules associated with a larger
footprint. The quality of the solvent and its effect on
attenuating molecule repulsion strongly affect the probe
density.

Out of the total DNA adsorbed onto the surface during
DNA circulation, about 30% is desorbed after the QCM
rinsing step with running buffer, corresponding to weekly
attached DNA. The remaining immobilized DNA can further
be analyzed as specific and nonspecifically bound, where up to
26% of DNA can bind nonspecifically onto the graphene
surface. The blocking of the unreacted NHS groups of the
linker, using ethanolamine, was measured to have an efficiency
of about 80%. The hybridization efliciency of pDNA
immobilized on graphene with complementary tDNA was
70%.
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