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Hydrogen-Terminated 2D-Germanane Heterostructures
as Highly Sensitive Biorecognition Transducers:

The Case Study of Cocaine Drug

Yiming Lei, Angel Campos-Lendinez, Xavier Sala, Jordi Garcia-Antén,*

and Jose Mufioz*

Hydrogen-terminated 2D-germanane (2D-GeH), as one inorganic 2D material
akin to graphene, is attracting widespread interest owing to its predicted (opto)
electronic properties. Nonetheless, the chemical reactivity of 2D-GeH requires
further exploration to expand its real implementation. Herein, a simple and
straightforward bottom-up biofunctionalization approach is reported aiming at
providing the bases toward the robust design of 2D-GeH-based biorecognition
systems with electrical readout. For this goal, 2D-GeH has been firstly func-
tionalized with gold nanoparticles (Au-NPs) via an organometallic approach,
followed by the covalent immobilization of a thiolated single-stranded DNA
(ssDNA) aptamer via Au—S bond interactions. After an accurate material char-
acterization, the resulting ssDNA/Au@GeH heterostructure is drop-casted on a
fluorine-doped tin oxide (FTO) electrode for impedimetrically monitoring cocaine
as a model drug. Interestingly, the aptamer—cocaine interactions hinder the
interfacial electron-transfer process of the benchmark [Fe(CN)¢]> /™ redox
marker with increasing concentration of the cocaine target, leading to a detection
limit as low as 4.9 + 0.1 aM, the lowest one reported in literature by far. Overall,
the ssDNA/Au@GeH electrochemical biosensor exhibits outstanding selectivity,
specificity, and reproducibility, demonstrating the potential use of 2D-GeH as an
emerging highly sensitive transducer for biosensing applications. The reported
method is general and might be simply customized by tailoring the biorecognition
component.

1. Introduction

Two-dimensional (2D) materials, as atom-
ically thin layer materials, allow free
movement of electrons in the 2D plane,
making them excellent substrates to lead
the next “nanoelectronics revolution”.'™®
Having demonstrated the successful real-
life implementation of graphene in very dis-
tinctive applications,” % its zero bandgap
has moved the materials science community
to explore alternative Group-IV monoele-
mental 2D materials made of honeycomb-
like sp>-hybridized network layer structures,
coined as Xenes (viz. silicene, germanene,
stanine, and plumbene).'**? In particular,
2D germanene (2D-Ge) and its correspond-
ing ligand-terminated derivatives have
demonstrated unique properties, such as
high electrical conductivity, semiconduct-
ing properties, and large surface area
plenty of active sites that might favour
(bio)functionalization,*'®!  features that
foresee their potential use in the field of
electrochemical biosensors. In this regard,
germanium, together with silicon, are
the base materials for modern electronic
devices (i.e., electrochemical systems).'”)
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Nonetheless, considering that 2D-Ge derivatives are emerging
inorganic 2D materials, most of the research in this field has
been devoted to either theoretical works!"®'? or experimental
works employing weak physisorption (bio)functionalization
approaches.’>*? Among the wide library of ligand-terminated
2D-Ge, hydrogen-terminated 2D-GeH is a very interesting mate-
rial owing to its simple synthetic protocol based on the topochem-
ical deintercalation of a layered Zintl phase (CaGe,) in acidic
media,™! resulting in the lonely available Xene in the market.
Herein, motivated by the desire to elucidate the suitability of
2D-GeH as an unconventional transducing system to harbour
biorecognition components, a general and straightforward bio-
functionalization strategy has been devised for the robust design
of electrochemical biosensors. The bottom-up biofunctionaliza-
tion architecture relies on two-sequential steps: i) decoration
of 2D-GeH with gold nanoparticles (Au-NPs) via organometallic

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH


mailto:Jordi.GarciaAnton@uab.es
mailto:JoseMaria.Munoz@uab.cat
https://doi.org/10.1002/sstr.202400240
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

(OM) approach,* using them not only as electrochemical signal
amplifiers, but also as nanotemplates for ii) covalently anchoring
thiolated biorecognition components via Au—S bond formation.
As a proof-of-principle, the electrochemical determination of
cocaine was interrogated as a model target, while a thiolated
single-stranded DNA (ssDNA) aptamer was employed as a spe-
cific biorecognition unit to bind cocaine; see Scheme 1 for illus-
tration. Briefly, cocaine is an important addictive stimulant drug
isolated from coca plant leaves that can promote instantaneous
and adverse effects on human health, being necessary its deter-
mination for both law enforcement and clinical diagnosis.****!
Indeed, the cocaine-binding aptamer approach has been
commonly utilized for developing different optical and electro-
chemical biosensing systems.’***”! In this work, the electroana-
Iytical assay is focused on drop-casting the resulting ssDNA/
Au@GeH heterostructure on a fluorine-doped tin oxide (FTO)
electrode for impedimetrically monitoring the specific aptamer—
cocaine binding by means of charge transfer resistance
(Rct) under the presence of a benchmark redox marker (ie.,
[Fe(CN)g]> /7). In this regard, electrochemical impedance spec-
troscopy (EIS) is known to be a powerful tool to monitor small
changes in the interfacial properties of electrode surfaces.”®
Remarkably, the synergism of combining large surface area
2D materials like 2D-GeH—rich in biorecognition units via sur-
face engineering—with impedimetric readouts resulted in a
ssDNA/Au@GeH electrochemical biosensor with selective abil-
ity to determine cocaine at the attomolar (aM) level, the lowest
detection limit found in literature so far. Accordingly, this work
provides a general covalent biofunctionalization strategy for the
development of a new family of highly sensitive electrochemical
biosensors made of commercially available 2D-GeH, which

2D-GeH

i) Au-NPs

Electrochemical
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might further endow for the selective determination of alterna-
tive targets by simply tailoring the thiolated biorecognition
component.

2. Results and Discussion

2.1. Synthesis and Structural Characterization of ssDNA/
Au@GeH Heterostructures

The surface engineering related to the fabrication of the ssDNA/
Au@GeH heterostructure implies the functionalization of pris-
tine 2D-GeH following two consecutive stages, as illustrated
in Scheme 1: i) Firstly, pristine 2D-GeH was functionalized with
Au-NPs using the OM approach.”?® To do this, 10 mg of 2D-GeH
were mixed in a Fisher-Porter bottle with 0.16 mg of [Au(tht)Cl]
(Au/GeH 1% w/w) using 10 mL of degassed THF as the solvent.
Then, the mixture was pressurized under 3bars of H, and
stirred overnight, resulting in the Au@GeH heterostructure.
ii) Secondly, the Au-NPs were used as nanotemplates for cova-
lently immobilizing the thiolated ssDNA aptamer via Au—S bond
interactions. Thus, the Au@GeH heterostructure was mixed
with a 16.8 nmol ssDNA aptamer solution for 12 h under stirring
conditions.

The characterization of the prepared ssDNA/Au@GeH heter-
ostructure was conducted by means of transmission electron
microscopy (TEM), UV-Vis spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), and X-ray photoelectron spectros-
copy (XPS).

Firstly, the morphology of the pristine 2D-GeH, the interme-
diate Au@GeH, and the final ssDNA/Au@GeH heterostructure
was determined by TEM. Figure 1a shows the typical platelet-like

Au@GeH

ssDNA/Au@GeH

cell o

[Cocaine] T

v) EIS readout

iv) Cocaine
incubation

ssDNA/Au@GeH
Electrochemical
Biosensor

Scheme 1. Synthesis and fabrication of the ssDNA/Au@GeH electrochemical biosensor. Schematic illustration of the biofunctionalization approach for
the fabrication of the ssDNA/Au@GeH heterostructure, and their subsequent integration on a FTO electrode for the EIS determination of the cocaine
drug in a three-electrode configuration cell via cocaine-binding ssDNA aptamer.
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Figure 1. Material characterization of the ssDNA/Au@GeH heterostructure. TEM images of a) pristine 2D-GeH, b) Au@GeH, and ¢) ssDNA/Au@ GeH.
d) UV-Vis and e) FTIR spectra of pristine 2D-GeH and ssDNA/Au@GeH heterostructure.

aspect of pristine 2D-GeH with several lateral sizes formed of
various stacked smooth layers.*” After the immobilization of
Au-NPs via the OM approach, the Au@GeH heterostructure
clearly displayed spherical and homogeneously distributed
nanoparticles with an average size of 19.0 + 6.7 nm (Figure 1b),
suggesting the successful decoration of the 2D-Xene. Then,
the morphological aspect of the resulting ssSDNA/Au@GeH het-
erostructure displayed uneven walls due to the organic nature of
the biorecognition unit (Figure 1c). In addition, the elemental
analysis of the samples was carried out by means of energy-
dispersive X-ray (EDX) spectroscopy (see Figure S1, Supporting
Information). The EDX spectra of the ssDNA/Au@GeH hetero-
structure confirmed the coexistence of Au, S, and P with the Ge
sheets. This can be seen as the first evidence of the proper immo-
bilization of both Au-NPs and thiolated biorecognition units.
Next, the optical properties of the ssDNA/Au@ GeH heterostruc-
ture were evaluated by UV-Vis spectroscopy (Figure 1d). The
UV-Vis spectrum of the pristine 2D-GeH shows a strong
absorption in the visible spectral region, with a maximum band
cantered at 603 nm, according to the literature.*!! After biofunc-
tionalization, this band was widened and blue shifted with a
maximum absorption wavelength at 530 nm, which might be
attributed to the plasmon contribution of Au-NPs.1*”) Remarkably,
an additional band cantered at 307 nm was observed, indicating
the presence of the ssDNA aptamer.?*!

FTIR measurements were also run to provide the first evi-
dence of the proper biofunctionalization of the 2D-Xene. FTIR
spectra of 2D-GeH before and after biofunctionalization are pre-
sented in Figure le. Pristine 2D-GeH exhibited a main band
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cantered at 1987 cm ™! associated with vGeH stretching mode,**!

while the band at 1016 cm ™' can be ascribed to vGeO stretching
mode from the spontaneous oxidation of the 2D-GeH in air. In
contrast, the presence of ssDNA aptamer was confirmed by
means of DNA-sugar vibration in the range of 1753-1472 cm ™,
which can be attributed to guanine, thymine, adenine, and cyto-
sine nucleotides from higher to lower wavenumbers.*>! Further,
the ssDNA/Au@GeH heterostructure also revealed the asym-
metric (V,sPO, ) and symmetric (v;PO, ) vibrations of phos-
phate groups from the nucleic acids cantered at 1196 and
1064 cm ™, respectively, while the vGeO stretching mode almost
disappeared, suggesting that the biofunctionalization method
might prevent the oxidation of the 2D material. This behavior
can be ascribed to the anchoring of the organic layer (viz.
ssDNA aptamer), which might help to maintain the original form
of 2D-GeH against air oxidation. Indeed, organic layers have
already been shown to passivate 2D materials.*®>”)

Finally, the surface chemical composition of pristine
2D-GeH and ssDNA/Au@GeH heterostructure was addressed
by means of XPS, as shown in Figure 2. The XPS analysis of
Au@GeH (control sample) was also acquired for comparison
(see Figure S2, Supporting Information). In line with the litera-
ture," the deconvolution of the signal recorded for electrons
excited from Ge 3d orbitals of pristine 2D-GeH gave rise to three
components located at ca. 29.0, 30.2, and 31.6 eV, corresponding
to the Ge—Ge, Ge—H, and Ge—O, respectively (Figure 2a). After
functionalization with Au-NPs, the resulting Au@GeH exhibited
the same three contributions in the high-resolution Ge 3d core
spectrum since each direct chemical bond was formed on the
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Figure 2. Chemical composition of ssDNA/Au@GeH heterostructure. a) High-resolution XPS spectra of Ge 3d for pristine 2D-GeH (top) and ssDNA/
Au@GeH (bottom). b) High-resolution XPS spectra of Au 4f, S 2p, N 1s, and P 2p for ssDNAJ/Au@GeH.

2D-GeH surface. However, the Ge—Ge and Ge—H components
were shifted to higher binding energies (see Table S1, Supporting
Information for further details), which must be explained by the
higher electronegativity of the Au atoms from the immobilized
Au-NPs (Figure S2a, Supporting Information).?®! Then, the bio-
functionalization with ssDNA aptamer led to a reverse shift in the
Ge 3d spectrum, evidencing a change in the surrounding environ-
ment of the 2D-Xene due to the anchoring.

Further, the successful synthesis of the ssDNA/Au@GeH
heterostructure was verified by the deconvolution of the signal
associated with excited electrons from Au 4f, S 2p, N 1s, and P
2p (Figure 2b). Firstly, the high-resolution Au 4f core level spec-
trum of ssDNA/Au@ GeH was mainly composed of the 4f;/, and
4f5, components peaked at 83.4 and 87.0 eV, respectively, indicat-
ing that Au-NPs exist in their metallic form (Au’®). Comparing
to the Au 4f core level spectrum of Au@GeH (Figure S2b,
Supporting Information), an additional doublet contribution
located at 85.6 and 89.8 eV was clearly observed after grafting
the ssDNA aptamer, which must be attributed to the Au—S bond
contribution.*®! Remarkably, the Au 4f peaks were slightly shifted
toward the lower-binding-energy region when compared to the
standard values of the bulk Au metal (see Table S1, Supporting
Information),*”! pointing out the strong interaction between Au
and the 2D-Xene support.*!! Then, the covalent anchoring of
the thiolated biorecognition component (i.e., ssDNA aptamer)
via Au—S interactions was also confirmed by the signals found
in the high-resolution XPS spectra of S 2p, in which two doublets
(2p3;2 and 2py ;) were assigned to the thiolate Au—S bounded
(159.5 and 160.9eV) and unbonded free thiols (162.2 and
163.3 eV).* Finally, as expected for the ssDNA aptamer, the N
atoms in the pyridinic groups and the pyrrole rings were assigned
at 398.4, 399.5, and 401.1 eV—regarding N—C, Naomaticc and
N—C—O contributions respectively,****) while the P—O binding
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energy from the phosphate groups were designated at 135.0 (2p3/2)
and 136.7eV (2p; ).

All in all, the XPS results clearly demonstrated the successful
synthesis of the ssDNA/Au@GeH heterostructure via surface
engineering, whereas the results are well consistent with the
TEM, UV-Vis spectroscopy, and FTIR characterization data.

2.2. Biorecognition Activity Using a Complementary
Fluorescein-Labeled ssDNA Target

Having demonstrated the potential use of 2D-GeH as an uncon-
ventional substrate to harbour biorecognition agents (i.e., ssDNA
aptamer), the next step was focused on elucidating its proper
activity by optically monitoring a DNA hybridization process
using a complementary ssDNA target labeled with fluorescein
(FAM) at the 5-end, named as FAM-DNA target. Figure 3a
displays the excitation and emission spectra of the FAM-DNA
target (control experiment), indicating a maximum emission
at Agm = 520 nm under excitation at Ag, =497 nm, in line with
the literature.**!

The optical experiment relies on incubating in a quartz cuvette
a fixed amount of ssDNA/Au@GeH (0.1 mgmL ") with differ-
ent concentrations of the complementary FAM-DNA target at the
nM range for 5min in order to create a hybridization state-
dependent optical signal. Figure 3b depicts the emission inten-
sity signals of the FAM-DNA target at different concentrations
(from 0 to 1.2 nM) in the presence of the ssDNA/Au@GeH het-
erostructure. Interestingly, the fluorescence of the FAM-DNA
target was completely quenched until reaching a concentration of
0.80 nM. This quenching phenomenon can be explained through
a photoinduced-electron-transfer (PET) effect due to the hybrid-
ization of the FAM-DNA target with the complementary
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Figure 3. Optical evaluation of the ssDNA/Au@GeH biorecognition activity via DNA hybridization. a) The excitation and emission spectra of the
FAM-DNA target. b) Emission intensity signals of the FAM-DNA target at different concentrations in the presence of the ssDNA/Au@GeH

heterostructure. All measurements were recorded at room temperature.

nucleotide bases of the ssDNA/Au@GeH. It is known that this
PET phenomenon clearly depends on the proximity of the fluoro-
phore (FAM) with a guanine base from a complementary strand,
where the quenchable fluorophore acts as an electron acceptor
in the excited state and the guanine base as an electron donor.*”!
Upon 0.80nM, the fluorescence signal rapidly increased due to
the presence of a free FAM target in the medium, suggest-
ing the complete consumption of active sites in the ssDNA/
Au@GeH heterostructure. Consequently, the optical monitoring
of the hybridization process not only revealed the proper activity of
the biorecognition unit once it is immobilized onto the 2D-Xene,
but also provided an accurate estimation of the number of active
sites on the ssDNA/Au@GeH heterostructure, being quantified at
16 pmol of biorecognition unit per mg of sample.

2.3. Electrochemical Determination of Cocaine Drug via
Cocaine-Binding Aptamer

The abuse of addictive drugs like cocaine is recognized as a
worldwide challenge leading to both society and health problems,
pointing out the critical significance of prompt detection toward
drugs. In this regard, nanosystem-based biosensors provide a
promising avenue for the specific determination of biomarkers
at ultra-trace levels.[***?) Considering the specificity of the
ssDNA aptamer employed toward cocaine determination, the
next step was focused on exploiting the ssDNA/Au@ GeH heter-
ostructure as an unconventional electrochemical biorecognition
system. For this goal, 15 pL of a 1 mg mL ™! aqueous dispersion
of ssDNA/Au@GeH was drop-casted onto a FTO surface
and used as the working electrode. Remarkably, a home-made
3D-printed electrochemical cell was designed to operate with an
embedded bottom working electrode (see Figure S3, Supporting
Information for architecture schematization). Having a cell con-
figuration based on a bottom working electrode allowed us to
overcome the material leakage observed with the conventional
top working electrode during operando.

Prior to electroanalytical application, the electrochemical char-
acteristics of the ssDNA/Au@GeH heterostructure were evalu-
ated by means of cyclic voltammetry (CV) and EIS, using the
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aforementioned home-made 3D-printed electrochemical cell
filled with the conventional [Fe(CN)¢]*/*~ redox marker. For
comparison, the same experiments were conducted with both
pristine 2D-GeH and Au@GeH as control materials. As shown
in the cyclic voltammograms depicted in Figure S4, Supporting
Information, the different (bio)functionalization stages pre-
sented shifts in the anodic and cathodic peaks, which brought
a change in peak-to-peak separation (see Table S2, Supporting
Information for further information). Theoretically, variations
in peak current and separation of peak potentials at different elec-
trode surfaces correlate with different electron-transfer resistan-
ces. Comparing to pristine 2D-GeH, the inherent metallic nature
of Au-NPs improved the electronic conductivity of the material.
Then, a slight decrease in the electrochemical activity was
observed once the biorecognition component was anchored
via Au—S interactions. This can be explained since the accumu-
lation of ssDNA aptamer increases the negative charge due to the
phosphate backbone, hindering the electron transfer between the
negatively charged [Fe(CN)¢]*/*~ redox marker and the elec-
trode surface. This electrochemical behaviour is in line with
the charge transfer resistance (Rcy) values collected by EIS
(Figure S5, Supporting Information), being 58.4, 20.1, and
29.1Q for pristine 2D-GeH, Au@GeH, and ssDNA/Au@GeH
heterostructure, respectively. In brief, Rcr—a parameter that
corresponds to the semicircle diameter in the high-frequency
domain—controls the electron-transfer kinetics of the redox
probe at the electrode—electrolyte interface. Accordingly, the elec-
trochemical characterization data demonstrated optimum elec-
trochemical features for the ssDNA/Au@GeH heterostructure,
while the electrochemical changes observed by CV and EIS cor-
roborated the satisfactory achievement of each (bio)functionali-
zation stage.

Next, the following step was focused on testing the electro-
analytical ability of the ssDNA/Au@GeH heterostructure
toward biosensing implementation via cocaine-binding aptamer
(Figure 4). Briefly, the ssDNA aptamer utilized here (discovered
by Stojanovic and co-workers)®® was demonstrated to be specific
toward cocaine biorecognition, since other structurally related
derivatives of cocaine cannot bind. The cocaine-aptamer binding
mechanism (see Figure S6, Supporting Information, for
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Figure 4. Electroanalytical performance of the ssDNA/Au@GeH electrochemical biosensor towards cocaine determination. a) EIS signals of electro-
chemical ssDNA/Au@GeH electrochemical biosensor before and after exposure to different concentrations of cocaine (a) 0, b) 1x 107", ¢) 1 x 107'¢,
d)1x107"%,e) Tx107™ f) 1x107",g) 1x107'%, h) 1x 10" and i) 1 x 107'° m), and b) the resulting calibration curve. c) Ao values extracted
from EIS signals of the 2D-GeH, Au@GeH, and ssDNA/Au@GeH materials after exposure to 1 x 10~ M cocaine, showing the specificity of the system.
d) Arasio values extracted from EIS signals of the DNA/Au@GeH electrochemical biosensor towards 1 x 10~ m of either cocaine, A-034, or BA, dis-
playing the specificity of the system (inset: chemical structure of the targets). All the measurements were run per triplicate (n = 3, £SD) using 10 mM

[Fe(CN)]>7*~ in 0.1 M KCl as the electrolyte (incubation time: 5 min).

illustration) relies on the formation of a folded structure after
cocaine interactions which consists of three stems (named as
S1, S2, and S3) intersecting at a three-way junction, whose spec-
ificity is the consequence of its interaction with all faces of the
cocaine molecule.”"

The impedimetric assay relies on adding different aliquots of
analyte (viz. cocaine drug) into the electrochemical cell filled with
the electrolyte (i.e., [Fe(CN)e]* /*7) and aged for 5 min in order to
promote the specific cocaine—aptamer supramolecular complex
formation. The incubation time experiment revealed an opti-
mum time of 5min (Figure S7, Supporting Information).
Then, the chemical inputs resulting from the cocaine—aptamer
supramolecular complex formation were transduced into a read-
able electronic signal by means of Rct. Figure 4a displays the EIS
responses of the developed ssDNA/Au@GeH electrochemical
biosensor toward different concentrations of cocaine drug, which
are presented as Nyquist plots (real impedance, Z,., vs imagi-
nary impedance, Zin,g). An increase in the Ry parameter with
increasing the concentration of cocaine drug was observed,
resulting in a wide working range from 1x107Y to
1 x 1072 M. This phenomenon can be ascribed to the steric hin-
drance of the insulating cocaine drug that blocks the electron-
transfer rate constant of the redox marker. As shown in
Figure 4b, the ssDNA/Au@GeH electrochemical biosensor
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presented an excellent linear relationship with the logarithm
of [cocaine], with a correlation coefficient of r* = 0.99. For the
calibration curve construction, the acquired Rcr values were
presented as Ao [Aratio = (Rx — Ro)/Ro] in order to obtain inde-
pendent and reproducible results while comparing the different
biosensors used here, where R, and R, are the Rcr values
obtained before and after incubation with different [cocaine],
respectively. The remarkable electroanalytical abilities of the
ssDNA/Au@GeH electrochemical biosensor were confirmed
by means of the outstanding detection limit yielded, being as
low as 4.9+0.1aM (n=3). This supposes that the developed
2D-GeH-based biorecognition system is capable of detecting
ultra-trace levels of cocaine at a physiological buffered pH.
Comparing to previously referenced electrochemical biosensors
summarized in Table 1, the detection limit of the ssDNA/
Au@GeH electrochemical biosensor was greatly improved by
6 decades of magnitude. Such an analytical enhancement
must be attributed to a combination of two factors: i) the high
surface-to-volume ratio nature of the 2D-GeH transducer rich
in biorecognition components and ii) the strong sensitivity of
EIS readouts, leading to a highly sensitive ssDNA/Au@GeH
electrochemical biosensor capable of measuring traces of analyte.

Lastly, the specificity and selectivity of the devised electro-
chemical biosensor were explored using the mid-point
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Table 1. Comparison of the electrochemical performance over 2D material-based biosensors to analyze cocaine.

Material Linear range [M] LOD References
2D AuNCs@521-MOF 1x107°-1x107° 1.29 x 107" [56]
MWCNTs/graphite 2%x107%-1.2x 1072 9.1%x 1077 57]
Graphene/AuNPs 1x107°-5x 1077 1%10°° (58]
3D-printed G-PLA 2%x107°-1x10°* 6x10°° [59]
Graphite SPE 1x107%-5%x107* - [60]
MnO, nanosheets 1x107%-2x10°® 32x107" [67]
MWCNTs 1x1072-1.55 x 10" - 62]
ERGO 1x107*-8x107* 1.9%x 1078 [63]
EGO 5x108-1x107* 5x107° [64]
Graphene/graphite 10x 10°5-70 x 10°© 24%10°8 [65]
Multiplex laser-scribed graphene 1x107""-1x107° 9% 10" (6]
ssDNA/Au@GeH 1%107"7-1x107"2 49x107'3 This work

concentration found in the linear working range (1 x 10" m).
On the one hand, the electroanalytical ability of both pristine
2D-GeH and Au@GeH toward the determination of the
cocaine drug was interrogated (control experiments). As shown
in Figure S8, Supporting Information, no significant Rcr
changes were observed when using the control materials.
Thus, while ssDNA/Au@GeH yielded a A,.4, of 0.182, values
as low as 0.017 and 0.034 were achieved by pristine 2D-GeH
and Au@GeH, respectively (see Figure 4c). On the other hand,
the selectivity of the ssDNA/Au@GeH was explored against two
non-specific targets with cocaine-like chemical structures, such
as anhydroecgonine methyl ester (A-034) and benzoic acid
(BA). As shown in Figure S9, Supporting Information, no EIS
changes were noticed after exposing the electrochemical biosen-
sor to a fixed concentration of non-specific targets, indicating that
the interfering signals were around 10% (see Figure 4d for
electroanalytical A, values). All in all, these anti-interfering
results demonstrate: i) that no unspecific adsorption occurs with-
out the presence of the specific biorecognition unit and ii) the key
role of the biorecognition unit (i.e., ssDNA aptamer) for selec-
tively interacting with the target via cocaine—aptamer complex
formation.

3. Conclusions

In summary, a straightforward biofunctionalization approach
has been devised to robustly integrate biorecognition compo-
nents onto commercially available 2D-GeH for the development
of highly sensitive biosensing systems. The method relies on the
immobilization of Au-NPs onto pristine 2D-GeH via the OM
approach, followed by the anchoring of thiolated biorecognition
agents through Au—S bond interactions, using an ssDNA
aptamer as a model ligand. The morphology, chemical bonding,
and elemental states of the resulting ssDNA/Au@GeH hetero-
structure were systematically characterized, demonstrating: i) the
suitability of 2D-GeH as an unconventional support to stabilize
Au-NPs, as well as ii) the successful assembly of the ssDNA
aptamer onto Au@GeH via Au—S bond formation. As a
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proof-of-principle, the impedimetric determination of cocaine
drug was considered by taking advantage of the specific
cocaine—aptamer binding that promotes electronic changes by
means of Rcr. From the electroanalytical perspective, the biosen-
sor was capable of detecting cocaine at attomolar levels in phys-
iological pH, while presenting selectivity and specificity. To the
best of our knowledge, this is the lowest detection limit for
cocaine found in literature by far. This is a very appealing result
since it allows a high degree of sample dilution that might help to
avoid any undesired interfering target. Consequently, our find-
ings pave the bases toward the custom design and implementa-
tion of a new family of highly sensitive nanoarchitectonics by
interfacing DNA aptamers with 2D-GeH, providing a valuable
platform for the development of point-of-care devices with elec-
tronic readouts. Finally, the chemical biofunctionalization strat-
egy is general and might be simply extended by tailoring the
biorecognition agent.

4. Experimental Section

Chemicals and Reagents: 2D-GeH, cocaine, and anti-interfering analytes
(anhydroecgonine methyl ester, A-034 and benzoic acid, BA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The ssDNA aptamer
for cocaine containing a thiol substituent attached to a six-carbon linker
at the 3’ end (5'-TGA-GGG-GGA-GAC-AAG-GAA-AAT-CCT-TCA-ATG-
AAG-TGG-GTC-TCC-CTT-TTT-TTT-SS(CH,)6-3") and the complementary
FAM-labeled short ssDNA target (5'-GTC-TCC-CCC-TCA-GA-TAG-CTT-
ATC-AGA-CTG-ATG-TTG-ACC-6FAM-3’) were selected from literature—
the complementary portions have been boldfaced®?—and were also
supplied and purified through high performance liquid chromatography
(HPLC) by Sigma-Aldrich. The disulfide bond of the purchased ssDNA
aptamer was reduced to its active sulfhydryl form by following the conven-
tional protocol.”®! Chloro(tetrahydrothiophene)gold(l) ([Au(tht)Cl]) was
furnished by Strem Chemicals, Inc. (Boston, MA, USA). Hydrogen (H)
gas was purchased from Air Liquide (Alphagaz). Other chemical reagents
were of the highest grade available and used as received.

Apparatus and Procedures: The morphology of pristine 2D-GeH,
Au@GCeH, and DNA/Au@GeH was studied by transmission electron
microscopy (TEM), using a JEM-2011 unit with an acceleration voltage
of 200 kV. The elemental statuses were studied by X-ray photoelectron
spectroscopy (XPS), using a Phoibos 150 analyzer (SPECS GmbH, Berlin,
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Germany) in ultrahigh vacuum conditions (base pressure 5 x 107 '° mbar)
with a monochromatic aluminum K, Xray source (1486.74¢eV).
Fluorometric measurements were run using a Cary Eclipse Fluorimeter.
Electrochemical experiments were conducted in a home-made 3D-printed
cell (see Figure S3, Supporting Information) using a PalmSens4 potentio-
stat/galvanostat equipped with PSTrace software. Measurements were run
using an Ag/AgCl (sat. KCl) electrode, a Pt wire electrode, and a fluorine-
doped tin oxide glass (FTO) electrode as reference, counter, and working
electrodes, respectively.

Fluorescence Measurements: The fluorescence measurements were car-
ried out in a quartz cuvette filled with a fixed concentration of ssDNA/
Au@GCeH heterostructure. Along the measurements, different aliquots
of FAM-DNA target were dropped into the cuvette and aged for 5 min
to induce the DNA hybridization process. Afterwards, the emission inten-
sity signals were recorded at Ae,, = 520 nm, using an excitation wavelength
of dex =497 nm.

Fabrication of ssDNA/Au@ GeH Electrochemical Biosensor: The bare FTO
(transducer support) was first washed by Milli Q water, acetone, and eth-
anol. Then, 15 uL of a 1 mgmL™" dispersion of ssDNA/Au@GeH in THF
was drop-casted onto the cleaned FTO, resulting in the electrochemical
biosensor. The same approach was carried out to prepare the control elec-
trodes with both pristine 2D-GeH and Au@GeH.

Electrochemical Measurements: The electrochemical characterization
was carried out by means of cyclic voltammetry (CV) and EIS, using a
10 mM [Fe(CN)e]*/*~ buffered solution (pH 7.2) as a benchmark redox
marker. The electroactive area (A) was calculated following the modified
Randles—$evtik equation (Equation (1)),I"*! while the heterogeneous elec-
tron-transfer (HET) constant was calculated according to the Nicholson
equation (Equation (2)):%%

I, = 3.01 % 10° - (aDyegv)' /2 - A- Ciy (M
ko = W(zDonFv/RT)'/2 (2

where |, was current peak collected from CV curves, ¥ has a linear
correlation with the inverse logarithm value of AE, in this system
¥ = exp(—0.00423 x AE —0.09), Ceg=10"molmL™", v=50mVs',
D,ea was the diffusion coefficient of reacting species, Dyeq~ Do=
0.762 x 10> cm?s ™", and RT/F =25.7 mV at 25 °C (ambient condition).

The electroanalytical assay was carried out by exposing the ssDNA/
Au@GCeH electrochemical biosensor to different [cocaine] (incubation
time: 5 min). EIS signals were collected by means of charge transfer resis-
tance (Rct) values. All measurements were run per triplicate (n=3). A
normalization procedure in terms of A, Was necessary to properly com-
pare the three independent electrodes used. The limit of detection (LOD)
was calculated from the standard formula LOD = 3sb|ank/5,[55] where spjank
is the standard deviation from the signal obtained from the blank, S is the
slope of the calibration curve, and the number 3 comes from the required
90% level confidence.

Supporting Information

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