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Abstract: Graphene, known for its outstanding physical and chemical properties, is widely used in
various fields, including electronics and biomedicine. Reduced graphene oxide (rGO) is preferred for
electrochemical applications due to its enhanced water solubility and dispersion. Electrochemically
reduced graphene oxide (ErGO) is particularly advantageous as it can be prepared under mild
conditions and simplifies sensor fabrication; however, ErGO-based electrochemical sensors often
lack specificity. Bioreceptors like proteins, enzymes, and DNA/RNA aptamers are incorporated to
provide high specificity. This study introduces a guanine (G)/cytosine (C)-modified ErGO electrode
(G/C@ErGO-GCE) for the sensitive electrochemical detection of doxorubicin (DOX) with good
selectivity. The G/C mixture acts as a bioreceptor and is anchored on the ErxGO-GCE surface via 7-1t
interactions. The G/C@ErGO-GCE was characterized using scanning electron microscopy, contact
angle measurement, Raman spectroscopy, and electrochemical methods. The sensor demonstrated
excellent dynamic range (DPV: 10 nM to 1 uM, CA: 30 nM to 1.3 uM), sensitivity (DPV: 2.17 uA/uM,
CA: 6.79 pA/uM), limit of detection (DPV: 84 nM, CA: 34 nM), and selectivity for DOX detection,
highlighting its potential for biomedical applications and pharmacokinetic studies.

Keywords: bio-nanohybrid electrode; reduced graphene oxide; single nucleotides; doxorubicin;
anticancer drug

1. Introduction

Graphene is a powerful nanomaterial with wide applications ranging from elec-
tronics to biomedical fields [1-4]. It offers several advantages, including excellent ther-
mal/electrical conductivity, mechanical strength, flexibility, a large surface-area-to-volume
ratio, and chemical stability [5,6]. Graphene is often modified with various atoms, such as
oxygen, nitrogen, and sulfur, depending on the intended application; doping with these
atoms alters its optical, mechanical, and electronic properties [7-10]. In electrochemical
applications, graphene is typically used in the form of reduced graphene oxide (rGO) due
to its good solubility in water, good dispersion, and numerous oxide functional groups.
Several methods exist for preparing rGO, including hydrothermal reduction, chemical
reduction, and electrochemical reduction [11-14]. Hydrothermal and chemical reductions
require harsh conditions, such as high temperatures and toxic reducing agents, while elec-
trochemically reduced graphene oxide (ErGO) is prepared under milder conditions with
a neutral pH of 7.0 and a simple supporting electrolyte [13-15]. Furthermore, during the
preparation of ErGO, GO is deposited onto electrode surfaces, which can simplify the sensor
fabrication process by eliminating the rGO transfer step. However, the practical application
of ErGO-based biosensors is limited by their lack of specificity in electrochemical reactions.
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To address this lack of specificity, modifications with recognition elements, including
chelating ligands, proteins, and DNA/RNA, are introduced to ErGO-based electrochemical
sensors. Recognition elements for biomaterials (bioreceptors), including proteins, enzymes,
peptides, and DNA /RNA aptamers, provide superior specificity for target biomaterials
in complex biofluids [16-19]. Purine- and pyrimidine-based single nucleotides have -
electrons and functional groups of amine and oxygen, which can selectively bind certain
chemicals via 7t-7t interactions and hydrogen bonding [20-22]. Furthermore, single nu-
cleotides are chemically and structurally stable under physiological conditions, allowing
for selective binding to target molecules when immobilized onto sensing platforms. Specif-
ically, the guanine (G) and cytosine (C) pair is known to bind selectively with doxorubicin
(DOX) due to DOX’s ability to intercalate with the G-C pairs [23]. The specificity of DOX
for the G-C base pair in DNA can be determined by various structural and chemical factors
(Scheme S1). These include hydrogen bonding and base pairing stability, -7t stacking
interaction, electrostatic and Van der Waals interactions, sequence preference, and ther-
modynamic considerations [24-26]. More specifically, G-C pairs in DNA are connected
by three hydrogen bonds, making them more thermodynamically stable and rigid than
adenine—thymine (A-T) pairs. The amino group on guanine can interact with the carbonyl
and hydroxyl groups on the sugar moiety of doxorubicin, enhancing binding specificity.
DOX possesses a planar aromatic structure that enables 7-7r stacking interactions with
the planar aromatic bases in DNA. These interactions are stronger with G-C pairs due
to their greater electronic density compared to A-T pairs. Additionally, DOX carries a
positive charge on its amino sugar moiety, which can form electrostatic interactions with
the negatively charged phosphate backbone of DNA. G/C-rich regions tend to have a
more compact structure, bringing the phosphate backbones closer together, which can
enhance electrostatic interactions. Furthermore, the close contact between the flat surfaces
of doxorubicin and the base pairs allows for Van der Waals forces to play a significant
role in binding specificity. These interactions are more favorable in the presence of the
more stable G-C pairs. Therefore, incorporating the bioreceptor G/C with the nanomaterial
ErGO to form a bio-nanohybrid composite (G/C@ErGO) results in superior performance
in both biorecognition and electrochemical activity.

DOX is a widely used chemical drug for cancer chemotherapy that needs to be moni-
tored in biological fluids for pharmacokinetic studies [27]. DOX possesses useful chemical
characteristics for convenient detection with analytical instruments, such as intrinsic fluores-
cence, a red color, numerous oxygen functional groups, free m-electrons, and electrochemical
activity. Several analytical methods for DOX monitoring have been investigated, including
fluorescence spectroscopy, chromatography, mass spectrometry, and electrochemical de-
tection [28-31]. Electrochemical detection of DOX offers numerous advantages, including
small-sized instrumentation, simple operation procedures, a fast response, and less invasive
sampling, whereas other analytical methods require large instruments, complex sample
preparation, and long detection times.

In our previous report, we fabricated low-defect graphene (LDG) using shear exfolia-
tion and demonstrated the electrochemical sensing performance of an LDG electrode for
detecting DOX [28]. The shear exfoliation method is suitable for the mass production of
graphene with low defects; however, it is limited by complicated pre-treatment procedures
(e.g., removing organic solvents and redispersion in aqueous media). Furthermore, the
sensing mechanism for DOX relies solely on 7t-7t interactions, indicating a lack of interaction
between the working electrode and the target analyte. Consequently, the LDG electrode
showed limited sensing performance in terms of sensitivity, linear range, and limit of
detection. Therefore, while the previous result is more appropriate for the industrial-scale
synthesis of graphene, it is less suitable for electroanalytical chemistry.

Here, we demonstrate the use of a G/C-modified ErGO electrode for the selective and
sensitive electrochemical detection of DOX. A single-nucleotide G/C mixture is modified
onto the ErGO-glassy carbon electrode (GCE) surface through -7 interaction, forming a
bio-nanohybrid electrode (G/C@ErGO-GCE) (Scheme 1). The fabricated G/C@ErGO-GCE
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was characterized for its physical and electrochemical properties using various analytical
methods, such as contact angle measurement, scanning electron microscopy, atomic force
microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, IR spectroscopy, cyclic
voltammetry, and electrochemical impedance spectroscopy. We further propose an elec-
trochemical sensing mechanism for DOX, utilizing a G/C-modified ErGO bio-nanohybrid
composite as a selective recognition element and electrocatalytic material. Briefly, the single
nucleotide mixture of G/C can attract DOX via various interactions, such as hydrogen
bonding, base pairing stability, 7-7t stacking interactions, electrostatic and Van der Waals
interactions, sequence preference, and thermodynamic considerations, thereby increasing
the mass transport of DOX [24-26,32-34]. The ErGO electrode then acts as an electrocat-
alyst, enhancing electron transfer to DOX. These effects, facilitated by the G/C@ErGO
bio-nanohybrid, make the sensor both sensitive and selective. This G/C@ErGO-GCE sensor
demonstrated excellent sensitivity and selectivity for the electrochemical determination of
DOX, indicating that this biosensor has exceptional potential for biomedical applications
and pharmacokinetic studies.
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Scheme 1. Schematic diagrams for the facile fabrication of bio-nanohybrid composite of G/C@ErGO-
GCE electrode.

2. Materials and Methods
2.1. Materials

Graphite powder, potassium permanganate (KMnQO,), NaNOgz, KCl, NaCl, CaCl,, potas-
sium ferricyanide(Ill) (KsFe(CN)g), hexaammineruthenium(IIl) chloride (Ru(NHj3)¢Cl3), urea,
glucose, guanine, cytosine, phosphate-buffered saline (PBS) powder, and doxorubicin were
sourced from Sigma-Aldrich Co. (St. Louis, MO, USA). Other chemicals, including sodium
hydroxide (NaOH), hydrogen peroxide (H,O;), and sulfuric acid (H,SO4) were acquired
from Duksan Pure Chemicals Co. (Ansan, Gyeonggi-do, Republic of Korea). All reagents
were of analytical grade and used as received without additional purification. Deionized
(DI) water was utilized for all experiments.

2.2. Instruments

Electrochemical measurements were conducted using a CHI 660D electrochemical
workstation (CH Instruments, Inc., Austin, TX, USA, Z-202306208148) at the Research
Support Center for Bio-Bigdata Analysis and Utilization of Biological Resources. The
surface characteristics of the fabricated electrodes were examined with a scanning electron
microscope (SEM, JEOL JSM 5600 LV, Tokyo, Japan), X-ray photoelectron spectroscopy
(XPS, ESCA 2000, Thermo VG Scientific, Cheshire, UK), and atomic force microscopy (AFM,
Park Systems Corp., NX10, Suwon, Republic of Korea, 202308038870) at the Research
Support Center for Bio-Bigdata Analysis and Utilization of Biological Resources. Raman
spectroscopy was carried out using an EnSpectr R532 Raman spectrometer (Enhanced
Spectrometry, Inc., Meridian, ID, USA). Contact angle measurements were performed with
a contact angle analyzer (Phoenix Mini, SEO Co., Ltd., Suwon, Republic of Korea).
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2.3. Electrochemical Measurements

A traditional three-electrode setup was employed at ambient temperature, consisting
of a Pt wire as the counter electrode, a Ag/AgCl electrode as the reference electrode, and
glassy carbon electrode (GCE), ErGO-GCE, and G/C@ErGO-GCE as the working electrodes.
First, the ErGO-modified GCE was fabricated using cyclic voltammetry (CV), sweeping a
negative potential from —1.5t0 0.0 V (vs. Ag/AgCl) in a 0.1 M KNOj solution containing
0.3 mg/mL GO.

For the electrochemical characterization, CV measurements were sweeping a potential
from —0.2 t0 0.6 V (vs. Ag/AgCl) with a scan rate of 0.01 V/s in a 0.1 M KNOs3 supporting
electrolyte containing 5 mM Fe(CN)3~ and 5 mM Ru(NHj)e>*. Electrochemical impedance
spectroscopy (EIS) measurements were performed at the initial potential, calculated as
((Epc + Epa)/2) from CV, under the following conditions: frequency range from 10,000 to
1 Hz and an amplitude of 0.005 V.

For the electrochemical detection of DOX, differential pulse voltammetry (DPV) mea-
surements were conducted in the potential range from —0.1 to 0.8 V (vs. Ag/AgCl) with
the following settings: pulse amplitude of 60 mV, potential increment of 7 mV, pulse width
of 50 ms, sample width of 0.5 ms, and pulse period of 0.5 s. Then, chronoamperometry
(CA) measurements were performed at a potential of 0.35 V (vs. Ag/AgCl) with sample
intervals of 0.1 s and a quiet time of 20 s.

2.4. Preparation of G/C@ErGO-GCE Bio-Nanohybrid Electrode

Graphene oxide (GO) was prepared using graphite powders by the modified Hummers
method [35,36]. Briefly, a 2:1 (w/w) ratio of graphite flakes to NaNO3; was pre-mixed. The
graphite-NaNO3; mixture was added to a beaker containing a predetermined amount of
H,S04 (99.9 wt.%) maintained at room temperature. The mixture was stirred continuously
for 1 h to form a homogeneous suspension. The excess KMnOy was slowly added to at
least 3 times the amount of graphite-NaNO3 mixture at 40 °C for 12 h with stirring. After
that, the mixture was diluted with 50 mL of DI water, and 28% H,0O, aqueous solution
was added to close the reaction. After closing the reaction, the GO solution was purified
via centrifugation for several times at 13,500 rpm. Finally, the purified GO dispersion was
diluted to a final concentration of 1.0 mg/mL using DI water. To achieve a homogeneous
exfoliation, the 1.0 mg/mL GO dispersion in DI water was sonicated for 1 h, resulting in a
yellowish-brown colored solution.

GCE was sequentially polished with alumina powder of 1.0, 0.3, and 0.05 um particle
size to achieve a mirror-like finish. It was then sonicated for 1 min in a 1:1 (v/v) ethanol
and DI water mixture. Following the polishing steps, the GCE was electrochemically
pre-treated in 0.25 M H,SO4 solution using cyclic voltammetry (CV). The CV involved
potential cycling from —1.0 to 1.0 V (vs. Ag/AgCl) at 50 mV /s for 20 cycles to clean the
electrode surface. The electrochemical deposition ErGO on the clean GCE was performed
in 10 mM of PBS containing 0.3 mg/mL of GO with CV from —1.5t0 0.0 V (vs. Ag/AgCl)
at 10 mV/s for 3 cycles (Figure 1A). To remove any weakly adsorbed GO and improve the
attachment of ErGO onto the GCE surface, the ErGO-GCE was thoroughly rinsed with DI
water to remove residual salts. Subsequently, it was dried under an infrared (IR) lamp to
promote solvent evaporation and potentially strengthen the interaction between ErGO and
the GCE surface.
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Figure 1. SEM images of (A) bare GCE, (B) ErGO-GCE, and (C) G/C@ErGO-GCE. AFM images of
(D) bare GCE, (E) ErGO-GCE, and (F) G/C@ErGO-GCE.

3. Results and Discussion
3.1. Preparation and Characterization

First, the ErGO-modified GCE was fabricated using CV, sweeping a negative potential
from —1.5t0 0.0 V (vs. Ag/AgCl) in a 0.1 M KNOj3 solution containing 0.3 mg/mL GO.
Figure S1 shows the cyclic voltammograms; the reduction peaks near —1.2 V decrease with
the number of cycles, representing the number of oxygen groups on graphene decreasing.
Through this experiment, we confirm that the ErGO-GCE working electrode is ready for
the next functionalization step.

Subsequently, single nucleotides of guanine (G) and cytosine (C) were immobilized
onto the ErGO-GCE by the drop-casting method. A Tris-HCI buffered solution containing
G and C at a specific ratio was prepared for the ErGO-GCE surface functionalization. Single
nucleotides, G and C, immobilized onto the ErGO surface via 7-rt stacking form the bio-
nanohybrid composite with ErGO. To confirm the morphology of the ErGO-GCE decorated
with single nucleotides G and C, SEM was employed (Figure 1A—C). The SEM image of
ErGO-GCE shows a well-dispersed wrinkled structure with bright edges, indicating both
successful fabrication of ErGO-GCE and good electron transport characteristics (Figure 1B).
Figure 1C depicts the surface morphology of G/C@ErGO-GCE, showing a smoother surface
compared to ErGO-GCE, with bright particles of G and C, well-dispersed onto the electrode
surface, indicating the successful immobilization of single nucleotides and good electron
transfer characteristics [37].

The surface morphology of the electrodes was further characterized using atomic force
microscopy (AFM). Figure 1D-F shows the AFM images of bare GCE, ErGO-GCE, and
G/C@ErGO-GCE. The AFM image of ErGO-GCE shows a rough surface morphology with
high differences in depth (Figure 1E), while bare GCE shows a flatter surface (Figure 1D).
Figure 1F shows the AFM image of G/C@ErGO-GCE with a smoother surface morphology
compared to ErGO-GCE, indicating the successful immobilization of single nucleotides
G and C. For the quantitative analysis of height differences among these electrodes, we
compare the deviations in height differences obtained from AFM measurements. Figure 52
shows the comparison of height differences among the working electrodes of bare GCE,
ErGO-GCE, and G/C@ErGO-GCE. The height differences in each electrode were examined
as 5.11 nm, 508.07 nm, and 169.41 nm for bare GCE, ErGO-GCE, and G/C@ErGO-GCE,
respectively. The height difference in ErGO-GCE increased after functionalization with
ErGO due to the rough surface morphology nature of ErGO. After immobilization of G and
C, the height difference decreased. This is because the single nucleotides G and C cover
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the ErGO-GCE surface by forming a bio-nanohybrid composite. From these results, we
confirm that our fabrication process was well-designed to produce G/C@ErGO-GCE.

The electrode was designed for use in an aqueous supporting electrolyte; therefore,
wettability is an important factor in determining sensing performance. The wettability
of the electrode surface was assessed through contact angle measurement. The contact
angle of ErGO-GCE was measured at 80°, while bare GCE showed a contact angle of 71°
(Figure 2A). These contact angle measurements indicate the successful removal of oxygen
groups from GO. The G/C@ErGO-GCE showed a decreased contact angle of 66° compared
to ErGO-GCE, resulting in increased wettability due to the surface being decorated with G
and C. This result indicates that the fabricated G/C@ErGO-GCE is suitable for use as an
electrochemical biosensor operating in an aqueous system.

w
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—ErGo
& band — GIC@ErGO

Bare GCE: 71° 2D band
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Figure 2. (A) Contact angle measurement. (B) Raman spectra of GO, ErGO, and G/C@ErGO.

Raman spectroscopy was introduced to verify the quality of the bio-nanohybrid
composite of G/C@ErGO. Raman spectrum of GO exhibited a well-defined D band at
1350 cm~! and G band at 1602 cm~! (Figure 2B). These two bands are key factors in
determining the physical and chemical characteristics of graphene; the D band correlates
with defects derived from grain boundaries, vacancies, and amorphous carbon, while the
G band is assigned to an Epg mode of graphite. These characteristic bands were distinctly
shown in Raman spectra of ErGO (D band: 1337 cm ™!, G band: 1575 cm ') and G/C@ErGO
(D band: 1337 cm ™!, G band: 1580 cm™1!) [38,39]. Furthermore, the intensity ratio of the D
and G bands (Ip/Ig) indicates the number of defects in sp? carbon atoms. The Ip/Ig value
of ErGO increased from 0.89 to 1.62 after the electrochemical reduction of GO, implying a
decreased number of oxygen groups and an increased number of smaller graphene domains
in ErGO. Following the immobilization of G and C, there were negligible changes in the
Ip /I value, indicating that the adsorption of G and C does not compromise the quality of
ErGO [40]. These results suggest that the fabricated G/C@ErGO bio-nanohybrid composite
has suitable characteristics for an electrode material.

The chemical characterization was performed using X-ray photoelectron spectroscopy
(XPS) for detailed elemental analysis during the fabrication of the G/C@ErGO bio-nanohybrid
composite. Figure 3A shows the survey scans of ErGO and G/C@ErGO, revealing the
presence of C, O, and N. Specifically, the high-resolution spectra of Cls for ErGO and
G/C@ErGO show four typical peaks: C=C (284.4 eV), C-O (285.3 eV), O-C=0 (288.0 eV),
and C=0 (290.0 eV) (Figure 3B,C). Among these peaks, C=C, C-O, and O-C=0 peaks are
present in both spectra of ErGO and G/C@ErGO, while the C=0O peak appears only in
G/C@ErGO. The C=0 bond from G and C increases the intensity in the XPS analysis. The
N1s peak appears in the survey scan of G/C@ErGO due to the nitrogen atoms in G and C.
Furthermore, the deconvoluted N1s spectrum shows two peaks: -NH (398.9 eV) and -NH,
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(400.2 eV). These results indicate that G and C are successfully immobilized onto ErGO
surfaces, forming the bio-nanohybrid composite.
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Figure 3. XPS analysis of (A) survey scans for ErGO and G/C@ErGO, (B) C1s from ErGO, (C) Cls
from G/C@ErGO, and (D) N1s from G/C@ErGO.

3.2. Electrochemical Property of G/C@ErGO-GCE

The electrode surface modification with nanomaterials, charged chemicals, and re-
ceptor molecules gives specific interaction to the target molecules. The electrochemi-
cal characterization of G/C@ErGO-GCE was performed using CV and electrochemical
impedance spectroscopy (EIS). Figure 4A,C shows cyclic voltammograms obtained from
5 mM Fe(CN)g3~ and 5 mM Ru(NHj3)¢3* with bare GCE, ErGO-GCE, and G/C@ErGO-
GCE, respectively. The redox peak current of Fe(CN)g>~ and Ru(NH3)6%* increased after
functionalized ErGO due to the large surface area and electrochemical catalytic character of
ErGO. Typically, the adsorption of biomaterials onto the electrode reduces the active sites of
the electrode. However, the resulting cyclic voltammograms showed negligible changes in
peak current, indicating minor changes in the electrochemical active sites of the electrode.

The purine and pyrimidine bases serve as binding linkers for the immobilization of
G and C onto the ErGO surface via -7t interactions. To confirm the successful immobi-
lization of G and C, we introduced electrochemical impedance spectroscopy (EIS). EIS
provides information such as solution resistance, charge transfer resistance (Rct), electrode
surface charges, capacitance, and Warburg impedance. Here, we used EIS to confirm the
successful immobilization of G and C by comparing Rt among bare GCE, ErGO-GCE,
and G/C@ErGO-GCE working electrodes. Figure 4B,D shows the Nyquist plots obtained
from EIS, performed using the electrochemically active species and the working electrode.
The Rt was examined at each step of G/C@ErGO-GCE fabrication with two different
electrochemically active species, Fe(CN)g>~ and Ru(NH3)e3*. The Re; between the working
electrodes and Fe(CN)4®~ significantly increased to 794.7 Q) for G/C@ErGO-GCE, while
bare GCE and ErGO-GCE showed smaller R values of 103.0 () and 128.4 ), respectively.
On the other hand, the R.t between the working electrodes and Ru(NH3)>" gradually
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decreased from 1222 () and 1363 () to 868.1 () when using bare GCE, ErGO-GCE, and
G/C@ErGO-GCE, respectively. These changes in surface charge were caused by the charged
single nucleotides G and C, which also provide a specific interaction with DOX. These
results confirm the successful fabrication of G/C@ErGO-GCE and its suitability for the
electrochemical detection of DOX.
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Figure 4. (A) Electrochemical characterization of bare GCE, ErGO-GCE, and G/C@ErGO-GCE with
0.1 M KNOj supporting electrolyte containing 5 mM Fe(CN)¢®~ and (C) 5 mM Ru(NHj3)6%*. Nyquist
plots obtained from EIS for each working electrode of bare GCE, ErGO-GCE, and G/C@ErGO-GCE
with 0.1 M KNOj3 supporting electrolyte containing (B) Fe(CN)¢3~ and (D) Ru(NHj3)s3*. Inset: a
Randles equivalent circuit diagram.

3.3. Electrochemical Detection of DOX

Prior to using G/C@ErGO-GCE, the G/C content ratio must be optimized. To achieve
this, differential pulse voltammetry (DPV) response over DOX was utilized. The G/C
content ratios tested were 10:0, 1:9, 3:7, 5:5, 7:3, 9:1, and 0:10. As shown in Figure S3, seven
different calibration curves for DOX detection using DPV were generated. The sensitivity
(slope), standard deviation, and R? value for DOX detection were key parameters for
optimizing the G/C content ratio. The 1:9 G/C content ratio was selected as the optimal
value due to its high sensitivity of 0.23 uA/nM, low standard deviation, and high R? value
of 0.996 among the tested ratios.

For the determination of DOX, electrochemical methods of differential pulse voltam-
metry (DPV) and chronoamperometry (CA) were introduced. Figure 5A shows the DPV
response of the G/C@ErGO-GCE in 0.1 M KNO3 with successive additions of different con-
centrations of DOX, ranging from 10 nM to 1 pM. The corresponding calibration curve was
obtained as a function of DOX concentration using the anodic peak current (Figure 5B). The
oxidation peak current increased with the increasing concentration of DOX. The sensing
performance of G/C@ErGO-GCE for DOX detection was determined to have a sensitivity
of 2.17 uA/uM, linear range of 0.01 to 1.0 uM, and a limit of detection (LOD) of 84.4 nM.
The G/C@ErGO-GCE demonstrated superior sensing performance compared to the bare
GCE and ErGO-GCE (Figure S4). Figure 5C depicts the typical amperometric response of
G/C@ErGO-GCE upon the addition of DOX at a selected potential of 0.35 V. The biosensor
showed a rapid current response, achieving a dynamic equilibrium of the current signal
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within 5 s after DOX addition, reflecting fast electron transfer between G/C@ErGO-GCE
and DOX. The corresponding calibration curve was obtained as a function of DOX concen-
tration using the current response of DOX. The sensing performance of G/C@ErGO-GCE
for DOX detection was determined to have a sensitivity of 6.79 pA/uM, linear range of
0.03 to 1.3 uM, and a LOD of 34.9 nM. Table 1 shows a comparison of the DOX detection
performance of G/C@ErGO-GCE with that of other existing biosensors.
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Figure 5. Electrochemical detection of DOX with G/C@ErGO-GCE using (A) DPV and (C) chronoam-

perometry. (B,D) Corresponding calibration curves for the electrochemical detection of DOX with
DPV and chronoamperometry, respectively.

Table 1. Comparison of various electrode materials for the electrochemical detection of DOX.

. Linear Range Sensitivity Limit of Detection
El M 1 Meth Ref.
ectrode Materials ethod (uM) (LA/uM) (UM) e
Carbon dots/magnesium oxide lcv 0.1~1.0 - 0.09 [41]
AgNP/poly(chitosan) 23wV 0.103~5.17 0.8028 0.103 [42]
UiO-66-NH, /MWCNTs 3 DpPV 0.1~75 0.01829 0.051 [43]
rGO/AuNPs SWV 0.3~6.0 0.385 0.1 [44]
p-AgSAE DPV 1.0~40 0.024 0.84 [45]
DPV 0.3~2.7 0.723 0.039
LDG 4CA 0.3~2.7 - 0.653 [31]
DPV 0.01~1.0 2.17 0.084 (DPV) Present
G/C@ErGO CA 0.03-13 6.79 0.034 (CA) work

1 CV: cyclic voltammetry; 2 SWV: square wave voltammetry; > DPV: differential pulse voltammetry; * CA: chrono
amperometry.

3.4. Analytical Performance

To examine the analytical performance of G/C@ErGO-GCE, several tests were con-
ducted, including reproducibility, selectivity, stability, and real-sample detection. Repro-
ducibility represents the reliability and precision of the sensor fabrication procedures and is
evaluated by comparing electrochemical signals from different sensors. Figure 6A depicts
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the result of reproducibility with five different sensors, showing a reasonable average rela-
tive standard deviation (RSD) of 7.53%, indicating that our sensor fabrication procedures
are reliable and precise.
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Figure 6. (A) The reproducibility for five different G/C@ErGO-GCE. (B) Stability over 24 scans for
G/C@ErGO-GCE. (C) The amperometric response of G/C@ErGO-GCE to the successive addition
of 100 nM and 1 uM DOX, 10 uM glucose, 10 pM urea, 10 pM KCl, 10 uM NaCl, 10 uM tryptophan.
(D) Real-sample detection of DOX with 10 mM PBS buffer saline containing 10% human serum media
by using G/C@ErGO-GCE.

Stability is important for evaluating the chemical and physical stability of the bio-
nanohybrid composite electrode. The stability of G/C@ErGO-GCE was assessed by com-
paring the electrochemical signal over successive CV scans. Figure 6B represents the
electrochemical signal changes with the number of cycles. The sensor showed no signifi-
cant change in electrochemical signals even after twenty-four scans, with a low RSD value
of 3.66%, indicating good stability.

Selectivity is an important factor for evaluating the performance of a sensor. The
selectivity of G/ C@ErGO-GCE was evaluated by comparing its amperometric response to
DOX with its response to interfering substances, including glucose, urea, KCl, NaCl, and
tryptophan. These interfering substances were chosen due to their presence in biological
fluids and their chemical structure similarities. As shown in Figure 6C, there was no signifi-
cant increase in current upon the addition of 10 uM of these interfering substances, while
the current increased upon the addition of DOX. This result indicates that G/C@ErGO-GCE
has optimal selectivity for detecting DOX, even in the presence of higher concentrations of
interfering substances.

Real-sample detection is essential for evaluating the sensing performance within
biological fluids for the practical application of the G/C@ErGO-GCE sensor. Human
serum diluted with 10 mM PBS buffer saline was introduced for real-sample detection to
mimic complex biological fluids. The amperometric response showed significant increases
upon the addition of DOX, demonstrating the potential for the practical application of the
G/C@ErGO-GCE sensor (Figure 6D).
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4. Conclusions

We have demonstrated the facile fabrication of G/C@ErGO-GCE and evaluated its
sensing performance for DOX. The bio-nanohybrid electrode of G/C@ErGO was success-
fully fabricated using a simple electrochemical reduction and drop-casting method. The
fabricated G/C@ErGO-GCE was characterized by SEM, AFM, contact angle measurement,
XPS, CV, EIS, and Raman spectroscopy. The results of the physical and chemical characteri-
zation of the G/C@ErGO bio-nanohybrid composite confirm that our fabrication process
for is suitable and reliable. The G/C@ErGO-GCE exhibited promising characteristics, in-
cluding favorable electrochemical properties, surface wettability, and Ip/Ig values, leading
to enhanced DOX detection. These improvements are attributed to the immobilized G/C
single nucleotides functioning as receptor moieties. Additionally, the G/C@ErGO-GCE
demonstrated superior analytical performance, including sensitivity, selectivity, stability,
and reproducibility in DOX detection using DPV and CA. The sensing performance of
G/C@ErGO-GCE was further confirmed within the biological fluid of human serum, indi-
cating its potential for practical application. As the proposed sensing mechanism remains
partially studied, we will conduct a comprehensive investigation in future work, using var-
ious experimental techniques and computational modeling, including molecular dynamics
simulations. Therefore, the proposed electrochemical sensor could serve as a potent tool
for drug development and pharmacokinetic studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /chemosensors12080163/s1, Scheme S1: Explanation for binding
events between guanine/cytosine and doxorubicin; Figure S1: Electrochemical reduction of graphene
oxide with cyclic voltammetry; Figure S2: AFM images of (A) bare GCE, (B) ErGO-GCE, and (C)
G/C@ErGO-GCE. Height profiles for determining height differences on (D) bare GCE, (E) ErGO-GCE,
and (F) G/C@ErGO-GCE. (G) Plot of the height differences obtained from (D-F). (H) Comparison of
the average height differences and RSD value for each electrode; Figure S3: Optimization of guanine
and cytosine ratio. Each plot represents the oxidation peak current of DOX at different concentrations
from 10 nM to 1 uM with different guanine and cytosine ratio of (A) 0:10, (B) 1:9, (C) 3:7, (D) 5:5,
(E) 7:3, (F) 9:1, and (G) 10:0 (guanine:cytosein), respectively; Figure S4: DPV curves for the DOX
detection with (A) bare GCE and (B) ErGO-GCE.
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