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Reduced graphene oxide-based
absorbance biosensors for
detecting Escherichia coli DNA

Chau Nguyen Minh Hoang?, Son Hai Nguyen?** & Mai Thi Tran:3"*

Escherichia coli represents a significant concern for food safety, water quality, medical applications,
and environmental health, necessitating effective detection methods. This study presents a

reduced graphene oxide-based biosensor for the sensitive and specific detection of E. coli DNA. The
functionalized reduced graphene oxide was successfully synthesized using a modified Hummers’
method, followed by a hydrothermal reduction step. Structural, morphological, and chemical
properties of the reduced graphene oxide were confirmed through Fourier-transform infrared
spectroscopy, scanning electron microscopy, and X-ray diffraction. The biosensor incorporates
functionalized reduced graphene oxide linked to amino-modified probe DNA sequences specific to E.
coli markers, providing stability and selective hybridization. Detection of E. coli DNA in the range of
0-476.19 fM is achieved by measuring absorbance changes at 273 nm, where an increase in absorbance
indicates the presence of complementary E. coli single-stranded DNA. Performance testing with
various DNA concentrations revealed a linear relationship, achieving a limit of detection of 80.28 fM
and demonstrating high selectivity against non-target bacteria such as Bacillus subtilis, Enterococcus,
Vibrio proteolyticus, and Staphylococcus. Optimization efforts identified the amino-E.coli BL21 probe
as the only probe capable of detecting E. coli DNA. The reduced graphene oxide-based biosensor holds
promise for rapid detection in pathogen monitoring, clinical diagnostics, and environmental analysis,
paving the way for enhanced DNA biosensing technologies.

Escherichia coli is a Gram-negative bacterium with significant importance in medical, environmental, and food
safety sectors!. Although most E. coli strains are harmless components of the natural gut microbiota’certain
pathogenic strains can cause severe illnesses such as gastroenteritis’urinary tract infections*and potentially
life-threatening conditions like hemolytic uremic syndrome>®. Timely and accurate detection of pathogenic
E. coli is crucial for effective clinical management, particularly given the ongoing emergence of antibiotic-
resistant strains!’. Beyond healthcare, E. coli is widely recognized as a key indicator of fecal contamination
in environmental and food systems. Its presence contaminates water sources, leading to the transmission of
waterborne diseases, and poses significant food safety risks when detected in products such as raw meat and
unpasteurized dairy®!!. These widespread risks highlight the need for rapid, reliable E. coli detection methods.

Traditional methods for detecting E. coli deoxyribonucleic acid (DNA), such as polymerase chain reaction
(PCR)'>enzyme-linked immunosorbent assays (ELISA)'“and fluorescence-based assays'> often face
limitations in speed, cost, and sensitivity. These shortcomings necessitate the development of innovative and
efficient detection technologies, such as biosensors. Biosensors combine biological recognition elements with
physical transducers to detect specific biological molecules, offering a promising solution for rapid and sensitive
detection!®"!°. Based on the type of transducer, biosensors are classified into categories such as electrochemical
and optical types'®. Among optical biosensors, absorbance-based biosensors are particularly advantageous for
DNA detection due to their simplicity, cost-effectiveness, and ability to detect low DNA concentrations?’-22,
These sensors measure changes in absorbance when a target molecule, such as DNA, interacts with the
biosensor’s recognition element, producing an optical signal that correlates with target concentration, enabling
rapid quantitative analysis®.

The performance of these biosensors can be enhanced by incorporating nanomaterials, which improve
sensitivity and signal stability. Reduced graphene oxide (rGO) is a promising candidate for biosensing
applications due to its unique structural and optical properties®*~2. The high surface-area-to-volume ratio of
rGO, combined with its excellent dispersibility in Tris-EDTA (TE) buffer, facilitates the efficient adsorption
of and interaction with biomolecules. These characteristics significantly enhance the sensitivity and specificity
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of detection, making rGO-based biosensors highly effective for a wide range of analytical applications?”5.

Compared to graphene oxide (GO), rGO exhibits superior electronic conductivity, greater surface reactivity,
and stronger optical absorption in the UV-Vis range, which are critical for improving signal sensitivity in
absorbance-based biosensors*>*’. Furthermore, compared to other commonly used nanomaterials, such as gold
nanoparticles and carbon nanotubes, rGO offers a favorable combination of cost-effectiveness, biocompatibility,
and ease of functionalization®-3*. These advantages make rGO a versatile and attractive material for developing
next-generation biosensors.

Numerous studies have explored biosensors for detecting E. coli DNA, using fluorescence®>*®electrochemic
al’’~%%and colorimetric*'~*3 techniques. While these methods have demonstrated rapid and accurate detection,
they often face significant limitations, such as reliance on expensive reagents, complex fabrication processes, and
reduced sensitivity in complex real-world samples, such as environmental water or food matrices containing
interfering substances. These challenges highlight the need for biosensor platforms that are both technically
robust and practical for real-world use.

In this study, we address current limitations in DNA biosensing by developing a novel absorbance-based
biosensor platform using functionalized rGO and a customized amino probe for the rapid, sensitive, and cost-
effective detection of E. coli DNA. The rGO is synthesized using a modified Hummers’ method, followed by
hydrothermal reduction to enhance conductivity and surface reactivity. The synthesized rGO is characterized
using scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared
spectroscopy (FTIR) to confirm its morphological, structural, and chemical attributes. The biosensor’s detection
performance in the femtomolar (fM) range from 0 to 476.19 fM is evaluated by monitoring UV-Vis absorbance
changes at 273 nm, a wavelength sensitive to DNA hybridization events. By leveraging the unique optical and
structural features of rGO, the sensor achieves high sensitivity, specificity, and cost-effectiveness for DNA
detection across various sample types. Its simple design and low fabrication cost make it suitable for scalable
deployment in point-of-care diagnostics, environmental monitoring, and food safety testing, offering a practical
and efficient alternative to conventional detection methods.

Materials and methods

Chemicals and probe to detect E. coli DNA

The chemicals used in this research without further purification were Graphite (C, Shanghai Zhanyun Chemical
Co., Ltd, Shanghai, China), Potassium permanganate (KMnO,, 99.5%, Shanghai Zhanyun Chemical Co.,
Ltd, Shanghai, China), Nitric acid (HNO3, 69%, Merck, Germany), Sodium nitrate (NaNOs, 98.5%, Shanghai
Zhanyun Chemical Co., Ltd, Shanghai, China), Sulfuric acid (HZSO » 95.0-97.0%, Merck, Germany), Hydrogen
peroxide (H,O,, 30%, Xilong, China), Hydrochloric acid (HCI, 37%, Merck, Germany) and deionized water
(DI). The chemicals used for these extractions include the 2% w/v CTAB (Biobasic, Canada), 100 mM Tris-
HCI pH 8.0 (Biobasic, Canada), 20 mM EDTA (Biobasic, Canada) and 1.4 M Sodium chloride NaCl (Merck,
Germany). The oligonucleotide probe was designed to specifically target E. coli, using the sequence amine-5'- C
GGATGCGGCGTGAACGCCT -3'. All probes listed in Table 1 were purchased from PHUSA Genomics Co.,
Ltd, Can Tho, Vietnam.

Synthesis of reduced graphene oxide
Graphene oxide was synthesized following the protocol in previous work?® and outlined in Fig. 1. In brief, 1 g of
graphite was suspended in 2 ml of nitric acid (HNO,) along with 1.5 g of potassium permanganate (KMnO,).
This mixture was then placed in a 250 mL Duran flask and subjected to microwave irradiation at 800 W for 60 s
to produce exfoliated graphite (EG). Next, 2 g of the synthesized EG was combined with 8 g of KMnO, and
1 g of sodium nitrate (NaNO,). This blend was gradually added to 160 ml of sulfuric acid (H,SO,, 95-97%)
while maintaining a temperature of 5 °C using an ice bath, followed by stirring for 30 min. After this period,
the mixture was removed from the ice bath and gently heated to 45 °C, continuing to stir for 2 h. Distilled
water (DI) was gradually added until the purple fumes dissipated while maintaining magnetic stirring at 95 °C
for 1 h. Subsequently, 10 mL of hydrogen peroxide (H,0,, 30%) and 3-5 mL of hydrochloric acid (HCI, 3.6%)
were added to eliminate KMnO » MnO,, and other residual metal ions, resulting in the formation of the GO
solution. The GO solution was then centrifuged at 6000 rpm for 30 min and washed with DI until a neutral pH
was achieved. Finally, the product was vacuum-dried at 40 °C in the oven (Memmert UN110 Laboratory Oven,
Germany).

The rGO was prepared using the modified hydrothermal method from previous research®. Briefly, 0.1 g
of GO was suspended in 40 mL of DI. The mixture was then transferred to an 80 ml Teflon-lined stainless-
steel autoclave, heated to 175 °C for 10 h, and then allowed to cool naturally to room temperature. The

No | Probes Sequence Refs
1 | NH,-BL21 Amine-5-CGGATGCGGCGTGAACGCCT-3’
2 | Thiol-BL21 Thiol-5-CGGATGCGGCGTGAACGCCT-3’ 445

3 No group-BL21 | 5-CGGATGCGGCGTGAACGCCT-3

Amine-5-GCGGCCCTGGGTGGCATATTTATTGTCAGTG | 4
GTTTAATTCTGTTAATGAACTATAAC - 3

5 | NH,-uidA Amine-5"-TCG GCA TCC GGT CAG TGG CAG T-3’ v

4 NH,-membrane

Table 1. The list of probe sequences used in this experiment.
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Fig. 1. Schematic of the synthesis of rGO. This figure was created by the first author, Chau Nguyen Minh
Hoang, using Microsoft PowerPoint 365 (https://www.microsoft.com/en-us/microsoft-365/powerpoint) and
Biorender (https://www.biorender.com/).

chosen temperature of 175 °C was sufficient to enhance the efficient reduction while preserving the hydroxyl
and carboxyl functionalized groups, which are essential for maintaining dispersibility in aqueous media and
facilitating bioconjugation with DNA probes™. The resulting mixture was filtered through a microporous
membrane (0.22 um), yielding a yellowish solution.

Material characterization

The morphological characteristics of the synthesized material were analyzed using a field emission scanning
electron microscope (FE-SEM, HITACHI S-4800, Hitachi High-Technologies Corporation, Tokyo, Japan).
Before imaging, the samples were sputter-coated with a thin layer of platinum (Pt) to enhance conductivity.
Images were acquired at an accelerating voltage of 5.0 kV with a working distance of 6.2 to 6.3 mm.

The crystallographic structure was determined by XRD using a MiniFlex600 diffractometer (Rigaku
Corporation, Tokyo, Japan), operated with Cu Ka radiation (A = 1.5406 A) at 40 kV and 15 mA. Prior to analysis,
samples were dried at 100 °C for 24 h, finely ground, and subsequently scanned over a 26 range of 5° to 80° with
a step size of 0.02° at 25 °C.

Fourier-transform infrared spectroscopy was conducted using a JASCO FT/IR-4600 type A spectrometer
(JASCO, Japan) equipped with an ATR PRO ONE accessory (Serial No. B132661809) at an incident angle of
45°. Spectra were recorded from 4000 to 400 cm™! at a 4 cm™! resolution, accumulating 16 scans. Analysis
was performed using a TGS detector and a cosine apodization function at a scan speed of 2 mm/s. The system
operated in auto mode with zero filling enabled, and the results were processed using Spectra Manager™ Suite
software. All measurements were conducted under standard operating conditions as recommended by the
respective manufacturers.

DNA extraction method

The microbiology and genetics laboratory at Hanoi University of Science and Technology in Hanoi, Vietnam,
provided five bacterial samples for this study, including E. coli, Bacillus subtilis, Enterococcus, Vibrio proteolyticus,
and Staphylococcus. The extraction process was conducted according to the protocol described in®!. Before the
sterilization process, the pH of the lysis buffer was adjusted to 5.0. A volume of 1.5 mL of bacterial suspension
was added to a 2.0 mL Eppendorf tube and centrifuged (Hettich MIKRO 200R, Germany) at 8,000xg for 5 min at
room temperature to pellet the cells. After discarding the supernatant, the cell pellet was resuspended in 740 uL
of Tris-EDTA (TE) buffer. Subsequently, 20 uL of 100 mg/mL Lysozyme was added to degrade the cell wall, and

Scientific Reports|  (2025) 15:29548 | https://doi.org/10.1038/s41598-025-14189-4 nature portfolio


https://www.microsoft.com/en-us/microsoft-365/powerpoint
https://www.biorender.com/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the mixture was incubated for 30 min at 37 °C using a dry bath incubator (Biologix tekcovina, USA). Following
this, 40 uL of 10% SDS and 8 pL of Proteinase K (10 mg/mL) (Biobasic, Canada) were introduced to facilitate
protein digestion and membrane disruption. The sample was then incubated at 56 °C for 3 h. Gradually, 100
uL of 5 M NaCl and heated CTAB/NaCl (Merck, Germany) at 65 °C were added to precipitate the DNA. After
10 min at 65 °C, the material was extracted using chloroform: isoamyl alcohol from Sigma Aldrich to separate
the DNA from contaminants. Following centrifugation at 12,000xg for 10 min at room temperature, the aqueous
phase containing the DNA was transferred to a fresh tube. This extraction procedure was repeated until no white
protein layer remained. The DNA was then precipitated with 100% Ethanol (Merck, Germany) and stored at
-20 °C for 2 h or overnight. After centrifuging for 15 min at 12,000xg at 4 °C (Hettich MIKRO 200R, Germany),
the DNA pellet was washed with 50 uL of 70% Ethanol to eliminate contaminants and salts. Once dried, the
pellet was resuspended in TE buffer for storage. Isolated DNA should be stored at -20 °C for future use. All DNA
samples in this study exhibited OD260/280 ratios around 2.0, indicating high purity.

Absorbance measurements of DNA using the UV-Vis method

In our experiment, all probes were diluted to 30 nM in TE buffer. DNA solutions were prepared by dissolving and
diluting them in 1xTE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). E. coli, V. proteolyticus, Staphylococcus,
Enterococcus, and B. subtilis DNAs were pretreated by heating at 98 °C for 10 min and then placed in an ice
bath for 2 min to prevent reannealing. The rGO suspension was ultrasonicated to ensure proper dispersion and
prevent aggregation. Then, 1000 uL of the suspension was added to a 10 mm cuvette, with TE buffer as the solvent.
Next, 100 pL of the 30 nM probe was added, and the mixture was incubated for 5 min. The concentrations of
rGO before and after adding the probe were 0.129 mg/mL and 0.117 mg/mL, respectively. After gently vortexing,
the mixture was incubated at room temperature for an additional 5 min to facilitate optimal probe adsorption
onto the rGO surface. Finally, we introduced 100 uL of DNA into the cuvettes, yielding concentrations ranging
from 83.33 to 476.19 M. At each step, absorbance measurements were performed using a DeNovix UV-visible
spectrometer (Model: DS-11 FX+). All experiments were performed in triplicate and independently repeated at
least three times.

Results and discussions

Characterization of rGO materials

The material was characterized through SEM, XRD, and FTIR to assess its morphology and structural properties,
as well as to analyze the chemical bonds and functional groups present. As illustrated in Fig. 2a, the SEM image
reveals the material’s layered, sheet-like structures. This suggests a high surface area with numerous active
sites, highlighting its potential suitability for catalytic or adsorption applications. The XRD pattern displays
two prominent peaks at 26.52° and 44.54°, corresponding to the (002) and (100) crystal planes, respectively
(Fig. 2b). These peaks align with the characteristic diffraction pattern of rGO as referenced in JCPDS No. 96-
101-1061°% The (002) peak suggests the restoration of graphene-like structures with interlayer spacing, while
the (100) peak confirms in-plane structural ordering. Additionally, the FTIR spectrum reveals characteristic
bands, including a broad peak around 3100-3700 cm™ attributed to O-H stretching (related to hydroxyl groups
or water molecules), a peak near 1600 cm™* signifying C= O stretching (associated with carbonyl groups), a peak
between 2800 and 3000 cm™ ! corresponds to the C-H stretching vibrations, and bands within the range of 1000~
1300 cm™ corresponding to C-O or C-O-C stretching vibrations®® (Fig. 2c). The data indicate the presence of
oxygen-containing functional groups, particularly the carboxyl group, which will be further investigated as a
bridge component for this biosensor.

To confirm the successful reduction from GO to rGO, their structural and chemical properties were
compared. SEM image (Supplementary Fig. Sla) shows that GO exhibits a distinctly layered and crumpled
morphology, whereas rGO displays a more compact and less aggregated structure. The XRD pattern of GO
reveals a sharp diffraction peak (001) at 20 ~ 10.46°, indicating oxidized layered structures (Supplementary Fig.
S1b). In the rGO pattern, this peak vanished and was replaced by a broad (002) peak near 26 =26°, confirming
partial restoration of the graphitic framework. These structural changes were chemically validated by FTIR
spectroscopy (Supplementary Fig. S1c). The FTIR spectrum of GO displays intense bands for C-O-C, O-H, C-
OH, and C= O groups, while rGO exhibits significantly reduced intensities for these oxygenated functionalities,
consistent with efficient reduction.

Collectively, these findings validate the successful reduction of graphene oxide into rGO, preserving
its nanosheet morphology with optimized functional groups and highlighting its potential in biosensing
applications.

Absorbance biosensors to detect E. coli DNA

In this experiment, the biosensor, modified with a specific probe for E. coli DNA, was analyzed using UV-Vis
spectroscopy to monitor absorbance changes indicative of DNA binding events. The reduced graphene oxide
containing 1000 pL was first exposed to a specific probe amine-5- CGGATGCGGCGTGAACGCCT -3’ to
functionalize the sensor. After sufficient time for the probe to interact with the material, various concentrations
of E. coli DNA, ranging from 83.3 to 476.19 fM, were added stepwise to the solution. The absorbance spectra
of the rGO were measured across wavelengths from 220 to 700 nm, with a particular focus on the absorbance
at 273 nm. This specific wavelength was selected based on preliminary observations that revealed a significant
absorbance response at 273 nm upon DNA binding. As the concentration of E. coli DNA increased, the
result experienced a consistent rise in absorbance at 273 nm, suggesting effective DNA binding (Fig. 3a). The
absorbance response at 273 nm is plotted against E. coli DNA concentration, revealing a linear relationship that
demonstrates the sensor’s ability to quantitatively detect E. coli DNA (Fig. 3c). This trend is further confirmed by
the percentage change in absorbance upon the addition 0of 476.19 M (AA) analysis, where the data demonstrated
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Fig. 2. The characteristics of the prepared materials are detailed as follows: (a) The SEM image, obtained using
the HITACHI-S4800, confirms the nanosheet morphology, exhibiting enhanced contrast. (b) The XRD pattern
was generated using the Rigaku MiniFlex600. Furthermore, (c) the FTIR spectrum was acquired using the
Jasco 4600 spectrometer (Jasco, Japan).

a 54% increase in absorbance for the E. coli DNA-bound sensor (Fig. 3d). To evaluate the biosensor’s specificity,
control experiments were performed using DI water instead of E. coli DNA. Interestingly, the addition of DI
water produced an opposite trend compared to E. coli DNA, with the absorbance at 273 nm decreasing (Fig. 3d).
The role of the DNA probe was further examined by omitting it from the sensing system. In the absence of the
probe, a gradual decrease in absorbance intensity at 273 nm was observed (Fig. 3b). Quantitatively, the addition
of DI water and the introduction of reduced graphene oxide with E. coli DNA but without the specific probe,
resulted in absorbance changes of approximately —73% and —20%, respectively (Fig. 3d). These results confirm
the biosensor’s high specificity for E. coli DNA detection.

To validate the superior performance of rGO, its sensing capability was compared directly to that of GO-
based biosensors under identical experimental conditions. The GO-based biosensors, functionalized with the
same NH,-modified probe, exhibited a higher baseline absorbance (Supplementary Fig. S2a) and a distinctly
different response pattern upon exposure to increasing concentrations of E. coli DNA (Supplementary Fig. S2b).
As the concentration of E. coli DNA increased, the absorbance at 273 nm decreased, showing a strong negative
linear correlation (R?=0.97; Supplementary Fig. S2c). This trend contrasts sharply with the positive correlation
observed in the rGO-based sensor.

The inverse response observed with the GO-based biosensors can be attributed to abundant oxygen-
containing functional groups on GO, which promote non-specific adsorption of probe and target DNA
molecules. Consequently, the surface of GO facilitates extensive non-specific interactions, thereby impeding
the formation of specific probe-target duplexes and leading to diminished positive signaling compared to rGO.
In contrast, rGO-based biosensors exhibited robust and highly linear positive detection responses, reflecting
optimized surface chemistry and reduced non-specific background interactions. These findings demonstrate
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Fig. 3. The adsorption spectra of the hybridization of rGO solution with (a) probes and E. coli DNA, 0 fM

represents the rGO +amino-probe sample, (b) E. coli without probes are presented, 0 fM represents the rGO
only. (¢) A linear relationship exists between DNA concentration and absorbance values over the concentration
range of 0-476.19 fM, measured at a wavelength of 273 nm. The error bars indicate the standard deviations
from nine measurements. (d) The percentage change in the absorbance of these three different conditions upon
the addition of 476.19 fM E. coli DNA and the equivalent volume of deionized (DI) water.

the superior detection capability of rGO-based sensors due to minimized non-specific binding, significantly
enhancing their sensitivity and selectivity for detecting E. coli DNA relative to GO-based counterparts.

Overall, the results demonstrated a significant positive correlation between the intensity of the 273 nm
wavelength and the concentrations of E. coli DNA, underscoring the potential of establishing a model based
on this relationship. Hence, we develop a robust model that enables highly sensitive and specific detection of E.
coli. The biosensor was calibrated by measuring the absorbance at 273 nm across a range of known E. coli DNA
concentrations, with each measurement taken in triplicate at least three times. These measurements were then
fitted to a linear equation as described below:

y=2x10"*xz + 0.1431

(1)

where y represents the absorbance of the sensor measured at 273 nm, and x is the concentration of E. coli
DNA in femtomolar (fM). The linearity of this relationship, reflected by a correlation coefficient of R?=0.962,
demonstrates the model’s potential to accurately predict DNA concentrations from absorbance measurements

and vice versa.

To validate the biosensor model, we performed a series of spiking experiments with known concentrations
of E. coli DNA (312.50 fM, 388.89 fM, and 450.00 fM). We then compared the estimated concentrations
derived from the model to the actual spiked values. The results, including the estimated concentrations and
their corresponding recovery rates, are shown in Table 2. The recovery rates span from 93.58 to 105.97%,
demonstrating the model’s accuracy and reliability in estimating E. coli DNA concentrations.

To further evaluate the robustness and specificity of the sensing mechanism, we compared the sensor’s
performance using both full-length extracted E. coli single-stranded DNA (ssDNA) and a synthetic short
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312.50 0.20 292.43 93.58
388.89 0.22 412.11 105.97
450.00 0.23 472.85 105.08

Table 2. The table displays the random sample used to validate the model.

54
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Fig. 4. The stability of the proposed biosensors based on rGO nanosheets after one month.

complementary DNA sequence (5'-AGGCGTTCACGCCGCATCCG-3'). Supplementary Figure. S3 presents
the absorbance spectra of the biosensors with synthetic ssDNA, alongside the corresponding calibration curve
at 273 nm across varying DNA concentrations. The calibration equation derived for the synthetic ssDNA
(y=2x10"%x+0.152; R?=0.998 closely matches the linear relationship obtained for extracted ssDNA (Eq. 1). The
identical slope in both equations indicates that the detection mechanism relies predominantly on hybridization
specificity rather than the length of the DNA strands, as evidenced by consistent sensitivity and linearity with
both DNA targets. Slight differences observed in the intercept values may be attributed to matrix effects or minor
variations in binding dynamics, highlighting areas for future mechanistic investigation. These results underscore
the platform’s versatility in detecting both naturally occurring and synthetic DNA targets.

The limit of detection (LOD) was then calculated using the 3-sigma method to determine the sensor’s
sensitivity to low concentrations of E. coli DNA>*. The calculated LOD was found to be 80.28 fM, demonstrating
that the biosensor can reliably identify E. coli DNA at concentrations as low as 80.28 fM. Furthermore, the
performance of the biosensors was examined after one month to evaluate their stability. The results in Fig. 4
showed that the absorbance at 273 nm for biosensors exposed to various E. coli DNA concentrations remained
stable, with a relative difference of 47%, representing a slight decrease compared to the original value. However,
this result still demonstrates the high potential of the proposed biosensors. In the next step, stability could be
further enhanced by increasing the incubation time or optimizing the immobilization process.
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As discussed above, the proposed biosensors operate through the hybridization of E. coli DNA with the NH,-
probe immobilized on functionalized rGO, as illustrated in Fig. 5. The nanoscale properties of rGO, including a
high surface-area-to-volume ratio and excellent dispersibility, facilitate the effective presentation of carboxylic
(-COOH) and hydroxyl (-OH) groups. In our protocol, the immobilization of the NH,-modified probe onto
rGO is primarily governed by optimized non-covalent interactions, such as hydrogen bonding, electrostatic
attraction, and n- stacking, rather than actual covalent peptide bond formation, since no EDC/NHS activation
was used. This approach results in a stable and reliable sensing interface.

After five minutes of incubation to ensure complete probe binding, the rGO-probe complex was introduced
to a sample containing either complementary DNA (full-length extracted or short synthetic sequence matching
the probe) or non-complementary DNA (mismatching the probe). Hybridization events between the DNA and
the probe were monitored using UV-Vis spectroscopy at 273 nm. Although hybridization occurs exclusively
at the 21-nucleotide probe region, both full-length E. coli DNA and synthetic short DNA targets triggered
similar physicochemical changes at the sensor interface. In the presence of complementary DNA, specific
hybridization with the immobilized probe formed double-stranded DNA (dsDNA), significantly altering
local molecular properties. Single-stranded DNA exhibits exposed bases and a flexible structure, resulting in a
lower local dielectric constant. Upon hybridization, complementary base pairing yields a rigid, ordered double
helix that reorganizes the surrounding hydration shell and increases the dielectric constant®. The alteration
in dielectric properties modifies the electronic environment around the nucleobases, particularly affecting
their m-m* electronic transitions responsible for UV absorption. The dsDNA structure also enhances base
stacking interactions, further modulating absorbance properties. This change influences the optical properties,
particularly the absorbance at 273 nm, where DNA bases strongly absorb. Nearly identical sensor responses to
both synthetic short and full-length DNA targets indicate that the absorbance signal is predominantly governed
by the local hybridization event rather than the overall DNA strand length. The absorbance intensity scaled
proportionally with the concentration of complementary DNA. In contrast, exposure to non-complementary
DNA resulted in negligible absorbance changes, as no hybridization occurred. This differential response enables
the biosensor to discriminate between matching and non-matching DNA sequences with high specificity, as
discussed in the following subsection.

Selectivity of proposed biosensors based on rGO nanosheets

The selectivity of the biosensor was evaluated by comparing its response to different kinds of bacteria, including
E. coli, V. proteolyticus, Staphylococcus, Enterococcus, and B. subtilis DNAs. It is noteworthy that, alongside the
same gram-negative bacterial group containing E. coli, which includes V. proteolyticus and Enterococcus, we also
examined gram-positive bacteria such as Staphylococcus and B. subtilis. The absorbance spectra of the proposed
biosensors in contact with four different bacterial DNA samples are presented in Supplementary Fig. S4. The
absorbance changes at 273 nm for the biosensors in contact with other DNA samples and varying concentrations
are shown in Fig. 6a. As shown in Fig. 6a, the absorbance at 273 nm increased consistently with increasing
concentrations of E. coli DNA, indicating a positive response. In contrast, the absorbance values for the non-
target bacterial DNA (V. proteolyticus, Staphylococcus, Enterococcus, and B. subtilis) remained relatively constant
and significantly lower across all tested concentrations, demonstrating minimal interferences with the E. coli
DNA detection signal. Moreover, the graph shows the percentage change in absorbance (AA) for each bacterial
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Fig. 5. The schematic of E. coli DNA sensing mechanism.
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Fig. 6. (a) The relationship between DNA concentrations and the absorbance of five different kinds of DNA in
the range of 0-476.19 fM measured at the wavelength of 273 nm. Error bars represent the standard deviations
of seven measurements. (b) The percentage change in the absorbance of five different DNA bacteria.
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Fig. 7. (a) The calibration lines of E. coli DNA sensors with different kinds of probes, including NH,-BL21,
NH,-membrane, NH,-uidA, BL21 without modification (No group-BL21), and Thiol-BL21. (b) The percentage
change in the absorbances at 273 nm of five different probes.

DNA at 273 nm wavelength. E. coli DNA demonstrated a positive response, exhibiting a 54% increase in
absorbance, while the other bacterial DNAs yielded negative responses. In particular, the gram-negative bacteria
such as V. proteolyticus and Enterococcus showed decreases of approximately —19% and —28%, respectively.
Furthermore, the gram-positive bacteria displayed similar or even lower negative responses compared to the
gram-negative bacteria, with Staphylococcus at about —28% and B. subtilis at -34% (Fig. 6b). The consistent
decrease in absorbance observed with non-target bacterial DNA can be attributed to the absence of specific
probe-target hybridization. Other factors, such as sample dilution or weak, non-specific interactions that fail
to induce significant structural or electronic changes, may also contribute. Consequently, the sensor produces
a strong, concentration-dependent absorbance signal exclusively with complementary E. coli DNA, showing
minimal cross-reactivity with other bacterial DNAs. These results demonstrate the biosensor’s high selectivity,
underscoring its reliability for detecting E. coli even in complex samples containing diverse bacterial DNA.

Effects of probes on sensing performance of proposed biosensors based rGO nanosheets

To further evaluate the most effective sensor for E. coli DNA detection, we explored the impact of various
probes on the material. This experiment involved three different types of probes with the same sequence
(BL21) but differing chemical modifications: NH, (amine), thiol, and unmodified. Our goal was to assess which
combination yielded the most effective biosensor response. The absorbance spectra of biosensors with different
probes are shown in Supplementary Fig. S5. Their absorbance at 273 nm, which changes with the E. coli DNA
concentrations, is displayed in Fig. 7. Among these, the NH,-BL21 probe, which incorporated an NH, group
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Detection method Detection range | LOD Detection Time | Cost Practicality Refs
Electrochemical sensor (Gold Nanoparticles (AuNPs)) | N/A ~50 fM-1 pM Modera}e Moderate High' spec.iﬁcity with easy 56
(~30 min) modification
Very fast . . e . 57
Surface Plasmon Resonance (SPR) ~0.1nM -100 nM | 0.01 nM (15 min) High High specificity, label-free detection
DNA-Wrapped MWCNT Electrochemical Biosensor | N/A 0.5pM in 30 pL 20 min Moderate | Suitable for real samples 8
0.1 pg DNA per
. 0.5 to 25 pg per 10 mL (equivalent . . 58
Capacitive DNA Sensor (ZEC Sensor) 10 mL t0 13.67 CFU per 10 min N/A Suitable for real water samples
10 mL)
El?L-Gated Field-Effect Transistor-Based DNA Sensor N/A 1M Minutes Moderate High sensitivity, portable, and easy | 59
(BioFET) to use
Titanium Dioxide-Mediated Resistive Biosensor N/A 1x10°"'M 15 min Moderate | Fligh sensitivity, suitable for 60
minute-volume samples
- - - ~ s
Graphene ox'lde modified screen printed electrodes 1-28x10°CFU/ |, o CFU/mL Order of few ms | N/A High sentitivity 61
electrochemical sensor mL
. Rapid (direct . . . This
Absorbance (Reduced graphene oxide) 0-476.19 fM ~80.28 M . Low Simple, portable, direct detection
detection) work

Table 3. The comparative table of this study to previous research in terms of detection method, sensitivity
(LOD), detection time, cost, practicality, and limitations.

modification, demonstrated the highest absorbance compared to the BL21 probes with thiol modification and
without modification (Fig. 7a). In contrast, the BL21 probes with thiol and no modification exhibited a decline
in absorbance at 273 nm, showing an opposite trend to that of the BL21-NH, probe. As the concentration of E.
coli DNA increased, the absorbance at 273 nm for the sensors with BL21-thiol and unmodified BL21 decreased
(Fig. 7a). Therefore, the combination with BL21-NH, displayed a clear, positive correlation between absorbance
at 273 nm and E. coli DNA concentration, indicating the highest sensitivity and effectiveness in binding to E.
coli DNA. Furthermore, the performance of each probe was quantitatively assessed by illustrating the percentage
change in absorbance (AA) in Fig. 7b. The NH,-BL21 probe exhibited a 54% increase in absorbance, while the
other probes displayed decreases: -17% for the unmodified BL21 and —18% for the BL21 probe modified with
thiol.

Furthermore, the prior experiment demonstrated that probes with NH, modifications can exhibit the highest
effectiveness, indicating that the NH, group can effectively bind to the material (reduced graphene oxide). We
subsequently evaluated various DNA sequences containing the same NH, group, specifically investigating three
sequences unique to E. coli: BL21, membrane, and uidA. Each of these sequences was modified to incorporate
the NH, group. As shown in Fig. 7a, the BL21-NH, displayed the highest absorbance signal among the three
sequences with NH, modifications. In contrast, the membrane—NH2 and uidA—NH2 exhibited a downward
trend in absorbance values at 273 nm (Fig. 7a). The percentage change at this wavelength indicated that BL21-
NH, reached an increase of up to 54%, while membrane-NH, decreased by -16%, followed by -22% for uidA-
NH, (Fig. 7b). These occurrences can be effectively interpreted by recognizing that these two sequences are
not complementary with the E. coli DNA, leading to the fall for detection of the E. coli DNA. This finding
demonstrated that the NH,-BL21 probe- combining the BL21 sequence with an NH, functional group-
produced the most effective response for E. coli DNA detection. The sensor provided a highly sensitive and
selective detection of E. coli, which might be due to the binding affinity and signal response. As a result, the
NH,-BL21 probe was considered the optimal design for E. coli detection in this biosensor.

The absorbance detection method utilizing reduced graphene oxide demonstrates several advantages over
previously reported techniques, as shown in Table 3. With a detection range of 0-476.19 fM and a limit of
detection of ~80.28 fM, this method achieves a lower detection threshold than Surface Plasmon Resonance
(SPR) and capacitive DNA sensors. However, it is less sensitive than electrochemical sensors (e.g., AuNP-based,
which reaches~50 fM)>’. Its rapid detection capability, achieved through direct absorbance measurement,
surpasses the moderate detection times of electrochemical and capacitive sensors, aligning with the rapid
analysis offered by SPR and field-effect transistor (BioFET)-based sensors®®®’. Additionally, the low cost and
simplicity of the rGO-based method make it highly practical and portable, a significant advantage over the
high-cost SPR systems. While some techniques, such as BioFET, exhibit higher sensitivity (1 fM) and portability,
the rGO-based approach provides an ideal balance of affordability, practicality, and performance for real-world
applications®. Compared to previous studies, this work introduces a key innovation. While earlier GO-based
biosensors primarily focused on detecting whole E. coli cells through electrochemical methods, direct detection
of E. coli DNA using an absorbance-based approach has not been reported®’. In contrast, our study presents the
first label-free, rGO-based absorbance biosensor specifically designed for E. coli DNA detection. This approach
uniquely combines material simplicity, sequence specificity, and real-time detection capability. The proposed
platform offers a promising, low-cost alternative with strong potential for point-of-care DNA diagnostics.

This practical, low-cost method enables sensitive and specific detection without complex instrumentation or
amplification steps. These improvements largely stem from using rGO as a sensing platform. rGO offers several
advantageous properties, including a high surface area, ease of functionalization, and strong affinity for DNA,
enhancing sensitivity and simplifying the detection process. The combination of rGO with a sequence-specific
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DNA probe creates a highly sensitive and selective platform for E. coli DNA, distinguishing it from traditional
sensors that often depend on more complex and expensive techniques.

However, the long-term stability of the rGO-probe conjugate may be compromised by environmental factors
such as temperature fluctuations, pH variations, and changes in ionic strength. To overcome these challenges,
future research should focus on optimizing both the sensing material and probe design to enhance the biosensor’s
robustness. Moreover, improving sensor performance in complex biological matrices is essential for practical,
real-world applications. Potential strategies include incorporating anti-fouling layers or employing dual-probe
designs to reduce non-specific interactions. Integration with microfluidic platforms or portable spectrometers
could further improve the biosensor’s usability for on-site or point-of-care testing, supporting the development
of compact, field-deployable DNA detection systems.

Opverall, this rGO-based biosensor demonstrates strong potential for next-generation DNA detection due to
its high sensitivity, low cost, and operational simplicity. Nonetheless, further research into its long-term stability,
specificity in complex samples, and adaptability to diverse application environments will be essential to advance
this technology toward practical, widespread use.

Conclusions

This study successfully developed a rGO-based absorbance DNA biosensor exhibiting high sensitivity and
selectivity for detecting E. coli DNA. The rGO was synthesized using Hummers’ method, followed by hydrothermal
reduction, and its structure and properties were confirmed by material characterization techniques. Specifically,
FTIR analysis revealed the disappearance of oxygen-containing functional groups, indicating the reduction of
GO, while XRD patterns showed the expected shift in diffraction peaks consistent with rGO formation. SEM
imaging further verified the layered and wrinkled morphology typical of rGO structures. The synthesized rGO
was then functionalized with an amino-modified DNA probe to construct the biosensing interface. The resulting
biosensor demonstrated a strong correlation between E. coli DNA concentration and absorbance at 273 nm,
within a 0-476.19 fM detection range. It achieved a low detection limit of 80.28 fM while exhibiting minimal
cross-reactivity with non-target bacterial sequences. The biosensor shows significant potential for applications
in healthcare, environmental monitoring, and food safety, where rapid and accurate E. coli detection is critical.
However, further research is necessary to enhance long-term operational stability and to enable multiplexed
detection of various pathogens. Overall, the results of this study underscore the effectiveness of rGO in biosensor
development and highlight its relevance for real-world biosensing applications.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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