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Abstract 

Rapid and accurate detection of pathogenic bacteria is critical for healthcare, food safety, and 

environmental monitoring. Here, we report a carbon dot-based fluorescent biosensor, prepared by 

a hydrothermal method, for sensitive and selective detection of Escherichia coli DNA. The carbon 

dots were characterized using field-emission scanning electron microscopy, X-ray diffraction, 

Fourier-transform infrared spectroscopy, and energy-dispersive X-ray spectroscopy, confirming 

their uniform nanoscale morphology, structural integrity, and surface functionality. An amino-

modified NH2-BL21 DNA probe enabled specific hybridization with the target sequence, 

producing quantifiable fluorescence changes. The biosensor exhibited a linear detection range of 

50-250 fM, a limit of detection of 38.36 fM, recoveries of 87.06-113.57%, and stable performance 

over four weeks, with minimal cross-reactivity toward non-target sequences. Moreover, the carbon 

dot-based biosensor accurately detected E. coli DNA in drinking water and tap water, with 

recoveries of 95–126% and 93–119%, respectively, for concentrations of 75–225 fM. Lake water 
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recoveries ranged from 68–119% at low concentrations, indicating minor matrix effects. Unlike 

most previously reported carbon dot-based sensing strategies, which rely on enzymatic 

amplification or labeling, this work demonstrates an amplification-free and label-free fluorescence 

detection strategy that achieves femtomolar sensitivity through direct probe-target hybridization. 

The simple fabrication procedure, high repeatability, and robust analytical performance underscore 

the potential of this platform for the rapid, reliable, and cost-effective detection of Escherichia coli 

DNA. These findings highlight the promise of carbon dot-based fluorescent biosensors as practical 

tools for point-of-care diagnostics, environmental surveillance, and food safety monitoring.  

Introduction   

Escherichia coli (E. coli) is a facultative anaerobic, rod-shaped, gram-negative bacterium 

commonly found in the lower intestines of warm-blooded organisms1. While most E. coli strains 

are harmless and constitute a normal part of the gut microbiota, certain pathogenic variants, such 

as enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), and uropathogenic E. 

coli (UPEC), are responsible for a wide range of infections2-4. These infections range from 

foodborne illnesses and urinary tract infections to neonatal meningitis, as well as severe 

complications like hemolytic uremic syndrome5. Given its widespread prevalence and potential 

health risks, E. coli is widely recognized as a major biological contaminant in food products, 

drinking water, recreational water sources, and clinical environments6,7. Therefore, early and 

accurate detection of E. coli is crucial for preventing disease outbreaks, ensuring food safety, and 

maintaining water quality8. 

Traditional microbiological techniques, such as culturing on selective media, colony counting, and 

biochemical assays, remain the gold standard for detecting viable bacteria9. However, these 

methods are inherently time-consuming, typically requiring 24 to 72 hours for completion, and 
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often lack the sensitivity needed to detect low bacterial concentrations in complex matrices10. 

Moreover, they are unable to distinguish pathogenic from non-pathogenic strains without 

additional molecular analyses11. To address these limitations, DNA-based detection methods have 

been widely adopted. Molecular and immunological techniques, such as polymerase chain reaction 

(PCR), real-time PCR (qPCR), and loop-mediated isothermal amplification, enable highly specific 

detection by amplifying conserved genetic sequences unique to E. coli, while enzyme-linked 

immunosorbent assay detects the presence of bacterial antigens through antibody-based 

recognition12-16. These methods greatly enhance detection sensitivity and decrease false positives 

when compared to conventional culture-based techniques. Indeed, several PCR- and isothermal 

amplification-based commercial kits for E. coli DNA detection are currently available and widely 

used in food safety, clinical diagnostics, and environmental monitoring. However, their 

dependence on costly instruments, skilled personnel, and time-consuming protocols poses 

challenges for practicality in low-resource settings. Furthermore, the requirement for controlled 

laboratory conditions and intricate sample preparation diminishes their appropriateness for real-

time, on-site, or field-deployable applications17.  

To address these practical limitations, biosensor-based detection platforms have attracted 

increasing attention as complementary analytical tools. A biosensor typically integrates a 

biological recognition element, such as DNA probes, antibodies, or enzymes, with a 

physicochemical transducer that converts the biorecognition event into a measurable optical, 

piezoelectrical, or electrochemical signal18-22. By enabling direct signal transduction from 

molecular recognition events, biosensors can offer simplified workflows, shorter analysis times, 

and potential compatibility with portable or field-deployable detection systems23,24. Among 

various biosensing modalities, fluorescence-based biosensors have attracted considerable attention 
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due to their high sensitivity, fast response, and compatibility with miniaturized detection 

systems25,26. These sensors are designed to detect subtle changes in fluorescence intensity or 

emission wavelength, which occur when specific molecular interactions, such as DNA 

hybridization or target binding, alter the fluorescent properties of a reporter molecule or 

nanomaterial.  

In this context, carbon dot-based fluorescent nanomaterials have emerged as promising signal 

transducers for DNA biosensing because of their strong photoluminescence, excellent 

photostability, low cytotoxicity, and facile surface functionalization. In DNA detection systems, 

hybridization between a target sequence and a complementary probe can induce measurable 

fluorescence modulation of the nanomaterial, enabling quantitative detection27-29. Carbon dots (C-

dots) are small quasi-spherical carbon nanoparticles with excellent optical properties and high 

aqueous stability30,31. Their surfaces contain abundant functional groups such as carboxyl, 

hydroxyl, and amino moieties, which facilitate straightforward functionalization with 

biomolecules, including DNA probes. Owing to these characteristics, C-dots have been widely 

explored as fluorescent transducers in biosensing platforms for pathogen detection and nucleic 

acid analysis32,33.  

Although carbon dot-based fluorescent probes have been previously investigated for bacterial 

sensing, the majority of reported studies emphasize whole-cell recognition mechanisms or depend 

on enzymatic amplification and fluorescence labeling strategies, which inherently increase system 

complexity and limit portability34-36. Direct, amplification-free detection of bacterial DNA using 

C-dots remains comparatively underexplored. In this context, the present study introduces a carbon 

dot-based fluorescent biosensing platform designed for direct nucleic acid recognition without the 

need for enzymatic amplification or secondary labeling. The C-dots were synthesized via a 
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hydrothermal route, producing fluorescent nanomaterials with abundant surface functional groups 

that facilitate stable probe immobilization and effective target interaction. Their physicochemical 

properties were systematically characterized using field-emission scanning electron microscopy 

(FE-SEM), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and energy-

dispersive X-ray spectroscopy (EDX), ensuring structural integrity, chemical composition, and 

surface functionality relevant to biosensing performance. 

The sensing capability of the developed platform was evaluated through fluorescence modulation 

induced by DNA hybridization, yielding a linear response over the femtomolar concentration range 

(50-250 fM) with a detection limit of 38.36 fM. Furthermore, the biosensor demonstrated reliable 

analytical performance, including high sequence selectivity, satisfactory recovery rates (87.06-

113.57%), and stable signal output over a four-week storage period. To demonstrate practical 

applicability, the developed C-dot biosensor was evaluated in various environmental water 

matrices, including drinking water, lake water, and tap water. Recovery experiments using spiked 

DNA samples were conducted to assess the sensor’s accuracy, matrix tolerance, and selectivity 

under realistic conditions. By leveraging the intrinsic optical properties and surface chemistry of 

C-dots, this platform offers a simplified yet sensitive alternative for DNA-based detection, with 

strong potential for translation into point-of-care diagnostics, environmental surveillance, and food 

safety monitoring. 

Materials and Methods 

Chemicals and Probes for E. coli DNA Detection 

The following chemicals were utilized in this research: chitosan (C56H103N9O39, Shanghai Zhanyun 

Chemical Co., Ltd, Shanghai, China), thiourea (CH4N2S, 99%, Shanghai Macklin Biochemical 

Technology Co., Ltd., Shanghai, China), citric acid (C6H8O7, 99.5%, Xilong Scientific Co., Ltd., 
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China), and deionized water (DI). Chemicals used for extractions included Tris-HCl (Biobasic, 

Canada), Ethylenediaminetetraacetic acid (EDTA, Biobasic, Canada), Sodium chloride (NaCl, 

Merck, Germany), Sodium dodecyl sulfate (SDS, Xilong Scientific Co., Ltd., China) and 

Cetyltrimethylammonium bromide (CTAB, Biobasic, Canada). The oligonucleotide probe was 

designed to target E. coli DNA and utilized the sequence amine-5′ - 

CGGATGCGGCGTGAACGCCT 3′. All probes were synthesized by PHUSA Genomics Co., Ltd. 

(Can Tho, Vietnam), and the corresponding sequences are listed in Table 1. 

Table 1. DNA probe sequences used in this study. 

No Probes Sequence Refs 

1 NH2-BL21 Amine-5’-CGGATGCGGCGTGAACGCCT-3’ 

37,38 2 Thiol-BL21 Thiol-5’-CGGATGCGGCGTGAACGCCT-3’ 

3 No group-BL21 5’-CGGATGCGGCGTGAACGCCT-3’ 

4 NH2-membrane 

Amine-5’-

GCGGCCCTGGGTGGCATATTTATTGTCAGTG 

GTTTAATTCTGTTAATGAACTATAAC - 3’ 

39 

5 NH2-uidA Amine-5’-TCG GCA TCC GGT CAG TGG CAG T-3’ 40 

 

 Synthesis of Carbon Dots  

The C-dots were synthesized by adapting the following procedure41 (Fig. 1). 0.50 g of chitosan, 

0.10 g of citric acid, and 0.50 g of thiourea were dissolved in deionized distilled water and allowed 

to stand at room temperature overnight with gentle stirring. The solution was then transferred to a 

Teflon-lined autoclave and heated to 200 °C for 6 hours. After this process, the resulting brown 
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solution was centrifuged at 6000 rpm for 45 minutes. Finally, the C-dots were collected from the 

supernatant and kept at 4 °C for future use. 

 

 

Figure 1. Schematic illustration of the hydrothermal synthesis of C-dots. 

DNA Extraction Method  

Four bacterial strains, E. coli, Bacillus subtilis (B. subtilis), Enterococcus spp., and Vibrio 

proteolyticus (V. proteolyticus), were obtained from the Microbiology and Genetics Laboratory at 

Hanoi University of Science and Technology in Hanoi, Vietnam. For DNA extraction, 1.5 mL of 

overnight bacterial culture was transferred to a 2.0 mL Eppendorf tube and centrifuged at 8,000 ×g 

for 5 minutes at room temperature using a Hettich MIKRO 200R centrifuge (Germany). The 

resulting pellet was resuspended in 740 μL of Tris-EDTA (TE) buffer.  

Cell lysis was initiated by adding 20 μL of lysozyme (100 mg/mL), followed by incubation at 

37 °C for 30 minutes in a dry bath incubator (Biologix Tekcovina, USA). Subsequently, 40 μL of 
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10% SDS and 8 μL of Proteinase K (10 mg/mL; Biobasic, Canada) were added to facilitate protein 

digestion and membrane disruption, and the mixture was incubated at 56 °C for 3 hours. To remove 

polysaccharides and other contaminants, 100 μL of 5 M NaCl and CTAB/NaCl (Merck, Germany) 

were gradually introduced, and the solution was heated at 65 °C for 10 minutes.  

DNA was extracted using chloroform: isoamyl alcohol (Sigma-Aldrich) and centrifuged at 

12,000 ×g for 10 minutes at room temperature. The aqueous phase containing the DNA was 

carefully transferred to a new tube. This extraction process was repeated until no visible white 

protein interface remained. DNA was precipitated with 100% ethanol (Merck, Germany) and either 

incubated at -20 °C for 2 hours or left overnight to enhance yield. The DNA pellet was collected 

by centrifugation at 12,000 ×g for 15 minutes at 4 °C, washed with 70% ethanol, air-dried, and 

finally resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH=8.0). The isolated DNA was 

stored at -20 °C for future use. All DNA samples exhibited OD260/280 ratios close to 2.0, 

indicating high purity suitable for downstream applications. 

Fluorescent Measurement of E. coli DNA 

For all measurements, the amino-modified probe was diluted to a final concentration of 30 nM in 

TE buffer. DNA solutions were prepared by dilution in 1×TE buffer (10 mM Tris-HCl, 1 mM 

EDTA, pH 8.0). DNA samples from E. coli, V. proteolyticus, Enterococcus spp., and B. subtilis 

were pretreated by heating at 98 °C for 10 minutes, followed by a 2-minute ice bath to prevent 

reannealing. A volume of 1000 µL of the C-dots was transferred to a 10 mm cuvette, with DI buffer 

used as the solvent. Next, 100 µL of the 30 nM probe solution was added to the mixture and 

incubated for 30 minutes at room temperature. Finally, 500 µL of DNA at different concentrations 

ranging from 50 to 250 fM was introduced. At each step, fluorescence measurements were 

recorded across the 460-600 nm wavelength range using a spectrophotometer (SpectraPro HRS-
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300, Teledyne Princeton Instruments, Trenton, NJ 08619 USA) with a slit width of 400 µm. This 

procedure was performed at an excitation wavelength of 405 nm and an exposure time of 0.05 

seconds. Each experiment was performed in three independent experiments, and within each 

experiment, three technical replicates were recorded, resulting in n = 9 measurements per group. 

Data are presented as mean ± standard deviation (SD). Statistical analysis was performed using 

one-way ANOVA followed by Dunnett’s multiple comparison test. 

Hybridization and fluorescence measurements were performed in deionized water at room 

temperature without added salts. The fluorescence signal became stable rapidly under the applied 

measurement conditions, and therefore detailed time-dependent kinetic analysis was not 

investigated in the present proof-of-concept study. 
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Results and Discussion 

Characterization of Material 

 

Figure 2. Structural and compositional characterization of C-dots: (a) FE-SEM image captured 

using a HITACHI-S4800; (b) EDX spectrum obtained from the same instrument (Hitachi High-

Tech, Japan); (c) FTIR spectrum measured with a Jasco 4600 spectrometer (Jasco, Japan); (d) 

XRD pattern recorded with a Rigaku MiniFlex600. 

The structural and physicochemical properties of the synthesized C-dots were examined using FE-

SEM, EDX, FTIR spectroscopy, and XRD analysis, as illustrated in Fig. 2a-d. The FE-SEM image 

(Fig. 2a) reveals a clustered morphology consisting of aggregated nanoparticles with irregular 

surfaces. These aggregates form a porous network structure, suggesting a relatively high surface 

area that can facilitate interactions between the sensing interface and target DNA molecules. 
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The hydrodynamic size distribution of the synthesized C-dots was further analyzed using dynamic 

light scattering (DLS) with a Malvern Zetasizer Pro instrument (Malvern Panalytical, UK), as 

shown in Supplementary Fig. S1. The measurement yielded a Z-average hydrodynamic diameter 

of approximately 1087 nm, indicating the presence of hydrodynamic aggregates of carbon dots in 

aqueous suspension. This relatively large hydrodynamic size can be attributed to intermolecular 

interactions between surface functional groups (such as hydroxyl and carboxyl groups) that 

promote the formation of loosely associated clusters in solution. It should be noted that DLS 

measures the hydrodynamic diameter of particles in suspension, which includes the solvation layer 

and possible aggregates; therefore, the size obtained by DLS is typically larger than the core 

nanoparticle size observed by electron microscopy. 

Energy-dispersive X-ray spectroscopy (Fig. 2b) further confirms the material’s chemical 

composition. The EDX result shows a dominant presence of carbon (60.60 wt%) and oxygen 

(20.76 wt%), with notable amounts of sulfur (18.48 wt%), indicating the successful doping of 

heteroatoms during synthesis. Minor quantities of silicon and calcium were also detected, but their 

atomic percentages are negligible (<0.2%). Sulfur doping can play a vital role in tuning the 

electronic properties and enhancing the photoluminescent and stability properties of C-dots, 

thereby improving their performance in optoelectronic and catalytic applications42-44. This 

demonstrates the successful synthesis of C-dots and the doping of heteroatoms during the process. 

The chemical functional groups on the surface of the C-dots were further investigated using 

Fourier transform infrared spectroscopy (Fig. 2c). The spectrum reveals multiple strong and broad 

peaks characteristic of both oxygen- and nitrogen-containing groups. The spectrum shows 

characteristic peaks corresponding to S=O (~1060 and ~1400 cm-1), C=O (~1700 cm-1)45,46. 

Additionally, a smaller but distinct absorption around 2047 cm-1 is attributed to isothiocyanate 
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(N=C=S) stretching, further confirming the incorporation of nitrogen and sulfur-containing 

functionalities47. The broad and intense peak centered near 3400 cm-1 reflects the overlapping O-

H and N-H stretching vibrations, suggesting the presence of hydroxyl and amine groups47. These 

surface functionalities enhance the C-dots’ solubility in aqueous media and provide reactive sites 

for further functionalization or biomolecule conjugation. 

X-ray diffraction analysis (Fig. 2d) was performed to examine the crystallinity of the material. A 

broad diffraction peak centered at approximately 2θ = 24° is observed, which corresponds to the 

(002) plane of graphitic carbon, consistent with JCPDS reference card no-26-107648,49. The broad 

nature of this peak suggests a low degree of structural order and limited graphitic stacking, a 

characteristic often observed in carbon-based nanomaterials, such as C-dots. In addition to intrinsic 

disorder, the peak broadening may be attributed to extensive surface functionalization. The 

presence of oxygen-containing groups (e.g., hydroxyl, carboxyl, or epoxy) disrupts π-π stacking 

between graphitic layers, resulting in increased interlayer spacing and turbostratic disorder50,51. 

Overall, the combined FE-SEM, EDX, FTIR, and XRD results confirm the successful synthesis of 

heteroatom-doped C-dots with abundant surface functionalities, an amorphous graphitic structure, 

and a chemical composition well suited for sensing applications. 
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Fluorescence Biosensor for Detecting E. coli DNA 

 

Figure 3. The fluorescence spectra of the hybridization of C-dots solution with (a) Probes and 

various concentrations of E. coli DNA, ranging from 0 to 250 fM, and (b) A linear relationship 

exists between DNA concentration and fluorescence values over the concentration range of 50-

250 fM, measured at a wavelength of 511 nm.  

To evaluate the performance of the fluorescence-based biosensor for E. coli DNA detection, 

fluorescence emission spectra were recorded over a wavelength range of 480-600 nm. Different 

concentrations of target DNA were introduced to the biosensors to facilitate hybridization between 

the probe and target DNA strands. This specific binding event resulted in measurable changes in 

fluorescence intensity, which served as the analytical signal for DNA detection. To validate sensor 

selectivity, E. coli DNA was used as a positive control, while non-target DNAs from B. subtilis, V. 

proteolyticus, and Enterococcus spp. served as negative controls, which produced negligible 

fluorescence changes, confirming the high specificity of the biosensor. Upon increasing E. coli 

DNA concentrations from 0 to 250 fM, a systematic enhancement in fluorescence emission was 

observed, particularly at the emission wavelength of 511 nm (Fig. 3a). This enhancement is 

attributed to alterations in the local electronic environment of the fluorophore, induced by 

hybridization with E. coli DNA and the probe20. Quantitative analysis was performed by plotting 

the fluorescence intensity at 511 nm against the target DNA concentration over the range of 50 to 
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250 fM (Supplementary Fig. S2). The corresponding raw fluorescence data used for calibration 

and LOD calculation are summarized in Supplementary Table S1. As shown in Fig. 3b, the 

calibration curve exhibited good linearity and was described by the equation: 

 y = 18.663x + 15227, (1) 

where y represents the fluorescence intensity at 511 nm and x denotes the DNA concentration 

(fM). The high correlation coefficient (R2 = 0.977) indicates the strong linear relationship between 

fluorescence response and analyte concentration, which is critical for reliable quantitative analysis. 

The limit of detection (LOD) was calculated using the formula LOD = 3σ/S, where σ is the 

standard deviation, and S represents the coefficient of the x-variable. The LOD was determined to 

be 38.36 fM, demonstrating the sensor’s ability to detect ultralow concentrations of target DNA 

with high sensitivity.  

To evaluate the accuracy and practical applicability of the biosensor, recovery experiments were 

performed by spiking known concentrations of E. coli DNA (75, 125, and 225 fM) into the sensing 

system. Using Eq. (1), the concentrations estimated from fluorescence measurements were 75.03, 

108.82, and 252.80 fM, respectively (Table 2). The corresponding recovery rates ranged from 

87.06% to 113.57%, indicating good agreement between the spiked and measured values. In 

addition, the relative standard deviation (RSD) values were low (1.56%-2.39%), indicating good 

precision and reproducibility of the method. 

Table 2. Random samples used for model validation. 

Spiked 
concentration 

(fM) 

Measured fluorescence 
intensity at 511 nm 

(a.u.) 

Estimated 
concentration 

(fM) 

Recovery 
(%) 

RSD 

75 16627 75.03 100.02 1.564 

125 17258 108.82 87.06 2.39 

225 19945 252.8 112.35 1.73 
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These results demonstrate that the developed biosensor provides accurate and reliable DNA 

quantification at low concentration levels. Overall, the combination of robust fluorescence signal 

enhancement, a low detection limit, a wide linear dynamic range, and high recovery rates indicates 

that this sensing platform is a reliable tool for detecting trace levels of E. coli DNA.  

As depicted in Fig. 4, the detection of E. coli is based on hybridization between the target DNA 

and carbon dot-DNA probe conjugates. Prior FTIR analysis confirmed that these C-dots possess a 

high density of carboxyl (-COOH) groups, which serve as vital binding sites for the amine (-NH2) 

groups of the modified DNA probes (Fig. 2d). Immobilization occurs primarily via electrostatic 

interactions between the -COOH and -NH2 groups, establishing a stable sensing interface. This 

strategic attachment ensures that the probe strands are optimally oriented and accessible on the 

surface, significantly enhancing specificity for recognizing complementary DNA sequences. 

 

Figure 4. Schematic illustration of the DNA detection mechanism for E. coli. 

The single-stranded DNA (ssDNA) alone exhibits negligible fluorescence over the concentration 

range of 50-250 fM (Supplementary Fig. S3). Upon the introduction of complementary E. coli 
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ssDNA (5'-AGGCGTTCACGCCGCATCCG-3'), hybridization occurs with the immobilized 

probes, resulting in the formation of double-stranded DNA (dsDNA) on the surface of the C-dots. 

This process alters the local physicochemical environment by reorganizing the hydration layer, 

modifying dielectric properties, and affecting base-stacking interactions52. These changes result in 

a substantial enhancement of the photophysical properties of the C-dots, manifesting as a notable 

increase in fluorescence intensity at 511 nm. The fluorescence response increases proportionally 

with the concentration of complementary DNA, enabling sensitive and quantitative detection. In 

contrast, non-complementary ssDNA (5'-TTATTATAAGTATTATTATT-3') induces negligible 

changes at 511 nm, indicating the absence of hybridization and minimal perturbation of the surface 

environment. This clear distinction between complementary and non-complementary responses 

demonstrates that specific probe-target hybridization selectively activates the sensing mechanism. 

Because the sensing mechanism relies on Watson-Crick base pairing, mismatched or non-

complementary sequences are thermodynamically unfavorable to hybridize with the immobilized 

probe under the experimental conditions, thereby minimizing nonspecific signal generation. To 

further support the sequence selectivity of the sensing platform, the sequences of the control 

ssDNA strands were provided, and BLAST analysis was performed to verify the probe's specificity 

for the target E. coli DNA. The representative alignment results are summarized in Supplementary 

Table S2. 
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Figure 5. Validation of the carbon dot-based sensor using synthetic E. coli DNA: (a) Fluorescence 

response at 511 nm as a function of synthetic ssDNA concentration, showing a linear relationship 

(R2 = 0.9861); (b) Comparison of calibration slopes obtained from denatured genomic DNA and 

synthetic ssDNA, indicating no statistically significant difference (ns). 

To further validate the detection mechanism, synthetic ssDNA sequences complementary to the 

probe were evaluated under identical conditions. As demonstrated in Fig. 5a, the fluorescence 

intensity at 511 nm increased proportionally with the concentration of synthetic DNA, revealing a 

strong linear correlation (R2 = 0.9861). This linear response reinforces the notion that the observed 

photoluminescence enhancement is a direct result of probe-target hybridization, rather than 

nonspecific interactions or background noise. Notably, the slope of the calibration curve for 

synthetic ssDNA (18.706 a.u./fM) closely matches that for E. coli DNA (18.663 a.u./fM), with no 

statistically significant difference identified (Fig. 5b). 

These results suggest that the fluorescence response is driven solely by localized hybridization 

with the complementary sequence, remaining unaffected by variations in DNA strand length or 

complexity. Both full-length E. coli DNA and shorter synthetic targets induce comparable 

physicochemical changes at the carbon dot interface, reinforcing the underlying mechanistic 

rationale. Collectively, these findings provide evidence that NH2-modified probes bind effectively 

to -COOH-functionalized C-dots, and that subsequent hybridization with complementary DNA 
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consistently enhances fluorescence at 511 nm. This validation underscores the specificity, 

reliability, and robustness of the proposed biosensing strategy for E. coli detection. 

Selectivity of the Proposed Sensors 

The selectivity of the developed fluorescence-based biosensor for E. coli DNA was evaluated by 

comparing its response to non-target bacterial DNAs, including V. proteolyticus, B. subtilis, and 

Enterococcus spp. (Supplementary Fig. S4). The DNA probe used in this study was designed based 

on previously reported E. coli-specific gene regions, enabling selective recognition of the target 

sequence 37,38. As shown in Fig. 6a, incubating with increasing concentrations of E. coli DNA 

(ranging from 0 to 250 fM) resulted in a significant increase in fluorescence intensity at 511 nm, 

indicating successful hybridization between the probe and its complementary target DNA 

sequence. In contrast, the fluorescence responses to non-target bacterial DNA samples remained 

close to baseline levels under identical conditions, demonstrating high sequence discrimination 

and minimal cross-reactivity.  

 

Figure 6. Selectivity analysis of the DNA biosensor toward E. coli DNA: (a) Fluorescence 

response at 511 nm to varying concentrations (0-250 fM) of E. coli, V. proteolyticus, B. subtilis, 

and Enterococcus spp. DNA; (b) Corresponding linear correlation coefficients obtained from 

fluorescence intensity versus DNA concentration for each bacterial species, showing significantly 

higher correlation for E. coli DNA.  
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To further quantify these differences, linear correlation coefficients between fluorescence intensity 

and DNA concentration were calculated for each bacterial DNA sample, with the corresponding 

comparisons shown in Fig. 6b. The sensor response to E. coli DNA exhibited a strong positive 

linear relationship, with a correlation coefficient close to unity, indicating high consistency and 

predictability of the fluorescence signal. In contrast, DNA from V. proteolyticus, B. subtilis, and 

Enterococcus spp. produced small negative correlation coefficients, reflecting a weak and non-

systematic relationship between fluorescence intensity and DNA concentration. These results 

confirm the absence of significant probe-target hybridization with non-target DNA sequences. 

These findings indicate that the designed probe exhibits high binding affinity and sequence 

complementarity toward E. coli DNA, which is essential for accurate detection in complex 

biological samples. Overall, the sensor demonstrates high specificity for E. coli DNA, supporting 

its potential application in highly selective microbial diagnostic platforms. 

Stability of the Proposed Sensors 

 

Figure 7. Stability assessment of the fluorescence-based E. coli DNA sensor over 4 weeks: (a) 

Fluorescence intensity at 511 nm as a function of DNA concentration (0-250 fM) measured at 

weekly intervals (Week 1-Week 4); (b) Comparison of slope values derived from the calibration 

curves at each time point, showing no statistically significant difference (ns) over time. Data are 

expressed as mean ± SD from three biological replicates, each measured in triplicate (n = 9). 
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Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple 

comparison test. 

The storage stability of the fluorescence-based biosensor for E. coli DNA detection was evaluated 

over a four-week period. The sensor was stored at 4 °C and tested weekly to assess changes in 

performance over time. Fluorescence measurements were performed by incubating the sensor with 

E. coli DNA at concentrations ranging from 0 to 250 fM and recording photoluminescence 

intensity at 511 nm (Fig. 7a). At each time point, the fluorescence signal increased proportionally 

with DNA concentration, consistent with the hybridization-based sensing mechanism. 

The biosensor exhibited a linear relationship between fluorescence intensity and DNA 

concentration throughout the storage period, with consistently high correlation coefficients (R2), 

indicating preserved linearity. The corresponding linear regression equations and R2 values are 

summarized in Table 3.  

Table 3. Linear regression equations and R2 values of the E. coli DNA sensor over 4 weeks of 

storage. 

 Linear equation R2 

Week 1 y = 18.663x + 15227 0.977 

Week 2 y = 18.06x + 15449 0.91 

Week 3 y = 19.055x + 14972 0.95 

Week 4 y = 17.435x + 15319 0.97 

At Week 1, the calibration curve was described by y = 18.663x + 15,227 (R2 = 0.977). After one 

week of storage, the slope decreased slightly to 18.06 (R2 = 0.91). In Week 3, the slope increased 

to 19.055 with an R2 of 0.95, followed by a slope of 17.435 at Week 4 (R2 = 0.97). These variations 
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indicate minor fluctuations in signal amplification during storage; however, the consistently high 

R2 values confirm that the sensor retained reliable linear responsiveness throughout the four-week 

period. 

To statistically evaluate these variations, calibration slopes from all time points (Weeks 1-4) were 

compared using one-way ANOVA (Fig. 7b). One-way ANOVA showed no significant difference 

among the four weeks (F(3, 32) = 1.052, p = 0.3832), indicating that the signal remained stable 

over time. Post hoc Dunnett’s multiple-comparison test showed that none of the weeks differed 

significantly from Week 1 (all p > 0.05). Overall, these results demonstrate that the biosensor 

maintains good storage stability under refrigerated conditions, with minimal performance 

degradation. The sustained linear response and statistically consistent sensitivity highlight the 

sensor's robustness and reliability for prolonged nucleic acid detection. 

Real Sample Validation in Environmental Water Matrices 

 

Figure 8. Recovery performance of the C-dot biosensor for E. coli DNA detection in 

environmental water matrices. Recovery rates obtained from drinking water, lake water, and tap 

water samples spiked with nucleic acid targets at concentrations of 75–225 fM. (a) Genome ssDNA 

(E. coli), (b) synthetic ssDNA (Complementary), and (c) synthetic ssDNA (Non-complementary), 

which served as a control to assess the selectivity of the biosensor. 

Following the stability evaluation described in the previous section, which confirmed that the C-

dot biosensor maintained consistent fluorescence responses and sensitivity over a four-week 
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storage period, the practical applicability of the sensing platform was further assessed using real 

environmental water matrices. Recovery experiments were performed in three representative water 

samples, drinking water, lake water, and tap water, to evaluate the analytical accuracy and 

selectivity of the proposed biosensor under realistic conditions (Supplementary Table S3). 

As shown in Fig. 8a, the genome ssDNA of E. coli spiked into the different water matrices was 

successfully detected by the developed sensor across the tested concentration range (75–225 fM). 

In drinking water, recovery values ranged from 95.5% to 125.5%, while tap water samples 

exhibited recoveries between 92.8% and 119.1%, indicating good analytical accuracy in relatively 

clean matrices. In lake water, recoveries varied from 68.5% to 118.6%, with slightly lower values 

observed at lower concentrations. This deviation can be attributed to the presence of natural 

organic matter and dissolved ions in environmental water, which may partially influence 

fluorescence responses or probe–target hybridization efficiency. Nevertheless, the overall recovery 

range remained within acceptable limits for trace-level nucleic acid detection, demonstrating that 

the biosensor retains reliable performance even in complex aqueous environments. 

To further evaluate the hybridization-based sensing mechanism, synthetic complementary ssDNA 

sequences were tested under identical conditions (Fig. 8b). The obtained recoveries remained 

consistently high across all matrices, ranging from 94.2% to 109.0% in drinking water, 85.7% to 

115.4% in lake water, and 72.5% to 111.9% in tap water. The similarity between the recovery 

trends of genomic and complementary synthetic DNA confirms that the fluorescence response of 

the biosensor originates from specific probe–target hybridization rather than matrix-dependent 

artifacts. 

Selectivity of the sensing platform in real matrices was further examined using synthetic non-

complementary ssDNA as a control target (Fig. 8c). In contrast to the complementary sequences, 
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the non-complementary DNA produced negligible or negative recovery values across most tested 

concentrations, indicating the absence of significant nonspecific interactions between the probe-

functionalized C-dots and unrelated nucleic acid sequences. These results confirm that the 

fluorescence signal modulation is primarily governed by sequence-specific hybridization events. 

Overall, the recovery experiments demonstrate that the proposed C-dot biosensor maintains both 

high analytical accuracy and strong sequence selectivity in various environmental water matrices. 

The ability to reliably quantify femtomolar concentrations of E. coli DNA in complex aqueous 

environments highlights the robustness of the sensing platform and underscores its potential for 

practical applications in environmental monitoring, water quality assessment, and rapid pathogen 

detection in real-world samples. 

Optimization of DNA Probes for Enhanced Sensing Using Carbon Dots 

 

Figure 9. Effect of probe modification on the performance of the E. coli DNA sensor: (a) 

Fluorescence intensity response of the biosensor using different DNA probes (NH2-BL21, NH2-

mem, NH2-uidA, No group-BL21, and Thiol-BL21) across increasing E. coli DNA concentrations 

(0-250 fM); (b) Comparison of linear correlation coefficients obtained from fluorescence intensity 

versus DNA concentration for different probes. 
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The performance of the E. coli DNA sensor was significantly influenced by the selection and 

modification of DNA probes, as demonstrated by fluorescence intensity responses of the biosensor 

(Supplementary Fig. S5). In addition to probe optimization, this comparison also provides insight 

into the interaction between the DNA probes and the carbon dot surface. As shown in Fig. 9, NH2-

BL21 probe exhibited the highest sensing performance among all probes evaluated. Fluorescence 

intensity of NH2-BL21 displayed a steep calibration slope with a strong correlation to DNA 

concentration, whereas the responses of other probes fluctuated around the mean value and showed 

weak relationships with DNA concentration. 

Evaluation of BL21 probe variants revealed distinct differences associated with their terminal 

functional groups. In particular, the NH2-BL21 probe demonstrated a strong concentration-

dependent fluorescence response. In contrast, the Thiol-BL21 and No group-BL21 probes 

exhibited weak correlations with DNA concentration, indicating poor signal stability (Fig. 9b). 

This clear dependence of sensing performance on probe terminal functionalization suggests that 

amino groups facilitate more effective interaction and immobilization of the probe on the carbon 

dot surface. 

Further comparison of probes sharing the same amino functional group but differing in nucleotide 

sequence revealed additional variability. While the NH2-BL21 probe maintained a strong linear 

response, the NH2-uidA probe showed only moderate correlation (linear correlation coefficient ≈ 

0.4), and the NH2-mem probe exhibited a weak negative correlation. These findings indicate that, 

once stable immobilization is achieved through NH2 functionalization, hybridization efficiency, 

governed by sequence complementarity and target accessibility, becomes the dominant factor 

influencing sensor performance. 
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Overall, these results reinforce the importance of amino functionalization for stable and effective 

probe anchoring, while highlighting that sequence-dependent hybridization efficiency ultimately 

determines sensor performance. Therefore, the probe comparison experiments in Fig. 9 not only 

identify the optimal probe design but also provide functional evidence supporting the interaction 

between the amino-modified DNA probe and the carbon dot surface. Among all probes tested, the 

NH2-BL21 probe exhibited the highest sensitivity, best reproducibility, and most reliable linear 

response for E. coli DNA detection. This underscores the critical role of rational probe design in 

developing nucleic acid biosensors capable of robust and accurate performance in practical 

applications. 
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Table 4. A comparative table of different kinds of sensors for E. coli detection. Detection ranges and LOD are normalized to molar 

concentration units (M) for consistency. 

Method Detection 

Range (M) 

LOD (M) Cost Practicality Limitation Ref 

Electrochemical DNA sensor 

(AuE + AuNPs + Cht-Au) 
10−16-10−6  10−16  Moderate 

High sensitivity, 

label free detection 

Requires electrode 

modification; lab-based 

instrumentation 

53 

Electrochemical DNA sensor 

(AuNPs+hollow silica 

particles) 

10−22-10−17 1.95×10−27  Moderate 

High sensitivity, 

label free detection 

Very complex 

fabrication; practical use 

not yet shown 

54 

Surface enhanced 

fluorescence 

(Au@Agnanorods) 

10−17-10−11  3.33×10−18  High 

Very high 

sensitivity, specific 

detection 

Complex probe design 

(Cy3-labeled ssDNA + 

stem-loop) 

Costly nanorod synthesis 

Requires fluorescence 

instrumentation 

No real-sample 

validation 

55 
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Surface Plasmon Resonance 

(SPR) 
10−10-10−7 10−11 High 

Label-free, 

relatively short 

detection time, 

high specificity 

Requires expensive SPR 

system; not portable 
56 

Colorimetric (Gold 

nanoparticle) 
N/A ~ 10−7  Very low 

Direct detection of 

unamplified DNA, 

food matrix 

validation 

Moderate sensitivity: 

incubation step needed 

57 

Electrochemical (DNA-

wrapped MWCNTs) 
N/A 1.67×10−8  Moderate 

Good sensitivity 

and selectivity; 

disposable 

electrodes 

Requires PCR 

amplification; sensitivity 

lower than SPR/SEF 

58 

Fluorescent photoluminescent 

(C-dots) 

5×10−14 -

2.5×10−13  
38.36×10−15  Low 

Cost-effective, 

highly sensitive; 

simple readout 

 This 

work

. 
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Table 4 presents a comparative analysis of representative DNA biosensing strategies for E. coli, 

highlighting that each approach offers distinct advantages and limitations depending on application 

requirements. Concentration and LOD values have been converted to molar unit (M) to allow for 

a consistent comparison across different sensors. Conventional electrochemical sensors, including 

those based on Au-modified electrodes or hollow silica particles, provide high sensitivity, with 

reported detection limits reaching the femtomolar or sub-femtomolar range, and enable label-free 

detection. However, their reliance on complex electrode fabrication and sophisticated 

instrumentation often limits their practicality for field deployment.  

Surface-enhanced fluorescence (SEF) and surface plasmon resonance (SPR) systems achieve some 

of the lowest reported detection limits (3.33 × 10-18 M and 0.01 nM, respectively) while also 

providing high specificity. Unfortunately, their reliance on expensive materials (e.g., Au@Ag 

nanorods), multistep probe designs, and high-cost optical equipment limits their accessibility 

primarily to well-equipped laboratories. In contrast, colorimetric assays employing gold 

nanoparticles offer a cost-effective, visually interpretable alternative, demonstrating effective 

detection in real food samples. However, they generally exhibit lower sensitivity and often require 

additional incubation steps. Similarly, DNA-wrapped MWCNT-based electrochemical sensors 

provide good selectivity and disposable formats but still depend on prior PCR amplification and 

show moderate sensitivity compared to optical techniques. 

In this context, the carbon dot-based fluorescence biosensor developed in this study offers a 

balanced combination of sensitivity, simplicity, and cost-effectiveness. The sensor achieves a 

detection limit of 38.36 fM with a linear detection range of 50-250 fM, while remaining rapid, 

label-free, and operable with minimal instrumentation. These features substantially reduce both 

technical complexity and cost compared with SEF or SPR systems. Moreover, the straightforward 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



fabrication process and uncomplicated fluorescence readout enhance the sensor’s potential for 

practical deployment in pathogen monitoring, environmental analysis, and point-of-care 

diagnostics, underscoring the promise of carbon-based nanomaterials in next-generation 

biosensing platforms. 

In summary, this study introduces a carbon-dot-based biosensor with high sensitivity and 

selectivity for bacterial DNA detection. The NH2-BL21 probe plays a critical role in enhancing 

specificity and signal stability, while the favorable optical properties and surface functionalization 

of the C-dots enable efficient target recognition and reliable signal transduction. Nevertheless, the 

absence of validation in real biological or environmental samples limits assessment of performance 

in complex matrices. Future work should therefore focus on evaluating the biosensor under 

realistic conditions to further establish its robustness and practical applicability in diagnostics, 

environmental monitoring, and related biosensing applications. 

Conclusion 

This study presents the development of a fluorescence DNA biosensor that employs 

hydrothermally synthesized carbon dots for the sensitive and selective detection of E. coli DNA. 

The C-dots were characterized using FTIR, EDX, XRD, and FE-SEM techniques, confirming the 

successful synthesis, effective surface functionalization, and consistent nanoscale morphology of 

the C-dots. The incorporation of the amino-modified NH2-BL21 probe significantly enhanced 

target recognition, demonstrating a strong correlation between E. coli DNA concentration and 

fluorescence intensity. The biosensor exhibited an impressive detection range of 50 to 250 fM, 

achieving an exceptionally low detection limit of 38.36 fM, along with a recovery rate of 87.06 - 

113.57%, indicating high analytical accuracy. Over a four-week period, the biosensor exhibited 

good stability, with only minor signal reductions and no statistically significant differences 
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observed. Additionally, it showed minimal cross-reactivity with non-target sequences, confirming 

its high specificity. Recovery experiments in real water samples confirmed that the C-dot biosensor 

provides reliable detection of both genomic and synthetic E. coli DNA, with minimal interference 

in drinking and tap water (recoveries 95-126% and 93-119%). Even in complex matrices like lake 

water, the sensor maintained acceptable accuracy (68-119%). These significant findings 

underscore the potential of C-dot-based fluorescence biosensors as reliable, accurate, and efficient 

tools for the rapid detection of E. coli DNA, with applications in healthcare, environmental 

monitoring, and food safety. Future research should focus on investigating the feasibility of 

multiplexed detection of multiple pathogens. 
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