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This research addresses the critical challenge of achieving precise DNA detection in complex biological 
samples by developing a novel, eco-friendly dengue virus serotype 4 biosensor. Utilizing laser-
scribed graphene nanofibers derived from sustainable oil palm lignin, a cost-effective alternative to 
conventional graphene, the biosensor leverages the material’s high surface area and conductivity 
for enhanced DNA immobilization and signal transduction. While lignin-derived graphene’s 
heterogeneous structure poses challenges to electrochemical performance, this study overcomes 
these limitations by synthesizing laser scribed-graphene nanofibres (LSGNF) decorated with 
manganese oxide nanoparticles. Field-emission scanning electron microscopy images revealed a highly 
advantageous three-dimensional, interconnected network of thin, wrinkled sheets forming a porous 
scaffold, providing efficient electron transport and enhanced molecular interaction. Transmission 
electron microscopy further confirmed the successful integration of Mn3O4 nanoparticles onto the 
LSGNF surface. Fourier Transform Infrared Spectroscopy and Raman spectroscopy corroborated 
the formation of the LSGNF/Mn3O4 nanocomposite, demonstrating successful material synthesis. 
A dengue-specific DNA probe was then immobilized onto the nanocomposite surface, and its 
hybridization with complementary target DNA was evaluated. Successful DNA immobilization and 
hybridization were confirmed by the detection of phosphorus and nitrogen peaks using FTIR and X-ray 
photoelectron spectroscopy. Electrochemical impedance spectroscopy revealed the biosensor’s high 
sensitivity, detecting dengue DNA at femtomolar concentrations (10⁻¹⁵ M) with a significant decrease 
in impedance upon hybridization and a high signal-to-noise ratio (SNR) of 3:1, surpassing typical DNA 
biosensors with SNRs of 1:1 to 2:1. The biosensor exhibited excellent selectivity, optimized between 
SMM, TMM and NC, stability over an 8-week study, and reproducibility across five repetitive IDEs. This 
promising advancement in dengue diagnostics offers a faster response, improved sensitivity, and cost-
effectiveness for early disease detection and management.
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Dengue is a widespread virus that mostly affects tropical region with a substantial worldwide impact due to the 
lack of treatment and vaccine, resulting in a significant public health burden1. In the 2009 WHO announced 
severe dengue warning indicators, which have a high specificity but a low sensitivity when predicting severe 
outcomes in adult dengue patients2. This dengue severity categorization system excludes many patients, especially 
adults, who have dengue but do not exhibit severe symptoms3. Four dengue virus serotypes (DENV-1, −2, −3, 
and − 4) are responsible for causing dengue fever4. These serotypes can also cause more severe forms of the 
disease. Protection against all four serotypes is challenging as it requires vaccines with tetravalent formulations. 
The live attenuated tetravalent dengue vaccine candidate (TDV) developed by Takeda has encouraging results, 
eliciting seroconversion to all four DENV serotypes and neutralizing antibody responses5. Extensive genetic 
variety found among DENV serotypes in DENV-4 in Bangkok, Thailand shows a high rate of evolutionary 
change without any indication of adaptive evolution6. Similarly, genotype IV of DENV-2 has taken the place 
of genotype V in northern India and is still in circulation, which increases the possibility of future epidemics7.

For early diagnosis and treatment, the development of sensitive and selective diagnostic is essential. One such 
technique is the electrochemical DNA biosensor8. An important development in medical diagnostics to detect 
the dengue virus is the use of electrochemical biosensors that provides quick, accurate, and affordable diagnosis. 
The electrochemical biosensor is especially useful for on-site testing in situations with limited resources, such 
as those without easy access to standard laboratory facilities because of its mobility and user-friendliness9. 
Moreover, the quick turnaround time for results often only a few minutes allows for prompt clinical decision-
making, which is essential for effectively controlling dengue epidemics10. This breakthrough has potential for a 
wider use in the field of infectious disease diagnostics, in addition to improving the ability for early detection 
and monitoring of dengue virus infections. These biosensors identify dengue viral biomarkers, such as the virus’s 
RNA, proteins, or antibodies that the host produces in reaction to the infection11. They transform a biological 
response into an electrical signal that can be measured12. The dengue virus can be precisely detected even at low 
concentrations with high specificity due to the affinity of biological recognition elements, such as antibodies or 
aptamers.

Laser-scribed graphene (LSG) significantly improves electrochemical biosensors for dengue detection because 
of its remarkable electrical conductivity, large surface area, and simplicity of functionalization13. This cutting-
edge substance makes creating extremely sensitive and targeted biosensors that can quickly identify dengue viral 
antigens easier. Proteins particular to dengue, such as antibodies, may be precisely attached because LSG is easily 
modifiable, enabling targeted detection for various viruses. As the production of LSG is scalable and affordable, 
it is ideal for developing portable, user-friendly devices for point-of-care testing, especially in situations with 
limited resources14. The incorporation of LSG into biosensors is an important technical development that 
provides faster and more precise dengue detection, critical for efficient patient care and epidemic containment. 
In addition, a major advancement in the detection of dengue viruses is the integration of manganese oxide 
(Mn3O4) with LSG in electrochemical biosensors. This hybrid material combines the strong electrocatalytic 
characteristics of Mn3O4 with the high conductivity and broad surface area of LSG, resulting in increased 
sensitivity and selectivity in dengue biomarkers detection15. The overall performance of the biosensor is enhanced 
by Mn3O4 capacity to promote electron transfer processes, which makes it possible to identify low amounts of 
viral antigens or nucleic acids quickly and precisely16. In addition to improving the signal response for higher 
detection limits, the synergistic action of Mn3O4 and LSG strengthens the biosensor’s stability and longevity, 
increasing its dependability for point-of-care testing17. This novel strategy offers tremendous possibilities for 
early intervention and better patient outcomes in dengue-affected countries by addressing the pressing need for 
dengue diagnostics that are easily accessible, effective, and accurate. Despite being somewhat low in comparison 
to other metal oxides, MnO’s isoelectric point (IEP) is essential for electrochemical dengue sensing with the use 
of LSG/MnO nanocomposites which is 3.1–5.118. MnO nonetheless displays a pH-dependent surface charge in 
spite of its decreased IEP. The MnO surface becomes positively charged at pH levels lower than its IEP, which 
attracts negatively charged dengue-related biomolecules such as viral proteins or antibodies19. The adsorption 
of these molecules onto the LSG/MnO nanocomposite sensor is facilitated by the electrostatic attraction, which 
raises the concentration of target analytes at the sensor interface. As a result, the sensor’s sensitivity for detecting 
dengue is much increased, allowing for accurate and trustworthy findings even at lower IEP levels. Moreover, 
MnO’s low IEP did not reduce its efficacy in dengue diagnosis. The primary factor influencing the sensor’s 
performance is its capacity to generate a surface charge that is conducive to the capture of target biomolecules. 
A positive surface charge is created by carefully lowering the pH of the sample solution to be below the IEP of 
MnO, which guarantees effective adsorption and detection of dengue-related proteins. Accurate sensing findings 
are made possible by this deliberate pH modification, which also offsets the reduced IEP20.

Addressing the critical need for rapid and accurate dengue virus diagnostics, particularly in resource-limited 
tropical and subtropical regions experiencing significant outbreaks and lacking specific treatments or widespread 
vaccination, this research identifies key limitations in current biosensor technology. These limitations include 
achieving optimal selectivity and sensitivity, ensuring long-term stability, and enabling scalable, affordable 
fabrication. Recent advancements in dengue biosensor technology that leverage on the unique properties of 
metal oxides and their composites to achieve highly sensitive and specific detection have been thoroughly studied 
and tabulated in Table 1. Studies have demonstrated the efficacy of electrospun manganese(III) oxide (Mn2O3) 
nanofibers for electrochemical DNA nanobiosensors, achieving zeptomolar detection limits21. Zinc oxide (ZnO) 
nanorods integrated into microfluidic platforms and aluminum-doped ZnO nanostructures on interdigitated 
electrodes have also shown significant promise in immunofluorescence and electrochemical assays, respectively, 
reaching picogram/mL and nanomolar detection ranges22. Furthermore, the combination of laser-scribed 
graphene with manganese oxide (Mn3O4) nanostructures and carbonyldiimidazole-copper nanoflowers has 
enabled femtomolar detection through electrochemical impedance spectroscopy23. Table 1 These innovations 
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highlight the potential of tailored metal oxide nanostructures and their integration with advanced materials and 
microfluidic systems for early and accurate dengue diagnosis.

The integration of Mn3O4 with LSGNF in an electrochemical biosensors is a major advancement for the 
detection of dengue viruses. This hybrid material combines the strong electrocatalytic characteristics of Mn3O4 
with the high conductivity and broad surface area of LSGNF, resulting in increased sensitivity and selectivity 
in dengue biomarkers detection15. The overall performance of the biosensor is enhanced by Mn3O4 capacity 
to promote electron transfer processes, which makes it possible to identify low amounts of viral antigens or 
nucleic acids quickly and precisely16. In addition to improving the signal response for higher detection limits, 
the synergistic action of Mn3O4 and LSGNF strengthens the biosensor’s stability and longevity, increasing its 
dependability for point-of-care testing17. This strategy offers tremendous possibilities for early intervention and 
better patient outcomes in dengue-affected countries by addressing the pressing need for dengue diagnostics 
that are easily accessible, effective, and accurate.

One of the primary challenges in developing this lignin-derived graphene biosensor for dengue detection 
lies in ensuring its long-term stability and reproducibility in real-world diagnostic scenarios. While the novel 
synthesis of LSGNF/Mn₃O₄ offers significant advantages in sustainability and cost, maintaining consistent 
performance over extended periods and across different fabrication batches remains critical. Furthermore, 
optimizing the sensitivity and selectivity to distinguish between all dengue serotypes (DENV-1, DENV-2, 
DENV-3, and DENV-4) and cross-reactivity with other common viral infections presents another significant 
hurdle. The complexity of real biological samples, which contain numerous interfering substances, necessitates 
rigorous validation to ensure accurate and reliable detection2425.

Looking ahead, this research opens several exciting avenues for future development. A significant prospect 
involves integrating the developed biosensor into a portable, user-friendly, point-of-care (POC) diagnostic 
device. This would necessitate further miniaturization, robust packaging, and the development of intuitive 
readout systems for rapid, on-site detection in resource-limited settings. Expanding the detection capability 
beyond dengue serotype 4 to encompass all serotypes, or even multiplexed detection of multiple pathogens, 
represents another crucial future direction10. Moreover, exploring the adaptability of this sustainable lignin-
derived graphene platform for other medical diagnostics or environmental monitoring applications could unlock 
its broader potential, paving the way for a new generation of eco-friendly and cost-effective biosensors2627.

There is a potential in utilizing sustainable and cost-effective materials like oil palm lignin for high-
performance bioelectrodes, as conventional graphene synthesis methods are energy-intensive and can 
damage the material’s structure. In this work, a highly sensitive and selective electrochemical biosensor for 
dengue detection by utilizing a novel hybrid nanocomposite of oil palm lignin-derived laser-scribed graphene 
nanofibers and hydrothermally synthesized nano-octahedral Mn3O4 nanoparticles was developed. Specifically, 
an in-plane biosensor with interdigitated electrodes was constructed using a lignin-polyimide precursor and a 
single-step laser lithography process. A one-step sol-gel hydrothermal growth method, employing manganese 
acetate as the seed solution and manganese nitrate as the growth solution, was used to synthesize Mn3O4. This 
approach enables direct growth of Mn3O4, maintaining its octahedral structure and enhancing adhesion, onto 
the in-plane functionalized LSG biosensor electrodes. To our knowledge, this is the first reported instance of 
directly producing Mn3O4 NPs on a lignin-based LSG electrode for biosensor applications and it’ll be a novel 
approach as well14. Despite the potential of graphene-metal oxide composites, the challenges include achieving 
a controlled synthesis of lignin-derived graphene with tailored properties for DNA sensing and optimizing the 
synergistic integration of Mn3O4 with this graphene for enhanced electrochemical performance. This study 
examines the DNA immobilization and hybridization dynamics of this novel composite bioelectrodes. These 
include characterizing the lignin-derived LSGNF, synthesizing and characterizing the LSGNF/Mn3O4 composite 
with controlled properties, and optimizing DNA immobilization and hybridization on this bioelectrode 
to achieve enhanced detection limits. This research is novel in its utilization of oil palm lignin, an abundant 
agricultural waste, possesses desirable properties such as high phenolic content, inherent biocompatibility, and 
a rich source of functional groups, making it a promising precursor for sustainable nanomaterial synthesis14for 
graphene synthesis via cost-effective laser scribing and the direct growth of nano-octahedral Mn3O4 onto 
LSGNF for biosensor applications. The significance lies in the potential to develop a sustainable, affordable, 
and highly effective point-of-care diagnostic tool for dengue. Specifically, the LSGNF/Mn3O4 nanocomposite 
enables enhanced sensitivity and selectivity over existing biosensors due to its increased surface area and 
synergistic electrochemical properties, allowing for more efficient DNA hybridization and signal transduction 
(Supplementary schematic). This leads to earlier intervention, improved patient outcomes, and better epidemic 
control in affected regions. The entire process, from optimizing lignin-derived graphene production and the 
controlled synthesis of the LSGNF/Mn3O4 composite, through comprehensive material characterization, to 

Metal Oxide Material/Structure Detection Method Target Analyte Detection Limit Limitations Ref

Manganese (III) oxide nanofiber Electrochemical (CV, 
DPV, EIS) Dengue DNA 120 zeptomolar Low conductivity of metal oxides, volume expansion 21

Zinc Oxide nanorod Immunofluorescence DENV-3 3.1 × 10−4 ng/mL Potential for aggregation, surface modification complexity 22

Aluminium nanoparticle doped zinc oxide Electrochemical Dengue 
Serotype 2

55.54 µA nM−1 
cm−2 Requires controlled doping, complex fabrication process 55

Mn3O4 Tetrahedral with Carbonyldiimidazole 
Nanoflower Electrochemical (EIS) DENV-4 1fM Graphene restacking, complex multi-component synthesis 23

Table 1.  Selected metal oxides and their application to electrochemical biosensors for detection of dengue.
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the fabrication and rigorous electrochemical testing of the DNA biosensor for dengue serotype 4, including 
sensitivity, selectivity, stability, and reproducibility assessments, is described.

Methodology
Materials
The lignin was extracted from empty fruit bunch oil palm28and polyimide film was provided by Dye Solar 
Cell Laboratory, Centre of Innovative Nanomaterials and Nanodevices, Universiti Teknologi PETRONAS. 
Manganese (II) Acetate Tetrahydrate (Mn(CH3OO)2·4H2O, Hexamethylenetetramine, HMT (C6H16N2), and 
Manganese (II) Nitrate Tetrahydrate Mn(NO₃)₂·4H₂O were purchased from Sigma-Aldrich (USA), and Ethanol 
(C2H5OH) and Monoethanolamine, MEA (C2H7NO) were purchased from R&M chemicals (Malaysia). First 
Base Chemicals’ phosphate buffer saline (10 mM PBS, pH 7.4) was utilized to create, wash, dilute, and serve as 
an electrolyte for capacitance tests. The oligonucleotide sequences used in this investigation had the following 
specifics: probe DNA (p-DNA): 5’-amine-C6-C TTCCAC ​C​A​G​G​A​G​T​A​C​A​G​C​T​T​C​C​T​C-3’; complementary 
target DNA (t-DNA): 5’ -​G​A​G​G​A​A​G​C​T​G​T​A​C​T​C​C​T​G​G​T​G​G​A​A​G- 3’; non-complementary target DNA (nc-
DNA): 5’-ATGAAG ​C​T​G​T​A​G​T​C​T​C​A​C​T​G​G​A​A​G​G-3’; one base mismatched target DNA (m-DNA): 5’ -GAG ​
G​A​A​G​C​T​G​T​AG​T​C​C​T​G​G​T​G​G​A​A​G- 3’; three base mismatched target (tm-DNA): 5’ -GAG ​G​A​A​G​C​T​G​T​TG​A​
C​C​T​G​G​T​G​G​A​A​G- 3’ were purchased from Sigma-Aldrich (USA).

Fabrication of LSG electrode
A 20% v/v lignin solution was evenly spread onto a polyimide sheet using the doctor’s blade technique. The 
lignin-coated sheet was baked for one hour at 50 °C to dry. Subsequently, a CO2 laser (V-460, Universal Laser 
System) was used to engrave the cured sheet at 300 mm/s and 21 W. The coated substrate darkens upon laser 
scribing, an indication that graphene has formed through the carburization process. The resulting decarbonized 
lignin layer was removed by immersing the sheet in a water bath. Finally, the laser-scribed graphene (LSG) 
electrode derived from lignin was dried at 50 °C14.

Preparation of LSGNF/Mn3O4
A 0.2 M Mn(C2H3O2)2.4H2O seed sol-gel was prepared in 50 ml of ethanol29. This solution was heated to 60 °C 
and stirred at 800 rpm for 30 min. MEA was gradually added to the Manganese Oxide (MnO) seed solution at 
a 1:1 concentration ratio, resulting in a dark brown solution after a day of aging. The LSG biosensor was then 
spin-coated with the MnO seed solution at 3000 rpm for 20 s. The coated LSG IDE was dried for 20 min at 60 °C, 
followed by 10 min at 150 °C.

Fabrication of DNA bioelectrode
A 0.5 cm2 interdigitated electrode (IDE) with six electrode pairs was designed in CorelDraw and fabricated via 
laser-scribing, following the parameters established in the preceding step for laser-scribed graphene nanofiber 
preparation.

DNA immobilization and hybridization
Mn3O4 was used to alter the LSG IDE, to facilitate covalent bond contact with the aminated probe DNA. First, 
the LSG IDE was dropped with 20 µL of probe DNA solution, then incubated for 1 h. After that, target DNA was 
immobilized on the LSG IDE at different concentrations ranging from 1 fM to 1 nM and incubated for another 
1  h for hybridization investigation. A detailed analysis was conducted on DNA sequences that were Single 
Mismatch (SMM) a single base pair difference between two otherwise complementary DNA or RNA strands 
is referred to as a single mismatch, or simply MM30. This kind of mutation occurs when a single nucleotide on 
one strand differs from the equivalent nucleotide in the other strand in terms of Watson-Crick complement. 
Third base Mismatch (TMM) RNA or DNA sequence has three mismatched base pairs. For example, if there are 
three sites on two DNA strands where the base pairs do not complement each other and non-complementary 
(NC) two DNA strands that don’t pair with adenine (A) and thymine (T) or cytosine (C) and guanine (G) 
according to the normal base pairing principles. Stated differently, non-coding RNA (ncRNA) strands are devoid 
of the characteristic complementary sequence that facilitates the creation of a stable double helix structure via 
hydrogen bonding31.

Material characterizations
The surface morphology on microstructure of the electrode was examimed using FESEM (TESCAN CLARA, 
UHR SEM) and A HITACHI HT 7830 high-transmission electron microscope (HRTEM) was utilized to obtain 
higher magnification images of Bare LSG and LSGNF/Mn3O4 dispersed in ethanol and sonicated for 10 min 
before dropping on the copper grid. The structural properties and crystallization of LSG-NF were studied using 
Raman spectroscopy (HORIBA Jobin Yvon HR800) were and the Raman Spectra were obtained using a Raman 
Spectrometer (Horiba, HR800) with a 514 nm laser for excitation. The electrode’s specific surface area (SSA) 
and pore diameter distribution were assessed using the Tristar 3020 Plus, utilizing the Barrett Joyner Halenda 
(BJH) model and the Brunauer-Emmett-Teller (BET) approach. The elemental composition of the electrode 
was evaluated using an X-ray photoelectron spectroscopy and Thermo Scientific K-X-ray Alpha photoelectron 
spectroscopy. The presence of functional groups in the material was investigated based on Fourier-transform 
infrared spectroscopy (FTIR) (Perkin Elmer Spectrum One) measurements. X-ray photoelectron spectroscopy 
(XPS) was employed to investigate the elemental composition of the electrode. The XPS spectra were obtained 
using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer.
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Electrochemical characterization
Electrochemical impedance spectroscopy (EIS) measurements were performed using a 2-electrode system 
(Metrohm, Autolab) comprising a pair of working electrodes. EIS spectra were obtained across a frequency 
range of 10 mHz to 100 kHz. The interaction between target analytes and the sensor surface was determined by 
analyzing charge transfer resistance, double-layer capacitance, and changes in electrical impedance derived from 
EIS curves using equations provided in the supplementary material.

DNA immobilization and hybridization
The IDE was modified with LSGNF/Mn3O4 to promote covalent bonding with probe DNA. A 5 µL probe 
DNA solution was applied to the LSGNF/Mn3O4 IDE, incubated for one hour, and then rinsed with PBS. For 
hybridization studies, varying concentrations of target DNA (1 fM to 1 nM) were immobilized on the IDE. 
Mismatched and non-complementary DNA sequences were also examined.

Results and discussion
Morphological analysis of bare LSG and LSGNF/Mn3O4 through field emission scanning 
Electron microscope and transmission Electron microscopy
The FESEM images of bare laser-scribed graphene (LSG), shown in Figs. 1a and b, reveal a highly advantageous 
morphology for graphene-based sensor applications. The structure exhibits a three-dimensional, interconnected 
network of thin, wrinkled graphene sheets, forming a porous scaffold. This interconnectedness creates a 
continuous conductive pathway throughout the material, facilitating efficient electron transport. The wrinkled 
and folded nature of the graphene sheets contributes significantly to a high surface area32. This large surface area 
provides ample sites for interactions with analytes or other functional materials, which is crucial for sensing 
or catalytic applications. The inherent porosity of the LSG framework allows for easy access and diffusion of 
molecules within the structure, further enhancing its interaction capabilities. The EDS mapping in Fig. 1f clearly 
confirms the presence of carbon as the dominant element, consistent with the formation of graphene. The 
uniform distribution of the carbon signal across the mapped area indicates successful laser scribing process, 
resulting in a relatively consistent homogeneous graphene structure33.

The FESEM images of the LSGNF/Mn3O4 composite, depicted in Fig.  1c and d, showcase a modified 
morphology due to the integration of manganese oxide nanoparticles with the LSG framework. The underlying 
porous and interconnected graphene structure of LSG is still evident, providing the same advantages of 
continuous conductivity and high surface area. Crucially, the surface of the graphene sheets and the pores within 
the network are now decorated with a dense distribution of Mn3O4 nanoparticles14. These nanoparticles, as 
seen in higher magnification in Fig. 1 (d), are relatively uniform in size and are intimately associated with the 
graphene substrate. This close contact between the Mn3O4 and the conductive graphene network is structurally 
beneficial, ensuring efficient charge transfer between the two components. The EDS mapping of the composite 
in Figs. 1i, j, and k provides clear elemental confirmation. The presence and uniform distribution of manganese 

Fig. 1.  (a, b) FESEM images of Bare LSG. (c, d) FESEM images of LSGNF/Mn3O4. (e–k) Elemental mapping 
images of Bare LSG and LSGNF/Mn3O4.
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(Mn) and oxygen (O) signals, in addition to the carbon (C) signal from the LSG, confirm the successful 
deposition or growth of Mn3O4 onto the graphene. The spatial correlation of the Mn and O signals indicates 
the formation of manganese oxide, and their overlap with the carbon signal suggests a homogeneous dispersion 
of Mn3O4 nanoparticles throughout the LSG network32. This composite structure benefits from the synergistic 
combination of the high surface area and conductivity of the LSG with the unique electrochemical or catalytic 
properties of the well-dispersed Mn3O4 nanoparticles, creating a functional hybrid material with enhanced 
performance capabilities14.

The Transmission Electron Microscopy (TEM) images of bare laser-scribed graphene (LSG), presented 
in Fig.  2a, b, and c, at increasing magnifications, reveal a morphology highly characteristic of multi-layered 
graphene. Figure 2a shows a large-scale view of the LSG structure, exhibiting a crumpled and folded sheet-like 
morphology. This morphology provides a high surface area, a significant advantage for various applications as 
it increases the interaction sites with other materials or analytes. Figure 2b offers a closer look, highlighting 
the thin, translucent nature of the graphene sheets and their interconnected, web-like arrangement. This 
interconnectedness establishes a continuous conductive network throughout the material, facilitating efficient 
electron transport, a crucial benefit for electronic and electrochemical applications. At the highest magnification, 
as shown in Fig. 2c, the layered structure of graphene is more clearly visible, indicating the presence of multiple 
stacked graphene sheets34. The flexibility and thinness of these layers contribute to the overall lightweight and 
high surface-to-volume ratio of the material, which are desirable properties for biosensing applications. FESEM 
and TEM analyses revealed distinct morphological differences between bare LSG and LSGNF/Mn3O4. Bare LSG 
exhibited a smooth, uniform surface, whereas LSGNF/Mn3O4 displayed a rougher texture with visible Mn3O4 
nanoparticles dispersed on the LSG surface. TEM imaging further confirmed the successful incorporation of 
Mn3O4 nanoparticles onto the LSG structure with uniform size distribution. These findings collectively suggest 
the successful synthesis of LSGNF/Mn3O4 composite material with enhanced surface area and active sites, 
leading to improved catalytic performance.

To further analyze the morphological structure of the hausmannite Mn3O4 NPs produced, Transmission 
Electron Microscopy (TEM) images were taken, as shown in Fig. 2d–f. The TEM images of the LSGNF/Mn3O4 
composite, shown in Figs. 2d, e, and f, demonstrate the successful integration of manganese oxide nanostructures 
with the LSG framework. Figure 2d provides a general overview, showing the LSG sheets decorated with darker, 
more electron-dense nanoparticles, indicating the presence of a heavier element, in this case, manganese. 
Figure 2e, at higher magnification, clearly illustrates the distribution of these Mn3O4 nanoparticles (highlighted 
by yellow circles) on the surface of the graphene sheets. The intimate contact between the nanoparticles and the 
underlying graphene substrate is structurally beneficial as it ensures efficient electronic coupling between the two 
components, potentially enhancing the overall performance of the composite material35. The high dispersion of 
the Mn3O4 nanoparticles maximizes the surface area available for interaction34. The high-resolution TEM image 
in Fig. 2f provides further confirmation of the Mn3O4 structure. The lattice fringes with a measured spacing 

Fig. 2.  (a, b) Low magnification and (c) High magnification TEM images of Bare LSG; inset shows overlay of 
imaginary cubic shapes. (d, e) Low magnification and (f) High magnification TEM images of LSGNF/Mn3O4; 
inset shows overlay of imaginary cubic shapes.
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of 0.46  nm correspond to the crystallographic planes of Mn3O4
36. Additionally, Fig.  2f shows the proximity 

and direct contact between these crystalline Mn3O4 nanoparticles (indicated by red dashed squares) and the 
layered graphene sheets (indicated by white lines), essential for synergistic effects in composite applications. 
This intimate integration allows for effective charge transfer by combining the desirable properties of both 
components37.

Crystallographic analysis of bare LSG and LSGNF/Mn3O4 through XRD
The XRD graph in Fig. 3 presents the diffraction pattern for “Bare LSGNF,“. The XRD pattern of the bare LSG 
in Fig. 3i shows a prominent, sharp peak at approximately 26˚ (2θ). This peak corresponds to the (002) plane of 
graphene. The (002) peak is characteristic of the graphitic structure, indicating the stacking of graphene layers 
along the c-axis. The sharpness and intensity of this peak suggest a relatively ordered arrangement of graphene 
sheets in the laser-scribed material. The absence of other significant peaks in the bare LSG spectrum indicates 
that the laser scribing process primarily resulted in the formation of graphene without introducing other 
crystalline phases or impurities. The broadness of the base of (002) peak indicates that the graphene structure 
is imperfect and has some degree of disorder or defects38,39. The XRD pattern of the LSGNF/Mn3O4 composite 
reveals a more complex profile, with several distinct peaks, indicating the presence of multiple crystalline phases. 
In addition to the (002) peak of graphene, several peaks corresponding to Mn3O4 are observed. These peaks are 
indexed and labeled in Fig. 3ii. The peaks at 29.1˚, 32.3˚, 36.1˚, 38.2˚, 44.3˚, 49.3˚, 55.1˚, 60.1˚, and 64.2˚ (2θ) can 
be attributed to the (103), (112), (311), (222), (400), (105), (511), (440), and (553) planes of Mn3O4, respectively. 
These peaks confirm the presence of the Mn3O4 phase in the composite. The presence of these peaks, along with 
the (002) peak of graphene, indicates the successful formation of the LSGNF/Mn3O4 composite. Comparing the 
two spectra, it is evident that the introduction of Mn3O4 nanoparticles onto the LSG significantly altered the XRD 
pattern. The sharp (002) peak of graphene is still present in the composite but its intensity is reduced, suggesting 
that the Mn3O4 nanoparticles may have disrupted the ordered stacking of graphene layers to some extent. The 
presence of the Mn3O4 peaks confirms the successful incorporation of Mn3O4 onto the LSG surface14,33.

Fig. 3.  XRD spectra of Bare LSG, (i) before and (ii) after deposition of Mn3O4.
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Optical analysis of bare LSG and LSGNF/Mn3O4 through Raman spectroscopy
The variation of graphene-based material structure encompassing disorder and defect frameworks was analyzed 
using Raman spectroscopy40. The Raman spectra of both bare LSG and LSGNF/Mn3O4 in Fig.  4(i) and (ii) 
reveal the stretching of the D (breath of the sp2 -rings/K-point phonons of A1g symmetry)41 and G (bond 
stretching motion of C sp2/E2g phonons) bands, and the 2D band (a double-resonance process of two phonons)42 
confirming the presence of graphene in the samples40. The G band, located around 1586 cm⁻¹, corresponds to 
the in-plane vibration of sp²-bonded carbon atoms and is indicative of the graphitic nature of the material. The 
2D band, appearing around 2690–2699 cm⁻¹, is related to the stacking order of graphene layers and is sensitive 
to the number of layers. The D band, observed around 1348–1351 cm⁻¹, is associated with defects and disorder 
in the graphene lattice, such as the presence of edges, vacancies, or amorphous carbon40. The A1g peak, observed 
at 655 cm⁻¹ in the Raman spectrum, is a characteristic vibrational mode associated with the Mn-O stretching in 
Mn3O4. The presence of this peak confirms the formation of the Mn3O4 phase within the composite material. 
The intensity of the A1g peak at 655, while not directly provided as a ratio, indicates the presence of Mn3O4 
and suggests a certain degree of crystallinity or ordered structure within the manganese oxide. The I(2D)/I(G) 
ratio is approximately 1.70 in both spectra. This value is generally indicative of multilayer graphene, although 
it does not relate to the number of layers. For monolayer graphene, this ratio is typically greater than 2, while 
for bulk graphite, it is closer to 0.5. The observed ratio suggests that the LSG in both samples is likely composed 
of a few layers of graphene43. The I(D)/I(G) ratio is around 0.85 for both bare LSG and LSGNF/Mn3O4. This 
ratio is significantly higher than 0.1, indicating a considerable defects and disorder in the graphene structure. 
The defects and disorder is expected for laser-scribed graphene, as the laser ablation process often introduces 
structural imperfections. When comparing the spectra, it was observed that the D, G, and 2D peaks are present 
in the bare LSG and LSGNF/Mn3O4 samples, confirming the presence of graphene in both materials. The fact 
that these peaks are retained in the LSGNF/Mn3O4 composite suggests that the graphene structure is largely 
preserved after the introduction of Mn3O4. The presence of Mn3O4 is not directly visible in the Raman spectra 
shown as Raman spectroscopy is more sensitive to carbon-based materials. To confirm the presence of Mn3O4, 
other characterization techniques like X-ray diffraction (XRD) or transmission electron microscopy (TEM) 
would be necessary. However, the fact that the graphene peaks are still present in the composite indicates that 
the Mn3O4 is likely interacting with the graphene without significantly altering its fundamental structure42.

Fig. 4.  Raman spectra of Bare LSG, (i) before and (ii) after deposition of Mn3O4.
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Validation of immobilization and hybridization through Fourier-transform infrared 
spectroscopy and X-ray photoelectron spectroscopy
FTIR analysis reveals the chemical composition of the LSGNF/Mn3O4 surface after probe DNA immobilization 
and hybridization by examining their vibrational signatures. The FTIR spectra for LSGNF/Mn3O4, immobilized 
probe DNA, and hybridized LSGNF/Mn3O4 (duplex) on the IDE are presented in Fig. 5(i) and (ii). In the context 
of a biosensor, the binding of a probe DNA to its target DNA is a fundamental process known as hybridization. 
This mechanism relies on the highly specific Watson-Crick base pairing rules44where adenine (A) always pairs 
with thymine (T) and guanine (G) always pairs with cytosine (C) through hydrogen bonds. The probe DNA, 
typically a short, single-stranded oligonucleotide with a sequence complementary to a portion of the target DNA, 
is immobilized on the electrode surface. When a sample containing the target DNA is introduced, if the target 
DNA sequence is present, it will recognize and bind to its complementary probe DNA sequence. This binding 
occurs due to the formation of stable hydrogen bonds between the complementary base pairs, leading to the 
formation of a double-stranded DNA (dsDNA) helix on the electrode surface. This highly selective molecular 
recognition event is crucial for the biosensor’s ability to detect specific analytes45. The chemical bonds in 
functional groups attenuate infrared transmission through stretching and bending vibrations. The 700–1800 cm−1 
range is characteristic for nucleic acids46,47. Figure 5 compa res the FTIR spectra of immobilized (ssDNA) and 
hybridized (dsDNA) surfaces, showing slight differences in transmittance peaks. The peak at 54  cm−1 and a 
minor vibrational band indicate deoxyribose phosphate in both probe and duplex spectra. Hybridization shifts 
a peak from 900 to 1250 cm−1. Additional peaks in the 900–1250 cm−1 range suggest increased symmetric and 
asymmetric vibrations of the PO43 − group in probe and target DNA, originating from the DNA phosphodiester 
deoxyribose backbone. Absorption peaks at 1089 and 1255 cm−1 in both ssDNA and duplex spectra confirm 
the presence of DNA phosphate classes48. Peaks at 1450, 1640, 1738, and 1770 cm−1, corresponding to cytosine, 
thymine, adenine, and guanine, respectively, confirm successful immobilization and hybridization of LSGNF/
Mn3O4 on the bioelectrode49. The FTIR data validate the effectiveness of bioelectrode functionalization.

Fig. 5.  FTIR spectra of LSGNF/Mn3O4 bioelectrode upon (i) immobilization and (ii) hybridization of DNA 
sequences from Aedes Aegyptii serotype 4. Transmittance region: 700–1800 cm−1.
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X-ray photoelectron spectroscopy (XPS) was employed to examine the elemental makeup and chemical states 
of the outermost layer of LSGNF/Mn3O4. Additionally, XPS was used to assess any changes on this surface after 
modification for Aedes Agyptii serotype 4 detection. Survey scans (Fig. 6) revealed carbon, oxygen, manganese, 
sulfur, phosphorus, and nitrogen on all three analyzed samples. Peaks at 285 eV and 533 eV were assigned to 
C1s and O1s, respectively, while Mn2p peaks appeared at 643 eV and 642 eV. Functionalization led to a minor 
increase in C1s and O1s peak intensity and a decrease in Mn2p intensity, suggesting successful immobilization 
and hybridization of the bioelectrode. Peaks at 165 eV and 167 eV corresponded to S2p, attributed to the thiol-
terminated probe DNA. The appearance of P2p and N1s after immobilization and hybridization aligns with 
FTIR results showing phosphorus and nitrogen functional groups on the bioelectrode. Binding energy shifts for 
both immobilization and hybridization peaks further support the formation of bonds between probe DNA and 
target DNA on the bioelectrode surface. Therefore, XPS data confirms the bioelectrode’s ability to immobilize 
and hybridize29.

Bio-sensing analyses of LSGNF/Mn3O4 nanocomposite
Electrochemical Impedance Spectroscopy (EIS) is a powerful electrochemical technique used to characterize 
the electrical properties of an electrode-electrolyte interface. It works by applying a small amplitude alternating 
current (AC) potential over a range of frequencies and measuring the resulting AC current. The impedance, 
which is the opposition to current flow, is then calculated as a function of frequency. This technique provides 
insights into various interfacial processes, including charge transfer, diffusion, and the capacitance of the 
electrical double layer. The double-layer capacitance (Cdl), a key parameter extracted from EIS data, arises from 
the accumulation of charges at the electrode-electrolyte interface, effectively acting like a capacitor50. Variations 
in Cdl are directly related to the modification of electrode surfaces. When the electrode surface is modified, for 

Fig. 6.  Survey scan of XPS core level spectra for (i) Bare LSG, (ii) immobilized (LSG/LSGNF/Mn3O4/ssDNA) 
and hybridized (LSG/LSGNF/Mn3O4/dsDNA).
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instance, by immobilizing probe DNA or upon subsequent hybridization with target DNA, the physical and 
chemical properties of the interface change. The introduction of biomolecules, changes in surface roughness, 
or alterations in hydrophobicity/hydrophilicity can all affect the amount of charge that can accumulate at the 
interface, thereby changing the Cdl. For example, the immobilization of DNA molecules, which are charged, can 
alter the ionic distribution near the electrode, leading to a change in Cdl. Similarly, the formation of a larger, 
more compact double-stranded DNA structure after hybridization can further impact the interfacial properties 
and, consequently, the Cdl value, providing an electrochemical signal indicative of the binding event5253.

The biosensing capability of the LSGNF/Mn3O4 decorated IDE was assessed using electrochemical impedance 
spectroscopy (EIS) in a 1 × PBS solution (pH 7.4). Nyquist plots were constructed from data acquired over a 
frequency range of 100  Hz–1  MHz (Fig.  7). These plots typically display a semicircle at higher frequencies, 
representing the interfacial charge transfer resistance (Rct) related to carrier transfer from the bioelectrode to 
the PBS solution, followed by a linear component at lower frequencies attributed to the diffusion-limited phase. 
The Nyquist plot can be modeled by the Randles equivalent circuit (inset), where Rs and Rct represent bulk 
solution resistance and charge transfer resistance, respectively, Zw is the Warburg impedance, and CPE is the 
constant phase element. In Fig. 7(a), the bare LSG exhibits a higher Rct (~ 8 Ω) due to inherent resistance to 
charge transfer, limited surface area, and lower conductivity. Rct significantly decreases (~ 4 Ω) after Mn3O4 
growth, as Mn3O4 is a mixed-valence metal oxide with good electrical conductivity, facilitating electron transfer 
at the electrode-solution interface. Additionally, Mn3O4’s catalytic activity towards relevant redox reactions 
further lowers impedance. The steeper and shorter tail of LSGNF/Mn3O4, approaching 45°, indicates reduced 
Warburg resistance due to the high surface-area-to-volume ratio, increasing the electrode’s active surface for 
electrochemical reactions15. Rct decreases to ~ 1.5 Ω after immobilization due to the negatively charged phosphate 
backbone of DNA attracting positive ions, creating a more conductive microenvironment. The ssDNA layer 
forms a partial electrical double layer, facilitating charge transfer. Rct increases to ~ 2 Ω during hybridization 
as dsDNA forms a more ordered and compact layer than ssDNA, creating more efficient pathways for electron 
transfer. Hybridization-induced conformational changes in the dsDNA layer further enhance electron transfer. 
Increased Rct is attributed to additional phosphate skeleton from target DNA, inducing more electrostatic 
repulsion. This confirms successful target DNA hybridization, forming a double-stranded DNA duplex on the 
surface. Lower impedance means faster and more efficient electron transfer, increasing sensor sensitivity. Mn3O4 
and DNA modifications not only facilitate charge transfer but also amplify the signal generated by probe-target 

Fig. 7.  (a) Impedimetric curve of (i) Bare LSG, (ii) LSGNG/Mn3O4, (ii) immobilized LSGNF/Mn3O4 (probe), 
and (iii) hybridized LSGNF/Mn3O4 (target) bioelectrode; the inset shows the Randles equivalent circuit, where 
the parameters Rs, Rct, Zw, and CPE represent the bulk solution resistance, charge transfer resistance, Warburg 
impedance, and constant phase element respectively. (b) Impedance spectra of LSGNF/Mn3O4 hybridized with 
different concentrations of complementary target DNA (i–v) 1 fM to 1 nM, (c) illustrates the linear regression 
curve at different concentrations of target DNA with the linear equation: ΔRct = 1.964 × 103x + 3.1837 × 104, 
(R2 = 0.96688), (d) bar chart showing specificity of the LSGNF/Mn3O4 bioelectrode against mismatching 
and non-complementary DNA, (e) reproducibility curve of 5 parallel bioelectrodes fabricated under similar 
processing conditions, (f) stability of LSGNF/Mn3O4 biosensors.
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DNA interaction, leading to a stronger signal. Specific hybridization ensures selectivity, making the sensor 
responsive only to the target molecule53.

A Nyquist plot for the immobilized electrode exposed to varying target DNA concentrations (1 fM–1 nM) is 
shown in Fig. 7b. Rct increases with increasing target DNA concentrations upon hybridization due to increased 
electrostatic repulsion between negative ions and the negatively charged phosphate backbone in probe DNA. 
A linear correlation of the difference in ΔRct​=Rct,hybridization​−Rct,immobilization​ with the logarithm of 
complementary DNA concentrations is shown in Fig. 7c. ΔRct increases linearly with increasing complementary 
DNA concentration, fitting the linear relation: ΔRct = 1.964 × 103 x + 3.1837 × 104 with R2 = 0.9668855. Figure 7d–f 
show the analytical performance of the LSGNF/Mn3O4 bioelectrode. The electrode demonstrates good linearity, 
with detection and quantification limits of ~ 10−15 M and ~ 10−13 M, respectively. The Rct for target DNA (1 
nM) is ~ 12 Ω, approximately 4 times greater than the Rct of single-base mismatched DNA (~ 2.5 Ω) at 1 nM, 
indicating excellent sequence sensitivity. Non-complementary DNA shows no significant effect on Rct values, 
suggesting no specific interference. Repeatability analysis shows good reproducibility with low relative standard 
deviation (RSD) (Fig. 7e). The biosensor remains relatively stable with 12% degradation over 8 weeks of storage 
at 2 °C (Fig. 7f).

Comparative analysis: advancements in sustainable dengue biosensors
The current research presents a significant advancement in dengue virus detection by introducing a novel, 
sustainable, and cost-effective in-plane biosensor. Unlike previous studies that utilized various metal oxides 
(like Mn2O3, ZnO, Al-doped ZnO, MnO)21 and graphene integrated via drop-casting or deposition on complex 
electrode configurations such as glassy carbon electrodes or silicon-based IDEs, this work uniquely employs 
oil palm lignin-derived laser-scribed graphene nanofibers (LSGNF) for graphene synthesis. This eco-friendly 
approach not only reduces environmental impact and cost but also enables the direct fabrication of interdigitated 
electrodes (IDEs) on a lignin-polyimide precursor via laser lithography, simplifying the overall process. 
Furthermore, the direct, one-step sol-gel hydrothermal growth of nano-octahedral Mn3O4 nanoparticles 
directly on the LSGNF electrodes enhances adhesion and offers precise control over the nanostructure, a 
focused morphology not as specifically emphasized in prior research23. While previous studies focused on broad 
detection limits and various metal oxide morphologies, the current work specifically optimizes electrochemical 
impedance spectroscopy (EIS) for dengue serotype 4, aiming for enhanced sensitivity and selectivity through 
optimized DNA immobilization and hybridization on the novel LSGNF/Mn3O4 composite. This addresses 
previous limitations related to complex fabrication, aiming for a practical point-of-care diagnostic tool that 
is affordable and sustainable, directly contributing to addressing the need for accessible and efficient dengue 
diagnostics in resource-limited settings. This research introduces a notable advancement in dengue virus 
detection by leveraging sustainable oil palm lignin to synthesize laser-scribed graphene nanofibers (LSGNF), a 
significant departure from previous reliance on various metal oxides and graphene integration via less controlled 
methods. Unlike prior studies that employed diverse electrode configurations like GCE55 or silicon-based 
IDEs23the current work streamlines the process by fabricating in-plane interdigitated electrodes directly on a 
lignin-polyimide precursor using laser lithography. Furthermore, while previous research explored various metal 
oxide morphologies (nanofibers, nanorods)22this study specifically focuses on the direct, one-step hydrothermal 
growth of nano-octahedral Mn3O4 nanoparticles onto LSGNF electrodes, optimizing electrochemical 
performance through enhanced adhesion and controlled nanostructure, addressing limitations such as low 
conductivity and aggregation seen in earlier approaches. The electrochemical impedance spectroscopy (EIS) 
detection method is optimized for dengue serotype 4, aiming for superior sensitivity and selectivity via advanced 
DNA immobilization and hybridization on the novel LSGNF/Mn3O4 composite. This emphasis on developing 
a practical, affordable, and sustainable point-of-care diagnostic tool directly tackles the challenges of scalable 
and cost-effective fabrication prevalent in earlier dengue detection methods, which often involved complex 
multi-step syntheses and fabrication processes. Ultimately, the utilization of agricultural waste for graphene 
synthesis and the direct growth of Mn3O4 on lignin-derived graphene represent a significant novel contribution 
towards eco-friendly and efficient biosensor fabrication for real-world applications in resource-limited settings. 
As a comparative study conducted for further discussion of the significance, differences, and material aspects of 
previous research with current research tabulated in Table 2.

Conclusion
This research presents a novel, eco-friendly electrochemical biosensor for dengue virus serotype 4, uniquely 
leveraging LSGNF derived from sustainable oil palm lignin decorated with Mn₃O₄ nanoparticles. This represents 
the first reported instance of directly integrating Mn₃O₄ nanoparticles onto a lignin-based LSG electrode 
for biosensor applications, offering a cost-effective and scalable approach. Characterization confirmed a 3D 
interconnected LSGNF network with crystalline Mn₃O₄ (0.46 nm lattice spacing), validated by FESEM and TEM. 
FTIR and XPS confirmed successful DNA probe immobilization and hybridization via characteristic phosphorus 
(P2p) and nitrogen (N1s) peaks. Electrochemical impedance spectroscopy (EIS) demonstrated superior 
performance: Rct changed from ∼8Ω (bare LSG) to ∼4Ω (LSGNF/Mn₃O₄), ∼1.5Ω (immobilized ssDNA), and 
∼2Ω (hybridized dsDNA). The biosensor achieved an ultra-high detection limit of 10−15M (femtomolar) with 
a 3:1 signal-to-noise ratio (SNR). It exhibited excellent selectivity (e.g., ∼4-fold higher Rct for complementary 
vs. single-base mismatched DNA at 1 nM), robust stability over 8 weeks (12% degradation at 2 °C), and high 
reproducibility. This sustainable, highly sensitive, and selective biosensor marks a significant advancement in 
dengue diagnostics, promising profound impact on early disease detection and epidemic management.
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Aspect Previous Research Current Research Differences Significance Ref

Material 
Synthesis and 
Composition

- Various metal oxides 
(Mn2O3, ZnO, Al-doped ZnO, 
MnO) synthesized through 
electrospinning, hydrothermal, 
sol-gel.
- Graphene integration via drop-
casting or deposition

- Oil palm lignin-derived laser-scribed 
graphene nanofibers (LSGNF) synthesized 
via laser lithography.
- Nano-octahedral Mn3O4 synthesized 
via one-step sol-gel hydrothermal growth 
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lignin for graphene synthesis, 
reducing environmental 
impact and cost.
- Employs a direct, one-step 
hydrothermal growth of 
Mn3O4 on LSGNF, enhancing 
adhesion and control over 
nanostructure.

Demonstrates a novel, eco-
friendly approach to biosensor 
fabrication with improved 
material integration.

21–23,55

Electrode 
Fabrication 
and 
Configuration

- Glassy carbon electrodes (GCE), 
silver interdigitated electrodes 
(IDEs) on silicon substrates
- Microfluidic chip integration for 
some ZnO-based sensors.

- In-plane biosensor with interdigitated 
electrodes (IDEs) fabricated directly 
on lignin-polyimide precursor via laser 
lithography.

- Fabricates IDEs directly 
on a lignin-polyimide film, 
simplifying the process and 
potentially improving device 
miniaturization.

- Streamlines electrode 
production, reducing 
fabrication complexity and 
cost.

21–23,55

Metal Oxide 
Morphology 
and Properties

- Nanofibers (Mn2O3), nanorods 
(ZnO), nanostructures (Al-doped 
ZnO, MnO)
- Focus on enhancing surface area 
and conductivity

- Nano-octahedral Mn3O4 nanoparticles.
- Emphasis on controlled morphology and 
enhanced adhesion to LSGNF.

- Specific focus on nano-
octahedral Mn3O4 morphology 
for optimized electrochemical 
performance.
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of tailored nanostructure 
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Detection 
Method and 
Performance

- Electrochemical (CV, DPV, EIS), 
immunofluorescence.
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zeptomolar to femtomolar levels

- Electrochemical detection (EIS) optimized 
for dengue serotype 4.
- Aims for enhanced sensitivity and 
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immobilization and hybridization.
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DNA immobilization and 
hybridization on the novel 
LSGNF/Mn3O4 composite.

Advances the understanding 
of biointerface engineering 
for improved biosensor 
performance.
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Target 
Analyte and 
Applications

- Dengue virus detection (DNA or 
antibodies)
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- Specific focus on dengue serotype 4 
detection
- Development of a point-of-care diagnostic 
tool.
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point-of-care solution, 
emphasizing affordability and 
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accessible and efficient dengue 
diagnostics in resource-limited 
settings.

21–23,55
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Low conductivity, volume 
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cost-effectiveness through 
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of direct growth of Mn3O4 onto 
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sustainable, and cost-effective 
approach to dengue biosensor 
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