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False smut caused by Ustilaginoidea virens is an impor-
tant rice fungal disease that significantly decreases its 
production. In the recent past, conventional methods 
have been developed for its detection that is time-con-
suming and need high-cost equipments. The research 
and development in nanotechnology have made it 
possible to assemble efficient recognition interfaces in 
biosensors. In this study, we present a simple, sensitive, 
and selective oxidized graphene-based geno-biosensor 
for the detection of rice false smut. The biosensor has 
been developed using a probe DNA as a biological rec-
ognition element on paper electrodes, and oxidized gra-
phene to enhance the limit of detection and sensitivity 
of the sensor. Probe single-stranded DNA (ssDNA) and 
target ssDNA hybridization on the interface surface has 
been quantitatively measured with the electrochemical 
analysis tools namely, cyclic voltammetry, and linear 
sweep voltammetry. To confirm the selectivity of the 
device, probe hybridization with non-complementary 
ssDNA target has been studied. In our study, the de-
veloped sensor was able to detect up to 10 fM of target 
ssDNA. The paper electrodes were employed to pro-
duce an effective and cost-effective platform for the im-

mobilization of the DNA and can be extended to design 
low-cost biosensors for the detection of the other plant 
pathogens. 

Keywords : DNA probe, false smut, graphene, nanosen-
sors, plant pathogen electrochemical

Rice is the third important crop grown worldwide after 
maize and sugarcane, which is important for the economy 
and food security of the whole world. India is the second-
largest producer of rice in the world after China (Khatkar 
et al., 2016). However, the risk posed by crop damage due 
to pests, diseases, natural disasters, etc. hinders the food 
security of the country. It is infected by several different 
pathogens, and rice false smut is currently one of the most 
devastating fungal diseases which cause a widespread de-
crease in yield. The disease is caused by Ustilaginoidea 
virens, which poses a serious problem in the rice-growing 
countries around the world (Bhargava et al., 2018; Sun 
et al., 2020; Tanaka and Tanaka, 2008). Rice false smut 
reduces the quality and yield of rice, subsequently leading 
to crop loss (Lu et al., 2009). Moreover, it threatens food 
safety due to the production of ustiloxins (mycotoxins pro-
duced by U. virens) that are toxic to animals and humans 
(Jiehua et al., 2019; Wang et al., 2016). In India, the patho-
gen causes 5-85% yield losses in various states (Bhargava 
et al., 2018). The 44% losses have been reported in Punjab 
and Uttar Pradesh (Pannu et al., 2010; Singh and Dube, 
1978). For the proper and timely implementation of disease 
management strategies, knowledge of epidemiology is cru-
cial to counteract the adverse effects of crop diseases (Zhou 
et al., 2003). The replacement of infected rice grains with 
false smut spore balls is a normal symptom of this disease. 
The false smut balls are first yellowish orange to green in 
colour, and finally, turn a greenish black. The life cycle of 
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this biotrophic fungus involves both sexual and asexual 
stages, and sclerotia and chlamydospores has the potential 
to be primary inoculum source in the field condition (Jiehua 
et al., 2019). Based on field and laboratory observations, 
it has been reviewed that fungus have a tendency to first 
infect the rice spikelets at the booting stage and ultimately 
resulting in rice false smut disease. However, it not clear 
when and how the conidia enter the spikelets in field condi-
tions (Jiehua et al., 2019). 

The current research focus is mainly on identifying the 
resistance genes and understanding more about the molecu-
lar mechanism of resistance for rice false smut. However, 
in addition to this, there is further need for research on 
knowing how this disease epidemic can be accurately pre-
dicted by rapid and early detection methods for effective 
control. One of the existing techniques for the detection of 
plant pathogens is isolating and examining the pathogen 
on nutrient media. But this method is time-consuming (Li 
et al., 2013; Zhou et al., 2003). Other detection techniques 
like enzyme-linked immunosorbent assay, direct tissue 
blot immunoassay, PCR, reverse transcription polymerase 
chain reaction, etc. have also been used for early detec-
tion of infestation. Recently, a method for the detection of 
Ustiloxin B protein by indirect competitive enzyme-linked 
immunosorbent assay with specific monoclonal antibody 
has been reported (Fu et al., 2015). PCR based method us-
ing specific primers have also been successfully used to 
detect the fungus infection in rice plant (Chen et al., 2014; 
Tang et al., 2017). In another study, a 212 bp segment of 
UvG-β1 gene was used to design the primers for loop-
mediated isothermal amplification assay. In this study, 
the researchers were able to detect a minimum of 1 pg of 
target genomic DNA for the specific detection of U. virens 
(Yang et al., 2018). Even though these techniques produce 
accurate results, they require complex instrumentation, are 
time-intensive, and it is hard to use them in-field condition 
for real-time monitoring of the disease. Therefore, we need 
to develop new and advanced biosensor systems for early, 
fast, and efficient disease detection in crop plants (Khater 
et al., 2017). 

Biosensors for plant pathogen detection are broadly 
classified based on transduction elements, biorecognition 
elements, electrochemical techniques, and biosensor per-
formance. Bioreceptors like enzymes, DNA, antibodies, 
cells, etc. which are capable of recognizing analyte or com-
pound of interest are used in recent biosensors (Cesewski 
and Johnson, 2020). The biological signals can be trans-
duced into a physical, chemical, thermal, optical, or elec-
trochemical signal (Chen et al., 2020; Khan et al., 2020; 
Suvarnaphaet and Pechprasarn, 2017). The emergence of 

different nanomaterials has been a major development in 
the field of advanced sensors and biosensors. Nanomateri-
als provide a platform for the assembly of bio-recognition 
molecules and have a high surface area, electronic conduc-
tivity, and plasmonic properties. These attributes enhance 
the limit of detection. Different nanomaterials ranging 
from metal and metal oxide nanoparticles to quantum dots, 
carbon nanotubes, graphene, have been employed for bio-
sensor applications in the field of plant pathogen detection 
(Fang and Ramasamy, 2015; Jain et al., 2021; Kumar and 
Arora, 2020; Li et al., 2020; Pudake et al., 2019).

Due to its two-dimensional structure, graphene is an 
excellent material for biosensor, as it is conductive, trans-
parent, and biocompatible with low environmental impact 
and has a large surface area (Justino et al., 2017; Morales-
Narváez and Merkoçi, 2019; Pumera, 2011). In biosensors, 
it offers enhanced limit of detection and the sensitivity 
which is highly desirable. It possesses excellent interfacial 
properties with ability to interact with various biomol-
ecules, which helps in its functionalization that plays a ma-
jor role in the sensing mechanism (Krishnan et al., 2019; 
Suvarnaphaet and Pechprasarn, 2017). 

In this paper, we have developed a DNA-based electro-
chemical biosensor for simple and rapid detection of U. 
virens using oxidized graphene. The device consisted of a 
disposable two-electrode system fabricated on paper with 
conducting carbon ink and overcomes the additional need 
for glass or metal as in the three-electrode system. More-
over, paper-based lab-on-chip devices offer many advan-
tages like minimized sample requirement, rapid analysis, 
small size (Cinti et al., 2017; Mathur et al., 2018). Our 
fabricated biosensor has exhibited high sensitivity, the en-
hanced limit of detection, and high selectivity. 

Materials and Methods

Chemicals. Commercially available graphene produced 
by chemical vapor deposition method and that has few lay-
ers was procured and used in the present study. The other 
chemicals, like Sodium dihydrogen orthophosphate (mono-
basic) (purity 98%), di-Sodium Hydrogen orthophosphate 
(dibasic) (99.5%), and methylene blue (MB) were pur-
chased from Fisher Scientific, India. The specific primers 
for gene G544 (GenBank accession no. KY617817) of 
various strains of U. virens were used to design the probe 
(Tang et al., 2017). The oligonucleotide sequences used in 
this study were as follows (Table 1), and were purchased 
from Integrated DNA Technologies, Inc. (IDT, Coralville, 
IW, USA). 
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Equipment’s used. Nanostructure of the samples was 
studied by Jeol 2100 high resolution transmission electron 
microscope (HRTEM) with 200 KeV beam energy and 
<0.19 nm point resolution. Field emission scanning elec-
tron microscope (FESEM; JSM-7001F, Jeol, Tokyo, Ja-
pan) using 10 KeV beam energy was used for visualization 
of the surface morphology of graphene. Elemental analysis 

was carried out by energy dispersive X-ray spectroscopy 
(EDS) in FESEM using silicon drift detectors. The crystal 
structure of the graphene was determined by X-ray dif-
fraction (XRD; Bruker D2 phaser X-ray diffractometer, 
Bruker, Karlsruhe, Germany) using CuKα, λ = 1.5417 ra-
diations. 

The electrochemical analysis and optimization of the 

Fig. 1. (A) Schematic of paper sensor fabrication. (B) The current response for bare electrode and Ox-GNP modified ePAD. The cur-
rent response of Ox-GNP modified ePAD (stage II) increased substantially than the bare electrode (stage I). The current response for 
the ssDNA/Ox-GNP ePAD (stage III) decreased as compared to the Ox-GNP ePAD which is due to the non-conductive nature ssDNA. 
When the probe ssDNA hybridized with the complementary target ssDNA, MB gets intercalated between G-C base pairs of the hybrid 
DNA and a decrease in current response confirmed the hybridization of probe and target DNA (stage IV). Ox-GNP, oxidised graphene 
nanoparticles; ePAD, electrochemical paper-based analytical device; ssDNA, single-stranded DNA; MB, methylene blue.

Table 1.  The oligonucleotides used in this study

Name Sequence
Probe (P) 5′-TCTTGGCTCCTCGGAAGCTC-3′
Target DNA1 (T1) 5′-GAGCTTCCGAGGAGCCAAGA-3′
Target DNA2 (T2) 5′-ACGCCGAGGACATGGAGCTTCCGAGGAGCCAAGAGACGGGTCCA-3′
Non-complementary DNA (N) 5′-CATGTCTTGCCCAAAGATGCG-3′
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fabricated paper electrodes and sensing of hybridized target 
DNA and the selectivity of the sensor were performed us-
ing cyclic voltammetry (CV) and linear sweep voltamme-
try (LSV) on Autolab-PGSTAT-10 (Eco Chemie, Utrecht, 
Netherlands) electrochemical analysis system and Nova 
software package.

Fabrication of electrochemical paper-based analyti-
cal device (ePAD) integrated with oxidised graphene 
nanoparticles (Ox-GNP). The paper electrodes were 
printed with conducting carbon ink on cellulose paper 
using a stencil of choice, and ink was allowed to air dry. 
The electrode consisted of a working electrode (WE) and 
a counter electrode, its design was similar to an earlier re-
port (Mathur et al., 2018), and schematic is given in Fig. 1. 
After the stenciling, the electrodes were measured for their 
resistance using a multimeter, and those with similar resis-
tance were used for further experiments. Further, a square 
well was drawn using a wax crayon, around the working 
area of the electrode, to create a hydrophobic barrier to re-
strict the flow of electrolytes. After this, oxidized graphene 
(10 µl) was drop-casted on the WE and kept at 65°C for 10 
min. All the experiments were performed using the ePAD 
integrated with oxidized graphene (Mathur et al., 2018; 
Narang et al., 2017).

Fabrication of Ox-GNPs/ssDNA/ePAD. To prepare the 
probe DNA (P) solution, Tris-EDTA (TE) buffer was 
added to the lyophilized powder to make 100 µM solution. 
Then, different concentrations of ssDNA were prepared 
from this stock by further diluting with TE buffer to get 
final concentrations of 20, 40, 60, 80, and 100 µM. These 
ssDNA concentrations were used for optimization using 
electrochemical studies i.e., CV and LSV. Five µl of probe 
DNA was drop-casted on Ox-GNPs modified ePAD for all 
five concentrations and dried at room temperature. For CV 
and LSV analysis, sodium phosphate buffer with 0.1 mM 
MB was chosen as the electrolyte. The working conditions 
for sensors like temperature, pH and scan rate were also 
optimized. The modified ePAD with ssDNA concentration 
of 40 µM was optimised for scan rate and response time, 
and the fabricated electrodes were tested with various con-
centrations of target DNA. For this target ssDNA (T1) in 
different concentration of 10 µM, 100 nM, 10 nM, 100 pM, 
10 pM, 100 fM, and 10 fM were prepared by serial dilu-
tion of 100 µM concentration target DNA using TE buffer. 
The target ssDNA (T1) was immobilized on an electrode 
that already has probe ssDNA (40 µM) on the Ox-GNPs 
modified ePAD, and just before the electrolyte was added 
to the electrode. Without drying, electrochemical tests were 

carried out right after immobilizing target DNA, using 
the sodium phosphate buffer. A similar procedure was re-
peated for the longer target ssDNA (T2). Further, to test the 
selectivity of the device, non-complementary ssDNA (N) 
was used, and the same procedure was followed. 

Results and Discussion

Characterization of Ox-GNP. Structural and morpho-
logical characterization of Ox-GNPs was performed by 
FESEM, HRTEM, and XRD. FESEM micrograph in 
Fig. 2A shows pristine graphene sheets. These sheets are 
mostly flat and exist in various sizes and shapes. Some are 
larger in size than others and, most of them are irregular in 
shape. As shown in the higher magnification micrograph 
in Fig. 2B, cracks can be seen in the middle of the flat 
part, in some graphene. Folding is visible at the edges of 
sheets. Elemental analysis using EDS is tabulated in Fig. 
2C that shows the presence of carbon and oxygen elements 
in the graphene. Study shows that the at% concentration 
of carbon and oxygen in graphene are 97.78% and 2.21%, 
respectively. 

HRTEM study using low magnification in Fig. 3A 
shows a flat few layer’s graphene on the grid. Micrograph 
displays folding of the graphene layers at the edges by the 
dark black lines. A high magnification study of pristine 
graphene in Fig. 3B reveals the presence of few layers (10-
12) of graphene. These layers are clearly visible at various 
places in the micrograph. As shown in Fig. 3C, average 
inter-planner distance between the graphene layers is found 
to be 3.36 Å which is similar to graphite (002) interplanar 

Fig. 2. FESEM micrographs showing (A) pristine few-layer gra-
phene using magnifications: ×150 (A), ×1,000 (B), and elemental 
analysis using EDS with respective wt% and at% (C). FESEM, 
field emission scanning electron microscope; EDS, electron 
dispersive X-ray spectroscopy. CK and OK indicate carbon and 
oxygen measurements from K shell electrons, respectively.
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distance of 3.353 Å. This coupled with the EDS study in 
Fig. 2C shows the existence of graphitic structure between 
the graphene layers. The distance between graphene layers 
was measured at >25 different sites on graphene and found 
it consistent.

Crystallization study using XRD of pristine graphene is 
shown in Fig. 4. A major peak in the graph is visible at 2θ 
= 26.5. This peak is the signature peak for (002) plains of 
graphite and denoted as G (002). The inter-planar distance 
for this peak was calculated as 3.36 which is consistent 
with the HRTEM and previous studies (Jaiswal et al., 
2020; Malesevic et al., 2008; Mittal and Lin, 2020). It is 
also observed in the graph that this G (002) peak is wide 
at its base. This suggests the presence of small irregularity 
in the inter-planner distances in G (002) peak. Two very 
small peaks centred at 2θ = 43.8, 54.58 have also appeared. 
These peaks correspond to the G (101) and G (004). Later 
peak is the second order of G (002) peak with an inter-
planar distance of 1.68 .

Electrochemical characterization and optimization of 
Ox-GNP modified ePAD. The electrochemical response 

of the electrodes was characterized using CV and LSV. 
Initially, the current response for bare electrode and Ox-
GNP modified ePAD were compared and it was seen that 
the current response of Ox-GNP modified ePAD increased 
substantially than the former (Figs. 1B and 5A). As seen 
in Fig. 5A the current response for the ssDNA/Ox-GNP 
ePAD decreased as compared to the Ox-GNP ePAD which 
is due to the non-conductive nature of biomolecule i.e., ss-
DNA, thereby decreasing the current response in compari-
son with the bare electrode (Fig. 1B). 

For immobilization of ssDNA probe on to the circular 
working region of ePAD different concentrations (i.e., 20, 
40, 60, 80, and 100 μM) were taken. From the electro-
chemical analysis of Ox-GNPs with different probe ssDNA 
concentration (Figs. 1B, 5B, and 6B), a decrease in current 
response was observed with an increase in concentrations 
of ssDNA probe due to the deposition of a more insulating 
layer onto the working surface of the electrode. Based on 
these factors, 40 μM was taken as the optimum concentra-
tion of ssDNA and further electrochemical analyses were 
done using this concentration. Similar results were reported 
earlier when graphene nano dots and zeolite modified 
ePAD was used for the detection of Staphylococcus aureus 
(Mathur et al., 2018). The current increased substantially 
with graphene nano dot and zeolite modified ePAD as 
compared to the bare electrode. The study also used 50 
μM as the optimum concentration of ssDNA as at higher 
concentrations, the interaction of guanine bases of ssDNA 
with MB is inhibited (Mathur et al., 2018). In another 
study, 20 μM and 10 μM ssDNA probe concentration for 
electrochemical analysis were used during the detection of 
sugarcane white leaf disease and cucumber mosaic virus, 
respectively (Wongkaew and Poosittisak, 2014; Zulkifli et 
al., 2016).

Further, the target DNA at different concentrations were 
added to the ePAD. The sensor calibration of peak current 
at different concentration of target DNA, was done. A good 
linear relationship was established between current, and the 
logarithm of target DNA concentration ranged from 10 µM 
to 10 fM. The equation for both target DNA is y = ‒6.89x + 

Fig. 3. HRTEM micrographs showing 
pristine few-layer graphene using mag-
nifications: ×80,000 (A), ×400,000 (B), 
and ×600,000 (C) with the graphite G 
(002) planes. HRTEM, high resolution 
transmission electron microscope.

Fig. 4. X-ray diffraction of few layer graphene. G denotes graph-
ite.
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0.015 (R2 = 0.976) (Supplementary Fig. 1). When the probe 
ssDNA was hybridized with the complementary target ss-
DNA, MB gets intercalated between G-C base pairs of the 
hybrid DNA. A decrease in current response from the ss-
DNA probe to dsDNA detection confirmed the hybridiza-
tion of probe and target DNA (Wongkaew and Poosittisak, 
2014). MB gets intercalated between the G-C base pairs, 
which thus results in a reduction in the current response 
(Mathur et al., 2018; Singhal et al., 2017). Also, as seen in 
Figs. 5C and 6C, with an increase in target ssDNA, the cur-
rent response further decreases due to intercalation of more 
quantity of MB with the G-C pair in dsDNA. These results 
are according to other studies reported (Kara et al., 2002; 
Mathur et al., 2018; Rohs and Sklenar, 2001). The results 
of this study indicated that the developed biosensor could 
detect 10 fM of target ssDNA present in the buffer. The 
results indicated that it was an efficient sensor when com-
pared to similar kind of devices (Mathur et al., 2018; Sing-
hal et al., 2017; Wongkaew and Poosittisak, 2014), and had 
the potential for early detection of false smut pathogens in 
infected rice plant samples. 

Selectivity of the sensor. To evaluate the selectivity of this 
platform, the device was tested using a non-complementary 

ssDNA. CV analysis was done to study the selectivity of 
the device. As seen in Figs. 5E and 6E, the current response 
of the non-complementary DNA/ssDNA/Ox-GNPs/ePAD 
was more than target DNA/ssDNA/Ox-GNPs/ePAD, due 
to the incomplete hybridization and duplex formation of 
the non-complementary ssDNA with the probe ssDNA. 
This confirms the fact that the device is highly selective to 
the target DNA and can recognize it by a simplistic method 
without performing lengthy laboratory techniques.

Conclusion. In today’s world, to prevent diseases from 
spreading to neighbouring plants, there is an ever-growing 
need for fast, reliable, and cost-effective point of care de-
vices that are efficient and can detect the presence of patho-
gens even before the symptoms are visible. Hence, in our 
present work, we have demonstrated a paper-based sensor 
device for the detection of false smut of rice plant pathogen 
Ustilaginoidea virens. To improve the detection limit and 
efficiency of the device, oxidized graphene has been used. 
We were able to achieve a highly sensitive device with an 
enhanced limit of detection of 10 fM. The device fabri-
cated in the study is also highly selective since the current 
response obtained by the CV and LSV analysis of the non-
complementary ssDNA with the ssDNA/Ox-GNP/ePAD 

Fig. 5. Cyclic voltammograms of bare, Ox-GNPs and ssDNA/Ox-GNPs (A), Ox-GNPs with different probe ssDNA concentration (B), 
response of hybridization of Ustilaginoidea virens target DNA (T1) with ssDNA/Ox-GNPs ePAD (C), response of hybridization of U. 
virens target 2 DNA with ssDNA/Ox-GNPs/ePAD (D), and non-complementary DNA (E). All experiments were performed in the po-
tential range −1.0 to +1.0 V. Ox-GNP, oxidised graphene nanoparticles; ssDNA, single-stranded DNA; ePAD, electrochemical paper-
based analytical device.
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was more than that obtained from the hybridized DNA. 
This work could form the basis of further work, where the 
experiment for testing on real samples and on-field tests 
would be performed. Also, the device has the protentional 
to be tailored for different plant pathogens.
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