
Nepal J Biotechnol. 2026  Jul ;  14  (1): 1 6 -31      Review Article  DOI: https://doi.org/10.54796/njb.v14i1.493  

©NJB, BSN   16 

Biosensors for the Detection of Plant and Animal Diseases: Recent Advances and Future 
Perspectives 
Faizan-e-Mustaffa 1 ,Tehseen Sajid 1  ,Hafiz Muhammad Sultan 2,3 , Munawar Ali 3 , Syeda Areej Imran 4  

1 School of Biochemistry and Biotechnology, University of the Punjab, Lahore, Pakistan.   
2 CAAS, China    
3 Institute of Biological Sciences, Khwaja Fareed University of Engineering & Information Technology, Rahim Yar 

Khan, Pakistan. 

 4 COMSATS University, Islamabad, Pakistan.  

Received: 09 Jun 2026; Revised: 26 Jul 2026; Accepted: 28 Jul 2026; Published online: 31 Jul 2026 

Abstract 
Diseases affecting plants and animals have a huge cost globally and threaten food security and economies. Pests and 
pathogens account for almost forty percent (≈$220 billion) of global crop losses each year, and livestock diseases cost (e.g. 
$358 billion per year) hundreds of billions of dollars globally. Culture, ELISA and PCR are reliable, but time-consuming, 
laboratory-based, and costly. In this context, biosensors, devices that integrate the biological recognition element, the 
bioreceptor, with a physical transducer, have emerged as a game-changer in terms of fast and sensitive detection of disease 
and field deployable applications. New developments such as the use of nanomaterials, CRISPR-Cas, microfluidics and AI 
have enhanced the portability and performance of the biosensor. However, there are still some difficulties in reagent stability, 
validation, cost and regulation. The review outlines the principles of biosensor design, includes representative examples of 
plant and animal pathogens and discusses the various metrics of different biosensor platforms, and outlines some case studies 
of commercialization. The article highlights the innovations in precision diagnostics of disease that have occurred over the 
past few years and introduces some of the trends expected to appear in the future. The overall innovations of biosensors can 
alter the disease management course in the general terms. By allowing for early detection of an outbreak on site, which can 
stop an outbreak or help improve yield or One Health surveillance. 
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Introduction 
Virus, bacteria, fungi and parasites that attack plants and 

animals are the enemies of global health and agriculture. 

Plant diseases limit yield and quality of crop [1]. Famine-

causing rust fungi or Phytophthora infestans (late blight) 

have been the cause of billions of dollars of damage over 

the years [2]. Pathogens with broad spectrum have made 

more threat to modern agriculture with its extended 

plant densities and climate change. Losses due to pests 

and diseases are estimated to be as high as 40% of the 

crops per annum. This is estimated to be at a cost of 

approximately $220 billion annually [3]. Outbreaks in 

animals such as foot and mouth disease, swine fever, 

avian influenza and brucellosis can cause significant 

economic losses because of the need to slaughter animals. 

Every year, livestock diseases cause the loss of 358 billion 

dollars worth of production globally. So, timely detection 

and treatment is crucial [4]. 

Although they are limited, traditional tests are still 

considered to be the benchmark in agriculture for disease 

diagnosis [5]. Laboratory-based tests need expensive 

infrastructure; require a lot of time to run (often hours to 

days) and do not have the flexibility to be applied in situ 

[6]. For example, PCR and qPCR are very sensitive, and 

they take 2-4 hours and cost per test approximately $10-

30. Time and cost eat up ability to respond quickly in the 

event of outbreaks. With this, if not treated, infections can 

spread quickly. Furthermore, a lot of farming 

communities do not possess sufficient labs and human 

resources [7].  

This is where biosensors come in, providing on-site, real-

time analysis. In brief, a biosensor is a device containing 

a biorecognition component (an antibody, enzyme, probe 

containing nucleic acid, or aptamer) which specifically 

recognizes the target pathogen (or a biomarker), and a 

transducer which generates a measurable response 

(electrical, optical, etc.) when the biorecognition 

component binds the target. The biosensors can give 

quick results at point-of-need  by doing away with 

lengthy culture or multiple pipetting steps (minutes-scale) 

[8]. There have been several reviews covering specific 

biosensing platforms such as plant pathogen biosensors, 

veterinary diagnostics, point-of-care devices, nano-

biosensors and CRISPR-based diagnostics. Most of these 

focus on a specific application or sensing approach. Plant 

health and animal health are not as extensively compared 

in the literature as are other types of biosensors. 

Furthermore, they have not been assessed by experts 

with respect to their analytical performance, 

commercialization, field validation, regulatory status and 

their future incorporation in one health surveillance 

systems. The review will try to overcome these 

shortcomings by comparing different platforms of 

traditional and emerging biosensors, such as 

nanotechnology-based, microfluidic, AI-based, 

smartphone-based, CRISPR/Cas-based, etc. It also 

identifies the difference between technologies available 

in a commercial product and those that are still a 

laboratory prototype. Additionally, it talks about the 

primary obstacles which hinder the adaptation of lab-

based studies to the field [9], [10].  

Literature Search Strategy 
A systematic literature search was conducted to uncover 

relevant records on biosensor technologies in animal and 

plant disease detection. Electronic databases such as 

PubMed, Scopus, Web of Science, ScienceDirect, IEEE 

Xplore and Google Scholar were used for searches. All 

articles dated from 2022 to 2026 were considered. Studies 

that were published prior to 2022 and were scientifically 

relevant were also included if they were considered 

landmarks. The search terms encompassed biosensors, 

plant diseases detection, animal diseases diagnosis, 

electrochemical biosensors, optical biosensors, paper 

based biosensors, microfluidics, lab-on-a-chip, CRISPR 

diagnostics, nano-biosensors, point-of-care diagnostics, 

and veterinary diagnostics. Peer-reviewed articles in 

English language were considered. These 

publications/Articles are not included in the review: 

Conference abstracts, Duplicate publications, Editorials, 

Studies lacking methodological details. Original research 

articles were preferentially selected for a report on 

analytical performance including limit of detection, 

sensitivity, specificity, assay time and field validation. 

The review article was used mainly to present 

background information on the topics in hand, and to 

summarize the technological developments at a high 

level. 

Biosensor Fundamentals 
A biosensor usually consists of a biorecognition layer 

(bioreceptor), transducer, and electronic signal 

processor/display. The antibody, enzyme, 

aptamer(nucleic acid), nucleic acid probe, and even the 

entire cell or organism can be used as a bioreceptor for 

the recognition of the desired target like antigen, 

nucleotide sequence, toxin. This bioreceptor is very 

attached to the surface of the sensor [11]. When the target 

analyte binds to the transducer layer, it is converted into 

a measurable physical signal such as the change in 

electrical current/voltage (electrochemical), the change 
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in light intensity or color (optical), the change in 

frequency (piezoelectric) or the thermal change. Lastly, 

the electronic system amplifies and processes this signal 

to be read out [12], [13]. 

Biosensors are classified based on the type of bioreceptor 

and the method of transduction. Common classifications 

include electrochemical biosensors, optical biosensors, 

piezoelectric (mass-sensitive) biosensors, thermal 

biosensors, magnetic or mechanical sensors, paper-based 

biosensors [14]. 

The electrochemical biosensors quantify electrical 

changes, current or potential, caused by redox reactions 

or charge changes. Usually, they employ enzyme 

catalysis or immune sensing on electrodes [15]. The 

optical biosensors respond to changes in light absorbance, 

fluorescence, surface plasmon resonance, etc., due to 

biorecognition [16]. Mass-sensing devices (mass-

sensitive biosensors) such as quartz crystal 

microbalances or cantilevers are used to measure minute 

mass changes (e.g. antibody-antigen binding) by 

resonant frequency change [17]. Thermal biosensors 

provide data on changes in temperature that occur 

during biochemical reactions (not common in field 

biosensors) [18]. While the magnetic or mechanical 

sensors are newer types that use magnetic beads or 

mechanical deformations [19]. Paper-based biosensors 

are frequently used colored nanoparticles or enzymes on 

paper strips (lateral flow assays) used to provide a simple 

visual readout [20]. 

The general electrochemical biosensor design is shown in 

Figure 1, where the pathogen analyte reacts with the 

bioreceptor layer (such as antibodies or DNA probes) 

which is selectively attached to the working electrode. 

The working electrode (WE) is functionalized with a 

bioreceptor (e.g. antibody or enzyme) that binds the 

target pathogen or biomarker in the sample. The 

transducer converts the binding event into an electrical 

signal (current, voltage, or impedance) measured against 

a reference electrode (RE) and counter electrode (CE). 

This signal is processed and displayed by the electronic 

system [15]. 

Target specificity is selected for biorecognition elements. 

Common bioreceptors include 

antibodies/immunosensors, nucleic acids, and whole 

cells or peptides. Antibodies/Immunosensors provide 

strong binding to particular proteins or pathogens. It is 

widely used in ELISA-type and lateral flow assays. 

Catalytic amplification (e.g. glucose oxidase) is another 

bioreceptor, that may be sensitive to conditions. Nucleic 

acids (DNA/RNA probes or aptamers) are designed to 

bind to a specific sequence (pathogen genome) or small 

molecules while the aptamers are synthetic alternative to 

antibodies. The whole cells or peptides can provide broad 

recognition or metabolic responses (more common in 

environmental sensors) [21], [22]. 

Electrodes (carbon or gold), optical fibers or chips, 

piezoelectric crystals and even smartphones (with 

cameras as detectors) are all examples of transducer 

elements. This combination determines the performance 

of the sensor [23]. Electrochemical sensors are very 

sensitive, miniaturizable, while optical sensors such as 

Surface Plasmon Resonance (SPR) or Fluorescence can be 

very specific but might be more complex with the optics 

[21]. Paper-based assays such as pregnancy tests are very 

inexpensive and easy to use, but less sensitive. To 

summarize, the design of a biosensor involves 

compromising the sensitivity, specificity, rate, cost and 

field practicability. Novel transducer surfaces with large 

surface area and conductance (material advances such as 

nanomaterials, conducting polymers, 2D materials) have 

resulted in improved signal and stability. The 

innovations mentioned below for the diagnosis of plant 

Figure 1: Working of 

an electrochemical 

biosensor. 
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and animal diseases are based on these fundamentals [24], 

[25]. 

Biosensors For Plant Disease Detection 
There are a number of pathogens that affect plants that 

include fungi, bacteria, viruses, nematodes and 

oomycetes. These include important fungal pathogens 

such as Puccinia (rusts), Magnaporthe oryzae (rice blast) 

and Phytophthora infestans (late blight pathogen of potato 

and tomato) [26]. Xanthomonas spp. is a bacterium that 

causes disease. Wilts, blights and cankers are caused by 

Pseudomonas syringae [27]. The most frequent viruses 

infecting plants include the Tobacco Mosaic Virus, Tomato 

Yellow Leaf Curl Virus and Potato virus Y. These viruses are 

readily spread from plant to plant and lack a good 

chemical control [28]. Nematodes (root-knot 

Meloidogyne spp.) and oomycetes also pose a threat to 

the roots and seedlings. Plant diseases annually result in 

losses of billions of dollars that impact on food security 

[29]. Figure 2 summarizes the infection biomarkers 

targeted by plants. 

 Figure 2: Major biomarkers targeted by biosensors for plant 

disease detection. 

The introduction of nanomaterials and advanced 

molecular technologies has been widely adopted in the 

development of biosensors for plants [30]. Bacterial wilt 

pathogens have been targeted with the development of 

electrochemical immunosensors. The immunosensor 

which was developed consisted of a SPCE (screen-

printed carbon electrode) that was modified with anti-

Xanthomonas oryzae antibody. This SPCE was able to 

detect Xanthomonas oryzae down to 102 CFU/ml oryzae 

variety bacterial blight of rice [31], [32], [33]. This 

electrode detected current changes as a result of 

antibodies binding to bacteria from rice extracts. 

Similarly, optical sensors were aimed at the coat proteins 

of viruses [32]. Also, scientists developed an 

electrochemical immunosensor based on the label-free 

AuNP/graphene composite to detect beet necrotic yellow 

vein virus at femtogram level [34]. 

Another type of biosensor frequently used is a nucleic-

acid biosensor. For this reason, a LAMP (Loop-Mediated 

Isothermal Amplification) based CRISPR lateral-flow 

assay was used to detect viral RNA with high specificity, 

which will be a promising technology for a variety of 

applications [35]. Fungal pathogens have been detected 

using a nanoparticle-enhanced colorimetric assay, for 

example researchers developed MoS₂–Au 

nanocomposite sensors for the detection of the pathogen 

associated with sugarcane white leaf disease at sub-

picomolar levels [36]. Also, the use of alternative biomass 

markers has gained attention. For instance, volatile 

organic compound (VOC) sensors installed into a 

smartphone were used to detect late blight. A team of 

scientists developed a VOC sensor array that was placed 

inside a smartphone and could detect Phytophthora 

infestans after two days of inoculation (95% accuracy). 

The VOC sensing can be scaled up to field-ready devices 

[37], [38]. 

To sum up, there is a variety of different plant biosensors. 

The assays for specific pathogens such as Xanthomonas, 

for example, or Potato virus Y, Agrobacterium, are rapid 

and are typically combined on printed immunosensors 

(electrochemical and optical), respectively [34], [39]. The 

CRISPR tools based on DNA/RNA show the ability to 

detect ultra-sensitive viral/bacterial genomes [40]. 

Portable examples consist of lateral-flow kits for 

Phytophthora and other targets as well as smartphone 

readers for colorimetric strips. These sensors can detect 

the disease at an early stage; often before symptoms 

appear, which is critical [41]. 

Animal Disease Detection by 
Biosensors 
There are also a number of infectious agents in the 

environment which can affect domestic animals such as 

livestock and pets [48]. Domestic animals  such as dogs, 

cats, birds, as well as livestock animals such as cattle, 

buffaloes, pigs, sheep, goats etc. are zoonotic threats. 

Rapid assessment is key to outbreak management and 

zoonotic spillover control [49], [50]. 
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Certain animal biosensors are able to detect certain 

biomarkers (a viral antigen or fragment of the genome, 

an antigen of bacteria or parasites, or antibodies 

generated by the host as a response to the virus). Usual 

sample types are blood/serum, milk, saliva, nasal swabs, 

feces or exhaled breath/sweat [51], [52]. For example, the 

clinical signs of foot and mouth disease may be observed 

in milk or saliva. The proteins that are measured in the 

sensor that are relevant for zoo-sanitary monitoring may 

either be proteins of the pathogens (antigens) or proteins 

of the host (antibodies, acute phase proteins) [53], [54]. 

On-farm diagnostics for livestock health management is 

now possible with biosensors. A new review indicates 

that nano-luciferase biosensors have been applied in the 

detection of African Swine Fever Virus (ASFV) antibody. 

The development of the split luciferase (LgBiT/SmBiT) 

was used as the basis for the development of a nano-BiT 

luciferase immunosensor for ASFV IgG. An ASFV viral 

antigen was fused to the split luciferase. Binding of serum 

antibodies induced luminescence. The assay was a 16-

fold more sensitive than ELISA, and it was performed in 

a matter of minutes [55], [56]. 

Other livestock applications are immunosensors for 

Brucella in cattle, Toxoplasma gondii in sheep and 

Mycoplasma in pigs. Biosensors have also been developed 

for avian diseases. For instance, a portable, fluorescent 

assay for Newcastle disease virus [10]. Researchers also 

reported field-deployable biosensors for Foot and Mouth 

Disease Virus (FMDV) and Avian influenza virus (AIV) are 

employed in farms with a lateral-flow based sensor or an 

impedance sensor [57].  Beyond pathogens, wearable 

biosensors for animal health are emerging. Ear tags or 

collars with temperature, heart-rate or pH sensors can 

send out signals indicating fever or metabolic stress, 

which could be indicators of disease, before it becomes 

apparent. Sweat or breath sensors are also being studied 

as a way of tracking stress and infection [58].  

In summary, the diagnostic devices that can be used 

either in the field or in the laboratory can be divided into 

many types. Electrochemical and optical immunosensors 

for detection of the specific pathogen, nucleic acid 

detectors for the detection of a virus, such as the CRISPR–

based detection assays for foot-and-mouth disease, and 

integrated lab-on-chip devices with rapid PCR capability 

[59]. Researchers designed field PCR lab (mobile van) 

equipped with portable sequencer for on-site genotyping 

African swine fever virus (ASFV). The primary goals are as 

in plants, fast (<1-2h) and inexpensive point of care tests 

that are used in conjunction or in place of lab tests [60]. 

Recent research has shown that biosensors can have 

increased sensitivity and specificity to animal pathogens 

for on-farm surveillance [61]. 

  

Table 1. Comparison of Biosensor Technologies for Plant Disease Detection  

Technology Target 
Pathogen/Bi
omarker 

Sample Typical 
LOD 

Assay 
Time 

Performance Development 
Status 

Key 
Advantages / 
Limitations 

References 

Electrochemical Bacteria, 
viruses 

Leaf 
sap 

10²–10³ 
CFU/mL 

10–30 
min 

High Prototype/ 
Field-tested 

Rapid, 
portable; 
electrode 
fouling 

[42] 

Optical Pathogens, 
toxins 

Leaf 
tissue 

pg–
ng/mL 

15–40 
min 

High Laboratory Label-free; 
costly 
instruments 

[43] 

Paper-based 
(LFA) 

Plant viruses Leaf 
sap 

10³–10⁴ 
copies 

10–20 
min 

Moderate–
High 

Commercial/ 
Field-tested 

Low cost; 
lower 
sensitivity 

[44] 

Microfluidic 
(LOC) 

DNA/RNA Plant 
extract 

10–100 
copies/µL 

20–45 
min 

Very High Prototype Automated; 
fabrication 
complexity 

[45] 

CRISPR/Cas Viral/Bacteri
al DNA 

Leaf 
extract 

1–100 
copies/µL 

20–60 
min 

Very High Emerging Ultra-sensitive; 
nucleic acid 
extraction 
required 

[46] 

Nano 
biosensors 

Proteins/Nu
cleic acids 

Plant 
tissue 

pg/mL 10–30 
min 

Very High Laboratory Signal 
amplification; 
reproducibility 
issues 

[47] 

Abbreviations: LOD, limit of detection; CFU, colony-forming units; LFA, lateral flow assay; LOC, lab-on-a-chip; pg, picogram; ng, 
nanogram; µL, microliter 
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Comparison of Plant vs Animal 
Biosensors 
There are some common elements between the principles 

of biosensors used for plant and animals disease 

diagnostics, but there are distinct differences. Most plant 

diseases are diagnosed using sap, extracts from the leaves, 

soil samples and volatile organic compounds, and 

diagnostic testing on animals takes place using blood, 

serum, saliva, milk and feces [25], [37]. Besides this, 

animal disease biosensors are likely to have more 

regulations considering animal welfare and food safety 

concerns, and zoonotic disease surveillance. All of these 

differences affect sensor design, sample preparation 

procedures and validation requirements [66], [67]. 

Table 2. Comparison of Biosensor Technologies for Animal Disease Detection  

Technology Target Disease/ 

Biomarker 

Sample Typical 

LOD 

Assay 

Time 

Performance Development 

Status 

Key Advantages 

/ Limitations 

References 

Electrochemical ASFV, FMDV, 

Brucella 

Blood/Seru

m 

10² 

copies/m

L 

15–30 

min 

High Prototype/ 

Field-tested 

Rapid; matrix 

interference 

[62] 

Optical AIV, BVDV Serum/Swa

bs 

pg/mL 20–40 

min 

High Laboratory Sensitive; 

expensive 

[16] 

Paper-based 

(LFA) 

ASFV, FMDV Blood/Saliv

a 

10³ 

copies 

10–15 

min 

Moderate–

High 

Commercial Simple; lower 

sensitivity 

[20] 

Microfluidic 

(LOC) 

Viral DNA/RNA Blood/Milk 10–100 

copies/µ

L 

20–45 

min 

Very High Prototype Multiplexing; 

complex 

fabrication 

[63] 

CRISPR/Cas ASFV, FMDV, AIV Blood/Swab

s 

1–100 

copies/µ

L 

20–60 

min 

Very High Emerging High specificity; 

cold-chain needs 

[64] 

Nano biosensors Viral proteins Serum pg/mL 10–30 

min 

Very High Laboratory Excellent 

sensitivity; 

scalability issues 

[65] 

Abbreviations: LOD, limit of detection; SPR, surface plasmon resonance; LOC, lab-on-a-chip; ASFV, African swine fever virus; FMDV, 

foot-and-mouth disease virus; BVDV, bovine viral diarrhea virus; AIV, avian influenza virus 

Figure 3: An overview of next-generation biosensors: Integrating nanomaterials, microfluidics, CRISPR, and AI 
to achieve ultra-sensitive, rapid, and portable detection of plant, animal, and human pathogens 
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Recent Advances In Biosensing 
Technologies 
Recent advances in biosensing technologies are being 

determined by nanomaterials, microfluidics, CRISPR-

based detection, and AI-assisted analytics, providing 

ultra-sensitive, portable, and real-time diagnostics across 

medicine, agriculture, and environmental monitoring. 

These innovations are reshaping how diseases and 

pathogens are detected [25], [68], [69]. A summary of 

recent advances is shown in figure 3. 

Nanomaterial-Enhanced Sensors 
Nanotechnology has revolutionized biosensor 

technology by improving analytical performance and 

enabling rapid, highly sensitive detection of target 

analytes. Incorporation of nanomaterials (nanoparticles, 

nanotubes, graphene) might provide a higher sensitivity, 

lower detection limits and enable novel signal 

transduction mechanisms. For example, gold 

nanoparticles (AuNPs), silver nanoparticles (AgNPs) and 

quantum dots possess strong plasmonic or fluorescent 

labels [70]. 

In sensors, nanomaterial modified (carbon nanotubes, 

graphene oxide, metal oxides) electrodes enhance surface 

area and conductivity. There are numerous plant 

pathogen detection sensors developed that are based on 

nanotechnology [71]. For example, chitosan coated iron-

oxide NPs and Au-graphene oxide composites have a 

detection limit of 10-12 to 10-15 M, respectively. These 

types of sensors often enable label-free detection of 

pathogens or toxins at ultralow concentrations, and 

sometimes no amplification is necessary [72], [73]. The 

detection of plant stress volatiles and pesticides at a very 

high sensitivity is being carried out using nanozymes and 

MIPs (Molecularly Imprinted Polymers) on nanofibers 

[74]. In the case of livestock, nanomaterials enhance field 

assays, such as the use of magnetic beads coated with 

antibodies to accelerate sample preparation, and gold 

nanostar particles tagged with lateral flow strips that 

make low-abundance antigens more visible [75]. 

The advent of nanomaterials has led to the development 

of more portable and robust biosensors. The 

nanotechnology is used to improve the signal by means 

of tiny sensor chips of 1-2 cm2 that are widely available 

and placed in handheld readers or attached to cell phones. 

In many recent works; these advances are described [76]. 

CRISPR/Cas-Based Biosensors 
An important development is the use of CRISPR–Cas 

system for diagnostics. With the help of RNA, the 

CRISPR-Cas12 and Cas13 enzymes cut specific pieces of 

DNA or RNA, producing amplified signals which are 

usually as a result of collateral cleavage of reporter 

molecules [77].  When isothermal amplification like 

LAMP or RPA (Recombinase Polymerase Amplification ) 

is coupled with this, ultra-sensitive portable nucleic acid 

tests can be produced. What is important is that these 

tests can be performed with little or no equipment and 

with PCR-like sensitivity (detection limits ranging from 

single-copy to approximately 100 copies per reaction), 

within 15-45 minutes and at a low cost [6]. 

A one-pot LAMP–Cas12 assay was able to detect 

Fusarium species in less than an hour [78]. Except for 

reporting the target DNA single molecule, a separate 

study reported the detection of plant viruses with a 

lateral-flow strip based on Cas12a [79]. These CRISPR 

diagnostics have equal or better sensitivity compared to 

qPCR, but do not need one [80]. A new review 

emphasizes the plant diagnostic applications of CRISPR 

tools as a new platform that provide quicker and more 

field-friendly alternatives to PCR/ELISA [81], [82]. 

Despite current issues like off-target effects, sample 

preparation etc., assays using CRISPR technology are 

becoming increasingly multiplexed [83]. Multiple 

pathogens can be simultaneously detected in a single 

cartridge with the orthogonal Cas enzymes. Companies 

Mammoth Biosciences and IDT (Integrated DNA 

Technologies) are commercializing the CRISPR kits [84], 

[85]. Of course, portable readouts such as lateral flow 

strips and battery-powered fluorometers and 

smartphones are frequently employed in the CRISPR 

tests. These can deliver the same results without the 

incidence of any laboratory infrastructure at only a few 

US dollars per test. CRISPR-based biosensors are a 

significant improvement in sensitivity and ease of use for 

diagnostics in plants and animals [64], [86].  

Microfluidics And Lab-On-Chip Systems 
Microfluidic technologies have emerged as an important 

platform for next-generation biosensing applications. 

The Lab-on-a-Chip (LOC) device integrates the sample 

preparation, amplification, and detection phases in a 

single sealed cartridge or chip [87]. These systems help to 

minimize operating steps and contamination risks. 

Hand-driven devices like syringes or simple pumps 

enable field RPA or digital PCR in the absence of 

electricity [88]. Otherwise, LOC devices are based, for 

example, on electrochemical LAMP (a portable device 

operating at 39°C delivering results in 20 min or on 

fluorescence detection in a small cartridge [89]. 

These microfluidic platforms often are linked to cloud or 

smartphone software to read out the data [90].  For 
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example, the “mChip” employs smartphone fluorescence 

detection to detect Xylella fastidiosa (olive pathogen) in 

30 min. Systems like PlexBio, OptoSelect multiplex LOC 

(lab on a chip) system can simultaneously detect multiple 

pathogens of tomato. Technology based on color coded 

beads are used [91]. A novel, paper-based microfluidic 

device (µPAD) was used to identify a pathogen 

responsible for citrus greening in field-based conditions, 

by taking advantage of the capillary action. The device is 

designed to be used with a liquid sample [92], [93].  

Paper-Based And Lateral Flow Assays 
Lateral Flow immune-Assays (LFAs) are still very useful 

paper-based biosensors, especially for lateral flow. They 

are inexpensive, power independent and highly visible 

making them extremely popular for field diagnosis [94]. 

The last decade has seen a dramatic acceleration in LFA 

developments, thanks to the use of nanomaterials, such 

as gold or magnetic particles to generate a color contrast, 

and fluorescent nanoparticles to amplify the signal in 

front of a lateral flow readout, and even in front of a 

lateral flow detection of CRISPR [95]. An example of such 

a LFD (Lateral Flow Device) is one for the detection of 

Xanthomonas campestris, which will be a very sensitive 

and easy to use LFD [96].  

In many cases, smartphones come with LFAs these days 

[97]. Agdia has created an ImmunoStrip for citrus 

greening that features a visible test line after an 

amplification step on the lateral flow strip, that can be 

read by a smart phone app [98]. This method has 

provided quick diagnosis in the US citrus groves. 

Literature generally concentrates on plant advances, 

while LFAs have become the basis for animal diagnostics 

– for example, IDEXX FMD 3ABC Ab test for FMD and 

Brucellosis [99]. Future innovative LFAs in development 

would utilize more than one type of nanoparticles or 

quantum dots, to detect different colors of analytes on the 

same strip [100]. 

In conclusion, paper-based biosensors are an established 

technology and evolving. They may not perform as well 

as some of the current assays used in the lab with a 

sensitivity of ~ng/mL to μg/mL for proteins, but there is 

some progress with nanoparticles, SERS (Surface-

Enhanced Raman Scattering), CRISPR, etc. [45], [101] 

Smartphone And AI Integration 
A growing number of common devices and analysis tools 

are being applied to create modern day biosensors [102]. 

Smartphones are just mobile detectors: the camera allows 

to capture colorimetric or fluorescent signals, the CPU 

performs artificial intelligence algorithms and 

connectivity communicates to the cloud [103]. For 

instance, immune strips, microfluidic chips and camera-

based electrochemical imaging (spectral analysis of the 

color of the electrodes) have evolved smartphone reader 

[104]. 

AI/machine learning paired with diagnostics based on 

images are on the horizon. Models that use deep learning 

accurately classify images of leaves according to disease 

[105]. One such example is ViT-SmartAgri, a tool to 

determine whether it is late blight or mosaic on the 

tomato. The apps are able to detect fluorescent dots or 

LFA lines with higher precision than the human eye. 

Moreover, sensor data such as RFID (Radio-Frequency 

Identification) and environmental IoT (Internet of Things) 

data can be used as input to the ML (Machine Learning) 

models to detect a potential outbreak at an early stage 

[106]. But biosensors do not operate in isolation. With the 

merger of IoT and AI technology they become one of the 

nodes of a digital surveillance network. Wearable 

biosensors, including smart collars, ear tags, and 

environmental monitoring devices, are increasingly 

being investigated for continuous monitoring of animal 

physiological parameters and environmental conditions 

associated with disease risk [102], [107]. 

In conclusion, biosensor technology is already becoming 

a part of a connected biosensor ecosystem with the 

development of instrumentation and data science [108]. 

Comparative Analysis of Biosensor 
Platforms 
It should be noted that specificity is based on the 

biorecognition element; some modern sensors 

particularly those using nucleic acids or aptamers can 

reach analytical specificities approaching approximately 

100% under optimized laboratory conditions [109], [110]. 

The electrochemical biosensors typically have high 

sensitivity and low detection limit but may be influenced 

by fouling of the electrode and environmental factors 

[15]. . The good specificity and multiplexing of optical 

biosensors is often accompanied with complex 

instrumentation. Hence, they are used only in low-

resource areas. CRISPR associated diagnostics have 

become a more sensitive alternative method of PCR [94]. . 

Still, issues regarding guide RNA design, off-targets and 

sample preparation are still serious impediments to 

large-scale field deployment [111]. . Paper based assays 

are less sensitive than laboratory-based assays and are 

inexpensive, but simple to use  [112]. So, you should 

make the choice of biosensor platform depending on the 

requirements of the diagnosis [113]. The major biosensor 
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platforms have been compared in terms of analytical and 

practical metrics as shown in the Table 1. 

In many biosensor platforms, conflicting results of field 

performances have also been reported. While some 

studies illustrate laboratory-level sensitivity, others 

indicate a drop in accuracy under field conditions due to 

environmental variability, sample diversity, and matrix 

effects. The differences illustrate the need for 

standardized validation protocols and multi-site field 

evaluations before widespread implementation can be 

achieved [114], [115], [116]. 

Commercialization And Case Studies 
Multiple biosensor technologies have evolved from lab 

prototypes to delivery or commercialization [117]. For 

example, Agdia Immunostrip® and Pocket Diagnostic® 

offers diagnostics kits for field testing plant pathogens 

(primarily LAMP and lateral flow) worldwide. These 

commercially available kits are designed for the rapid 

detection of plant viruses, bacteria, and fungi from leaf 

sap or plant tissue using immunochromatographic lateral 

flow technology and have been extensively validated for 

routine field diagnosis [41]. Diagnostic companies have 

begun to offer kits for the field that can be used for 

livestock. Veterinary practitioners can purchase lateral 

flow assays for Foot-and-Mouth Disease and Brucella 

brucellosis, bovine viral diarrhea, and Johne's disease 

from manufacturers such as IDEXX Laboratories, 

BioNote (Anigen Rapid), and Svanova, subject to several 

peer-reviewed case studies. These commercial assays 

primarily use serum, milk, or whole blood samples and 

are based on immunoassay principles, with extensive 

validation in veterinary diagnostic laboratories and 

disease surveillance programs [118], [119].  

Researchers and collaborators have created a portable 

fluorescence immunosensor for the detection of BVD. 

They also created an ear-tag rumen pH sensor for 

monitoring and evaluating the health of the cow. These 

technologies represent field-tested prototypes that have 

demonstrated promising performance under practical 

conditions but require further multicenter validation, 

regulatory approval, and large-scale manufacturing 

before routine commercialization [10], [120]. Some of the 

microfluidic case studies include an integrated chip for 

the Xylella fastidiosa in olives and a colorimetric µPAD for 

several mycotoxins in grains integrated with a 

smartphone. Similarly, these microfluidic platforms have 

shown successful performance in pilot field studies but 

remain prototype technologies requiring further 

multicenter validation and regulatory approval before 

commercialization [67], [121]. Several startups are 

looking into CRISPR diagnostics for applications in food 

safety including pathogen detection in meat, vegetables, 

etc., but none of these products have reached 

commercialization. Accordingly, most CRISPR/Cas-

based biosensors remain laboratory proof-of-concept 

technologies, while many nano-biosensor and lab-on-a-

chip platforms are still under development and require 

further optimization, manufacturing standardization, 

and field validation before commercial translation [122], 

[123]. 

Any large-scale deployment of something must be well 

validated [124]. Lateral flow devices have been field-

tested for banana wilt caused by Xanthomonas and it was 

found that local technicians were able to reliably use a 

simple dipstick test in order to provide early warning 

[125]. These findings demonstrate that commercially 

available lateral flow technologies can be effectively 

implemented under field conditions when supported by 

appropriate user training and standardized operating 

procedures. The introduction of on-the-spot testing for 

foot and mouth disease (FMD) and Bluetongue virus (BT) 

to livestock is a development that has recently been 

introduced and it is now being applied to dairy cattle by 

mobile milk-testing labs in developing countries [126]. 

Similarly, field deployment of veterinary biosensors has 

highlighted the importance of robust validation across 

diverse environmental conditions and sample matrices to 

ensure consistent diagnostic performance. Collectively, 

these case studies emphasize that successful 

commercialization depends not only on analytical 

accuracy but also on comprehensive field validation, 

regulatory approval, manufacturing consistency, and 

user acceptance [124], [125], [126]. 

Challenges, Limitations, and 
Knowledge Gaps 
We've made great progress, but there are still issues to 

address. Although many biosensor platforms 

demonstrate excellent analytical performance under 

controlled laboratory conditions, relatively few 

successfully transition from laboratory prototypes to 

routine field deployment because of technical, regulatory, 

manufacturing, and economic challenges. One of these 

issues is validation & standardization. Most new 

biosensors have been validated and standardized by 

testing spiked samples. Real world matrices such as soil, 

whole blood, plant sap etc. can be complex, may interfere, 

and vary [127], [128]. Matrix interference caused by these 

complex biological samples may reduce analytical 

accuracy and increase the likelihood of false-positive or 

false-negative results under field conditions. There are 
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very few devices that have been formally validated by 

extensive field tests using gold standard methods. They 

are not standardized and there are no reference materials, 

making them incompatible between different platforms.  

Many biosensor assays do not currently have a 

regulatory pathway in place for timely approval with 

regulatory bodies like USDA, EU plant health [129], [130]. 

Field conditions like dust, moisture and temperature 

variations pose issues. The activity of bioreagents such as 

enzymes, antibodies and CRISPR proteins is lost in non-

controlled storage. As stated above, humidity and 

temperature changes can have a significant effect on 

enzyme stability in the field and therefore on shelf-life.  

Many assays still need to be refrigerated and shipped on 

a cold chain. This dependence on cold-chain storage and 

transportation limits the practical deployment of many 

biosensors in remote and resource-limited agricultural 

settings. Miniaturized electronics and optics, too, need to 

be reliable to make it through a farm or forest [62], [65]. 

Another limitation is sample preparation and 

infrastructure. It is still difficult to effectively extract 

nucleic acids or antigens at source sites. Many biosensor 

tests, however, assume that the material to be tested is 

purified, while some microfluidic or paper-based 

platforms incorporate the sample preparation modules 

[63]. Devices need to be fully independent as small farms, 

in general, do not have even the simplest lab resources. 

Access to laboratory equipment centrifuges and pipettes 

is often not easy on many farms, especially in the 

developing countries. But “plug-and-play” designs are 

essential and difficult to engineer. Furthermore, 

successful field implementation depends not only on 

analytical performance but also on adequate user training 

and simple operating procedures to ensure reliable and 

reproducible results [131]. 

The occurrence of co-infection is common particularly in 

plants. If no efforts are made, one pathogen biosensor 

may react to another pathogen's biosensor [132]. In 

principle, CRISPR assays are highly specific, however in 

complex samples they can lead to false positive due to 

sub-optimal guide RNAs [133], [134]. The practice of 

multiplexing (detecting many targets in one test) is at an 

early stage. The multiplexing functionality built-in by 

platforms like opto-fluidic arrays or spectral barcoding 

requires advanced hardware [135]. Also, there are 

barriers to agricultural diagnostics in the form of 

regulatory and commercialization barriers. 

Agricultural diagnostics do not have a universal 

regulatory system as there is for diagnostics used in 

clinical application [136]. It is common for many 

interesting devices to fail in the “valley of death” between 

prototype and market due to insufficient funding for 

field trials and lack of clarity in the approval process. In 

addition, maintaining manufacturing reproducibility 

and consistent analytical performance across large-scale 

production batches remains a major challenge for many 

emerging biosensor platforms. It is difficult to increase 

the manufacturing of new nanosensors or cartridges. The 

Figure 4: Key challenges limiting field deployment of biosensors for plant and animal disease detection. 
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cost needs to be reduced to be competitive with low 

margin crops or small-holder farmers [137], [138]. It 

should be noted that smart sensors is just one piece of the 

puzzle in broader agricultural data ecosystem, where 

issues surrounding data ownership and accessibility 

remain major concerns. In addition to engineering 

challenges, making our data systems safe and inter-

operable between platforms, and getting farmers to share 

data with each other are socio-technical challenges [139], 

[140]. These restrictions might be overcome in future 

studies through the collaboration of engineers, biologists, 

veterinarians, plant pathologists and authorities [62], 

[140], [141]. The summary of these challenges is given in 

figure 4.  

Future Perspectives 
It is expected that biosensors will become a node in an 

Internet-of-Things (IoT) network. Real-time mapping 

and decision support are made possible by a combination 

of GPS, cloud and AI [142]. Imagine farmers having tests 

available on their smartphones which automatically feed 

into regional disease models for alerts and action. 

Networks with the One Health paradigm communicate 

information on plant, animal and human disease that 

enables a proactive approach to preventing zoonotic spill 

overs[142], [143]. For livestock, it is predicted that the 

number of wearable biosensors (sensors in ear tags, 

collars or feed/water stations) measuring physiological 

markers such as temperature, activity, rumen activity 

will increase, in order to track proxies of infection or 

stress [144].  Sensor tags can be used to track humidity 

and other volatile profiles in your fields, or your 

greenhouses, to see if there is an early warning. Machine 

learning could fuse multi-source data (e.g. sound sensors 

detecting coughing in pigs, combined with weather and 

plant moisture data) to predict disease risk [145]. 

New bioreceptors like engineered antibodies, high-

affinity aptamers, CRISPR-related receptors will improve 

specificity. Synthetic biology may yield living biosensors: 

e.g. engineered microbial biosensors that change 

fluorescence in the presence of a pathogen metabolite 

[146]. Integration of organ-on-chip technology like plant 

leaf “organoid” sensors is hypothetical but could provide 

in situ monitoring of infection [147]. Adoption of additive 

manufacturing like 3D-printed microfluidics and roll-to-

roll printed electronics may dramatically lower 

production costs for sensors and cartridges. Combined 

with economies of scale, this could bring diagnostic costs 

close to consumable levels [148], [149].  

Moreover, it will gain more importance in the area of data 

and analytics, thanks to machine learning. With the 

ability of AI algorithms to tap into sensor output, weather 

data, satellite images, and previous outbreak, subtle 

signals can be detected [150]. An AI could be triggered by 

an anomaly in the low-priced biosensor and suggest 

follow-up tests, for example. In the future under the new 

climate conditions, CRISPR diagnostics will become a 

part of smart agricultural surveillance networks [69], 

[151]. The realization of the health of people, animals and 

the environment will result in intersectoral sensor 

systems [152]. For example, the detection of aflatoxin in 

feed (plant side) may be closely associated with the 

detection of the liver enzymes of livestock [153]. Similarly, 

animal disease biosensors (e.g. CRISPR test for zoonotic 

viruses) can be similarly adapted to plant pathogens and 

vice versa [68]. Figure 3 summarizes future trends. Figure 

5 depicts some future trends. 

Figure 5. The future of smart biosensor ecosystems specifically 

for animal and plant diseases surveillance. 

Conclusions 
Advancements in biosensor technologies have enabled 

the early detection of diseases in plants and animals. 

With the advancement of basic field tests into multiplex 

assays, a number of platforms have emerged, ranging 

from enzyme electrodes to strips the size of a fingernail 

and decorated with gold nanoparticles to CRISPR-based 

chips and smartphone readers. Particularly, innovations 

in recent years have speeded up the sensitivity and 

usability. The advances will bring real-time diagnostics 

to agriculture and veterinary health. It is not easy to 

translate laboratory prototypes into reliable field-

deployable products. It is essential to develop biosensor 

reagents that are fully validated according to 

international quality and regulatory standards. If we can 
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get over these hurdles, the benefits will be evident. In the 

future, we are going to see biosensors that are embedded 

in “smart farming” systems. These will be connected 

devices which will track the condition of crops and herds 

at all times. Finally, it is forecasted that the biosensors 

will be widely adopted in agriculture and veterinary 

medicine. 

Funding Statement: 
This work received no external funding.  

Conflict of Interest: 
The authors declare no conflict of interest.  

Author Contributions: 
Faizan-e-Mustaffa (FEM) devised the review topic and 

designed the overall study. FEM and Munawar Ali (MA) 

performed the literature search, literature screening, and 

data extraction. Hafiz Muhammad Sultan (HMS) 

contributed to the interpretation and synthesis of the 

literature. FEM prepared the initial manuscript draft. 

Syeda Areej Imran (SAI) and Tehseen Sajid (TS)  assisted 

with figure preparation, data curation, and proofreading. 

FEM and HMS critically revised the manuscript for 

important intellectual content and supervised the study. 

All authors reviewed the manuscript, approved the final 

version, and agreed to be accountable for all aspects of 

the work. 

References: 
1. I. Vagelas, G. Michail, and P. Madesis, “Pests and Diseases: A Global 

Threat to Plants,” in Microbial Biostimulants, New York: Apple 
Academic Press, 2024, pp. 1–29. doi: 10.1201/9781003484837-1. 

2. A. Hari et al., “Sustainable plant-based control strategies for late blight 
disease of potato,” CABI Reviews, Jan. 2025, doi: 
10.1079/cabireviews.2025.0001. 

3. M. JUNAID and A. GOKCE, “GLOBAL AGRICULTURAL LOSSES 
AND THEIR CAUSES,” Bulletin of Biological and Allied Sciences 
Research, vol. 2024, no. 1, p. 66, Feb. 2024, doi: 
10.54112/bbasr.v2024i1.66. 

4. K. Justin Davis, K. Athira, and A. Javed Jameel, “Economic Impact on 
Animal Diseases,” in Epidemiology and Environmental Hygiene in 
Veterinary Public Health, Wiley, 2025, pp. 155–175. doi: 
10.1002/9781394208180.ch11. 

5. J. Kotwal, Dr. R. Kashyap, and Dr. S. Pathan, “Agricultural plant 
diseases identification: From traditional approach to deep learning,” 
Mater. Today Proc., vol. 80, pp. 344–356, 2023, doi: 
10.1016/j.matpr.2023.02.370. 

6. S. Chakraborty, “Democratizing nucleic acid-based molecular 
diagnostic tests for infectious diseases at resource-limited settings – 
from point of care to extreme point of care,” Sensors & Diagnostics, vol. 
3, no. 4, pp. 536–561, 2024, doi: 10.1039/D3SD00304C. 

7. A. J. Alzahrani, “Molecular Point-of-Care Testing for Respiratory 
Infections: A Comprehensive Literature Review (2006–2026),” 
Diagnostics, vol. 16, no. 6, p. 930, Mar. 2026, doi: 
10.3390/diagnostics16060930. 

8. T. E. Weber, A. Fritschen, M. W. J. Prins, and A. Blaeser, “What Is a 
Biosensor?—A Terminological Guide From Biomolecular 
Recognition to Bioindicators,” Eng. Life Sci., vol. 26, no. 2, Feb. 2026, 
doi: 10.1002/elsc.70068. 

9. S. Shikha et al., “Exploring the advances of biosensing technology for 
the detection of plant pathogens in sustainable agriculture,” Front. 
Bioeng. Biotechnol., vol. 13, Jan. 2026, doi: 10.3389/fbioe.2025.1674574. 

10. Y. Zhao, L. Zhang, A. Wang, and D. Zhou, “Biosensor Technology: 
Advances and Applications in Livestock Infectious Disease 
Diagnosis,” Vet. Sci., vol. 12, no. 1, p. 23, Jan. 2025, doi: 
10.3390/vetsci12010023. 

11. S. Bag and D. Mandal, “Overview of Biosensors and Its Application 
in Health Care,” 2023, pp. 29–60. doi: 10.1007/978-981-19-7107-5_3. 

12. F. M. Shahat et al., “Fundamentals of Biosensors,” in Handbook of 
Nanosensors, Cham: Springer Nature Switzerland, 2024, pp. 265–301. 
doi: 10.1007/978-3-031-47180-3_27. 

13. M. K. Tripathi et al., “Biosensor: fundamentals, biomolecular 
component, and applications,” in Advances in Biomedical Polymers 
and Composites, Elsevier, 2023, pp. 617–633. doi: 10.1016/B978-0-323-
88524-9.00026-7. 

14. V. Krishnan, G. R. Pandey, and K. Pandiyaraj, “Fundamentals of a 
biosensor system,” in Health and Environmental Applications of 
Biosensing Technologies, Elsevier, 2024, pp. 1–25. doi: 10.1016/B978-
0-443-19039-1.00001-8. 

15. K. Sankar, U. Kuzmanović, S. E. Schaus, J. E. Galagan, and M. W. 
Grinstaff, “Strategy, Design, and Fabrication of Electrochemical 
Biosensors: A Tutorial,” ACS Sens., vol. 9, no. 5, pp. 2254–2274, May 
2024, doi: 10.1021/acssensors.4c00043. 

16. S. Mostufa et al., “Advancements and Perspectives in Optical 
Biosensors,” ACS Omega, vol. 9, no. 23, pp. 24181–24202, Jun. 2024, 
doi: 10.1021/acsomega.4c01872. 

17. E. Ozgür, Y. Saylan, S. Akgönüllü, and A. Denizli, “Mass-Sensitive 
Based Biosensors,” in Biosensors, Boca Raton: CRC Press, 2022, pp. 
89–104. doi: 10.1201/9781003189435-6. 

18. X. Wang, K. Huang, N. Cheng, and J. Liu, “Thermal drying 
synthesized density-tunable and high stability nonthiolated 
spherical nucleic acids for split aptamer and lateral flow biosensors,” 
Biosens. Bioelectron., vol. 289, p. 117863, Dec. 2025, doi: 
10.1016/j.bios.2025.117863. 

19. M. Wang et al., “Advancements in magnetic nanoparticle-based 
biosensors for point-of-care testing,” Front. Bioeng. Biotechnol., vol. 
12, Apr. 2024, doi: 10.3389/fbioe.2024.1393789. 

20. Y. Song, X. Xu, and H. Xu, “Nanomaterials-driven paper-based 
biosensors for food contaminants detection: Classification, 
mechanism and applications,” Coord. Chem. Rev., vol. 532, p. 216512, 
Jun. 2025, doi: 10.1016/j.ccr.2025.216512. 

21. X. Wang, J. Zhou, and H. Wang, “Bioreceptors as the key 
components for electrochemical biosensing in medicine,” Cell Rep. 
Phys. Sci., vol. 5, no. 2, p. 101801, Feb. 2024, doi: 
10.1016/j.xcrp.2024.101801. 

22. A. B. Kannadasan, “Bioreceptors and immobilization techniques for 
transducing communicable diseases,” in Health and Environmental 
Applications of Biosensing Technologies, Elsevier, 2024, pp. 69–85. doi: 
10.1016/B978-0-443-19039-1.00004-3. 

23. S. Hassani and U. Dackermann, “A Systematic Review of Advanced 
Sensor Technologies for Non-Destructive Testing and Structural 
Health Monitoring,” Sensors, vol. 23, no. 4, p. 2204, Feb. 2023, doi: 
10.3390/s23042204. 

24. E. O. Polat et al., “Transducer Technologies for Biosensors and Their 
Wearable Applications,” Biosensors (Basel)., vol. 12, no. 6, p. 385, Jun. 
2022, doi: 10.3390/bios12060385. 

25. A. Chaturvedi, D. Tripathi, and R. Ranjan, “Nano-enabled 
biosensors in early detection of plant diseases,” Frontiers in 
Nanotechnology, vol. 7, Apr. 2025, doi: 10.3389/fnano.2025.1545792. 

26. R. V. Ray, “Effects of pathogens and disease on plant physiology,” 
in Agrios’ Plant Pathology, Elsevier, 2024, pp. 63–92. doi: 
10.1016/B978-0-12-822429-8.00002-9. 

27. D. Giovanardi et al., “Sustainable and innovative biological control 
strategies against Pseudomonas syringae pv. tomato, Pseudomonas 
savastanoi pv. phaseolicola and Xanthomonas spp. affecting 
vegetable crops: a review,” Front. Plant Sci., vol. 16, Apr. 2025, doi: 
10.3389/fpls.2025.1536152. 

28. S. Tatineni and G. L. Hein, “Plant Viruses of Agricultural 
Importance: Current and Future Perspectives of Virus Disease 
Management Strategies,” Phytopathology, vol. 113, no. 2, pp. 117–141, 
Feb. 2023, doi: 10.1094/PHYTO-05-22-0167-RVW. 



Nepal J Biotechnol. 2026  Jul ;  14(1 ) :1 7 -31      Mustaffa et al.  

©NJB, BSN   28 

29. M. R. Khan, “Plant-parasitic Nematodes Impacting Global Food 
Security,” in Nematode Disease Complexes in Agricultural Crops, GB: 
CABI, 2025, pp. 1–32. doi: 10.1079/9781800625228.0001. 

30. J. Narware et al., “Nanomaterial-based biosensors: a new frontier in 
plant pathogen detection and plant disease management,” Front. 
Bioeng. Biotechnol., vol. 13, Apr. 2025, doi: 
10.3389/fbioe.2025.1570318. 

31. H. Razali et al., “development of an electrochemical immunosensor 
strip for early detection of rice bacterial leaf blight (blb) disease and 
its application on a portable device (Pembangunan Strip 
Imunosensor Elektrokimia Untuk Pengesanan Awal Penyakit 
Hawar Daun Bakteria Padi dan Aplikasinya Pada Peranti Mudah 
Alih),” 2022. 

32. N. Azura Mohd Said et al., “carboxylated multi-walled carbon 
nanotubes modified screen-printed electrodes for early detection of 
rice diseases using immunosensor approach.” 

33. H. M. Sultan et al., “Innovative Approaches to Rhizosphere 
Engineering with Plant Growth Promoting Microorganisms in 
Agricultural Practices,” Turkish Journal of Agriculture - Food Science 
and Technology, vol. 13, no. 5, pp. 1324–1343, May 2025, doi: 
10.24925/turjaf.v13i5.1324-1343.7515. 

34. M. Karimzade et al., “The rGO@AuNPs modified label-free 
electrochemical immunosensor to sensitive detection of CP-BNYVV 
protein of Rhizomania disease agent in sugar beet,” Plant Methods, 
vol. 20, no. 1, p. 181, Nov. 2024, doi: 10.1186/s13007-024-01307-y. 

35. E. Sánchez, Z. Ali, T. Islam, and M. Mahfouz, “A 
<scp>CRISPR</scp> ‐based lateral flow assay for plant genotyping 
and pathogen diagnostics,” Plant Biotechnol. J., vol. 20, no. 12, pp. 
2418–2429, Dec. 2022, doi: 10.1111/pbi.13924. 

36. Y. Song et al., “A dual-mode strategy for early detection of 
sugarcane pokkah boeng disease pathogen: A portable sensing 
device based on Cross-N DNA framework and MoS2@GDY,” 
Biosens. Bioelectron., vol. 267, p. 116874, Jan. 2025, doi: 
10.1016/j.bios.2024.116874. 

37. S. Lee et al., “Wearable Volatile Organic Compound Sensors for 
Plant Health Monitoring,” Adv. Sustain. Syst., vol. 8, no. 9, Sep. 2024, 
doi: 10.1002/adsu.202300634. 

38. S. Jamalzadegan et al., “Advancing Wearable VOC Sensors: A 
Roadmap for Sustainable Agriculture and Real-Time Plant Health 
Monitoring,” Chem & Bio Engineering, vol. 2, no. 8, pp. 460–474, Aug. 
2025, doi: 10.1021/cbe.5c00027. 

39. A. Xie and W. Wu, “Rapid and accurate detection of crop viruses by 
nano-electrochemical sensors,” Analytical Methods, vol. 17, no. 40, pp. 
8083–8102, 2025, doi: 10.1039/D5AY01205H. 

40. K. Du, Q. Zeng, M. Jiang, Z. Hu, M. Zhou, and K. Xia, 
“CRISPR/Cas12a-Based Biosensing: Advances in Mechanisms and 
Applications for Nucleic Acid Detection,” Biosensors (Basel)., vol. 15, 
no. 6, p. 360, Jun. 2025, doi: 10.3390/bios15060360. 

41. A. Yadav and K. Yadav, “Portable solutions for plant pathogen 
diagnostics: development, usage, and future potential,” Front. 
Microbiol., vol. 16, Jan. 2025, doi: 10.3389/fmicb.2025.1516723. 

42. Z. Huang et al., “Electrochemical Biosensor for Point-of-Care 
Testing of Low-Abundance Biomarkers of Neurological Diseases,” 
Anal. Chem., vol. 96, no. 25, pp. 10332–10340, Jun. 2024, doi: 
10.1021/acs.analchem.4c01278. 

43. S. R. S. Pour et al., “Electrochemical vs. Optical Biosensors for Point-
of-Care Applications: A Critical Review,” Chemosensors, vol. 11, no. 
10, p. 546, Oct. 2023, doi: 10.3390/chemosensors11100546. 

44. M. Pohanka, “Piezoelectric Chemosensors and Biosensors in 
Medical Diagnostics,” Biosensors (Basel)., vol. 15, no. 3, p. 197, Mar. 
2025, doi: 10.3390/bios15030197. 

45. S. Kummari et al., “Trends in Paper-Based Sensing Devices for 
Clinical and Environmental Monitoring,” Biosensors (Basel)., vol. 13, 
no. 4, p. 420, Mar. 2023, doi: 10.3390/bios13040420. 

46. S.-M. Yang, S. Lv, W. Zhang, and Y. Cui, “Microfluidic Point-of-
Care (POC) Devices in Early Diagnosis: A Review of Opportunities 
and Challenges,” Sensors, vol. 22, no. 4, p. 1620, Feb. 2022, doi: 
10.3390/s22041620. 

47. A. Kumaran et al., “Advancements in CRISPR-Based Biosensing for 
Next-Gen Point of Care Diagnostic Application,” Biosensors (Basel)., 
vol. 13, no. 2, p. 202, Jan. 2023, doi: 10.3390/bios13020202. 

48. S. Verma, Y. S. Malik, G. Singh, P. Dhar, and A. K. Singla, 
“Comprehensive Knowledge About Major Infectious Diseases of 

Livestock, Poultry, Pets, and Wildlife Species,” in Core Competencies 
of a Veterinary Graduate, Singapore: Springer Nature Singapore, 2024, 
pp. 77–99. doi: 10.1007/978-981-97-0433-0_8. 

49. M. Marrana, “Epidemiology of disease through the interactions 
between humans, domestic animals, and wildlife,” in One Health, 
Elsevier, 2022, pp. 73–111. doi: 10.1016/B978-0-12-822794-7.00001-0. 

50. H. M. Sultan et al., “Trends in Infection and Global Health Advances 
in the probiotic production, innovation, and therapeutic 
applications in health and nutrition,” 2024. 

51. G. Kabay et al., “Emerging Biosensing Technologies for the 
Diagnostics of Viral Infectious Diseases,” Advanced Materials, vol. 34, 
no. 30, Jul. 2022, doi: 10.1002/adma.202201085. 

52. S. Hassan et al., “a comprehensive review of the analysis of the 
pathophysiology, origin, and therapeutic approaches of cerebral 
edema,” vol. 3, no. 5, pp. 3007–1593, 2025, doi: 
10.5281/zenodo.16015685. 

53. F. Khalil, “Foot and Mouth Disease : A Review,” 2022. 
54. T. Sajid, H. M. Sultan, Faizan-E-Mustaffa, and R. Mujahid, 

“harnessing vaccines and monoclonal antibodies to tackle 
antimicrobial resistance: a comprehensive review,” International 
Journal of Pharmacy & Integrated Health Sciences, vol. 7, no. 1, pp. 129–
158, Mar. 2026, doi: 10.56536/ijpihs.v7i1.299. 

55. Z. Zhang, J. Wang, Q. Niu, G. Guan, H. Yin, and J. Yang, “An 
immunoassay based on bioluminescent sensors for rapid detection 
of African swine fever virus antibodies,” J. Clin. Microbiol., vol. 62, 
no. 10, Oct. 2024, doi: 10.1128/jcm.00463-24. 

56. Z. Zhang et al., “Development of a Ready‐To‐Use Bioluminescence 
Immunosensor for the One‐Step Sensitive Detection of Antibodies 
Against African Swine Fever Virus,” Microb. Biotechnol., vol. 18, no. 
10, Oct. 2025, doi: 10.1111/1751-7915.70253. 

57. W. Wei-Wen Hsiao et al., “Nanomaterial-based biosensors for avian 
influenza virus: A new way forward,” Talanta, vol. 265, p. 124892, 
Dec. 2023, doi: 10.1016/j.talanta.2023.124892. 

58. J. Zhou et al., “Implantable Electrochemical Microsensors for In 
Vivo Monitoring of Animal Physiological Information,” Nanomicro 
Lett., vol. 16, no. 1, p. 49, Dec. 2024, doi: 10.1007/s40820-023-01274-
4. 

59. G. Manessis, A. I. Gelasakis, and I. Bossis, “Point-of-Care 
Diagnostics for Farm Animal Diseases: From Biosensors to 
Integrated Lab-on-Chip Devices,” Biosensors (Basel)., vol. 12, no. 7, p. 
455, Jun. 2022, doi: 10.3390/bios12070455. 

60. X. Feng et al., “Recent advances in the detection of pathogenic 
microorganisms and toxins based on field-effect transistor 
biosensors,” Crit. Rev. Food Sci. Nutr., vol. 64, no. 25, pp. 9161–9190, 
Oct. 2024, doi: 10.1080/10408398.2023.2208677. 

61. K. Nazerke, A. Ruslan, D. Saule, D. Aida, and V. Svetlana, 
“Advances and emerging technologies in the diagnosis of viral 
infections in pigs: Progress, challenges, and One Health 
perspectives,” Vet. World, p. 3788, Dec. 2025, doi: 
10.14202/vetworld.2025.3788-3805. 

62. E. Demir, K. K. Kırboga, and M. Işık, “An overview of stability and 
lifetime of electrochemical biosensors,” in Novel Nanostructured 
Materials for Electrochemical Bio-Sensing Applications, Elsevier, 2024, 
pp. 129–158. doi: 10.1016/B978-0-443-15334-1.00022-5. 

63. Z. Mumtaz et al., “Prospects of Microfluidic Technology in Nucleic 
Acid Detection Approaches,” Biosensors (Basel)., vol. 13, no. 6, p. 584, 
May 2023, doi: 10.3390/bios13060584. 

64. Z. Razavi, M. Soltani, M. Souri, and H. Pazoki-Toroudi, “CRISPR-
Driven Biosensors: A New Frontier in Rapid and Accurate Disease 
Detection,” Crit. Rev. Anal. Chem., vol. 56, no. 3, pp. 558–582, Apr. 
2026, doi: 10.1080/10408347.2024.2400267. 

65. R. Abdel-Karim, “Nanotechnology-Enabled Biosensors: A Review 
of Fundamentals, Materials, Applications, Challenges, and Future 
Scope,” Biomedical Materials & Devices, vol. 2, no. 2, pp. 759–777, Sep. 
2024, doi: 10.1007/s44174-023-00147-z. 

66. G. Kalaiyarasan and J. Joseph, “Processes in biosensor design, 
development, and validation parameters,” in Health and 
Environmental Applications of Biosensing Technologies, Elsevier, 2024, 
pp. 27–49. doi: 10.1016/B978-0-443-19039-1.00002-X. 

67. X. Zhao et al., “Recent Advances in Microfluidics for the Early 
Detection of Plant Diseases in Vegetables, Fruits, and Grains Caused 
by Bacteria, Fungi, and Viruses,” J. Agric. Food Chem., vol. 72, no. 28, 
pp. 15401–15415, Jul. 2024, doi: 10.1021/acs.jafc.4c00454. 



Nepal J Biotechnol. 2026  Jul ;  14(1 ) :1 7 -31      Mustaffa et al.  

©NJB, BSN   29 

68. S. Meng, Z. Zhao, L. Huang, X. Peng, H. Chen, and X. Tang, 
“CRISPR/Cas Technology for the Diagnosis of Animal Infectious 
Diseases,” Microorganisms, vol. 13, no. 9, p. 2006, Aug. 2025, doi: 
10.3390/microorganisms13092006. 

69. I. Villanueva-Miranda, G. Xiao, and Y. Xie, “Artificial intelligence in 
early warning systems for infectious disease surveillance: a 
systematic review,” Front. Public Health, vol. 13, Jun. 2025, doi: 
10.3389/fpubh.2025.1609615. 

70. M. Ramesh, R. Janani, C. Deepa, and L. Rajeshkumar, 
“Nanotechnology-Enabled Biosensors: A Review of Fundamentals, 
Design Principles, Materials, and Applications,” Biosensors (Basel)., 
vol. 13, no. 1, p. 40, Dec. 2022, doi: 10.3390/bios13010040. 

71. H. C. Ananda Murthy, A. N. Wagassa, C. R. Ravikumar, and H. P. 
Nagaswarupa, “Functionalized metal and metal oxide 
nanomaterial-based electrochemical sensors,” in Functionalized 
Nanomaterial-Based Electrochemical Sensors, Elsevier, 2022, pp. 369–
392. doi: 10.1016/B978-0-12-823788-5.00001-6. 

72. N. German, A. Popov, A. Ramanavicius, and A. Ramanaviciene, “A 
Platform for the Glucose Biosensor Based on Dendritic Gold 
Nanostructures and Polyaniline-Gold Nanoparticles 
Nanocomposite,” Biosensors (Basel)., vol. 15, no. 3, p. 196, Mar. 2025, 
doi: 10.3390/bios15030196. 

73. J. Chantaramethakul et al., “Electrochemical Detection of Nitrite 
Ions Using Gold Nanoparticles Supported on Multiwalled Carbon 
Nanotube/Reduced Graphene Oxide Composites,” ACS Appl. Nano 
Mater., vol. 8, no. 45, pp. 21798–21812, Nov. 2025, doi: 
10.1021/acsanm.5c03719. 

74. F. N. Molinari et al., “Cutting-Edge Sensor Design: MIP 
Nanoparticle-Functionalized Nanofibers for Gas-Phase Detection of 
Limonene in Predictive Agriculture,” Polymers (Basel)., vol. 17, no. 3, 
p. 326, Jan. 2025, doi: 10.3390/polym17030326. 

75. G. Manessis, A. I. Gelasakis, and I. Bossis, “Point-of-Care 
Diagnostics for Farm Animal Diseases: From Biosensors to 
Integrated Lab-on-Chip Devices,” Biosensors (Basel)., vol. 12, no. 7, p. 
455, Jun. 2022, doi: 10.3390/bios12070455. 

76. L. Li et al., “A review of nanomaterials for biosensing applications,” 
J. Mater. Chem. B, vol. 12, no. 5, pp. 1168–1193, 2024, doi: 
10.1039/D3TB02648E. 

77. M. Singh, G. Bindal, C. S. Misra, and D. Rath, “The era of Cas12 and 
Cas13 CRISPR-based disease diagnosis,” Crit. Rev. Microbiol., vol. 48, 
no. 6, pp. 714–729, Nov. 2022, doi: 10.1080/1040841X.2021.2025041. 

78. S. Dai et al., “Rapid and accurate detection of Fusarium oxysporum 
f. sp. Lycopersici using one-pot, one-step LAMP-CRISPR/Cas12b 
method,” Front. Plant Sci., vol. 15, Dec. 2024, doi: 
10.3389/fpls.2024.1485884. 

79. W. Liang et al., “An electrochemiluminescence resonance energy 
transfer biosensor based on Luminol-LDH and CuS@Pt for 
detection of alpha-fetoprotein,” Talanta, vol. 261, p. 124669, Aug. 
2023, doi: 10.1016/j.talanta.2023.124669. 

80. H. Li et al., “Amplification-free CRISPR/Cas detection technology: 
challenges, strategies, and perspectives,” Chem. Soc. Rev., vol. 52, no. 
1, pp. 361–382, 2023, doi: 10.1039/D2CS00594H. 

81. S. Ali et al., “Revolutionizing Cotton Leaf Curl Disease Detection: 
CRISPR-Based Diagnostics for Rapid, Field-Deployable Solutions,” 
Planta Animalia, vol. 4, no. 4, pp. 347–362, Aug. 2025, doi: 
10.71454/PA.004.04.0195. 

82. H. You, C. A. Gordon, S. R. MacGregor, P. Cai, and D. P. McManus, 
“Potential of the CRISPR‐Cas system for improved parasite 
diagnosis,” BioEssays, vol. 44, no. 4, Apr. 2022, doi: 
10.1002/bies.202100286. 

83. N. Kalter et al., “Off-target effects in CRISPR-Cas genome editing for 
human therapeutics: Progress and challenges,” Mol. Ther. Nucleic 
Acids, vol. 36, no. 3, p. 102636, Sep. 2025, doi: 
10.1016/j.omtn.2025.102636. 

84. H. Albert, “A CONVERSATION WITH… Janice Chen , CTO, 
Mammoth Biosciences,” Inside Precision Medicine, vol. 9, no. 1, pp. 26–
28, Feb. 2022, doi: 10.1089/ipm.09.01.08. 

85. F. Lin, “Gene Editing at Scale Clinic Seeks Generalizable Therapies,” 
Genetic Engineering & Biotechnology News, vol. 46, no. 5, pp. 32–35, 
May 2026, doi: 10.1177/1935472X261451582. 

86. D. V. Baker et al., “Smartphones as a platform for molecular analysis: 
concepts, methods, devices and future potential,” Lab Chip, vol. 25, 
no. 5, pp. 884–955, 2025, doi: 10.1039/D4LC00966E. 

87. T. Xu et al., “Lab-on-a-chip for biomarker detection: advances, 
practical applications, and future perspectives,” Lab Chip, vol. 26, no. 
5, pp. 1053–1079, 2026, doi: 10.1039/D5LC00986C. 

88. Y. Zhang et al., “Deep Learning-Enhanced Hand-Driven Spatial 
Encoding Microfluidics for Multiplexed Molecular Testing at 
Home,” ACS Nano, vol. 19, no. 28, pp. 25793–25811, Jul. 2025, doi: 
10.1021/acsnano.5c04309. 

89. B. Xiao et al., “Rapid DNA extraction and microfluidic LAMP 
system in portable equipment for GM crops detection,” Sens. 
Actuators B Chem., vol. 411, p. 135716, Jul. 2024, doi: 
10.1016/j.snb.2024.135716. 

90. M. B. Avci, F. Kurul, S. N. Topkaya, and A. E. Cetin, “Smartphone-
based biosensing: a review of optical imaging, microfluidic 
integration, and AI-enhanced analysis,” Microchimica Acta, vol. 192, 
no. 12, p. 786, Dec. 2025, doi: 10.1007/s00604-025-07523-0. 

91. A. Yadav and K. Yadav, “Portable solutions for plant pathogen 
diagnostics: development, usage, and future potential,” Front. 
Microbiol., vol. 16, Jan. 2025, doi: 10.3389/fmicb.2025.1516723. 

92. E. Xing, H. Chen, X. Xin, H. Cui, Y. Dou, and S. Song, “Recent 
Advances in Smart Phone-Based Biosensors for Various 
Applications,” Chemosensors, vol. 13, no. 7, p. 221, Jun. 2025, doi: 
10.3390/chemosensors13070221. 

93. P. Das, S. Bhoite, N. Patil, S. Chakrabartty, and D. Dutta, “Real‐time 
quality and safety monitoring of fruit juice using paper‐based 
platform,” Food Biomacromolecules, vol. 3, no. 1, pp. 140–162, Mar. 
2026, doi: 10.1002/fob2.70051. 

94. D. M. Kinyua, D. M. Memeu, C. N. Mugo Mwenda, B. Della Ventura, 
and R. Velotta, “Advancements and Applications of Lateral Flow 
Assays (LFAs): A Comprehensive Review,” Sensors, vol. 25, no. 17, 
p. 5414, Sep. 2025, doi: 10.3390/s25175414. 

95. R. Zhu et al., “Single-molecule lipopolysaccharides identification 
and the interplay with biomolecules via nanopore readout,” Biosens. 
Bioelectron., vol. 240, p. 115641, Nov. 2023, doi: 
10.1016/j.bios.2023.115641. 

96. K. T. L. Trinh, H. D. K. Do, and N. Y. Lee, “Recent Advances in 
Molecular and Immunological Diagnostic Platform for Virus 
Detection: A Review,” Biosensors (Basel)., vol. 13, no. 4, p. 490, Apr. 
2023, doi: 10.3390/bios13040490. 

97. J. Park, “Smartphone based lateral flow immunoassay 
quantifications,” J. Immunol. Methods, vol. 533, p. 113745, Oct. 2024, 
doi: 10.1016/j.jim.2024.113745. 

98. A. Yadav and K. Yadav, “Portable solutions for plant pathogen 
diagnostics: development, usage, and future potential,” Front. 
Microbiol., vol. 16, Jan. 2025, doi: 10.3389/fmicb.2025.1516723. 

99. Q. Ren et al., “Recent Advances in Lateral Flow Immunoassay for 
Rapid Diagnosis of Viral Diseases,” Transbound. Emerg. Dis., vol. 
2026, no. 1, Jan. 2026, doi: 10.1155/tbed/5701806. 

100. M. K. Dey, M. Iftesum, R. Devireddy, and M. R. Gartia, “New 
technologies and reagents in lateral flow assay (LFA) designs for 
enhancing accuracy and sensitivity,” Analytical Methods, vol. 15, no. 
35, pp. 4351–4376, 2023, doi: 10.1039/D3AY00844D. 

101. K. Dashtian, S. Hajati, R. Karimi, and M. Keyhan, “Near-infrared-
responsive photoelectrochemical biosensors,” TrAC Trends in 
Analytical Chemistry, vol. 179, p. 117890, Oct. 2024, doi: 
10.1016/j.trac.2024.117890. 

102. M. B. Kulkarni, N. H. Ayachit, and T. M. Aminabhavi, “Biosensors 
and Microfluidic Biosensors: From Fabrication to Application,” 
Biosensors (Basel)., vol. 12, no. 7, p. 543, Jul. 2022, doi: 
10.3390/bios12070543. 

103. B. Wang et al., “Smartphone-based platforms implementing 
microfluidic detection with image-based artificial intelligence,” 
Nat. Commun., vol. 14, no. 1, p. 1341, Mar. 2023, doi: 
10.1038/s41467-023-36017-x. 

104. G. Liu, Y. Wu, Y. Wang, W. Ye, M. Wu, and Q. Liu, “Smartphone‐
Based Portable Sensing Systems for <scp>Point‐of‐Care</scp> 
Detections,” in Portable and Wearable Sensing Systems, Wiley, 2024, 
pp. 89–110. doi: 10.1002/9783527841080.ch5. 

105. M. Majdalawieh, C. Martins, M. Radi, M. Alaraj, and S. Khan, 
“Precision agriculture in the age of AI: A systematic review of 
machine learning methods for crop disease detection,” Smart 
Agricultural Technology, vol. 12, p. 101491, Dec. 2025, doi: 
10.1016/j.atech.2025.101491. 



Nepal J Biotechnol. 2026  Jul ;  14(1 ) :1 7 -31      Mustaffa et al.  

©NJB, BSN   30 

106. U. Barman et al., “ViT-SmartAgri: Vision Transformer and 
Smartphone-Based Plant Disease Detection for Smart Agriculture,” 
Agronomy, vol. 14, no. 2, p. 327, Feb. 2024, doi: 
10.3390/agronomy14020327. 

107. S. Pandey, M. Chaudhary, and Z. Tóth, “An investigation on real-
time insights: enhancing process control with IoT-enabled sensor 
networks,” Discover Internet of Things, vol. 5, no. 1, p. 29, Mar. 2025, 
doi: 10.1007/s43926-025-00124-6. 

108. T. Akkaş, M. Reshadsedghi, M. Şen, V. Kılıç, and N. Horzum, “The 
Role of Artificial Intelligence in Advancing Biosensor Technology: 
Past, Present, and Future Perspectives,” Advanced Materials, vol. 37, 
no. 34, Aug. 2025, doi: 10.1002/adma.202504796. 

109. [B. Sequeira-Antunes and H. A. Ferreira, “Nucleic Acid Aptamer-
Based Biosensors: A Review,” Biomedicines, vol. 11, no. 12, p. 3201, 
Dec. 2023, doi: 10.3390/biomedicines11123201. 

110. Ravina, D. Kumar, M. Prasad, and H. Mohan, “Biological 
recognition elements,” in Electrochemical Sensors, Elsevier, 2022, pp. 
213–239. doi: 10.1016/B978-0-12-823148-7.00008-8. 

111. X. Mao et al., “Advancements in the synergy of isothermal 
amplification and CRISPR-cas technologies for pathogen 
detection,” Front. Bioeng. Biotechnol., vol. 11, Oct. 2023, doi: 
10.3389/fbioe.2023.1273988. 

112. M. B. Kulkarni, N. H. Ayachit, and T. M. Aminabhavi, “Biosensors 
and Microfluidic Biosensors: From Fabrication to Application,” 
Biosensors (Basel)., vol. 12, no. 7, p. 543, Jul. 2022, doi: 
10.3390/bios12070543. 

113. A. GUNDOGDU et al., “BIOSENSORS: TYPES, APPLICATIONS, 
AND FUTURE ADVANTAGES,” Journal of Scientific Reports-A, no. 
052, pp. 457–481, Mar. 2023, doi: 10.59313/jsr-a.1221899. 

114. M. Li, Z. Chen, and Y.-X. Huo, “Application Evaluation and 
Performance-Directed Improvement of the Native and Engineered 
Biosensors,” ACS Sens., vol. 9, no. 10, pp. 5002–5024, Oct. 2024, doi: 
10.1021/acssensors.4c01072. 

115. A. Shamsabadi, T. Haghighi, S. Carvalho, L. C. Frenette, and M. M. 
Stevens, “The Nanozyme Revolution: Enhancing the Performance 
of Medical Biosensing Platforms,” Advanced Materials, vol. 36, no. 
10, Mar. 2024, doi: 10.1002/adma.202300184. 

116. G. Goumas, E. N. Vlachothanasi, E. C. Fradelos, and D. S. Mouliou, 
“Biosensors, Artificial Intelligence Biosensors, False Results and 
Novel Future Perspectives,” Diagnostics, vol. 15, no. 8, p. 1037, Apr. 
2025, doi: 10.3390/diagnostics15081037. 

117. P. Ranjan, A. Singhal, M. A. Sadique, S. Yadav, A. Parihar, and R. 
Khan, “Scope of biosensors, commercial aspects, and miniaturized 
devices for point-of-care testing from lab to clinics applications,” 
in Biosensor Based Advanced Cancer Diagnostics, Elsevier, 2022, pp. 
395–410. doi: 10.1016/B978-0-12-823424-2.00004-1. 

118. N. Amin, A. Almasi, T. Ozer, C. S. Henry, L. Hosseinzadeh, and Z. 
Keshavarzi, “Recent Advances of Optical Biosensors in Veterinary 
Medicine: Moving Towards the Point of Care Applications,” Curr. 
Top. Med. Chem., vol. 23, no. 23, pp. 2242–2265, Sep. 2023, doi: 
10.2174/1568026623666230718163613. 

119. K. Džermeikaitė, D. Bačėninaitė, and R. Antanaitis, “Innovations 
in Cattle Farming: Application of Innovative Technologies and 
Sensors in the Diagnosis of Diseases,” Animals, vol. 13, no. 5, p. 780, 
Feb. 2023, doi: 10.3390/ani13050780. 

120. R. Sharma, “Wearable biosensors: an aid for cattle well-being,” 
Sensor Review, vol. 45, no. 5, pp. 544–562, Aug. 2025, doi: 
10.1108/SR-11-2024-0933. 

121. D. Bueno, A. Gómez, R. Dominguez, J. Gutiérrez, and J. L. Marty, 
“Optical methods using smartphone platforms for mycotoxin 
detection,” in Smartphone-Based Detection Devices, Elsevier, 2021, pp. 
37–56. doi: 10.1016/B978-0-12-823696-3.00003-9. 

122. Y. Li, S. Man, S. Ye, G. Liu, and L. Ma, “CRISPR‐Cas‐based 
detection for food safety problems: Current status, challenges, and 
opportunities,” Compr. Rev. Food Sci. Food Saf., vol. 21, no. 4, pp. 
3770–3798, Jul. 2022, doi: 10.1111/1541-4337.13000. 

123. A. Nayak and D. Dutta, “A comprehensive review on CRISPR and 
artificial intelligence based emerging food packaging technology 
to ensure ‘safe food,’” Sustainable Food Technology, vol. 1, no. 5, pp. 
641–657, 2023, doi: 10.1039/D3FB00059A. 

124. G. Zhou and H. Liu, “Commercial Translation of Electrochemical 
Biosensors: Supply Chain Strategy, Scale-Up Manufacturing, and 

Regulatory–Quality Considerations,” Biosensors (Basel)., vol. 16, no. 
2, p. 112, Feb. 2026, doi: 10.3390/bios16020112. 

125. [S. Hayat et al., “A comprehensive review of lateral flow assays in 
rapid livestock and poultry disease diagnostics,” J. Adv. Vet. Anim. 
Res., vol. 13, no. 1, p. 284, 2026, doi: 10.5455/javar.2026.m1032. 

126. M. Karki et al., “Optimization of lateral flow assay for Canine 
morbillivirus detection and the application of the strip as sample 
substitute,” J. Immunol. Methods, vol. 514, p. 113438, Mar. 2023, doi: 
10.1016/j.jim.2023.113438. 

127. G. Giorgi and S. Tonello, “Wearable Biosensor Standardization: 
How to Make Them Smarter,” Standards, vol. 2, no. 3, pp. 366–384, 
Aug. 2022, doi: 10.3390/standards2030025. 

128. J. de Vicente et al., “The uncertainty and limit of detection in 
biosensors from immunoassays,” Meas. Sci. Technol., vol. 31, no. 4, 
p. 044004, Apr. 2020, doi: 10.1088/1361-6501/ab49ec. 

129. G. Zhou and H. Liu, “Commercial Translation of Electrochemical 
Biosensors: Supply Chain Strategy, Scale-Up Manufacturing, and 
Regulatory–Quality Considerations,” Biosensors (Basel)., vol. 16, no. 
2, p. 112, Feb. 2026, doi: 10.3390/bios16020112. 

130. D. Gruson et al., “Validation and verification framework and data 
integration of biosensors and in vitro diagnostic devices: a position 
statement of the IFCC Committee on Mobile Health and 
Bioengineering in Laboratory Medicine (C-MBHLM) and the IFCC 
Scientific Division,” Clinical Chemistry and Laboratory Medicine 
(CCLM), vol. 62, no. 10, pp. 1904–1917, Sep. 2024, doi: 
10.1515/cclm-2023-1455. 

131. J. Wang et al., “Paper-Based Biosensors for the Detection of Nucleic 
Acids from Pathogens,” Biosensors (Basel)., vol. 12, no. 12, p. 1094, 
Nov. 2022, doi: 10.3390/bios12121094. 

132. R. M. Sarza, L. Sutarlie, S. F. Y. Li, and X. Su, “Nanoparticle-based 
biosensors for virus detection in food systems: from farm to fork,” 
Nanoscale, vol. 17, no. 31, pp. 17993–18015, 2025, doi: 
10.1039/D5NR01459J. 

133. M. Régis, P. Pulcina, and D. A. Kretov, “Decoding RNA–protein 
interactions using high-throughput methods,” RNA Biol., vol. 23, 
no. 1, pp. 1–21, Dec. 2026, doi: 10.1080/15476286.2026.2623240. 

134. D. Huang, Y. Liu, G. A. Wang, S. Lv, Y. Tan, and F. Li, “Chemical 
tools for discriminating single nucleotide variants: from design 
principles to clinical applications,” Chem. Soc. Rev., vol. 55, no. 2, 
pp. 714–764, 2026, doi: 10.1039/D5CS01006C. 

135. J. A. Otoo and T. S. Schlappi, “REASSURED Multiplex Diagnostics: 
A Critical Review and Forecast,” Biosensors (Basel)., vol. 12, no. 2, 
p. 124, Feb. 2022, doi: 10.3390/bios12020124. 

136. J. Rodriguez-Manzano et al., “Innovative diagnostic technologies: 
navigating regulatory frameworks through advances, challenges, 
and future prospects,” Lancet Digit. Health, vol. 6, no. 12, pp. e934–
e943, Dec. 2024, doi: 10.1016/S2589-7500(24)00242-5. 

137. L. F. C. Kampers, E. Asin-Garcia, P. J. Schaap, A. Wagemakers, and 
V. A. P. Martins dos Santos, “Navigating the Valley of Death: 
Perceptions of Industry and Academia on Production Platforms 
and Opportunities in Biotechnology,” EFB Bioeconomy Journal, vol. 
2, p. 100033, Nov. 2022, doi: 10.1016/j.bioeco.2022.100033. 

138. S. Allers, F. Eijkenaar, F. T. Schut, and E. M. van Raaij, “Translating 
innovative medical devices from prototype to practice: A Delphi 
study of urgent financial barriers and promising solutions,” Health 
Policy Technol., vol. 14, no. 1, p. 100964, Feb. 2025, doi: 
10.1016/j.hlpt.2024.100964. 

139. C. Mannari, M. Bacco, G. O. Spagnolo, A. Malizia, and A. Ferrari, 
“Towards a Method for Modelling Socio-Technical Process 
Transformation in Digital Agriculture,” in 2024 IEEE 32nd 
International Requirements Engineering Conference Workshops (REW), 
IEEE, Jun. 2024, pp. 306–315. doi: 10.1109/REW61692.2024.00046. 

140. E. Ahoa, A. Kassahun, C. Verdouw, and B. Tekinerdogan, 
“Challenges and Solution Directions for the Integration of Smart 
Information Systems in the Agri-Food Sector,” Sensors, vol. 25, no. 
8, p. 2362, Apr. 2025, doi: 10.3390/s25082362. 

141. C. Andreou, R. Weissleder, and M. F. Kircher, “Multiplexed 
imaging in oncology,” Nat. Biomed. Eng., vol. 6, no. 5, pp. 527–540, 
May 2022, doi: 10.1038/s41551-022-00891-5. 

142. M. N. Hosain, Y.-S. Kwak, J. Lee, H. Choi, J. Park, and J. Kim, “IoT-
enabled biosensors for real-time monitoring and early detection of 
chronic diseases,” Phys. Act. Nutr., vol. 28, no. 4, pp. 060–069, Dec. 
2024, doi: 10.20463/pan.2024.0033. 



Nepal J Biotechnol. 2026  Jul ;  14(1 ) :1 7 -31      Mustaffa et al.  

©NJB, BSN   31 

143. A. Aryal, Y. Sapkota, B. Lamichhane, and J. Shrestha, 
“Applications of Internet of Things, Remote Sensing, and AI for 
Precision Agriculture and its Adoption Status in Nepal,” Journal of 
Applied Agricultural Science and Technology, vol. 10, no. 1, pp. 170–
196, Feb. 2026, doi: 10.55043/jaast.v10i1.446. 

144. R. Sharma, “Wearable biosensors: an aid for cattle well-being,” 
Sensor Review, vol. 45, no. 5, pp. 544–562, Aug. 2025, doi: 
10.1108/SR-11-2024-0933. 

145. T. Li et al., “Advancements in Intelligent Monitoring Technologies 
for Behavioral, Physiological, and Biomarker Analysis in Cattle 
Health: A Review,” Agriculture, vol. 16, no. 1, p. 39, Dec. 2025, doi: 
10.3390/agriculture16010039. 

146. S. Chakraborty, “Application of synthetic biology in biosensors,” 
in Synthetic Biology and its Consequences in Present Healthcare, 
Elsevier, 2026, pp. 265–279. doi: 10.1016/B978-0-443-33649-
2.00010-1. 

147. K. O’Connor, P. Steppe, D. Worthley, J. Hasty, and R. Cooper, 
“Bacteria as living biosensors for DNA,” Nature Reviews 
Bioengineering, vol. 4, no. 2, pp. 192–204, Oct. 2025, doi: 
10.1038/s44222-025-00369-4. 

148. Y. Jiang et al., “Recent Advances in 3D Printed Sensors: Materials, 
Design, and Manufacturing,” Adv. Mater. Technol., vol. 8, no. 2, Jan. 
2023, doi: 10.1002/admt.202200492. 

149. J. Zikulnig et al., “Printed Electronics Technologies for Additive 
Manufacturing of Hybrid Electronic Sensor Systems,” Advanced 
Sensor Research, vol. 2, no. 7, Jul. 2023, doi: 10.1002/adsr.202200073. 

150. A. Tripathi and R. Rathore, “AI in Disease Surveillance — An 
Overview of How AI Can Be Used in Disease Surveillance and 
Outbreak Detection in Real‐World Scenarios,” in AI in Disease 
Detection, Wiley, 2025, pp. 337–359. doi: 
10.1002/9781394278695.ch15. 

151. Y. Wang et al., “Revolutionizing Agriculture With CRISPR 
Technology: Applications, Challenges, and Future Perspectives,” 
Biotechnol. J., vol. 20, no. 9, Sep. 2025, doi: 10.1002/biot.70113. 

152. S. Roy, S. Malla, D. Dekari, and T. G. Choudhury, “One Health 
Approach: Human, Environment, and Animal Health,” in 
Management of Fish Diseases, Singapore: Springer Nature Singapore, 
2025, pp. 281–297. doi: 10.1007/978-981-96-0270-4_12. 

153. Y. Syraji, P. R. Jeyaramraja, T. Mada, and K. Gobikanila, 
“Comprehensive review of aflatoxin contamination, its occurrence, 
effects, management, and future perspectives,” Discover Food, vol. 
5, no. 1, p. 377, Nov. 2025, doi: 10.1007/s44187-025-00680-4.

 

 

 


