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Environmental routes of virus transmission and the application of 

nanomaterial-based sensors for virus detection

Abstract  

Many outbreaks of emerging disease (e.g., avian influenza, SARS, MERS, Ebola, COVID-19) are 

caused by viruses. In addition to direct person-to-person transfer, the movement of these viruses 

through environmental matrices (water, air, and food) can further disease transmission. There is a 

pressing need for rapid and sensitive virus detection in environmental matrices. Nanomaterial-

based sensors (nanosensors), which take advantage of the unique optical, electrical, or magnetic 

properties of nanomaterials, exhibit significant potential for environmental virus detection. 

Interactions between viruses and nanomaterials (or recognition agents on the nanomaterials) can 

induce detectable signals and provide rapid response times, high sensitivity, and high specificity. 

Facile and field-deployable operations can be envisioned due to the small size of the sensing 

elements. In this frontier review, we summarize virus transmission via environmental pathways 

and then comprehensively discuss recent applications of nanosensors to detect various viruses. 

This review provides guidelines for virus detection in the environment through the use of 

nanosensors as a tool to decrease environmental transmission of current and emerging diseases.

Keywords: virus, transmission, detection, nanomaterial, sensor
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Environmental significance 

        Numerous viruses (including SARS-CoV-2) can spread across various environmental 

matrices (e.g., air, soil, water, and food), promoting direct/indirect infection transmission. 

Environmental monitoring of viruses is highly desirable to prevent the spread of infectious diseases. 

Nanomaterial-based sensors (nanosensors) have recently shown great potential for virus detection 

with low-cost, high sensitivity, and short analysis time. The small size and the adaptability of 

nanosensors enable field-deployable virus detection in various environmental matrices. This 

review provides guidelines for nanosensor application for virus detection to control the 

environmental transmission of current and emerging diseases associated with viruses.
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1. Introduction

               Respiratory viruses can spread from person to person and cause contagious respiratory 

illnesses. Outbreaks of viral disease have regularly occurred and have caused hundreds of 

thousands of fatalities over the last three decades: severe acute respiratory syndrome coronavirus 

(SARS-CoV) in 2003,1 influenza A virus H1N1 subtype in 2009,2 Ebola virus (EBOV) in 2014,3 

middle east respiratory syndrome coronavirus (MERS-CoV) in 2014,4 and Zika virus (ZIKV) in 

2014.5 Currently, the ongoing COVID-19 (caused by the SARS-CoV-2 virus) pandemic is the 

world's most pressing public health threat and as of June 2022 has resulted in known infections in 

greater than 529 million people across the world.6 To minimize morbidity and mortality, rapid 

virus detection and contact tracing along routes of virus transmission are crucial.7 In addition to 

direct transfer between infectious and susceptible individuals, viruses can also be transmitted 

through environmental media such as water, air, and food.8 For instance, SARS-CoV-2 spreads 

not only through person-to-person contact, but also via contaminated fomites and respiratory 

aerosols.9 The survival and transport of viruses within and across environmental matrices promotes 

indirect transmission.10 Detection of viruses in these environmental matrices is required to fully 

track all routes of virus transmission, determine undiagnosed infections at the 

population/community level,11 and control the spread of disease. 

            Current virus detection methods include plaque assays, polymerase chain reaction (PCR) 

based techniques, loop-mediated isothermal amplification (LAMP), and enzyme-linked 

immunosorbent assay (ELISA). The standardized operation procedures and high sensitivity of 

these methods render them widely applicable, but primarily located in clinical or laboratory 

settings. Tedious pretreatment steps and huge investments in chemicals or instruments often 

hamper their application for environmental samples, especially for the large number of samples 
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required to track viral transmission routes. There is an urgent need for lower-cost, field deployable 

devices, as well as high sensitivity and specificity that consider environmental diagnostic 

applications.

Nanomaterial-based sensors (nanosensors) have shown significant promise towards virus 

detection in the environment due to their small size, low-cost, high sensitivity, and rapid 

turnaround time. Error! Reference source not found. summarizes the principal components of a 

nanosensor. The basic principle is to transform stimuli arising from the interaction between a given 

nanomaterial and a target analyte of interest into a quantifiable signal, termed signal transduction. 

Nanosensors employ a range of signal transduction mechanisms enabled by functionalizing 

nanomaterials with different recognition elements such as aptamers, peptides, and antibodies12, 

that render high specificity. Three types of signal transduction have been broadly applied in 

nanosensors: optical, electrical, and magnetic.13 Such signal transduction enables higher sensitivity 

and stability over traditional methods. Nanomaterials have several advantages over bulk materials. 

Nanomaterials have completely different physiochemical properties (e.g., durability, conductivity, 

and quantum effects at nanoscale) from those of bulk materials. Also, they have high surface-to-

volume ratio which help close contact with surrounding macromolecules (e.g., DNA, virus, 

protein), thus affecting reactivity. Different nanoparticle morphologies and properties can be 

harnessed for nanosensor development. Plasmonic nanomaterials such as gold and silver 

nanoparticles (AuNPs, AgNPs) or photoconductive materials (e.g., carbon nanotubes (CNTs)) 

have been used to develop optical nanosensors. For the development of electrical nanosensors, 

both one-dimensional nanomaterials (e.g., silicon nanowires (SiNWs), CNTs) and two-

dimensional nanomaterials (e.g., graphene/graphene oxide (GO) and metal-organic frameworks 

(MOFs) nanosheets) have been used. Lastly, iron-based nanoparticles (e.g., Fe0, Fe3O4, -Fe2O3) 𝛾
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are commonly used to develop magnetic nanosensors. Such nanomaterials can be incorporated 

within flexible substrates such as paper or lateral flow-devices to be low-cost and field-deployable 

and are thus suitable for environmental applications. Despite that, the application of nanosensors 

for virus detection in the environment still has not been heavily explored. In this review, we 

emphasize the necessity of virus detection in environmental matrices by introducing environmental 

viral transmission routes and then review the latest progress toward the developments of 

nanosensors for virus detection to discuss the feasibility and potential challenges for their 

application for environmental sample interrogation.  

Figure 1. Schematic diagram of three major virus transmission pathways (i.e., waterborne, 
airborne, and foodborne) to a susceptible host and the application of nanosensors for virus 
detection. Environmental sampling is followed by nanosensor-enabled detection of viruses. The 
principal components of a nanosensor for virus detection include signal transduction, recognition 
element, and nanomaterials. 
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2. Virus transmission routes in the environment 

Viruses can spread in the environment and infect people through inhalation and ingestion. 

Water, air, and food are key environmental media known to play a role in virus transmission 

(Figure 1).14 For example, viruses can be discharged into sewage along with the feces of infected 

people or animals and can spread when water circulates or when transmitted into the air.15 Droplets 

and aerosol particles produced when infected patients cough, sneeze, speak, and breathe are 

important carriers for the environmental distribution of viruses.16 Viruses may also spread disease 

through the food chain or contact between infected individuals and prepared foods. Detection of 

viruses in these different environments is required to track the routes of virus transmission.  

2.1 Waterborne transmission

Waterborne viruses such as hepatitis A and E virus (HAV and HEV), norovirus (NoV), 

adenovirus (AdV), and rotavirus (RV) are enterally transmitted and are primary causes of 

waterborne disease.17 One obvious route of waterborne virus transmission is the discharge of 

sewage and sewage-contaminated waters into drinking water sources. Wastewater is considered 

one of the most concentrated environmental virus reservoirs with an estimated mean concentration 

of 7000 infectious enteric viruses per liter since viruses are discharged into sewage along with the 

feces and urine of infected people or animals.18 High titers of the infectious virus have been 

measured in wastewater samples collected worldwide.19, 20 For example, SARS-CoV-2 RNA has 

been detected in wastewater and can be used as a potential early warning system for COVID-19 

transmission in the community.21-23 Although some wastewater treatment processes may remove 

viruses, their removal efficiency is often limited. One report suggests that primary treatment 

achieves only ~1 log10 removal of NoV.24 The same study found that activated sludge was more 
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effective for NoV removal (2.3-3.1 log10) than trickling filters, biological aerated filters, and 

humus tanks. Further, UV disinfection of the final effluent only led to 0.8-1 log10 NoV reduction. 

Hence, viable viruses can be released into environmental waters via the discharge of treated 

effluent. Pang et al. investigated the occurrence of viruses in six major rivers in Alberta by 

quantitative PCR (qPCR) after concentrating samples by the adsorption-elution method and found 

that RV was the most prevalent virus (concentrations ranging from 2.3 to 4.5 log10 genomic 

equivalent copies/L) and had a seasonal peak during winter.25 NoV, sapovirus, astrovirus, AdV, 

and John Cunningham virus also peaked during the winter. Some viruses are environmentally 

resilient and may be transmitted through surface water, groundwater, and drinking water resources. 

Lee et al. investigated the occurrence of NoV in 71 sampling sites in South Korea by reverse 

transcription (RT)-PCR after concentrating samples by the adsorption-elution technique, and 

found that 48.3% (summer) and 35.3% (fall-winter) of the samples were positive.26 Miura et al. 

collected river water samples at 21 drinking water treatment plants in Japan from June 2017 to 

August 2018 by RT-PCR after concentrating sample by adsorption-elution technique and found 

that the detection rate for NoV GII (gene type) and RV (group A) were 87% and 100%, 

respectively.27 Fortunately, the total number of viral reads at the point of use (e.g., tap water) was 

~0.1% of that in raw river water except for HEV where it was 2.2%.28 Although the risk of getting 

infected by viruses in tap water is expected to be relatively low due to their concentrations, there 

remains a possibility of transmission to other environments during outbreaks. In addition, evidence 

indicates the presence of viable viruses in aquatic matrices such as seawater and reuse water.29, 30

2.2 Airborne transmission

Airborne viruses are transmitted by aerosolized droplets or particles produced when 

infected individuals cough, sneeze, speak, and breathe.16, 31 Droplets and aerosol particles 

Page 8 of 70Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

produced by these respiratory activities span a wide range of sizes, and some can remain suspended 

in the air for seconds to hours, can travel long distances, and can accumulate in poorly ventilated 

spaces.32 Aerosol-based dissemination can lead to the widespread transmission of viruses. 

Influenza, measles, and coronavirus (SARS-CoV or SARS-CoV-2) are well-known airborne 

viruses.16, 33-35

Airborne virus concentrations are highest in indoor environments characterized by poor 

ventilation, large numbers of people, confined space, and the presence of viral sources. For 

example, a hospital is where viruses can quite readily spread through the air from infected 

individuals. Researchers have found that influenza viral RNA could be detected in fever clinics 

for confirmed flu patients and visitors although there were no viruses in the outpatient hall and 

clinical laboratory.36 Similarly, SARS-CoV-2 RNA was detected with a concentration of several 

gene copies per cubic meters in aerosols from patient toilet areas in Fangcang Field Hospital in 

Wuhan by collecting aerosol samples on a filter, extracting RNA in dissolved solution and 

analyzing by PCR.37 The concentrations of airborne viruses in most places within hospitals 

(isolation wards and ventilated patient rooms) are usually low thus suggesting that room ventilation 

and open spaces can effectively reduce viral loads. Schools and offices are crowded public places 

at high-risk of airborne virus transmission, especially during the flu season. Xie et al. investigated 

the occurrence of several airborne viruses in air samples collected by bioaerosol samplers in a 

university campus by RT-PCR and found that influenza A and B viruses were detectable at higher 

frequencies than other viruses (rhinovirus, respiratory syncytial virus, and human coronavirus).38 

The school corridor had  the highest influenza A virus concentration relative to classrooms and 

gyms in an elementary school due to the high passing frequency and air turbulence caused by 

students’ activities.39 In contrast, the influenza A virus was not detected in any tested outdoor 
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samples. Besides the physical spaces, the indoor environment conditions such as temperature and 

relative humidity (RH) have been identified as important factors in airborne virus survival and 

transmission.40, 41 Cold temperatures and low RH favor the spreading of airborne viruses due to 

their positive effects on virus stability.42 

2.3 Foodborne transmission

Foodborne viruses are a significant cause of human morbidity and mortality. Fresh food 

can be contaminated at any step between preharvest and postharvest.43 Foodborne viral infections 

are often transmitted via the fecal-oral route through ingesting contaminated food and illness 

across the food chain.44 HAV and NoV are recognized as two of the most important foodborne 

viruses43, 45 and are regularly detected in shellfish, fresh fruits, and vegetables. SARS-CoV-2 is 

also detected from frozen cod packaging.46

Using contaminated irrigation water and agricultural soils is a primary route of viral 

transmission during preharvest. The transfer of viruses from irrigation water to plants can occur 

through direct contact or internalization into plant tissue via the root system.44 In field experiments, 

Brassard et al. found that although the concentration of viruses in irrigation water was extremely 

low, NoV and swine HEV could be detected in strawberry samples after being irrigated with 

contaminated water for several days.47 These results indicate that fruits might concentrate the 

viruses during the growth to pose a threat to human beings. Similar results were found in some 

fresh fruit and vegetables and their associated agricultural and environmental samples in South 

Korea.48 These results suggest that removing viruses from irrigation water may successfully 

minimize the transmission of foodborne viruses during preharvest. 

During harvest and postharvest, foodborne viruses can be traced to foods handled by 

infected food handlers (e.g., field harvesters, production plant workers, professional chefs).  
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Shellfish, fruits, and vegetables are at high risk for transmitting viruses since they undergo 

extensive human handling during production. To check whether the infected food handlers will 

cause secondary contamination in food samples, Somura et al. recovered NoV in food samples 

using bacterial culture method in Tokyo from five NoV outbreaks during 2015-2016.  It was found 

that each partial NoV VP1 sequence of NoV-positive food samples matched completely with those 

in NoV-positive individuals and food handlers, which proved food handlers played a potentially 

important role in NoV transmission.49 Similar results have been obtained by other researchers that 

food handling practices carry potential risk of acute gastroenteritis outbreaks.50 Besides, recent 

research has shown that SARS-CoV-2 can remain highly stable on frozen food and that 

contaminated cold-storage foods may pose a risk for SARS-CoV-2 transmission between countries 

and regions.51 These results indicate that the development of safe food-handling strategies among 

food handlers is important in controlling the transmission of foodborne viruses.

2.4 Current virus detection approaches

Before discussing nanosensor applications for virus detection, we briefly summarize 

current approaches to virus detection. The standard method to detect the pathogenic virus is the 

plaque assay. The plaque assay counts the number of plaque-forming units (PFU) in a certain 

volume of liquid. In this assay, various virus dilutions are incubated in the presence of a monolayer 

of recipient host cells. A viral plaque forms when the virus infects the recipient cells. The viral 

concentration is then determined using either PFU or the 50% tissue culture infectious dose 

(TCID50). The plaque assay has several limitations, such as the required long incubation period for 

plaque formation, laborious counting effort, and the limited availability of recipient host cells for 

many viruses of health concern.52
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Nucleic acid amplification strategies such as PCR and LAMP have been widely used to 

detect viruses.53, 54 PCR and LAMP approaches require the extraction of DNA or RNA from a 

virus. Following this step, enzyme-linked gene amplification enables the detection of target genes. 

For RNA detection, extracted RNA needs to be reverse-transcribed to complementary DNA using 

a reverse transcriptase enzyme prior to amplification. PCR generally relies upon Taq polymerase 

to replicate the target gene over multiple thermal cycles. For this process, two primers are designed 

to target the amplified gene region. In contrast, LAMP relies upon four different primers that bind 

to six distinct regions of target DNA. Bst polymerase is used to displace strands at a constant 

temperature and replicate the target gene. LAMP has greater specificity and a shorter turnaround 

time (~0.5 to 1 hour) than PCR. Further, PCR approaches require skilled personnel and high-cost 

facilities.55 Such an entry barrier limits the proactive detection of infectious viruses. While LAMP 

is gaining attention as a PCR alternative owing to its fast turnaround time and field deployability, 

the high rate of false positives makes the development of LAMP-based assays challenging.56-58 

RT-PCR and RT-LAMP assays for detection of SARS-CoV-2 have LODs of 484 and 200 

copies/mL.59, 60

ELISA can detect viruses using selective complexation between an antigen and an antibody 

linked to an enzyme. A specific antibody conjugated substrate is used to capture the target virus, 

followed by an enzyme attachment. Commonly, horseradish peroxidase (HRP)-conjugated goat 

anti-mouse immunoglobulin (IgG) is used as the enzyme. HRP catalyzes the oxidation of 3′,5,5′-

tetramethylbenzidine (TMB) by hydrogen peroxide (H2O2) and the optical signal arising from the 

production of oxidized TMB enables virus detection. ELISA assay for detection of SARS-CoV-2 

IgG has a LOD of 0.0736 µg/mL.61 Despite its success in virus detection, ELISA suffers from 

laborious assay procedures and poor sensitivity under real-world application conditions.62 
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3. Applications of nanosensors for virus detection

         Due to the unique optical, electrical, or magnetic properties, nanosensors have shown 

significant potential for virus detection. This section comprehensively discusses recent nanosensor 

applications for virus detection. We summarize the discussed nanosensors in Table 1 for SARS-

CoV-2, Table 2 for influenza virus due to their focus in recent times and the massive reference 

databases, and Table 3 for other viral targets. In each table, we conclude the main recognition 

elements, sensing strategy and the limit of detection (LOD) of each sensor. LOD is one of the most 

important criteria to be considered for environmental application, especially for tracking virus 

transmission in which viral concentration may go down to zero if the distance away from a source 

is far. We emphasize that the LODs and units listed in the tables reflect those reported in the 

original work. While conversion of these units into a standardized set of reporting units would be 

ideal, it was considered outside the scope of the present work due to the many assumptions required 

for such calculations.

3.1 Optical nanosensors 

Nobel metal (e.g., Au or Ag) NPs can support localized surface plasmon resonance (LSPR) 

modes,63, 64 the collective oscillation of conductive band electrons in metal NPs by free-space light 

excitation, to concentrate intense optical fields at the nanoscale.65 Therefore, such plasmonic 

nanomaterials have been used as highly sensitive optical nanosensors across the fields of analytics, 

food safety, biomedicine, and environmental science.66-70 Fluorescent nanomaterials, such as 

semiconductor quantum dots (QDs)71, 72 and lanthanide-doped NPs73, can serve as down-

conversion and up-conversion fluorescence emission nanoprobes for fluorometric sensing 

approaches. 
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To date, several virus sensing approaches have been developed that rely upon optical 

nanomaterials. Because of the large volume of literature on optical nanosensors, herein we exclude 

works on the detection of viral nucleic acid that precedes gene amplification (e.g., plasmonic NP-

based-colorimetric method coupled with PCR for detection of SARS-CoV-2 RNA74). More 

detailed reviews on viral nucleic acid detection using optical nanosensors can be found in the 

recent literature.75, 76 The following section splits into three parts according to the optical signal 

readout device: colorimetric, surface-enhanced Raman scattering (SERS), and fluorometric.

3.1.1 Colorimetric nanosensors

Colloidal noble metal NPs can be uniformly dispersed in suspension. The color of noble 

metal NPs reflects the LSPR resonant absorption and scattering properties depending on their sizes, 

shapes, and the surrounding local environment.77 Notably, Au and Ag NPs of the same shape and 

size can exhibit different colors in the visible to near-infrared (NIR) region due to the additional 

interband-transition induced optical absorption in AuNPs. Colorimetric sensing approaches 

generally rely upon color changes that can be measured by a UV-Vis spectrophotometer or 

identified by the naked eye. Aggregation of noble metal NPs through conjugation with a target 

virus results in an absorbance peak shift (i.e., red-shift). Recently, AuNPs functionalized with 

antibodies targeting three SARS-CoV-2 proteins (spike, envelope, membrane) were achieved by 

colorimetric detection.78 The absorbance peak (560 nm) of a colloidal suspension of AuNPs 

exhibited a red-shift a few minutes after mixed with a SARS-CoV-2-containing sample. Often, 

colloidal plasmonic NPs exhibit non-specific binding in resource-constrained settings due to the 

high susceptibility of the approach to perturbations in their external environment.79 To overcome 

this challenge, Xiong et al. induced the disassembly of gold nano-aggregates through contact with 

enterovirus 71 (EV71).80 Specifically, negatively charged AuNPs dispersed in solution were 
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aggregated due to the addition of positively charged peptides, resulting in a blue-colored 

suspension. In the presence of EV71, the target antibody immunoassay system releases a liposome 

encapsulating multiple enzymes that hydrolyze the positively charged peptide, thus promoting the 

disassembly of AuNP aggregates. This approach successfully allows EV71 detection with a LOD 

of 16 copies/µL.

In place of using an aggregation strategy, AuNPs can also be coupled with an Ag staining 

technique for colorimetric virus detection. In this approach, silver ions in proximity to an AuNP 

surface are reduced by a reducing agent. The AuNPs transfer an electron from the reducing agent 

to a silver ion and catalyze formation of a silver metal film on the AuNP surface. The continuous 

deposition of silver layer over Au by this process produces a gray color and the intensity of 

developed color can be monitored. Recently, this technique was applied within a microfluidic 

device for multiplex virus detection.81 In this study, the authors used the systematic evolution of 

ligands by exponential enrichment (SELEX) to generate aptamer recognition elements that have 

an affinity for ZIKV and chikungunya virus (CHIKV) envelope proteins. In the presence of those 

proteins, the aptamer functionalized microfluidic device forms a sandwich structure with AuNPs 

conjugated with the same aptamer. Following sandwich formation, silver reagents were introduced 

onto the surface of AuNPs, and the silver layer was formed. The intensity of the digitized gray 

color as measured by ImageJ (CMYK model) showed a linear correlation with the concentration 

of virus proteins and LODs of 1 pM in phosphate-buffered saline (PBS) and 100 pM in calf blood.

The coupling of plasmonic and magnetic NPs has also been applied in colorimetric assays. 

It was reported that an aptamer conjugated maghemite (γ-Fe2O3) and AuNP hybrid nanocomposite 

enabled rapid visual detection of dengue virus (DENV).82 For sensitive detection of influenza A 

virus H1N1, a magnetic nanozyme-linked immunosorbent assay (MagLISA) was developed 
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(Figure 2).83 The enzyme-like activity of AuNPs known as Au nanozymes (AuNZs) catalyzed 

oxidation of TMB (colorless) by H2O2. When TMB is oxidized it produces a blue color. Antibody 

conjugated Fe3O4 and AuNPs form a sandwich complex in the presence of H1N1. This complex 

can be separated via applying a magnetic field and then re-suspended in colorizing agent-

containing solution (H2O2 and TMB). The color change is then monitored at 450 nm, showing 

positive linearity with the H1N1 concentration and a LOD of 4.42×10-14 g/mL. Clinically isolated 

influenza A virus H3N2 from patients could be successfully separated from human serum by this 

platform and detected with a LOD of 2.5 PFU/mL. Additionally, other peroxidase-like AuNP-

based substrates have been applied for colorimetric virus detection. To improve their catalytic 

activity, AuNPs can be coupled with CNTs and graphene. For instance, an antibody-conjugated 

AuNP-CNT hybrid substrate was applied for influenza A virus H3N2 detection.84 H3N2 was 

attached to the bottom of a polystyrene 96-well followed by the addition of antibody-conjugated 

AuNP-CNTs. After several wash cycles to remove non-deposited AuNP-CNTs, a mixture of TMB 

and H2O2 was added. More AuNP-CNTs were attracted in higher concentration virus solutions, 

which showed higher catalytic activity. In this case, more TMB could be oxidized, resulting in the 

development of a detectable blue color. This method showed a LOD of 3.4 PFU/mL. The same 

procedure was conducted using an AuNP-graphene hybrid substrate to detect NoV-like NPs (NoV-

LPs).85 The LOD of the method was 92.7 pg/mL. 

In place of AuNP-based substrates, vanadium oxide (V2O5) NPs have also been applied 

for peroxidase-like catalytic activity-based colorimetric virus sensing.86 V2O5 NPs have the great 

catalytic ability and robust stability. V2O5-encapsulated liposomes (VONP-LPs) and Fe3O4 NPs 

were conjugated with an antibody specific to NoV-LPs. After complexation of VONP-LPs, Fe3O4 

NPs, and NoV-LPs via antigen-antibody interactions, the magnetically separated sample was 

Page 16 of 70Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

subjected to Triton X induced liposome hydrolysis. The release of V2O5 NPs catalyzes the 

oxidation of TMB by H2O2 and produces an intense blue color. The V2O5 NPs also enhance the 

redox signal in the differential pulse voltammetry (DPV) spectrum, thus enabling electrochemical 

sensing. Linear trends between the concentrations of NoV-LPs and the corresponding optical and 

electrochemical signals in different ranges were confirmed. The dual-modality sensor showed 

LODs of 0.34 pg/mL and 4.1 fg/mL for optical and electrochemical sensing approaches, 

respectively.

The formation of spherical polydiacetylene (PDA) vesicles through the self-assembly of 

monomer PDAs can be used for optical virus sensing. Unperturbed PDA vesicles exhibit an intense 

blue color due to electronic absorption by the conjugated backbone. Virus attachment to PDA 

vesicles induces backbone distortion, thus resulting in a blue-to-red color change. Using a peptide-

functionalized PDA nanosensor for recognizing influenza A virus H1N1, sensitive colorimetric 

detection was achieved.87 This peptide has a high affinity against H1N1 viruses compared with 

others (H3N2, H5N2, and H6N5). When a peptide on a PDA vesicle contacted with the virus, 

absorbance at 550 (red) and 628 (blue) nm were measured, and the colorimetric responses were 

calculated based on these changes. The results demonstrated the applicability of the peptide-

functionalized PDA nanosensor for the detection of H1N1 with a LOD of 105 PFU. In place of the 

peptide, the antibody conjugated PDA nanosensor has also been coupled with the polyvinylidene 

difluoride membrane for paper-based virus detection.88 

In addition to detectable color changes, the absorbance shift of plasmonic nanostructures 

in the presence of virus can also be recorded by LSPR sensors. Detection sensitivity based upon 

LSPR shift measurements is dependent on the design and the fabrication of plasmonic 

nanostructures. An ordered array of triangular Au nanopillars was fabricated for the development 
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of the LSPR sensor based on an octupolar geometry with a minimum interparticle distance between 

two-unit cells of 25 nm.89 This interparticle distance produces a non-negligible coupled field 

between the unit cells and the nanostructure exhibits an absorbance peak in the near-infrared region 

at 735 nm that undergoes a red-shift when analytes attach and increase the local refractive index. 

The group found the bulk refractive index sensitivity of the substrate, 280 nm/refractive index unit, 

was greater than for any previous substrate. The substrate was functionalized with antibody 2B4 

for the detection of RV. The optimal antibody concentration (25 µg/mL) on Au surface attachment 

was confirmed to obtain a proper configuration with no rotation or deformation and a 

corresponding higher efficiency for virus trapping. With excess antibody attachment, the access of 

viruses to the substrate can be sterically inhibited. The LOD of this LSPR nanosensor was 

estimated to 126 PFU/mL. 

Overall, colorimetric virus detection methods show great sensitivity. Additionally, color 

changes from virus contact to sensing platforms can be detectable by the naked eye or by cell-

phone camera-based methods,90 enabling straightforward detection without the need for dedicated 

read-out devices. Hence, we anticipate that research focusing on the simple design of colorimetric 

assays will be highly advantageous. Furthermore, the insufficient colloidal stability of many 

colloidal NPs has been found in real samples characterized by macromolecules, natural organic 

matter, and high ionic can inferfere with detection.79, 91 Stabilizing agents that can resist such 

interferents should be developed and the applicability of the probes in real environmental samples 

must be explored. 
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Figure 2. Colorimetric detection of the virus. Au nanozyme (AuNZ) and magnetic nanoprobe 
(Mag-NB) were synthesized and functionalized with antibodies to capture the virus and enrich 
them using a magnetic field. A magnetic nanozyme-linked immunosorbent assay (MagLISA) uses 
antibody conjugated AuNZs and Mag-NBs to capture the virus and enrich them using a magnetic 
field. The complexation of virus and AuNZs catalyzes the oxidation of TMB by H2O2 and produces 
a change in color to blue. (a and b) Absorbance at 450 nm and corresponding color change as a 
function of influenza H1N1 and H3N2 concentration. Adapted with permission from ref.83 
Copyright 2018 American Chemical Society. 

3.1.2 SERS nanosensors

Raman scattering is the inelastic scattering of a photon that reflects the vibrational 

transitions of covalent bonds in molecules. Raman spectra represent unique fingerprints of analytes, 

and the method is becoming increasingly of interest. However, Raman spectroscopy has inherent 

drawbacks in terms of low sensitivity and high fluorescence interference arising from the weak 

intensity of inelastic scattering. Since its discovery in the 1970s,92, 93 SERS has greatly expanded 

the applicability of Raman-based methods across various fields. By electromagnetic (EM) 

nearfield enhancement of both excitation and inelastic scattering transitions of molecules in 
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hotspots, plasmonic nanomaterials can effectively increase the Raman cross-section of an analyte 

at their surface vicinity by many order magnitudes.93 This phenomenon is termed SERS. The 

sensitivity of SERS is proportional to the density of the EM field. In general, the most enhanced 

EM fields are found within 10 nm of a plasmonic nanostructure. This region (i.e., referred to as a 

SERS hot spot) can enhance the Raman signal of an analyte by up to 1014.94 

The most typical SERS active nanomaterials are Au or AgNPs owing to the tunability of 

their sizes and shapes and their facile surface functionality.95 The LSPR frequency of a NP is an 

important factor that dictates SERS enhancement. The LSPR position can be finely tuned across a 

wide spectral range by changing the size and shape of plasmonic nanomaterials. For example, the 

LSPR band of spherical AuNPs with diameters of 10-80 nm ranges from 520-540 nm.96 The 

anisotropic shape of Au nanorods (AuNRs) with different aspect ratios results in additional, longer 

wavelength LSPR positions whose position ranges from 650 to 1050 nm.96  To achieve the greatest 

SERS signal, the LSPR of the nanomaterials should spectrally match the excitation laser 

wavelength.97 For this reason, the anisotropic shape of AuNRs can support LSPR with intense EM 

fields (i.e., SERS enhancement) in the NIR region, which is advantageous for allowing SERS 

measurements with NIR laser excitation (i.e., 785 nm) to minimize autofluorescence background

SERS can be classified as labeled or label-free methods based on the molecular source of 

the Raman signal. Label-free SERS reflects the intrinsic signals arising from the virus itself. On 

the other hand, labeled methods rely upon Raman reporters (e.g., malachite green isothiocyanate 

(MGITC), rhodamine B isothiocyanate (RBITC), 4-aminothiophenol (4-ATP)) that have large 

Raman cross-sections and high affinity to the plasmonic nanomaterial surface. The specific 

interaction among platform, targeted virus, and labeled nanomaterials induces SERS readout 

changes of Raman reporter on developed platform. 
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Luo et al. synthesized porous carbon film-coated AgNPs as SERS substrates for label-free 

detection of porcine circovirus type 2 (PCV2), porcine parvovirus (PPV), and porcine 

pseudorabies virus (PRV).98 The porous structure and hydrophobicity of the substrates can increase 

viral adsorption and facilitate recyclability. Caglayan et al. synthesized AuNR-based SERS 

substrates to detect potato virus X (PVX).99 To enable SERS-based virus detection, the SERS hot 

spot size should be carefully considered. The relatively large size of intact viruses (~100 nm) 

makes them difficult to deposit within nanometer-sized SERS hot spots. Recently, a hollow nano-

cone-shaped virus-targeting SERS substrate was fabricated by “molecular imprinting” (Figure 

Figure 3A).100 The ~100 nm opening of the hollow nano-cone can accommodate a range of virus 

sizes (e.g., adenovirus type 5 (Ad5), 60-90 nm; coxsackievirus type 3 (Cv3), 22-30 nm) while 

simultaneously possessing a high density of hot spots due to the 3D configuration. The authors' 

termed the approach volume-enhanced Raman scattering (VERS) and achieved reproducible and 

reliable detection of Ad5 and Cv3. Durmanov et al. synthesized porous Au nanofilms by electron 

beam physical vapor deposition and used them for the detection of rabbit myxomatosis virus 

(MYXV), canine distemper virus (CDV), tobacco mosaic virus (TMV), and PVX.101 The structure 

of the synthesized substrate has ~300 nm pore-like nano-cavities and indentations that allow for 

target virus (100~300 nm) capture in the vicinity of the SERS hot spots. Target viruses were 

successfully detected using this SERS substrate without any recognition elements and 

differentiated by linear discriminant analysis (LDA). Chang et al. fabricated inverted triangular 

Au nano-cavities with various indentation depths to entrap AdV, influenza A virus H1N1, and 

encephalomyocarditis virus (EMCV) (Figure 3B).102 Different sizes and nano-cavity dimensions 

were fabricated and tested with the three viruses. The substrate with a matching cavity entrapment 

size to the viruses successfully entrapped them into nano-cavities and induced their SERS spectra. 
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Using the best-fitting SERS substrate, the detectable concentration for AdV and EMCV was 106 

PFU/mL, while for H1N1 it was 104 PFU/mL. 

A B

Figure 3. Fabricated SERS substrates for virus detection. (A) Au hollow nano-cone-shaped SERS 
substrate with indentations for sensitive SERS hot spots inspired by “molecular printing”. Adapted 
with permission from ref.100 Copyright 2019 Wiley-VCH. (B) Inverted triangular Au nano-cavity 
arrays with different sizes for EMCV, AdV, and influenza virus H1N1. Adapted with permission 
from ref.102 Copyright 2011 Elsevier B. V.

To capture specific viruses, plasmonic nanomaterials can be functionalized with 

recognition elements such as aptamers, antibodies, peptides, and chemical molecules. Recently, 

cell receptor angiotensin-converting enzyme 2 (ACE2) has been used as a recognition element for 

SARS-CoV-2 owing to its high affinity to spike protein receptor-binding domain (S RBD). Yang 

et al. fabricated ACE2-functionalized gold nanoneedles for selective capture and SERS detection 

of SARS-CoV-2. This platform exhibited a LOD of 80 copies/mL.103 Similarly, Ag nanorods 

(AgNRs) functionalized with ACE2 enabled rapid SERS detection of SARS-CoV-2 in 

environmental specimens.104 In this result, SERS peaks arising from ACE2 were quenched by 

hydrophilic interaction at ACE2/RBD when SARS-CoV-2 spike protein bound to the substrates. 
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The specific interaction and high equilibrium association constants for the antibody-

antigen complex enhance sensitivity and specificity.105 Moon et al. synthesized antibody 

conjugated AuNPs using a gold binding peptide (GBP) and used them for labeled SERS detection 

of influenza A virus H1N1.106 GBP can be attached to the surface of AuNP and the Fc (Fragment, 

crystallizable) region of an antibody. The target virus was selectively captured on an antibody-

conjugated glass slide. Detection was then enabled by the attachment of RBITC functionalized 

AuNPs with the Raman signal of RBITC used to indicate virus detection. The sensitivity of this 

substrate was improved to a LOD of 4.1×103 TCID/mL by adding a signal-enhancing Ag layer. 

Using the same principle, a two-dimensional Au@Ag core-shell NP array was synthesized as a 

SERS substrate for sensitive detection of influenza A virus nucleoprotein.107 The SERS signal of 

this array was ~4× greater than that of a flat Au film. Sandwich formation with 4,4’-

thiobisbenzenethiol-coated AuNPs in the presence of influenza A virus nucleoprotein showed a 

LOD of 6 TCID50/mL.

Recently, oseltamivir hexylthiol (OHT) and MGITC functionalized AuNPs were utilized 

for SERS detection of oseltamivir-resistant virus.108 The wide use of oseltamivir (Tamiflu) to 

prevent influenza virus infection has led to the emergence of oseltamivir-resistant virus strains. It 

was found that OHT exhibited a higher affinity for oseltamivir-resistant (pH1N1/H275Y mutant) 

viruses than for the wild-type virus.109 Using MGITC functionalized AuNPs, pH1N1/H275Y 

mutant viruses were successfully detected due to the SERS MGITC signal enhancement that 

occurs from analyte-mediated AuNP aggregation. Even with the high concentration of wild-type 

viruses, the functionalized AuNPs were able to selectively detect pH1N1/H275Y mutant viruses. 

Moreover, these functionalized AuNPs can be used for mutant virus diagnosis in complex nasal 

fluid and saliva specimens with concentrations as low as 1 PFU.110 
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Aptamer-functionalized SERS substrates can also be utilized to selectively detect the virus. 

Recently, Chen et al. synthesized DNA aptamer functionalized Au nanopopcorn with high affinity 

to the spike protein of SARS-CoV-2.111 A Raman reporter, cyanine 3 (Cy3), was attached to the 

aptamer and situated close to the surface of the substrate. The aptamer was designed to be released 

when it binds to the spike protein of SARS-CoV-2. The release of aptamer from the substrate then 

leads to a decrease in the Cy3 Raman signal. This platform successfully detected SARS-CoV-2 

lysate with a LOD of <10 PFU/mL within 15 mins. Aptamer RHA 0385 showed a high affinity 

for influenza A viruses of the H1N1, H3N2, and H5N1 strains.112 For the detection of influenza 

viruses, the SERS substrate was synthesized by covering a thick layer of Ag granules on a silicon 

plate.113 A SERS substrate functionalized with primary aptamer (RHA 0385) was used to capture 

the virus. Following capture, the secondary aptamer, Cy3 labeled RHA 0385, formed a sandwich 

complex in the presence of the influenza virus. The high Raman signal of Cy3 enabled sensitive 

viral detection.

For simple point-of-care (POC) or point-of-use (POU) virus detection, a SERS-based 

lateral flow (LF) strip has proven effective.114-117 LF strips are an attractive sensor platform that 

relies upon capillary force-driven sample movement through a stationary membrane. Traditionally, 

targeted analytes can be captured by immobilized recognition elements and detected by the visual 

color of colloidal samples such as AuNPs. SERS-based LF strips can selectively capture analytes 

with high sensitivity and easy operation.114 Xiao et al. synthesized novel core-shell structured 

plasmonic NPs (AuAg4-ATP@AgNPs) consisting of a double-layered shell of Au and Ag and an 

AgNP core that was functionalized with 4-ATP as a Raman reporter.115 To capture influenza A 

virus H7N9, a H7N9 monoclonal antibody was conjugated to the AuAg4-ATP@AgNPs and the test 

line (TL) on the strip while goat anti-mouse IgG was used for the control line (CL). High sensitivity 
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detection of H7N9 was achieved using these SERS-based LF strips with a LOD of 0.0018 

hemagglutination unit (HAU). Using the same method, selective and sensitive detection of PRV 

was realized with a detection limit of 5 ng/mL.116 Further, a magnetic SERS-based LF strip was 

developed to detect influenza A virus H1N1 and AdV in biological samples.117 Magnetic NPs have 

the advantage of facile magnetic enrichment and the separation of target viruses from potentially 

interferent constituents without pretreatment. Wang et al. synthesized iron oxide and Ag core-shell 

NPs (Fe3O4@AgNPs) for such a SERS application (Figure 4).117 Fe3O4@AgNPs were 

functionalized with 5,5-dithiobis-(2-nitrobenzoic acid) as a Raman reporter, and two specific 

antibodies to H1N1 and AdV were conjugated to the particles. Fe3O4@Ag NPs were incubated in 

H1N1- and AdV-spiked human whole blood, serum, and sputum. The conjugates were then 

magnetically separated and re-suspended in the buffer for SERS/LF strip-based detection. Two 

separate test lines for H1N1 and AdV each with virus specific antibodies were used. Upon addition 

of suspension onto the LF strip, the two test lines are positive in the presence of each virus. The 

LODs were 50 and 10 PFU/mL for H1N1 and AdV, respectively. The stability of the platform was 

tested in 0.1 M PBS over a pH range of 5.0-9.0. There was no significant effect of pH on detection 

performance. 

SERS was recently coupled with an enzyme-catalyzed immunoassay for virus detection. 

In the presence of the target virus, an enzyme reaction product induces NP aggregation and 

facilitates the generation of a strong SERS signal. Zhan et al. detected respiratory syncytial virus 

(RSV) using an HRP-induced catalytic reaction and SERS. HRP catalyzes the oxidation of TMB 

by H2O2 to TMB+.118 Through constructing a sandwich complex between HRP conjugated 

antibody and RSV, TMB was converted into a positively charged reactant that electrostatically 
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binds to the negatively charged AgNPs. Following complex formation, AgNP aggregation 

produced strong SERS signals for oxidized TMB. The LOD of this method was 0.05 pg/mL. 

Overall, both label-free and labeled SERS show great potential for sensitive virus detection. 

Label-free SERS reflects the intrinsic signal of the virus itself but exhibits lower sensitivity. We 

anticipate that virus size-oriented design of label-free SERS substrates that enable effective 

deposition of the virus within dense SERS hot-spots will be of growing research focus as a means 

to increase SERS intensity. Moreover, advanced data analytics should help virus discrimination 

and quantification in more complex systems.119 Labeled SERS takes advantage of the strong signal 

of Raman reporter molecules, but requires an additional surface functionalization process. 

Different Raman reporters and recognition elements should be modified for the detection of 

multiple viruses.117 Raman instrumentation can be costly in a bench-top format. However, there 

are a field-deployable formats (i.e., portable Raman instruments) that come with great mobility 

and lower prices. In addition, it is relatively simpler to operate than current PCR-based assays 

since it does not require any reagents to run the assay. It would essentially reduce the cost of 

maintenance and analysis. In future studies, the expansion of multiplex labeling should be 

improved. In addition, SERS has exhibited great compatibility with POC/POU platforms such as 

LF. The stability of SERS substrates for real sample applications and the costs should be 

considered in future studies.
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Figure 4. SERS detection of the virus. (a) Two antibody-conjugated Fe3O4@Ag core-shell NPs 
were synthesized for the detection of H1N1 and AdV. (b) Dual SERS detection was enabled by a 
magnetic SERS-based LF strip. H1N1 and AdV were selectively separated from impurities via a 
magnetic field. (c and d) SERS spectra of test lines 1 and 2 with different concentrations of H1N1 
and AdV. Adapted with permission from ref.117 Copyright 2019 American Chemical Society. 

3.1.3 Fluorometric nanosensors

Fluorescent nanomaterials can induce down-conversion or up-conversion fluorescence 

emission, mediated by single-photon or multi-photon excitation and emission transitions between 

their electronic states. Therefore, fluorescent nanomaterials can be engineered as fluorometric 

nanosensors or nanoprobes to detect viruses or other bio-markers based on their interfacial 

interaction-modulated fluorescence emission signal changes.120 For example, fluorescence can be 

quenched when an analyte attaches to a fluorescent NP and disrupts the non-radiative transfer of 

energy, referred to as fluorescence resonance electron transfer (FRET). On the other hand, the 

interaction between the analyte and the fluorescent NPs can enhance fluorescence emission by 

minimizing the quenching pathway associated with the surrounding environment. Fluorescent 
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single isomers such as 6-carboxylfluorescein (6-FAM) can be coupled with NPs to develop 

fluorometric nanosensors.121 Recently, single-walled CNT (SWCNT) fluorometric nanosensors 

were developed for SARS-CoV-2 detection.122 The SWCNTs were functionalized with ACE2 for 

high affinity to SARS-CoV-2 spike protein, leading to fluorescence quenching. The presence of 

SARS-CoV-2 S RBD resulted in an increase in fluorescence within 90 mins with a LOD of 12.6 

nM.

The LSPR of plasmonic NPs can be applied to fluorometric virus sensing approaches. 

Fluorescence signal intensity can be controlled by coupling plasmonic NPs to fluorescent 

particles.123  Numerous FRET-based sensors have been developed for virus detection. Shojaei et 

al. detected citrus tristeza virus (CTV) using CdTe QDs coupled with AuNPs.124 Formation of an 

immuno-complex between CTV protein conjugated AuNPs and antibody-conjugated QDs that 

have a high affinity to CTV protein quenched the fluorescent signal. By competitively replacing 

AuNPs with free CTV protein in the presence of CTV, the fluorescent signal increased. The 

authors found that an AuNP and QD molar ratio of 1:6.5-8.5 showed the highest FRET efficiency. 

The detection assay showed a LOD of 0.13 µg/mL. Takemura et al. also applied the LSPR from 

AuNPs to enhance fluorescence from quaternary alloy CdSeTeS QDs.125 Via the same antigen-

antibody interaction, AuNPs and QDs were attached to influenza A virus H1N1. LSPR-induced 

immunofluorescence enhancement was ~3.6 fold compared to QDs alone and enabled sensitive 

detection of H1N1 with a LOD of 0.03 and 0.4 pg/mL in deionized water and human serum, 

respectively. In addition to AuNPs, CNTs combined with AuNPs have a synergistic effect on 

fluorescence enhancement.126 Au-decorated CNTs (AuCNTs) exhibit a unique platform to work 

as a combined signal enhancer and transducer. Using antibody conjugated AuCNTs and CdTe QDs 

as a plasmon-assisted fluoro-immunoassay (PAFI) platform, influenza A H1N1 and H3N2 viruses 
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were detected. The minimum detection concentration was 0.1 pg/mL. For the clinically isolated 

viruses, the LOD was 50 PFU/mL.

Many studies have employed plasmonic NPs with LSPR to control the intensity of the 

fluorescent signal. The enhancement of fluorescence signals by such plasmonic NPs highly 

depends on the distance between the plasmonic NPs and QDs. It has been observed that 

fluorescence can be enhanced at a distance of 10-15 nm between them and can be quenched at a 

distance of <5 nm.127 Using the principle of fluorescence quenching by steric hindrance between 

fluorescent and plasmonic NPs, a highly sensitive virus detection biosensor was developed (Figure 

5A).128 Fluorescent inorganic QDs (CdZnSeS/ZnSeS QDs) and AuNPs were linked by an 18 

amino acid peptide chain. This peptide was functionalized with specific antibodies against 

influenza A virus H1N1. Following virus attachment to the peptide chain linker between the QDs 

and AuNPs, the fluorescence intensity was gradually quenched. This tunable LSPR-assisted 

fluorometric detection approach achieved a detection limit of 17.02 fg/mL. 

Many biological samples contain impurities that may deteriorate detection efficiency or 

impede fluorescence emission, resulting in unreliable results. Magnetic NPs can be applied to 

separate the analyte from impurities in the sample using an external magnetic field. Multiplex 

detection of EV71 and coxsackievirus B3 (CVB3) using antibody-conjugated magnetic nanobeads 

and CdSe QDs was successfully used for clinical swab samples.129 Two specific antibodies to 

EV71 and CVB3 were used to functionalize the magnetic nanobeads and two colored QDs with 

different emission wavelengths (QDs 525 and 605) were employed. With both viruses present, 

strong fluorescence signals from QDs 525 and 605 were simultaneously observed with LODs of 

858 and 809 copies/500µL for EV71 and CVB3, respectively. Using Au and magnetic hybrid NPs 

coupled with QDs, a LSPR-amplified magnetofluoroimmunoassay (MFIA) for detecting NoV was 
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reported (Figure 5B).130 Hybrid NPs conjugated with antibodies that have a high affinity to NoV 

enabled virus capture from human feces. Complexes of NoV-captured hybrid NPs and antibody 

conjugated L-Glutathione-capped CdSeS core QDs were successfully separated from human feces 

by a magnetic field. This approach provided an LSPR-amplified fluorescence signal only in the 

presence of NoV with a LOD of 0.48 pg/mL. 

For simplicity and rapid detection, a fluorescent immunochromatographic strip test (FICT) 

assay has been developed. The strip assay uses capillary forces, as previously described, to move 

the sample through a stationary membrane. At the TL and CL, anti-virus antibodies and anti-mouse 

immunoglobulin are conjugated. At the TL, in the presence of a target virus, fluorescent NPs 

conjugated with anti-virus antibodies form a sandwich complex with the virus and the fluorescence 

intensity at the TL and CL were measured, and the TL/CL ratio was used for quantitative analysis. 

Recently, FICT assays were developed for influenza A virus H1N1-confirmed patients.131, 132 

Using commercially available Europium NPs, the reported LOD of the assay was below 20 

HAU/mL. The assay also showed 85.3% sensitivity and 100% specificity for patient diagnosis. 

Antibodies to influenza H7 subtype virus were developed for better selectivity and used for 

detecting H7N1 and H7N7.133 The FICT assay was only positive for H7N1 and H7N7 with a LOD 

of 40 HAU/mL and was negative for H1N1 and H5N3. Additionally, to improve the system 

detection sensitivity, CdSe/CdS/ZnS QDs were applied instead of Europium NPs. The QDs were 

functionalized with 3-mercaptopropionic acid to make them water-soluble. The higher quantum 

yield and fluorescence efficiency of CdSe/CdS/ZnS QDs-linked FICT assay showed lower LODs 

(2.5 HAU/mL for H1N1 virus and 0.63 HAU/mL for H3N2 virus).132

        Aptamer functionalized QDs have also been used for virus detection. A QD embedded target-

responsive hydrogel sensor functionalized with aptamer was developed to detect influenza A virus 
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H5N1.134 Polymer crosslinked aptamer hydrogel with a high affinity to H5N1 surface 

hemagglutinin was synthesized and terminated with QD quenchers. The hydrogel protects the QDs 

from external interference. Using single-strand DNA (ssDNA) terminated QDs, H5N1 was 

detected through the interaction between aptamer-quencher and ssDNA-QD. In the presence of 

H5N1, aptamer was attached to the virus and the fluorescence signal was observed from ssDNA-

QD. This method showed the lowest detection limit of 0.4 HAU. Weng and Neethirajan reported 

the detection of NoV enabled by aptamer functionalized 6-FAM coupled with multi-walled CNTs 

(MWCNTs) or GO.121 Carbon-based nanomaterials were used as fluorescence quenchers of FRET. 

When 6-FAM terminated aptamer with high affinity to NoV was bound with MWCNTs or GO in 

the absence of NoV, the fluorescence signal was quenched. The aptamer can be released when it 

binds to NoV, leading to fluorescence recovery. The reported LODs were 4.4 and 3.3 ng/mL when 

MWCNTs and GO were used, respectively. 

The surveyed literature suggests that fluorometric nanosensors can successfully detect 

viruses. We anticipate that a growing number of nanomaterials that can effectively quench 

fluorescence signals or improve FRET efficiency will be developed. Additionally, due to the low 

quantum yield and photobleaching issue of some fluorescent NPs, the search of synthesis of low-

cost, stable, and efficient nanomaterials is an ongoing area of research focus.135-138   
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BA

Figure 5. Fluorometric detection of the virus (A) AuNPs and QDs were linked through the peptide 
chain to induce tunable LSPR-based fluorescence enhancement of QDs. The peptide chain was 
functionalized with the antibody and fluorescence was quenched by steric hindrance when the 
target virus was attached to this chain. Adapted with permission from ref.128 Copyright 2020 
Elsevier B. V. (B) LSPR-amplified magnetofluoroimmunoassay (MFIA) was used for the 
detection of NoV separated from human feces. Au/magnetic NPs (AuNP/MNP composite) and 
QDs were functionalized with antibodies to capture NoV. Complexes of NoV-captured 
AuNP/MNP composite and QDs were separated from human feces and enriched by a magnetic 
field. The concentration of NoV was reflected by fluorescence enhancement.  Adapted with 
permission from ref.130 Copyright 2019 Elsevier B. V. 

3.2 Electrical nanosensors

Electrical nanosensors employ conductive nanomaterials such as carbon-based materials 

(e.g., CNTs and graphene), metals, and metal oxides (e.g., titanium oxide (TiO2), zinc oxide 

(ZnO)), polymers, and other inorganic nanomaterials,139-141 as the signal transducer to convert 

interfacial analyte binding events into electrical voltage or current signals. According to the 

underlying signal transduction mechanisms, electrical nanosensors can be primarily classified into 

electrochemical nanosensors, chemiresistor-based nanosensors, and field-effect transistor based 

nanosensors.141 

3.2.1 Electrochemical nanosensors

As a prominent type of electrical nanosensors for virus detection, electrochemical 

nanosensors exploit the highly sensitive dependence of interfacial electrochemical processes on 
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the analyte binding events at the nanomaterials-modified microelectrode surface for signal 

transduction. Electrochemical sensors are suitable for real-time virus detection because they can 

potentially achieve high sensitivity, good selectivity, low- device cost, compact instrumentation, 

high portability, and fast analysis.142

To date, electrochemical nanosensors primarily utilize carbon-based nanomaterials143 and 

metal/metal oxide NPs.144 Usually, these nanomaterials are used to modify electrodes for better 

capture of the target virus and for the amplification of the transductor signal. The most straight-

forward approach for virus detection using electrochemical nanosensors is the direct capture of 

viruses on the electrode surface and the subsequent measurement of electrical signal changes. 

Employing an embedded vertically aligned carbon nanofiber nanoelectrode array (NEA), Madiyar 

et al. captured vaccinia virus particles and measured virus concentration based on the 

electrochemical signal change (Figure 6A).145 The virus particles were first captured by the NEA 

using a low voltage and the interfacial impedance changes at the electrode were subsequently 

measured. A LOD of ~2.58×103 particles/mL was reported. This rapid, reversible, and label-free 

detection method exhibited potential for future study. In addition to pre-immobilizing 

nanomaterials on the electrode, we can simultaneously introduce the NPs and the virus analytes to 

the sensor surface to improve detection performance. Sepunaru et al. found that in the presence of 

the influenza virus, AgNPs can be adsorbed on a carbon electrode efficiently at open circuit 

potential due to the ‘sticky’ property of the H1N1, which comes from the adsorption of viral 

proteins to electrode surface.146 The frequency and amplitude of the current spikes showed a high 

linear correlation with virus concentration. This method enabled rapid detection of influenza virus 

H1N1 at the sub pM level.
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Unfortunately, direct viral capture methods cannot ensure specific binding of the target 

virus and changes in the electrochemical signal are not always strong enough to be detectable. For 

these issues,  recognition elements can be used to modify the electrode surface.147 Antibodies are 

the most commonly used recognition elements for this purpose. To date, many researchers have 

adapted antibody-modified electrochemical biosensors for virus detection.148, 149 Wang et al. 

fabricated AuNP-based micro/nano hybrid-structured sensing electrodes to detect odontoglossum 

ringspot virus (ORSV).148 The electrodes were first modified with a self-assembled monolayer 

(SAM) of anti-ORSV antibodies and electrochemical impedance spectroscopy (EIS) changes were 

monitored for ORSV quantification. This method has achieved a low LOD (0.238 ng/ml). 

Similarly, a microfluidic immunosensor has been successfully developed for simultaneous sensing 

of influenza A virus H1N1, H5N1, and H7N9 (Figure 6B).150 ZnO nanorods (ZnONRs) on the 

polydimethylsiloxane surface in the sensing region enhanced the sensitivity of the amperometric 

signal and the LOD was as low as 1 pg/mL for each virus. Recently, Hashemi et al. developed an 

electrochemical diagnostic kit by coating a layer of GO with sensitive chemical compounds (8-

hydroxyquinoline, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-

hydroxysuccinimide (NHS)) along with gold nanostars (AuNSs).151 Differentiable fingerprint 

DPV patterns of SARS-CoV-2 and animal virus glycoproteins can be obtained at different voltage 

positions. The sensor demonstrated a LOD of 1.68×10-22 μg/mL toward SARS-CoV-2 in biological 

media. Peptides are another commonly used recognition element in electrochemical sensors for 

virus detection. Zhao et al. developed a sandwich type electrochemical sensor for NoV using both 

aptamer and peptide recognition elements.152 Aptamer was modified on magnetic nanocomposites 

while peptides were functionalized on the surface of an AuNP modified electrode. The sensor 

showed high sensitivity with a LOD of 0.8 copy/mL. Baek et al. developed a peptide functionalized 
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electrochemical sensing platform for NoV.153 AuNP-decorated tungsten disulfide nanoflowers 

(WS2NF/AuNP) were modified by peptides and specifically capture NoV. The impedance is 

increased through hindrance of charge transfer between the working electrode and redox species 

with a LOD of 2.37 copies/mL.

To enhance the electrochemical signal, labels (primarily enzymes) have been used to 

produce or consume an electroactive cofactor that can be monitored at the electrode interface.105 

HRP is a commonly used enzyme label in electrochemical sensors. HRP conjugated antibodies are 

attracted to the electrode surface in the presence of viruses. TMB on the surface of the electrode 

can be oxidized by HRP, resulting in an electrochemical redox current (Figure 6B).150 Glucose 

oxidase (GOD) and alkaline phosphatase are two other frequently used enzyme labels.154, 155 

Conjugated GOD is an extraordinary electrochemical biocatalyst for the reduction of ionic β-

cyclodextrin-ferrocene and has been successfully applied to detect avian leukosis virus (ALV).156 

In addition to redox labels, electrochemiluminescence (ECL) labels are also commonly used for 

virus detection.157 Luo et al. successfully detected influenza A virus H9N2 by encapsulating 

Ru(bpy)3
2+ in silica nanoparticles (RuSi NPs) and then modifying these NPs with a polyclonal 

antibody.157 The ECL signals were amplified about 103-fold compared with the same concentration 

of Ru(bpy)3
2+. Antibody-modified magnetic nanobeads were used to capture and separate virus 

conjugated RuSi NPs and the ECL immunosensor achieved ultrasensitive detection of 14 fg/mL 

for H9N2. Combinations of labels and nanomaterials can significantly improve detection 

sensitivity.

To expand the application of electrical nanosensors for virus detection, some researchers 

have focused more on sensing viral nucleic acid (DNA or RNA) than intact viruses. 

Electrochemical DNA/RNA sensing techniques can be used for virus identification and 
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quantification with high sensitivity and specificity. Often, ssDNA sequences and different kinds 

of indicators are modified on nanomaterials adhered to the electrode surface.158, 159 When a 

complementary target sequence approaches, the redox reaction on the indicators will cause the 

change in the electrochemical signal and the target viral sequence can be detected. Tahir et al. 

successfully detected agrovirus DNA in infected plant leaves using methylene blue (MB) as a 

redox indicator.160 CNT-based copper NP composites were used to immobilize probe DNA. When 

DNA hybridization happened, the electroactivity of MB solution decreased and the reduction in 

current was used for quantification. Li et al. developed a DNA-assisted magnetic reduced graphene 

oxide (mrGO)-copper nanocomposite (CuNCs) for the detection of hepatitis C virus (HCV).158 

CuNCs combine with mrGO when probe ssDNA hybridized with target HCV DNA. The indicator, 

o-phenylenediamine, is oxidized to 2,3-diaminobenazine in the presence of CuNCs and the 

electrochemical signal is used to characterize the HCV DNA. 

Nucleic acid-based methods have been also successfully used for SARS-CoV-2 detection. 

Alafeef et al. developed an electrochemical biosensor using AuNPs functionalized with ssDNA to 

target SARS-CoV-2 RNA.161 The sensor provided a significant increase in output signal only in 

the presence of SARS-CoV-2 RNA within <5 min and the LOD was 6.9 copies/μL. Using a similar 

principle, Zhao et al. developed a rapid, accurate, and easy-to-implement electrochemical sensor 

for SARS-CoV-2 RNA diagnosis.162 When applied to a clinical specimen, the LOD was 200 

copies/mL and the detectable ratios for SARS-CoV-2 confirmed patients were even higher than 

those obtained using RT-qPCR. More recently, Chaibun et al. applied such a sandwich assay for 

SARS-CoV-2 amplicons from rolling circle amplification.163 The probes were functionalized with 

redox-active labels. The one-step sandwich hybridization assay could detect as low as 1 copy/μL 

of genes within 2 h. The developed sensor gave a 100% concordance result with PCR-based 
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technique when evaluating 106 clinical samples. In addition to nucleic acid, the other components 

of viruses such as proteins164 and peptides165, can also be detected using similar methods. For 

example, Kaushik et al. developed a functionalized interdigitated micro-electrode Au array for 

ZIKV protein detection.164 The ZIKV protein could bind with ZIKV-specific envelop protein 

antibody, and EIS was used to measure the electrical impedance responses of the developed 

sensing chip with a LOD of 10 pM. The detection of nucleic acid and protein greatly expanded the 

applicability of virus detection through electrochemical nanosensors. 

A B

Figure 6. Electrochemical detection of viruses. (A) Direct virus particles capture using carbon 
nanoelectrode arrays when the voltage is on and off. Adapted with permission from ref.145 
Copyright 2017 Wiley-VCH. (B) TMB-HRP oxidation mechanism on the electrochemical 
immunosensor working electrode and the calibration curve of the H1N1 sensor at different 
concentrations.  Adapted with permission from ref.150 Copyright 2016 Elsevier B.V.  

3.2.2 Chemiresistor-based nanosensors

Chemiresistors-based nanosensors employ nanomaterials with chemosensitive resistance 

to convert analyte adsorption-desorption events at the sensor surface into sensor resistance changes 
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for electrical signal readout. In this way, chemiresistor nanosensors can detect viral analytes in 

real-time. 

One-dimensional nanostructures such as SiNWs, conducting polymer NWs, and CNTs are 

the most often used nanomaterials in chemiresistors.141 When used for virus detection, recognition 

elements are essential for most chemiresistors since viruses alone seldom change the resistance 

without a recognition element. Like other types of nanosensors we discussed earlier, antibodies 

are the most often used recognition elements in chemiresistors. Shirale et al. developed 

chemiresistive immunosensors based on single polypyrrole (Ppy) NWs to detect bacteriophages 

T7 and MS2 through immobilization of anti-T7 or anti-MS2 antibodies (Figure 7A).166 Ppy NWs 

were used to connect a pair of Au electrodes and modified with different antibodies. A change in 

sensor resistance was observed upon exposure to different concentrations of spiked bacteriophages 

and the LOD reached 10-3 PFU in 10 mM PBS for both targets. Cucumber mosaic virus (CMV) 

can be detected via similar approach.167 However, antibodies are sensitive to environmental 

condition changes (such as pH, temperature, enzymes, and other substances) and may not be 

applicable for biosensing under field conditions.168 Hence, some researchers have used other 

recognition elements in chemiresistors. Wasik et al. developed a heparin-functionalized CNT-

based chemiresistor for DENV.169 In their study, they used heparin as the recognition element since 

it is stable during storage under adverse conditions. In the presence of heparin, DENV could be 

captured on the surface of CNT and elicited an increase in resistance.

Nucleic acid can also be used to determine viruses in chemiresistors. Prior studies have 

found that DNA probe can be non-covalently attached to CNT sidewalls due to their strong van 

der Waals attraction to hexagonal carbon structures.170 Fu et al. developed a chemiresistor based 

on CNTs to detect the DNA sequence of influenza A virus H5N1 (Figure 7B).171 In this biosensor, 
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the CNTs were first functionalized with DNA probe sequences. The DNA probe sequences 

significantly increase in the relative resistance for CNTs, which provide high initial resistance. 

When the target complementary DNA sequences were hybridized, a significant decrease in device 

resistance was observed. The resistance change maintained a continuous downward trend when 

the concentration ranged from 20 pM to 20 nM. 

The resistance of virus-binding chemiresistors can be affected by some other substances 

(e.g., proteins) as has been reported by Bhasin et al.172 In their work, they found that the high 

resistance of filamentous M13 virus-binding chemiresistors could be decreased in the presence of 

human serum albumin (HSA) and could be used for the quantification of HSA in the system. It is 

a promising work for the detection of protein. Nevertheless, we note that the presence of co-

contaminants might significantly affect the viral chemiresistor electrical signal. If such a method 

was adopted, it would be important to consider the chemical properties of the solution.

A B
Antibody functionalization

BSA blocking

Phage capturing

Figure 7. Chemiresistor detection of viruses. (A) Antibody functionalization, BSA blocking, T7 
phage capturing, and sensing responses on the sensor surface. The sensor showed high specificty 
towards T7 phage. Adapted with permission from ref.166 Copyright 2010 American Chemical 
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Society. (B) Schematic illustration of CNT-based chemiresistor functionalization and sensing 
procedures for influenza A virus H5N1 DNA. The increase in DNA concentration caused a 
decrease in resistant signal. Adapted with permission from ref.171 Copyright 2017 Elsevier B.V.  

3.2.3 Field-effect transistor (FET) based nanosensors

FET-based nanosensors are semiconductor devices with three terminals (i.e., source, drain, 

and gate)173 and the electrical carriers flow in the nanoscale semiconductor channel below the gate 

between the source and drain. When the analytes with charges bind to the gate, the channel's 

electrical carrier density and current can change due to the electrostatic interaction for biosensing 

signal transduction. SiNWs, CNTs, and graphene are the most commonly used semiconductor 

channel nanomaterials due to their high selectivity and sensitivity, real-time response, and label-

free detection capabilities.174, 175 For optimal detection sensitivity, it requires careful engineering 

of semiconductor nanomaterials in device geometry, doping density, and surface properties.176, 177

Recognition elements are usually necessary for FETs and viruses can be detected by 

monitoring the change in FET conductivity following viral binding to recognition elements on the 

channel. Jin et al. developed anti-EBOV immobilized reduced graphene oxide (rGO)-FETs to 

detect inactivated EBOV.178 A shift in the Dirac voltage was measured when EBOV approached 

and the LOD reached as low as 2.4 pg/mL. The rGO-FETs showed negligible conductance changes 

for other viruses, indicating high target specificity. Similarly, Seo et al. recently developed 

graphene-based FETs for SARS-CoV-2 detection (Figure 8).179 The SARS-CoV-2 spike antibody 

was conjugated onto the graphene sheet via 1-pyrenebutyric acid n-hydroxysuccinimide ester. 

Graphene-based FETs successfully detected SARS-CoV-2 at a low level of 16 PFU/mL in culture 

medium and showed great potential for clinical samples (242 copies/mL). Fathi-Hafshejani et al. 

reported using a FET sensor for sensitive in vitro detection of SARS-CoV-2.180 The sensor was 

created by functionalizing tungsten diselenide (WSe2) monolayers with a monoclonal antibody 

against SARS-CoV-2 spike protein and exhibited a LOD of ~25 fg/μL in PBS. Additional 
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applications of antibody immobilized FETs can be found elsewhere.181-183 Using an antibody-

antigen reaction, H3N2 in simulated aerosol can be detected within 1-2 min by SiNW-FETs, 

extending the system to field applications.182 

In addition to antibodies, other recognition elements have also been used in FETs. Uhm et 

al. developed ultrasensitive SiNW-based FETs for POC detection of H1N1.184 Cytidine-5’-

monophospho-N-acetylneuraminic acid (CMP-NANA) was employed as a probe since it can 

specifically bind both to the aldehyde self-aligned monolayer on the SiNWs and the hemagglutinin 

1 domain of hemagglutinin on the surface of H1N1 simultaneously. The threshold voltage shift 

could reach 112 mV at 1fM hemagglutinin 1 domain, indicating high sensitivity for H1N1. 

Recently, Park et al. developed a dual-gate FET by functionalizing ACE2 to specifically capture 

SARS-CoV-2.185 The developed sensor can successfully detect SARS-CoV-2 in 20 min with a 

LOD of ∼165 copies/mL.

In addition to the direct detection of virus particles, nucleic acids have also been used to 

determine viruses by FETs. The hybridization of probe DNA and the target DNA/RNA can lead 

to a change in charge density that induces a change in the electric field. The immobilization of the 

DNA probe can first affect the output signals. Using CNTs-FETs to detect H1N1 DNA, Tran et al. 

found that if the density of probe DNA was too high, the strongly repulsive electrostatic force 

among the bases of the DNA strands would make it disadvantageous for the DNA interaction.186 

By optimizing the experimental conditions, the response time of the DNA sensor was less than 

one minute and the LOD for H1N1 DNA reached 1 pM. Gao et al. reported an ultrasensitive poly-

L-lysine (PLL)-functionalized graphene FET sensor for breast cancer cell miRNAs and SARS-

CoV-2 RNA detection.187 PLL exhibits a high affinity toward graphene and nucleic acids which 

can enhance the immobilization of DNA probes. The developed sensor-enabled SARS-CoV-2 
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RNA detection with a LOD of as low as 1 fM within 20 min. To enhance the immobilization of 

the DNA probe, some metal oxide NWs have been used in FETs. Shariati developed FETs based 

on indium tin oxide (ITO) NWs.188 The intensive conductance and functional modified surface of 

ITO NWs increased DNA probe immobilization and target DNA hybridization. The LOD for 

hepatitis B virus (HBV) DNA was 1 pM. Also, the developed ITO NWs device allowed label-free 

discrimination between the fully matched and mismatched DNAs, offering a unique advantage 

over other technologies which require labeling and additional tags.

Figure 8. FETs-based nanosensors for SARS-CoV-2 detection through the SARS-CoV-2 spike 
antibody conjugated graphene sheet. The signal response increase with the concentration of SARS-
CoV-2 from clinical samples. Adapted with permission from ref.179 Copyright 2020 American 
Chemical Society. 

3.3 Magnetic nanosensors

Optical and electrical nanosensors typically use nanomaterials (or modified nanomaterials) 

as active transducers with high surface sensitivity to convert analyte binding events into optical 

and electrical readout signals for virus detection.  In contrast, magnetic nanosensors typically act 

as labels, leading to a change in the magnetic signal.189 The following section is broken into two 

parts according to the magnetic signal readout device: magnetoresistance and magnetic relaxation 

switching.
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3.3.1 Magnetoresistance (MR) nanosensors

With combined magnetic and electrical properties, MR nanosensors allow the signal 

transduction process that the electrical resistance can change in response to the binding of magnetic 

NPs to the sensor surface. Compared with typical optical nanosensors, MR nanosensors exhibit 

lower background noise and are less affected by environmental factors such as pH and 

temperature.190 MR nanosensors can be further classified into anisotropic magnetoresistance 

(AMR), giant magnetoresistance (GMR), and tunneling magnetoresistance (TMR) nanosensors.191 

MR nanosensors for virus detection are generally based on the detection of DNA. As 

discussed by Su et al.191, most MR nanosensors for detecting DNA can be summarized in the 

following steps:  The DNA probe is first immobilized onto the MR sensor surface. Usually, target 

DNA is modified with biotin and then attached to the MR sensor surface to hybridize with the 

DNA probe. Then streptavidin-coated magnetic NPs are added to the MR sensor and captured by 

the target DNA via the strong non-covalent interaction between biotin and streptavidin. Finally, 

the MR sensor converts the number of adhered magnetic NPs into electrical signals and DNA is 

quantified. In this way, Yang et al. developed MR nanosensors for quick and parallel genotyping 

of human papilloma virus (HPV) type 16/18.192 Combined with other technologies, GMR 

nanosensors can reach low LODs for viruses. For example, Zhi et al. successfully detected HBV 

genotypes by combining GMR nanosensors with LAMP and the LOD is reported to be as low as 

10 copies/mL.193 

Since viral DNA detection requires laborious effort for pretreatment (e.g., DNA extraction), 

many researchers have turned to directly detecting viral antigen. The mechanism to detect the viral 

antigen is similar to that for detecting DNA.191 Capture antibody is modified on the surface of the 

substrate and binds with the virus and biotinylated detection antibodies in succession. Then, 
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streptavidin-coated magnetic NPs are captured through the biotin-streptavidin reaction. Krishna et 

al. developed a sensitive detection method for H1N1 based on GMR nanosensors (Figure 9A).194 

The capture of magnetic NPs onto the sensors resulted in a resistance change that was measured 

in real-time by the electrical readout. The sensors could successfully detect H1N1 at levels as low 

as 150 TCID50/mL. Subsequently, the same group has worked to improve the detection of viruses 

by GMR nanosensors. They developed a portable GMR handheld platform for POC H1N1 

detection (Figure 9B).195 The GMR sensors were embedded in a handheld testing system (Z-Lab) 

and the real-time change in the magnetoresistance ratio (ΔMR) was monitored for virus 

quantification. The LOD of this portable Z-lab was 125 TCID50/mL. Furthermore, they optimized 

their handheld testing system by adapting the wash-free magnetic bioassay, which was more cost-

effective for real-time monitoring and showed great potential for daily sensing.196 

A B

Figure 9. MR-based nanosensors detection of viruses. (A) Detection of influenza A virus through 
a typical sandwich structure modified with an antibody. The signal increased with concentration 
and reaction time. Adapted with permission from ref.194 Copyright 2016 Frontiers. (C) the portable 
GMR handheld platform for the detection of the influenza A virus. Adapted with permission from 
ref.195 Copyright 2017 American Chemical Society.

3.3.2 Magnetic relaxation switching (MRS) nanosensors

MRS nanosensors detect changes in the transverse relaxation time (T2) of the surrounding 

water molecules caused by the aggregation or disaggregation of magnetic NPs in the presence of 
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an analyte.197 Generally, such changes can be divided into type I (T2 decreases with the aggregation) 

or type II (T2 increases with the aggregation). These changes can be monitored by common nucleic 

magnetic resonance (NMR) and magnetic resonance imaging (MRI) instrumentation. 

The behavior of type I and type II based MRS assays for detecting influenza virus 

hemagglutinin was compared by Koh et al.198 They found that both type I and type II based MRS 

assays could successfully detect the Tag peptide of influenza virus hemagglutinin using the 

monoclonal antibody (anti-Tag) modified magnetic NPs. The type II-based assay showed better 

sensitivity than the type I-based assay. The specificity and sensitivity of the MRS nanosensors can 

be enhanced by modifying the magnetic NP signal source. Perez et al. utilized a bifunctional linker, 

suberic acid bis (N-hydroxysuccinimide ester) to cross-link the amino groups both in the specific 

antibody and superparamagnetic iron oxide NPs to detect herpes simplex virus (HSV) and AdV in 

biological media (Figure 10A).199 A very low concentration of viral particles (5 viral particles in 

10 μL) can cause a detectable magnetic change (δT2) through this method. 

To increase the sensitivity of MRS nanosensors and achieve more rapid detection. Chen et 

al. developed a method based on MRS and magnetic separation to detect Newcastle disease virus 

(NDV) (Figure 10B).200 This method takes advantage of the improved magnetic separation of 

magnetic beads with a larger size (MB250) to capture and enrich target Newcastle disease virus. 

Smaller magnetic beads (MB30) were chosen as magnetic probes since they could not easily be 

separated.  Following the removal of the MB250-virus-MB30 complex, the remaining T2 of MB30 

was detected and used for quantification of NDV. This approach showed higher sensitivity (102 

copy/mL) for NDV than the conventional MRS sensor (103 copy/mL).
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A B

Figure 10. MRS-based nanosensors detection of viruses. (A) The clustering of the antibody-
conjugated magnetic NPs in the presence of the virus occurs with a corresponding change in the 
MR signal (δT2). Adapted with permission from ref.199 Copyright 2003 American Chemical 
Society. (B) The capture and enrichment of the NDV and the T2 signal readout of water molecules 
around the unreacted MB30. Adapted with permission from ref.200 Copyright 2015 American 
Chemical Society. 

4. Conclusions and future research needs

Understanding virus transmission in the environment and developing rapid and reliable 

virus detection methods for complicated environmental samples are two pivotal but still unmet 

needs to address current and future viral outbreaks. Concerted efforts are needed to bridge the 

disconnect between epidemiological and environmental sciences and enable a proactive and 

prompt approach to unexpected outbreaks. To date, insufficient knowledge of how viruses spread 

in many environments makes it difficult to control outbreaks proactively. While highly sensitive, 

the gold standard PCR-based diagnostics for clinical application suffer from long processing 

periods and limited supplies. 

In this review, we summarized environmental virus transmission routes and then discussed 

in detail the recent applications of nanosensors for virus detection. Nanosensors can potentially 

enable rapid response, facile operation, and thus are platforms to advance virus detection more 

rapidly than conventional approaches. Various nanosensors have been actively developed and 
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show promise for virus detection with high sensitivity, reliability, and a short detection period. 

Many nanosensors are field-deployable and potentially suitable for mass production. Also, when 

combined with different analytical tools there is the potential to improve nanosensor efficacy. 

Micro- or nano-fluidic devices have been successfully incorporated with nanosensors for virus 

detection.81, 150 Meanwhile, nanosensors can be easily used for POC/POU virus detection through 

handheld devices.90, 195

Although the development of nanosensors for virus detection is gradually maturing, there 

remain issues that need to be addressed if they are to be commercialized for field applications. For 

instance, while nanosensor sensitivity is readily reported, device and platform stability are much 

less studied. Virus sampling inevitably comes with interference from environmental, food, and 

clinical samples that may deteriorate the accuracy of the detection method. Most of the work 

described in the literature relies upon laboratory settings or is applied to clinical samples. The 

effects of environmental stressors and interferents (e.g., pH, salinity, organic matter) on detection 

accuracy must be investigated and reported. Also, despite many developments in nanosensors, 

most such platforms are currently geared toward medical applications. For successful application 

of nanosensors in environmental samples, we need environment-centered strategies that improve 

different aspects of nanosensors (Box 1). Also, future research should be directed to fill the 

knowledge gaps between related fields such as epidemiology, environmental science and 

engineering, and aerosol science. We close with a list of standards that reflect the current status of 

nanosensors for virus detection in the environment and discuss the need for future research (Box 

2).

Page 47 of 70 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



47

Box 1. Linking virus environmental transmission to nanosensors: Potential challenges that need 
additional research effort.
Despite many successes in the development of nanosensors for virus detection, their application 
in environmental settings remains underexplored relative to clinical samples. The potential 
impacts of factors from a range of environments should be demonstrated. We condense such 
strategies into three priorities to realize the application of nanosensors for the detection of 
viruses in the environment.
1) Environmental transmission. Although we have highlighted environmental routes of viral 
dissemination, there remains a need for scientific investigation of transmission routes to 
appropriately design effective sampling strategies. For example, the relative importance of 
airborne transmission routes of SARS-CoV-2 has been disputed.201 The appropriate detection 
approach will be highly dependent upon whether SARS-CoV-2 transmits primarily via droplets 
or aerosols.
2) Environmental media. Environmental composition is dependent upon the specific medium 
(water, air, food) under consideration. During virus sampling, background constituents will be 
present along with target viruses and may interfere with nanosensor performance. Accordingly, 
it is imperative to investigate the potential effects of interferents on the nanosensors. Water: 
Suspended solids, natural organic matter (NOM), and inorganic/organic contaminants are 
common constituents in water samples. pH may also have an impact on nanosensor stability.13 
Food: Fat and proteins from meat, juice, or milk; cellulose from plant matter; oil and 
physiological fluids from soils and livestock feces may impact nanosensor performance.202 Air: 
Alkaline species (e.g., ammonia), organic acids (e.g., sulfuric acids) and particulate matter need 
to be considered. Considering potential inferences from numerous compositions in 
environmental media, it is important to evaluate the performance of any nanosensor (e.g., LOD) 
in a range of environments. For example, the real-time RT-PCR and RT-LAMP for detection of 
SARS-CoV-2 had LODs of 0.41 copies/μL and 0.4 copies/µL in sewage samples.203, 204 
Nanosensor sensitivity needs to be evaluated in real environmental media and then the results 
explicitly compared to conventional approaches under the same conditions.  
3) Environmental sampling. The concentration of viruses of interest in environmental samples 
are often low and thus sampling schemes that are able to concentrate viral loads are an important, 
yet often poorly considered aspect of effective environmental nanosensor application. Existing 
approaches for sample concentration include the following. Water: samples can be processed 
by an adsorption-elution method using commercially available filters. Air: samples can be 
collected by a variety of different aerosol samplers. Food: samples can be processed using an 
elution buffer after being cut into small pieces. To date, the recovery rates of such sampling 
filters and elution buffers have not been explicitly explored nor compared. Establishment of 
standard methods that report expected recovery rates for different environments remains an 
important need.
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Box 2. Nanosensor criteria for virus detection in environmental samples
Despite the considerable literature on development of nanosensors for virus detection, there 
remain few reports illustrating their application for environmental sample analysis. Here we 
summarize the current status of nanosensors for detection of virus in environmental samples and 
we discuss the need for future research.
Sensitivity and specificity. The sensitivity and specificity of current nanosensors achieved 
through measurable signal change and specific recognition elements are often reportedly 
comparable to conventional methods such as RT-PCR and ELISA. (e.g., LODs of nanosensors 
for SARS-CoV-2 are ~80 copies/mL103). However, complex environmental interferences and 
the buffers or chemicals involved in the sample handling process may affect nanosensor stability 
and performance. Sensitivity and specificity should be evaluated using real environmental 
samples that contain virus, or at a minimum in samples spiked with virus that use representative 
matrices. Reported LODs and units should be be standardized across the literature for 
comparison.
Field-deployability and cost. Nanosensors promise device miniaturization and the capacity for 
multiplex detection with the promised goal of low-cost detection. Considering that samples can 
be collected from various viral transmission routes at different spatiotemporal scales, the field-
deployability and cost of nanosensors are important criteria. Device cost can be reduced through 
low-cost device fabrication, reductions in sample handling reagents, and through the use of 
field-deployable read-out device integration. Nanomaterials can be incorporated into paper-
based platforms to develop sensor chips or into lateral flow devices.205 For example, a cotton 
swab stick-based nanosensor manufactured for 15 cents can be used for the detection of SARS-
CoV-2.206 Low-cost, handheld readout devices such as cell phones and portable Raman 
instruments are also available and can be operated by solar or battery power. 
Turnaround time Simple and rapid reaction kinetics between the virus and the recognition 
element of the nanosensor are favorable given the relatively long turnaround times of many 
conventional methods (e.g., a few hours for PCR-based assays). The output signals following 
viral recognition can be collected in a short time (e.g., a few seconds122 to a few minutes103, or 
even in real-time207). Such rapid turnaround times can minimize sample manipulation and 
storage. Data visualization with handheld screens can further help achieve rapid turnaround 
time.
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Glossary Table
Abbreviations Expansions
Viruses  
SARS-CoV Severe acute respiratory syndrome coronavirus
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
MERS-CoV Middle east respiratory syndrome coronavirus
EBOV Ebola virus
ZIKV Zika virus
HAV, HBV, HCV, and HEV Hepatitis A, B, C and E virus
NoV Norovirus
AdV Adenovirus
Ad5 Adenovirus type 5
RV Rotavirus
CHIKV Chikungunya virus
DENV Dengue virus
PCV2 Porcine circovirus type 2
PPV Porcine parvovirus
PRV Porcine pseudorabies virus
PVX Potato virus X
Cv3/CVB3 Coxsackievirus type 3
MYXV Myxomatosis virus
CDV Canine distemper virus
CMV Cucumber mosaic virus
TMV Tobacco mosaic virus
EMCV Encephalomyocarditis virus
RSV Respiratory syncytial virus
EV71 Enterovirus 71
CTV Citrus tristeza virus
ORSV Odontoglossum ringspot virus
ALV Avian leukosis virus
HPV Human papilloma virus
HSV Herpes simplex virus
NDV Newcastle disease virus
Nanomaterials
NPs Nanoparticles
NWs Nanowires
AuNPs and AgNPs Gold and silver nanoparticles
AuNRs and AgNRs Gold and silver nanorods
AuNSs Gold nanostars
AuNZs Gold nanozymes 
Fe3O4 NPs Iron oxide nanoparticles
SiNWs Silicon nanowires
CNTs Carbon nanotubes
SWCNTs and MWCNTs Single-walled and multi-walled carbon nanotubes
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AuCNTs Gold decorated carbon nanotubes
QDs Quantum dots
RuSi NPs Ru(bpy)3

2+ in silica nanoparticles
CuNCs Copper nanocomposite
MOFs Metal-organic frameworks
GO Graphene oxide
rGO Reduced graphene oxide
mrGO Magnetic reduced graphene oxide
V2O5 Vanadium oxide
VONP-LPs V2O5-encapsulated liposomes
TiO2 Titanium oxide
ZnO Zinc oxide
ZnONRs Zinc oxide nanorods
WSe2 Tungsten diselenide
ITO Indium tin oxide
Technical terminologies
PCR Polymerase chain reaction
LAMP Loop-mediated isothermal amplification
ELISA Enzyme-linked immunosorbent assays
SELEX Systematic evolution of ligands by exponential enrichment
RT Reverse transcription/Reverse transcribed
PFU Plaque-forming unit
TCID50 50% tissue culture infectious dose
HAU Hemagglutination unit 
POC and POU Point-of-care and point-of-use
LF Lateral flow
CL Control line
TL Test line
LOD Limit of detection
LDA Linear discriminant analysis
RH Relative humidity
SPR Surface plasmon resonance
LSPR Localized surface plasmon resonance
SERS Surface-enhanced Raman scattering
VERS Volume-enhanced Raman scattering
EM Electromagnetic
NIR Near-infrared
DPV Differential pulse voltammetry
FRET Fluorescence resonance electron transfer
PAFI Plasmonic-assisted fluoroimmunoassay
MagLISA Magnetic nanozyme-linked immunosorbent assay
MFIA Magnetofluoroimmunoassay
FICT Fluorescent immunochromatographic strips test
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NEA Nanoelectrode array
SAM Self-assembled monolayer
FET Field-effect transistor
EIS Electrochemical impedance spectroscopy
ECL Electrochemiluminescence
MR Magnetoresistance 
AMR Anisotropic magnetoresistance 
GMR Giant magnetoresistance 
TMR Tunneling magnetoresistance 
MRS Magnetic relaxation switching 
NMR Nucleic magnetic resonance
MRI Magnetic resonance imaging
Chemicals
HRP Horseradish peroxidase
IgG Immunoglobulin
TMB 3′,5,5′-tetramethylbenzidine
H2O2 Hydrogen peroxide
PDA Polydiacetylene
ACE2 Angiotensin-converting enzyme 2
S protein Spike glycoprotein 
GBP Gold binding peptide 
RBITC Rhodamine B isothiocyanate 
MGITC Malachite green isothiocyanate 
OHT Oseltamivir hexylthiol
Cy3 Cyanine 3 
4-ATP 4-aminothiophenol
6-FAM 6-carboxyfluorescent
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
NHS N-hydroxysuccinimide
MB Methylene blue
Ppy Polypyrrole
HSA Human serum albumin
GOD Glucose oxidase
S RBD Spike protein receptor binding domain
PLL Poly-L-lysine
ssDNA Single-stranded DNA
CMP-NANA Cytidine-5’-monophospho-N-acetylneuraminic acid
PBS Phosphate-buffered saline
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Table 1. Summary of nanosensors for the detection of SARS-CoV-2

Method Recognitio
n element General approach LOD Refer

ence
Optical

Colorimetric Antibody Colloidal AuNPs functionalized with antibodies targeted viral proteins and the 
extinction spectrum showed red-shifted.

equivalent to 
the Ct of 36.5 
for PCR

78

SERS ACE2 Au nanoneedles functionalized with ACE2 targeted viral S protein, exhibiting SERS 
signals of SARS-CoV-2.

80 copies/mL 103

SERS ACE2 Ag nanorod array functionalized with ACE2 targeted viral S protein, quenching, and 
shifting the SERS signals of ACE2. N/A 104

SERS Aptamer Au nanopopcorn array functionalized with aptamer targeted viral S protein, 
releasing the aptamer with the Raman reporter. <10 PFU/mL 111

Fluorometric ACE2 SWCNTs functionalized with ACE2 targeted viral S protein, leading to fluorescence 
increases. 12.6 nM 122

Electrical     

Electrochemical EDC/NHS GO-based electrodes functionalized with AuNS and EDC/NHS interacted with viral 
glycoprotein, leading to a differentiable DPV.

1.68×10-22 
ug/mL

151

Electrochemical Aptamer AuNPs functionalized with ssDNA targeted viral RNA and immobilized on an 
electrochemical platform, leading to output voltage changes. 6.9 copies/μL 161

Electrochemical Aptamer Au@Fe3O4 functionalized with aptamer targeted viral RNA and captured on rGO-
based platform, resulting in high conductivity. 200 copies/mL 162

Electrochemical Aptamer SiNPs functionalized with redox dyes and aptamer targeted viral N gene and 
captured by aptamer functionalized magnetic NPs, resulting in DPV changes. 1 copy/μL 163

FET Antibody Graphene-based FET functionalized with antibody targeted virus and viral spike 
protein, inducing electrical signal changes.

16 PFU/ml, 
242 copies/ml 

179

FET Antibody WSe2 based FET functionalized with antibody through 11-MUA targeted virus and 
viral spike protein, inducing electrical signal changes. 25 fg/μL 180

FET ACE2 A dual-gate FET functionalized ACE2 captured virus and the voltage shift was 
analyzed at the reference current. 165 copies/mL 185

FET Aptamer PLL is functionalized on surface of graphene-FET to immobilize DNA probes. The 
electrical signals were measured when applying for viral RNA detection. 1 fM 187
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Table 2. Summary of nanosensors for the detection of influenza virus

Method Virus 
type

Recognitio
n element General approach LOD Refer

ence
Optical

Colorimetric H1N1, 
H3N2 Antibody

Au and Fe3O4 NPs functionalized with antibody captured the virus and 
separated by a magnet. AuNPs catalyzed TMB oxidation and turned the 
aqueous solution color to blue in positive samples

4.42x10-14 g/mL 
(H1N1), 2.5 
PFU/mL (H3N2)

83

Colorimetric H3N2 Antibody
Au-CNTs functionalized with antibody captured the virus.  Au-CNTs 
catalyzed TMB oxidation and turned the aqueous solution color to blue 
in positive samples

3.4 PFU/mL 84

Colorimetric H1N1 Peptide
PDA NPs functionalized with peptide captured the virus and it 
perturbated the backbone of PDA, resulting in the aqueous solution color 
change from blue to red.

105 PFU 87

SERS H1N1 N/A A high-density tip-to-tip Au concave-shape nanostructured substrate 
captured the virus 104 PFU/mL 102

SERS H1N1 Antibody Au NPs functionalized with antibody and the Raman reporter formed the 
sandwich structure with the capture substrate in the presence of virus

4.1×103 
TCID/mL

106

SERS H1N1 Antibody Au NPs functionalized with antibody and the Raman reporter formed the 
sandwich structure with the capture substrate in the presence of virus 6 TCID50/mL 107

SERS H1N1 OHT Au NPs functionalized with OHT formed the sandwich with the capture 
substrate in the presence of oseltamivir-resistant virus 1 PFU 110

SERS H3N2 Aptamer Aptamer with the Raman reporter formed the sandwich with the AgNP 
coated capture substrate in the presence of virus 10-4 HAU 113

SERS H7N9 Antibody Au@Ag NPs functionalized with the antibody and the Raman reporter 
was captured on the TL of the LFIA trip in the presence of virus 0.0018 HAU 115

SERS H1N1 Antibody
Ag@Fe3O4 NPs functionalized with the antibody and the Raman reporter 
enriched the virus from impurities by a magnet and was captured on the 
TL of the LFIA trip.

50 PFU/mL 117

Fluorometric H1N1 Antibody AuNPs and QDs functionalized with the antibody captured the virus and 
exhibited LSPR-induced fluorescence enhancement in positive samples

0.03 pg/mL 
(water); 0.4 
pg/mL (human 
serum)

125

Fluorometric H1N1, 
H3N2 Antibody

AuNP decorated CNTs and QDs functionalized with the antibody 
captured the virus and exhibited LSPR-induced fluorescence 
enhancement in positive samples

0.1 pg/mL 
(water); 50 
PFU/mL (clinical 
sample)

126
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Fluorometric H1N1 Antibody
AuNPs and QDs were connected through the peptide chain that was 
functionalized with antibody. Virus attachment to the peptide chain led 
to the fluorescence quenching in positive samples. 

17.02 fg/mL 128

Fluorometric H1N1 Antibody Fluorescent NPs conjugated with the virus were captured on the TL in 
FICT. The TL/CL ratio was used for quantification. <20 HAU/mL 131

Fluorometric H7N1, 
H7N7 Antibody Fluorescent NPs conjugated with the virus were captured on the TL in 

FICT. The TL/CL ratio was used for quantification. 40 HAU/mL 133

Fluorometric H5N1 Aptamer The aptamer captured the virus and QD fluorescence reporter was 
released from the quencher. 0.4 HAU 134

Electrical      

Electrochemical H1N1 N/A AgNPs were adsorbed on a carbon electrode in the presence of H1N1 
and current spikes were quantified. sub pM level 146

Electrochemical
H1N1, 
H5N1, 
H7N9

Antibody
ZnONR functionalized with antibody targeted virus. HRP-conjugated 
detection antibody was captured by virus and oxidized TMB in sensing 
region, resulting in current changes.

1 pg/mL 150

Electrochemical H9N2 Antibody RuSi NPs and magnetic NPs functionalized with antibody captured 
virus on an Au modified ITO electrode, enhancing ECL signals. 14 fg/mL 157

Chemiresistor H5N1 Aptamer CNTs functionalized with DNA probe sequence captured viral DNA, 
leading to the resistance changes. 2pM 171

FET H3N2 Antibody SiNWs functionalized with antibody captured virus, resulting in 
discrete nanowire conductance changes. 104 viruses/L 182

FET H1N1 CMP-
NANA

SiNWs functionalized with CMP-NANA through the aldehyde self-
aligned monolayer bound to hemagglutinin 1, causing voltage shifts. 1pM 184

FET H1N1 Aptamer
CNT-FET immobilized with probe DNA hybridized with target DNA. 
The charge transfer between DNA and CNT led to a decrease of the 
drain current.

1pM 186

Magnetic

MR H1N1 Antibody Streptavidin-coated magnetic NPs with antibody captured on sensors in 
the presence of virus, resulting in a resistance change. 150 TCID50/mL 194

MR H3N2 Antibody
Streptavidin-coated magnetic NPs with antibody captured on a portable 
GMR platform the presence of virus. The magnetoresistance ratio was 
measured.

125 TCID50/mL 195

MR H1N1, 
H3N2 Antibody The target virus-detection antibody- magnetic NPs complex was 

captured by antibody, gave rise to the positive signals 250 TCID50/mL 196

MRS N/A Antibody Magnetic NPs functionalized with anti-Tag captured target, resulting in 
changes in the spin-spin relaxation time. N/A 198
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Table 3. Summary of nanosensors for the detection of other viruses

Method Virus 
type

Recognitio
n element General approach LOD Refer

ence
Optical      

Colorimetric EV71 Antibody
Liposome functionalized with antibody was retrieved in the presence of 
the virus. The liposome lysis released multiple enzymes that disassembled 
AuNP aggregates, resulting in a color change from blue to red.

16 copies/µL 80

Colorimetric ZIKV, 
CHIKV Aptamer

AuNPs functionalized with aptamer formed sandwich with the capture 
substrate in the presence of the virus. Ag reagent addition on the AuNP 
surface caused color change.

1 pM 
(PBS);100 
pM (calf 
blood)

81

Colorimetric DENV Aptamer Au and γ-Fe2O3 NPs functionalized with aptamer targeted the virus, 
leading to color change. N/A 82

Colorimetric NoV-LPs Antibody
Graphene-AuNPs functionalized with antibody captured the virus.  
AuNPs catalyzed TMB oxidation and turned the aqueous solution color 
to blue in positive samples.

92.7 pg/mL 85

Colorimetric NoV-LPs Antibody
Fe2O3 and V2O5 NPs functionalized with antibody captured the virus.  
AuNPs catalyzed TMB oxidation and turned the aqueous solution color 
to blue in positive samples.

0.34 pg/mL 86

Colorimetric RV Antibody Au nanopillars functionalized with antibody captured the virus, leading to 
LSPR peak shift. 126 PFU/mL 89

SERS
PCV2, 
PPV, 
PRV

N/A Porous carbon film coated AgNPs captured the virus 107 
copies/mL

98

SERS PVX Antibody AuNRs functionalized with aptamer and the Raman reporter formed the 
sandwich with the Au shell magnetic NPs in the presence of the virus 2.2 ng/mL 99

SERS Ad5, Cv3 N/A Hollow Au nanocones with the opening size for virus loading captured 
the virus in the vicinity of the SERS hot-spots N/A 100

SERS

MYXV, 
CDV, 
TMV, 
PVX

N/A The pore-like Au nano-cavities captured the virus in the vicinity of the 
SERS hot-spots N/A 101

SERS AdV, 
EMCV N/A A high-density tip-to-tip Au concave-shape nanostructured substrate 

captured the virus in the vicinity of the SERS hot-spots 106 PFU/mL 102
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SERS PRV Antibody AuAg@Ag NPs functionalized with the antibody and the Raman reporter 
was captured on the TL of the LFIA trip in the presence of virus 5 ng/mL 116

SERS AdV Antibody
Ag@Fe3O4 NPs functionalized with the antibody and the Raman reporter 
enriched the virus from impurities by a magnet and was captured on the 
TL of the LFIA trip.

10 PFU/mL 117

SERS RSV Antibody HRP conjugated antibody in the sandwich complex converted TMB to 
positive, bound to negatively charged AgNPs 0.05 pg/mL 118

Fluorometric CTV Antibody Free CTV replaced protein conjugated AuNPs to bind with antibody-
conjugated QDs and increased fluorescent signal 0.13 µg/mL 124

Fluorometric EV71, 
CVB3 Antibody

Magnetic nanobeads and QDs functionalized with antibody captured the 
viruses and exhibited fluorescence signal in positive samples after 
magnetic separation. 

1716 
copies/mL 
(EV71);1618 
copies/mL 
(CVB3)

129

Fluorometric NoV Antibody
Au/magnetic NPs and QD functionalized with antibody captured the virus 
and exhibited LSPR-induced fluorescence enhancement in positive 
samples.

0.48 pg/mL 130

Fluorometric NoV Aptamer Quenched fluorescence was recovered after the release of the 6-FAM 
labeled aptamer in the presence of the virus

4.4 and 3.3 
ng/mL with 
MWCNTs 
and GO

121

Electrical      

Electrochemical Vaccinia 
virus N/A Carbon nanofiber NEA was able to capture virus and led to impedance 

changes between NEA and an ITO electrode.
∼2.58 × 103 
particles/mL

145

Electrochemical ORSV Antibody Micro/nano hybrid-structured Au electrodes functionalized with SAM 
and antibodies targeted virus, leading to EIS responses. 0.238 ng/mL 148

Electrochemical NoV Peptide and 
aptamer

Magnetic nanocomposites modified with aptamer captured by peptide 
modified electrode in the presence of virus, leading to current change. 0.8 copy/mL 152

Electrochemical NoV Peptide WS2NF/AuNP were modified by peptides to capture virus and caused the 
impedance change.

2.37 
copies/mL

153

Electrochemical ALV Antibody
Fe3O4 NPs functionalized with antibody and GOD captured by antibody 
and β-cyclodextrin-ferrocene functionalized GO platform in the presence 
of virus, leading to DPV changes.

102.19 
TCID50/mL

156

Electrochemical HCV Aptamer
CuNPs were synthesized and introduced to rGO when target DNA bound 
with probe DNA. The electrochemical signal of the oxidation of o-
phenylenediamine were recorded in the presence CuNPs.

405 pM 158
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Electrochemical DENV Aptamer
ZnO/Pt-Pd modified electrode were functionalized with probe DNA. The 
electrochemical response of the intercalation of MB and dsDNA were 
determined. 

4.3 × 10-5 M 159

Electrochemical Agroviru
s Aptamer

MWCNTs-CuNPs coated on electrode were functionalized with probe 
DNA. DPV were determined when viral DNA bound with probe DNA on 
to reduce MB.

0.01 ng/μL 160

Electrochemical ZIKV Antibody Au array-based electrode functionalized with antibody targeted ZIKV 
protein, leading to EIS changes. 10pM 164

Chemiresistor T7, MS2 Antibody Ppy NWs functionalized with antibodies targeted viruses, leading to NWs 
resistance changes. 10-3 PFU 166

Chemiresistor CMV Antibody Ppy nanoribbons functionalized with antibody targeted virus, leading to 
electrical resistance changes. 10 ng/mL 167

Chemiresistor DENV Heparin SWCNT on electrode was functionalized with heparin. The resistance 
changed when heparin bound with virus.

8.4×102 
TCID50/mL

169

FET EBOV Antibody rGO modified FET was functionalized with antibody to target virus. The 
response was measured by the shift of Dirac voltage. 2.4 pg/mL 178

FET EBOV Antibody FET was modified with rGO, Al2O3 and AuNPs and functionalized with 
antibody. The electronic-resonance frequency was measured. 1 ng/mL 181

FET EBOV Antibody FET was modified with rGO, Al2O3 and AuNPs and functionalized with 
antibody. The electronic-resonance frequency was measured. 0.001 mg/L 183

FET HBV Aptamer ITO NWs functionalized with DNA probe targeted viral DNA, leading to 
a change in drain current. 1pM 188

Magnetic      

MR HPV Aptamer Streptavidin-coated magnetic NPs were captured by biotin modified 
target DNA. The changes giant magnetoimpedance were detected. N/A 192

MR HBV Aptamer Streptavidin-coated magnetic NCs were captured by biotin modified 
target DNA. Magnetic signal was measured 10 copies/mL 193

MRS HSV, 
AdV Antibody Virus induced antibody functionalized magnetic NPs assembly and 

resulted in spin-spin relaxation time changes

5 viral 
particles in 
10 μL

199

MRS NDV Antibody Larger magnetic NPs were used to capture virus while smaller magnetic 
NPs acted as magnetic probes

100 
copies/mL

200
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