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A B S T R A C T   

The flu viruses are respiratory pathogens which, according to the World Health Organization (WHO), infect 
5–10% of the world population resulting in 3–5 million cases of severe illness and 290,000 to 650,000 annual 
deaths. Early diagnosis and therapeutic intervention can ameliorate symptoms of infection and reduce mortality. 
The conventional diagnosis of viral infections, including flu viruses, has evolved over the years with diverse 
approaches, however, there are inherent short comings associated with these testing. There is an urgent need for 
rapid and low-cost diagnostic assays, due to the enormous annual burden of influenza diseases and its associated 
mortality. 

In this study, novel, low cost and easy to use colorimetric flu virus biosensor assay was developed. The 
sandwich assay format was utilized using antibodies immobilized onto cotton swabs, for the rapid detection of flu 
A and B viruses. These swabs serve as sample collection, analytes pre-concentration as well as sensing tool. The 
proof of concept was established for this assay in buffer and mucus samples. The limit of detection (LOD) of the 
colorimetric assay was 0.04 ng mL− 1 for Flu A and Flu B respectively and with linear dynamic range between 
0.04 ng ml− 1 to 40 ng ml for both viruses in mucous samples. The assay can be performed at the patient’s bed 
side by minimally skilled hospital personnel without the need for instrumentation. Cross-reactivity assays testing 
was done using Flu viruses specific activated swabs reacted with other common respiratory viral pathogens’ 
antigen, in order to assess the specificity of the swabs.   

1. Introduction 

Infectious diseases continue to be the bane of human well-being 
through the ages [1,2] and with the increasing application of technol-
ogy to medical diagnostics, newer infectious agents are being identified 
while previously known pathogens are being better characterized and 
reclassified [3–5]. Although humans have been able to eradicate some 
infectious agents completely (e. g. smallpox) [6], other agents continue 
to be a threat to human health; one such agent is the influenza viruses 
(Flu viruses) [7]. Flu viruses are enveloped RNA viruses belonging to the 
Orthomyxoviridae viral family; they are sub classified into Influenza A, B, 
C, D viruses, the latter was recently identified in 2001 [8,9]. 

Orthomyxoviridae viruses produce two surface glycoproteins: hemag-
glutinin (HA) and neuraminidase (NA) with the respective functions of 
attachment to susceptible host cells and release of progeny viral parti-
cles from infected cells [8]. Further subtyping of the flu viruses, 
particularly Flu A is based on the antigenic type of the HA and NA 
protein of which there are many [8]. Influenza A (Flu A), B (Flu B), and C 
(Flu C), viruses are known to cause human infections while influenza D 
virus (Flu D) is not very significant as a human pathogen [9,10]. The flu 
viruses are respiratory pathogens and according to the World Health 
Organization (WHO), they infect 5–10% of the world population 
resulting in 3–5 million cases of severe illness and 290,000 to 650,000 
annual deaths [11]. Flu A and B viruses are known to produce 
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homologous proteins due to genomic similarity, however, they have 
different promoter proteins responsible for transcription and replication 
as well as different accessory genes, these divergent proteins may assist 
in differential characterization of the two agents in the laboratory [12]. 
Flu A virus which has 8 segmented genome and diverse host range 
including humans, wild and domestic birds and pigs, exhibits antigen 
shift and drift. Antigenic shift results in the emergence of novel and 
occasionally deadly viral strains with pandemic potential while anti-
genic drift results in the emergence of slightly modified viruses with 
limited pandemic potential [8,12]. Flu B viruses do not undergo anti-
genic shift and as such do not cause pandemic infections [8]. These two 
flu viruses are however significant from the public health perspective. 

The diagnosis of viral infections, including those due to flu viruses, 
has evolved over the years with diverse diagnostic approaches [13–17]. 
Methods such as viral isolation through conventional and shell culture, 
serology, various nucleic amplification techniques and more recently lab 
on a chip assays have been developed and applied in diagnostic [13,14, 
18–21]. Lab on a chip technology have demonstrated a good adaptation 
to point of care testing where in a patient’s sample need not be sent to a 
central laboratory before therapeutic decision and/or infection control 
protocols are instituted as a consequence of rapid diagnostic result [19]. 
In view of the enormous annual burden of disease, associated mortality, 
and the issues associated with other conventional diagnostic methods 
such as long turnaround time for culture, high cost of reagents coupled 
with highly trained personnel required for molecular methods, a rapid 
diagnostic method for flu diagnosis is needed. Rapid diagnosis will lead 
to early and timely institution of antiviral therapy and early application 
of infection control protocols in a healthcare facility. These actions can 
ameliorate morbidity, reduce mortality and prevent the emergence of 
secondary cases when instituted early [17,22]. More researchers are 
now adapting nanotechnology to the rapid diagnosis of microbial in-
fections including viruses, through biosensor devices [23–26]. The first 
biosensor was devised in the 1960s by Clark and Lyons [26] for the 
diagnosis of diabetes mellitus and these devices are increasingly being 
applied in the field of infectious disease diagnosis and screening as well 
as other fields such as the food industry, for rapid and low-cost detection 
of different analytes [16,20,23,24,27–30]. A biosensor, in its simplest 
definition, is an analytical device that converts a biological response into 
a readable signal. The readable signal is usually electrical in nature. 

Electrochemical impedance immunosensors (EIS), a bio-affinity 
group sensor, have been used in the diagnosis and detection of flu vi-
ruses. EIS measure changes in surface conductivity associated with viral 
antigen detection through binding on the biosensor. Although EIS is a 
rapid assay when compared with viral culture, it has low marketability 
due to poor selectivity, time to detection and ability to monitor fluctu-
ations in viral antigen binding [13]. Optical biosensors (OB) which are 
based on surface plasmon resonance phenomenon, have also been used 
in the detection of flu viruses. Inhibition assays were used to detect 
H1N1 and H3N1 subtypes of flu viruses under laboratory settings [13]. A 
major disadvantage of OB is that they are bulky and hard to miniaturize, 
making it difficult for field/point of care use. 

Piezoelectric sensors were employed for the diagnosis of flu viruses. 
These assays measure the changes in the deflection of a microcantilever 
using deflector plates, resulting in the fabrication of sensitive biosensors; 
however, the major disadvantage of this assay is their sensitivity to 
environmental vibrations and fluctuations which make it difficult to be 
used in the field [13]. After careful consideration of the literature and 
commercially available products, there is a need to explore and develop 
low cost, easy to use point of care biosensor devices with high specificity 
and sensitivity for the detection of infectious agents such as the flu 
viruses. 

In this study, we present a novel, low cost and easy to use flu viruses 
portable biosensing platform. The assay employs the sandwich assay 
format, for the rapid detection of Flu A and B viruses using recombinant 
antibodies immobilized onto cotton swabs as sample collection, pre-
concentration and sensing tool. Finally, the cross-reactivity of the 

antibodies functionalized swabs was evaluated using some other vi-
ruses’ antigens. 

2. Materials and methods 

Flu A and B antigens and antibodies were obtained from Biospacific 
(Biospacific, Emeryville, CA, USA), while HCoV antigens and antibodies 
were obtained from Medix biochemica (Medix biochemica, Klo-
vinpellontie, Finland). MERS CoV antibody and antigen were obtained 
from Sino Biological Inc (Wayne, PA, USA). Carboxylic acid function-
alized nanobeads of different colors (orange and blue) were obtained 
from Polysciences Inc. (Polysciences Inc., Warrington, PA). The blue 
beads were 300 nm spheres, while the orange beads were 200 nm in size. 

All reagents were kept under manufacturer’s specified conditions 
until use. Regular cotton swabs were bought from the local supermar-
kets. Linkers such as 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and N-Hydroxysuccinimide (NHS) were obtained from Sigma- 
Aldrich (Sigma-Aldrich, St. Louis, USA). Phosphate buffer saline (PBS; 
pH 7.4) tablets, bovine serum albumin (BSA) were also obtained from 
Sigma-Aldrich (Sigma-Aldrich, St. Louis, USA). All chemical reagents 
were laboratory grade. 

2.1. Preparation of activated cotton swabs 

The cotton swabs were activated by immersion in a mixture of 100 
mL of 2 mM potassium periodate and 1 mL sulfuric acid overnight at 
room temperature (Scheme 1 (I)). Activation resulted in the conversion 
of polyhydroxyl groups present on the cotton swabs, to aldehyde groups, 
which can be used later for immobilization of the antibodies through the 
formation of amide bonds. The presence of the aldehyde group on 
activated swabs was confirmed using Fourier-transform infrared spec-
troscopy (FTIR). Activated swabs, were washed in order to remove 
excess oxidizing agent that might be present and thereafter kept in PBS 
buffer, until they were functionalized with antibody. 

2.2. Immobilization of antibody on activated cotton swabs 

Immobilization of Flu A antibody on the swabs (Scheme 1 (II)) was 
achieved by incubating the activated swabs into a well-mixed solution of 
40 μl of 2.2 × 10− 1 mg μl− 1 of Flu A antibody into 960 μl of PBS and 
incubated overnight at 4 ◦C. The swabs were rinsed to wash away any 
unbounded antibody and thereafter 1% BSA (10 mg mL− 1 distilled 
water) was added to block the active sites on the Q-tips. Forty micro 
liters (1.1 × 10− 1 mg mL− 1) of Flu B virus antibody in 960 μl of PBS was 
immobilized onto the cotton wool, following the same method as stated 
above. Control swabs were incubated with 1% BSA solution in PBS 
buffer for 30 min at room temperature. 

2.3. Immobilization of secondary antibodies on colored polymeric 
nanobeads 

Three hundred microliters (300 μl) of the different colored polymer 
(nano) beads; orange for Flu A and blue for Flu B, was washed with 
distilled water 3 times before being reacted with a coupling solution of 
EDC/NHS; the beads were later washed in distilled water to remove 
excess coupling agent. Flu A antibody was coupled to activated orange 
polymer beads and Flu B antibody was coupled to activated blue poly-
mer beads. Blocking of any unbound sites was achieved using 1% BSA 
solution in PBS for 30 min. 

2.4. The assay procedure 

The activated swabs with immobilized Flu A and B antibodies 
(Scheme 1 (II)) were reacted with their corresponding antigens (Scheme 
1 (III)) for 3 min, in tubes containing 0.04 ng mL− 1, 0.4 ng mL− 1, 4 ng 
mL− 1 and 40 ng mL− 1 of Flu A and B respectively. Then, the swabs were 
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washed with PBS followed by immersion into 300 μl solution of the 
activated colored polymer beads with immobilized secondary antibody 
(Scheme 1 (IV)). Reaction with the activated polymer beads was allowed 
to occur for 2 min. The swabs were washed to remove any unbound 
activated beads, results were inspected visually thereafter. Control as-
says were performed in parallel with each assay type. The assay duration 
was 5 min. Cross-reactivity assays were performed by reacting activated 
influenza antibodies bearing swabs against human corona virus (HCOV) 
and MERS Co V antigens. 

2.5. Quantitative detection 

Quantitative detection was assessed using ImageJ program 

developed at the National Institute of Health. In brief, a photograph of 
the cotton swab was captured following assay operation using a smart-
phone and saved in JPEG format. Then, image background was sub-
tracted to avoid false-positive color selection. Adjusting color threshold 
by pass and stop brightness, saturation and Hue contrast provide 
distinguishable colored area. This segment area was selected and the 
color threshold measured. Photos analysis was performed at least three 
times on each cotton swab. Quantitative measurements are presented in 
Figs. 1–4 as mean ± 3 sigma deviation. 

Scheme 1. Colorimetric assay for the detection of Influenza A and B viruses. (I) Activation of the Cotton swab; (II) Immobilization of Flu A or flu B on activated 
cotton swab; (IV) Capturing of flu virus corresponding antigen;(IV) Immobilization of colored nanobeads secondary antibody conjugate. 

Fig. 1. Colorimetric assay for the detection of Flu A; (AI) in buffer and (BI) in mucus samples. Quantitative detection of Flu A as processed by ImageJ software (AII) 
in buffer; (BII) in mucus samples. 
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3. Results and discussion 

3.1. Sensor preparation and characterization 

Cotton is composed of cellulose, a macromolecule made up of long 
chains of glucose molecules connected by C-1 to C-4 glycosidic linkages. 
The hydroxyl groups present on the glucose monomers, were oxidized to 
aldehyde groups by reacting the cotton swabs with potassium periodate 
during the process of activation. Scheme 1 shows the various steps to 

prepare the cotton swab and assay. Activated swabs were characterized 
using Fourier-transform infrared spectroscopy (FTIR), where a charac-
teristic peak appears at 1730 cm− 1 confirms the presence of aldehyde 
groups [31–33]. The activated swabs were then functionalized by 
immobilizing viruses specific capture antibodies; specifically, Flu A and 
B antibodies. These swabs captured the corresponding antigen of in-
terest selectively, when applied to solutions of viruses or swabbed over 
artificially contaminated surfaces with the corresponding viral antigens. 
Thereafter, the swabs were immersed in functionalized colored 

Fig. 2. Colorimetric assay for the detection of Flu B; (AI) in buffer and (BI) in mucus samples. Quantitative detection of Flu A as processed by ImageJ software (AII) 
in buffer; (BII) in mucus samples. 

Fig. 3. Cross-reactivity of Flu A antibodies immobilized on swabs against HPV, MERS CO V, HCOV and Flu B antigens.  
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nanobeads solution. Orange nanobeads were functionalized with anti-
bodies for Flu A and blue nanobeads for Flu B, the viral antigen was 
sandwiched between the capture antibody immobilized on the swab and 
the secondary antibody immobilized onto the nano beads. The reaction 
was visualized through the second step of the assay wherein activated 
nanobeads were retained on the applied functionalized swabs. 

3.2. Assay development 

Antibody functionalized swabs were demonstrated to bind specific 
antigens in the reaction mixture through visual inspection of the swabs 
after the binding of the immobilized colored nanobeads. Fig. 1A, B, 2A 
and 2B shows the qualitative and quantitative results of the proposed 
assay for different concentrations of Flu A and Flu B recombinant anti-
gen in buffer and spiked mucus samples. Various surfaces were artifi-
cially contaminated with different concentrations of recombinant Flu A 
and Flu B antigens. The activated swabs were passed over the surfaces to 
collect the virus’s antigens from the surfaces. Then, the cotton swabs 
washed with PBS and incubated in the colored beads functionalized with 
the secondary antibodies. The unbound beads were then removed by 
washing with buffer. Fig. 1A and B shows the gradual increase in the 
orange color with increasing the concentration of Flu A antigen. It is 
clear from Fig. 1A and B that the higher number of orange colored beads 
bonded to the high concentration of Flu A antigen. Fig. 2A and B shows 
similar trend for the detection of Flu B antigen swabbed on various 
surfaces artificially contaminated with various concentrations of Flu B 
using blue colored nanobeads. The limit of detection (LOD) of the 
colorimetric assay for Flu A was 0.04 ng mL− 1 for Flu A and Flu B 
respectively. Nidzworski et al. employed boron-doped diamond elec-
trochemical biosensor, and reported a limit of detection of 1 fg mL− 1 of 
virus M1 biomarker in saliva buffer [34]. In the assay presented, proof of 
concept using recombinant viral proteins was achieved within minutes, 
unlike ELISA assay which can take few hours. 

3.3. Cross-reactivity study 

Specificity is one of the main criteria for evaluating the sensor’s 
performance to be sure that the sensor is only selective for a specific 
antigen. A number of swab sensors were functionalized with antibody 
for Flu A and individually incubated with MERS CO V, HCOV and Flu B 
antigens, followed by incubation with orange colored nanobeads func-
tionalized with antibodies for Flu A (Fig. 3) shows that there was no 
significant binding with the tested antigens and the Flu A sensors. 
Similarly, Flu B sensors were incubated with MERS CoV, HCoV and Flu A 
antigens, followed by immersion in the blue nanobeads solution func-
tionalized with Flu B antibodies. Again, the biosensors did not reveal a 
positive reaction when it was applied to other non-specific antigens, 
indicating that non-specific adsorption on the sensors was insignificant. 
Cross-reactivity assays revealed the specificity of the functionalized 

swabs even in the presence of other viral antigens contaminating the 
surfaces (Figs. 3 and 4). The lyophilized cotton swab sensors are stable 
for more than 6 months which is the time tested for so far at room 
temperature. 

The assay takes an average of 5 min to perform and requires neither 
sophisticated equipment nor skilled personnel to perform, leading to 
reduction in cost and turnaround time. This low-cost and rapid approach 
as point of care testing and diagnosis can assist clinicians and their 
associated teams, to perform early interventional measures or imple-
menting infection control protocols, that will prevent the spread of flu 
viruses in a healthcare facility. With the established proof of concept, 
further studies aimed at multiplexing the assay has begun, this will allow 
for a low cost, rapid screening of multiple pathogens at first contact with 
the patient. 

4. Conclusion 

In this study, simple, easy to use colorimetric, instrument-free assay 
was developed for the detection of Flu A and B viruses. The diagnostic 
tool employed cotton swab biosensor for sample collection, pre-
concentration as well as sensing element. Sandwich immunoassay 
principle was employed for the detection of the flu antigens using 
various colored nanobeads. The assay displayed good sensitivity and 
selectivity for the Flu viruses’ antigens tested. Although, a proof of 
concept in this study was demonstrated, further studies aimed at mul-
tiplexing and field application in clinical samples should be evaluated. 
We would like to conclude that the assay is simple, not expensive, 
portable and user-friendly, with a high potential for adaptability for field 
work and point of care testing, especially in resource limited settings. 

Authors credits 

Muhabat Adeola Raji and Yumna Aloraij did most of the experi-
mental work. Fatimah Alhamlan performed some testing. Ghadeer 
Suaifan proffed reading and performed the quantitative data. Karina 
Weber, Dana Cialla-May, Jürgen Popp and Mohammed Zourob super-
vised the work and proof read the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

The authors extend their appreciation to the Deputyship for Research 
& Innovation, Ministry of Education in Saudi Arabia for funding this 
research work through the project number 492. 

Fig. 4. Cross-reactivity of Flu B antibodies immobilized on swabs against HPV, MERS CO V, HCOV and Flu A antigens.  

M.A. Raji et al.                                                                                                                                                                                                                                  



Talanta 221 (2021) 121468

6

References 

[1] Z.A. Bhutta, J. Sommerfeld, Z.S. Lassi, R.A. Salam, J.K. Das, Global burden, 
distribution, and interventions for infectious diseases of poverty, Infect. Dis. 
Poverty 3 (2014) 1–7, https://doi.org/10.1186/2049-9957-3-21. 

[2] L. Weinstein, Infectious diseases, Hosp. Pract. 11 (1976) 14–15, https://doi.org/ 
10.1586/14737159.2014.888313. Advances. 

[3] N. Singhal, M. Kumar, P.K. Kanaujia, J.S. Virdi, MALDI-TOF mass spectrometry: an 
emerging technology for microbial identification and diagnosis, Front. Microbiol. 6 
(2015) 791, https://doi.org/10.3389/fmicb.2015.00791. 

[4] S.Q. Van Veen, E.C.J. Claas, E.J. Kuijper, High-throughput identification of 
bacteria and yeast by matrix-assisted laser desorption ionization-time of flight mass 
spectrometry in conventional medical microbiology laboratories, J. Clin. 
Microbiol. 48 (2010) 900–907, https://doi.org/10.1128/JCM.02071-09. 

[5] B. Roszek, W.H. De Jong, R.E. Geertsma, Nanotechnology in medical applications - 
state-of-the-art in materials and devices, RIVM Rep (2005), 265001001, http:// 
www.rivm.nl/bibliotheek/rapporten/265001001.html/. (Accessed 13 September 
2018). 

[6] M.A. Strassburg, The global eradication of smallpox, Am. J. Infect. Contr. 10 
(1982) 916–930, https://doi.org/10.1016/0196-6553(82)90003-7. 

[7] C.C.H. Wielders, E. a van Lier, T.M. van ’t Klooster, a B. van Gageldonk-Lafeber, C. 
C. van den Wijngaard, J. a Haagsma, G. a Donker, a Meijer, W. van der Hoek, a 
K. Lugnér, M.E.E. Kretzschmar, M. a B. van der Sande, The burden of 2009 
pandemic influenza A(H1N1) in The Netherlands, Eur. J. Publ. Health 22 (2012) 
150–157, https://doi.org/10.1093/eurpub/ckq187. 

[8] N.M. Bouvier, P. Palese, The biology of influenza viruses, Vaccine 26 (2008) 
D49–D53, https://doi.org/10.1016/j.vaccine.2008.07.039. 

[9] S. Su, X. Fu, G. Li, F. Kerlin, M. Veit, Novel Influenza D virus: epidemiology, 
pathology, evolution and biological characteristics, Virulence 8 (2017) 1580–1591, 
https://doi.org/10.1080/21505594.2017.1365216. 

[10] World Health Organisation. https://www.who.int/en/news-room/fact-sh 
eets/detail/influenza-(seasonal)/, 2018 (accessed 22, July 2020).. 

[11] World Health Organisation, Information for Molecular Diagnosis of Influenza Virus 
- Update, 2014, 2018, https://www.who.int/influenza/gisrs_laboratory/molecular 
_diagnosis/en/. (Accessed 22 July 2020). 

[12] S.F. Baker, A. Nogales, C. Finch, K.M. Tuffy, W. Domm, D.R. Perez, D.J. Topham, 
L. Martinez-Sobrido, Influenza A and B virus intertypic reassortment through 
compatible viral packaging signals, J. Virol. 88 (2014) 10778–10791, https://doi. 
org/10.1128/JVI.01440-14. 

[13] R.L. Caygill, G.E. Blair, P.A. Millner, A review on viral biosensors to detect human 
pathogens, Anal. Chim. Acta 681 (2010) 8–15, https://doi.org/10.1016/j. 
aca.2010.09.038. 

[14] J.R. Wojciechowski, L.C. Shriver-Lake, M.Y. Yamaguchi, E. Füreder, R. Pieler, 
M. Schamesberger, C. Winder, H.J. Prall, M. Sonnleitner, F.S. Ligler, Organic 
photodiodes for biosensor miniaturization, Anal. Chem. 81 (2009) 3455–3461, 
https://doi.org/10.1021/ac8027323. 

[15] K.M. Abu-Salah, M.M. Zourob, F. Mouffouk, S.A. Alrokayan, M.A. Alaamery, A. 
A. Ansari, DNA-based nanobiosensors as an emerging platform for detection of 
disease, Sensors 15 (2015) 14539–14568, https://doi.org/10.3390/s150614539. 

[16] Y. Tepeli, A. Ülkü, Electrochemical biosensors for influenza virus a detection: the 
potential of adaptation of these devices to POC systems, Sensor. Actuator. B Chem. 
254 (2018) 377–384, https://doi.org/10.1016/j.snb.2017.07.126. 

[17] D.K. Kim, B. Poudel, Tools to detect influenza virus, Yonsei Med. J. 54 (2013) 
560–566, https://doi.org/10.3349/ymj.2013.54.3.560. 

[18] K.M. Abu-Salah, A.A. Ansari, S.A. Alrokayan, DNA-based applications in 
nanobiotechnology, J. Biomed. Biotechnol. 2010 (2010) 715295, https://doi.org/ 
10.1155/2010/715295. 

[19] A.K. Yetisen, M.S. Akram, C.R. Lowe, Paper-based microfluidic point-of-care 
diagnostic devices, Lab Chip 13 (2013) 2210–2251, https://doi.org/10.1039/ 
c3lc50169h. 

[20] W. Jung, J. Han, J.W. Choi, C.H. Ahn, Point-of-care testing (POCT) diagnostic 
systems using microfluidic lab-on-a-chip technologies, Microelectron. Eng. 132 
(2014) 46–57, https://doi.org/10.1016/j.mee.2014.09.024. 

[21] G.A.R.Y. Suaifan, S. Alhogail, M. Zourob, Paper-based magnetic nanoparticle- 
peptide probe for rapid and quantitative colorimetric detection of Escherichia coli 
O157:H7, Biosens. Bioelectron. 92 (2017) 702–708, https://doi.org/10.1016/j. 
bios.2016.10.023. 

[22] I.M. Longini, M.E. Halloran, A. Nizam, Y. Yang, Containing pandemic influenza 
with antiviral agents, Am. J. Epidemiol. 159 (2004) 623–633, https://doi.org/ 
10.1093/aje/kwh092. 

[23] G.A.R.Y. Suaifan, S. Alhogail, M. Zourob, Rapid and low-cost biosensor for the 
detection of Staphylococcus aureus, Biosens. Bioelectron. 90 (2017) 230–237, 
https://doi.org/10.1016/j.bios.2016.11.047. 

[24] M. Zourob, S. Mohr, B.J.T. Brown, P.R. Fielden, M.B. McDonnell, N.J. Goddard, 
Bacteria detection using disposable optical leaky waveguide sensors, Biosens. 
Bioelectron. 21 (2005) 293–308, https://doi.org/10.1016/j.bios.2004.10.013. 

[25] J. Wang, Electrochemical biosensors: towards point-of-care cancer diagnostics, 
Biosens. Bioelectron. 21 (2006) 1887–1892, https://doi.org/10.1016/j. 
bios.2005.10.027. 

[26] S. Song, H. Xu, C. Fan, Potential diagnostic applications of biosensors: current and 
future directions, Int. J. Nanomed. 1 (2006) 433–440, https://doi.org/10.2147/ 
nano.2006.1.4.433. 

[27] S. Choi, M. Goryll, L.Y.M. Sin, P.K. Wong, J. Chae, Microfluidic-based biosensors 
toward point-of-care detection of nucleic acids and proteins, Microfluid. 
Nanofluidics 10 (2011) 231–247, https://doi.org/10.1007/s10404-010-0638-8. 

[28] I.E. Tothill, Biosensors for cancer markers diagnosis, Semin, Cell Dev. Biol. 20 
(2009) 55–62, https://doi.org/10.1016/j.semcdb.2009.01.015. 

[29] B. Bohunicky, S.A. Mousa, Biosensors: the new wave in cancer diagnosis, 
Nanotechnol. Sci. Appl. 4 (2011) 1–10, https://doi.org/10.2147/NSA.S13465. 

[30] M.N. Velasco-Garcia, T. Mottram, Biosensor technology addressing agricultural 
problems, Biosyst. Eng. 84 (2003) 1–12, https://doi.org/10.1016/S1537-5110(02) 
00236-2. 

[31] X. Zhang, G. Shen, S. Sun, Y. Shen, C. Zhang, A. Xiao, Direct immobilization of 
antibodies on dialdehyde cellulose film for convenient construction of an 
electrochemical immunosensor, Sensor. Actuator. B Chem. 200 (2014) 304–309, 
https://doi.org/10.1016/j.snb.2014.04.030. 

[32] S. Alamer, S. Eissa, R. Chinnappan, P. Herron, M. Zourob, Rapid colorimetric 
lactoferrin-based sandwich immunoassay on cotton swabs for the detection of 
foodborne pathogenic bacteria, Talanta 185 (2018) 275–280, https://doi.org/ 
10.1016/j.talanta.2018.03.072. 

[33] Z.M. S. Alamer, S. Eissa, R. Chinnappan, A rapid colorimetric immunoassay for the 
detection of pathogenic bacteria on poultry processing plants using cotton swabs 
and nanobeads Microchim. Acta. 185 (2018) 164 https://doi:10.1007/s00604-0 
18-2696-7. 

[34] D. Nidzworski, K. Siuzdak, P. Niedziałkowski, R. Bogdanowicz, M. Sobaszek, J. Ryl, 
P. Weiher, M. Sawczak, E. Wnuk, W.A. Goddard, A. Jaramillo-Botero, T. Ossowski, 
A rapid-response ultrasensitive biosensor for influenza virus detection using 
antibody modified boron-doped diamond, Sci. Rep. 7 (2017) 15707, https://doi. 
org/10.1038/s41598-017-15806-7. 

M.A. Raji et al.                                                                                                                                                                                                                                  

https://doi.org/10.1186/2049-9957-3-21
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.3389/fmicb.2015.00791
https://doi.org/10.1128/JCM.02071-09
http://www.rivm.nl/bibliotheek/rapporten/265001001.html/
http://www.rivm.nl/bibliotheek/rapporten/265001001.html/
https://doi.org/10.1016/0196-6553(82)90003-7
https://doi.org/10.1093/eurpub/ckq187
https://doi.org/10.1016/j.vaccine.2008.07.039
https://doi.org/10.1080/21505594.2017.1365216
https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)/
https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)/
https://www.who.int/influenza/gisrs_laboratory/molecular_diagnosis/en/
https://www.who.int/influenza/gisrs_laboratory/molecular_diagnosis/en/
https://doi.org/10.1128/JVI.01440-14
https://doi.org/10.1128/JVI.01440-14
https://doi.org/10.1016/j.aca.2010.09.038
https://doi.org/10.1016/j.aca.2010.09.038
https://doi.org/10.1021/ac8027323
https://doi.org/10.3390/s150614539
https://doi.org/10.1016/j.snb.2017.07.126
https://doi.org/10.3349/ymj.2013.54.3.560
https://doi.org/10.1155/2010/715295
https://doi.org/10.1155/2010/715295
https://doi.org/10.1039/c3lc50169h
https://doi.org/10.1039/c3lc50169h
https://doi.org/10.1016/j.mee.2014.09.024
https://doi.org/10.1016/j.bios.2016.10.023
https://doi.org/10.1016/j.bios.2016.10.023
https://doi.org/10.1093/aje/kwh092
https://doi.org/10.1093/aje/kwh092
https://doi.org/10.1016/j.bios.2016.11.047
https://doi.org/10.1016/j.bios.2004.10.013
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.2147/nano.2006.1.4.433
https://doi.org/10.2147/nano.2006.1.4.433
https://doi.org/10.1007/s10404-010-0638-8
https://doi.org/10.1016/j.semcdb.2009.01.015
https://doi.org/10.2147/NSA.S13465
https://doi.org/10.1016/S1537-5110(02)00236-2
https://doi.org/10.1016/S1537-5110(02)00236-2
https://doi.org/10.1016/j.snb.2014.04.030
https://doi.org/10.1016/j.talanta.2018.03.072
https://doi.org/10.1016/j.talanta.2018.03.072
https://doi:10.1007/s00604-018-2696-7
https://doi:10.1007/s00604-018-2696-7
https://doi.org/10.1038/s41598-017-15806-7
https://doi.org/10.1038/s41598-017-15806-7

