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ABSTRACT OF THE DISSERTATION 

Development of Carbon Nanotube-Based Biosensors to Detect Dengue Virus 

by 

Daniel Aaron Wasik 

Doctor of Philosophy, Graduate Program in Environmental Toxicology 

University of California, Riverside, September 2017 

Dr. Marylynn V. Yates, Chairperson 

Since 1970, human activities have permitted the spread of Dengue virus (DENV) 

and the primary mosquito vectors Aedes spp. to virtually every continent. Infection rates 

have increased more than 30-fold and it has become the most prevalent arboviral disease 

in the world. Every year, 3.6 billion people are at risk of infection and there are 390 million 

new infections, mostly among children. With no vaccine or specific treatment, early 

detection plays a significant role in decreasing fatality rates. Dengue infection has no 

pathognomonic clinical features, thus diagnostic tools are essential for diagnosis. 

In addition to a human transmission cycle, a variety of forest-dwelling non-human 

primates are hosts for DENV in a sylvatic cycle. Unfortunately, sylvatic cross-over events 

occur regularly and have resulted in disease outbreaks within humans. Vector surveillance 

plays a critical role in dengue detection and outbreak prevention. Current laboratory 

methods for detection and diagnosis of DENV require highly trained personnel and costly 

equipment that are impractical for regular surveillance and diagnostic use.  
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Thus, new technologies to facilitate and enhance diagnostic and surveillance 

capabilities within each transmission cycle are urgently needed. This research describes 

the development of two novel biosensors using single-walled carbon nanotube transducers 

functionalized for the detection of whole DENV or DENV Non-Structural Protein 1 (NS1). 

Heparin, an analog of the heparan sulfate proteoglycans that are receptors for DENV, was 

used as a bioreceptor for detection of whole DENV virions within viral culture. This 

permits detection of DENV virions from a variety of viral culture-compatible samples; 

such as fluid or tissue samples from monkeys, vector mosquitos, and humans. Anti-dengue 

NS1 monoclonal antibodies were used to detect DENV NS1, a clinically accepted 

biomarker for DENV infection. This biosensor will allow early detection and diagnosis of 

the disease in Aedes mosquitos and human saliva. Both biosensors were selective and 

sensitive for their target analyte in a 10-μL sample over the clinically relevant 

concentration range with detection occurring in only 10-20 min. Each was constructed to 

be a portable, rapid, and inexpensive diagnostic tool suitable for use by minimally-trained 

personnel in the field, laboratory, or point-of-care location.  
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 Introduction 

1.1 Dengue 

Dengue virus (DENV) is a member of the genus Flavivirus (family Flaviviridae) 

and is primarily transmitted by the mosquito vectors, Aedes aegypti and Aedes albopictus. 

There are four confirmed serotypes of DENV, dengue-1, 2, 3, and 4. While each shares 

around 65% of its genome with the other serotypes, they most likely emerged 

independently from the sylvatic cycle (Holmes and Twiddy, 2003). A possible fifth 

serotype (DENV-5) was isolated from a patient in Malaysia in 2013. DENV-5 is 

genetically similar to the other serotypes and is theorized to have recently emerged into the 

human cycle from rhesus macaque monkeys (Mustafa et al., 2015). Each serotype can be 

further categorized into genotypic categories that have yet to be formally named but are 

classified as “a group of dengue viruses having no more than 6% sequence divergence” 

(Holmes and Twiddy, 2003). As an RNA virus, DENV is highly variable and even within 

a serotype, the genotype of a virus can be highly divergent (Pyke et al., 2016). 

DENV infection is a major cause of disease in tropical and subtropical regions. 

Considered a re-emerging disease, transmission among humans has greatly intensified. 

More than 3.9 billion people are at risk and an estimated 390 million infections occur 

annually, making dengue the most important viral disease transmitted to humans by 

mosquitoes (Simmons et al., 2012). While the majority of infections are asymptomatic or 

subclinical, roughly one-fourth of those infected experience dengue fever with mild to 

severe arthralgia and myalgia 4 to 9 days post-infection (Bhatt et al., 2013). The severe 
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pain associated with infection gives the disease its popular name, “Break-bone Fever”. A 

minority of those infected progress to “severe dengue”, previously known as dengue 

hemorrhagic fever (DHF) and dengue shock syndrome (DSS). Severe dengue is 

characterized by plasma leakage and hemorrhagic tendencies that often result in death if 

not properly diagnosed and treated (Gubler et al., 2014). Unfortunately, the broad range of 

symptoms makes clinical diagnosis by pathognomonic features extremely difficult and 

clinicians cannot predict which patients will progress to severe dengue. Thus, laboratory 

confirmation is highly recommended (World Health Organization, 2009). To further 

complicate treatment of a DENV infection, patients infected with one serotype develop a 

robust and long-term immunity to the homologous serotype but not to the other three. The 

antibodies developed during the primary infection can cross-react with the other serotypes; 

and upon a secondary infection by another serotype, there is an increased risk of developing 

severe dengue (Libraty et al., 2002a). Fluid replacement therapy is the only recognized 

treatment. Early diagnosis and intervention can reduce mortality from 20% to below 1% 

(Guzmán and Harris, 2015). 

1.2 Dengue Structure 

DENV is a spherical, enveloped, positive-sense, single-stranded RNA virus 

approximately 40-50nm in diameter (Kuhn et al., 2002). The genome is encapsulated by 

capsid (C) proteins and contains approximately 11,000 bases and encodes for a large, self-

cleaving polyprotein. This polyprotein contains three structural proteins and seven 

nonstructural proteins within a single open reading frame along with 5' and 3' untranslated 
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regions. While DENV is an enveloped virus, the lipopolysaccharide envelope is 

sandwiched between the C proteins and an outer layer of premembrane/membrane 

(prM/M) and envelope (E) proteins. The outer protein layer has a jagged appearance on 

immature virions; the prM and E proteins form protruding trimeric spikes. Upon maturation 

of the virus, pr is released and the M and E protein fold to lie flat against the envelope 

resulting in a smooth surface. The E protein consists of 3 domains that occupy the majority 

of the viral surface. Domain I of the E protein provides structural flexibility, domain II 

contains the hydrophobic viral fusion peptide for cellular entry, and domain III has protein 

motifs for binding to cellular receptors in the mammalian and mosquito hosts. Neutralizing 

antibodies developed during the human immune response commonly target the E protein. 

The DENV virions do not contain nonstructural proteins (NS); instead they are produced 

by host cell machinery during the initial translation of the viral genome. The NS proteins 

are largely responsible for viral replication by acting as a RNA-dependent RNA 

polymerase, hijacking cellular machinery, and subverting host defenses (Modis et al., 2005; 

Zhang et al., 2013). 

1.3 The origin and emergence of dengue virus 

The most widely accepted theory for the origination of Flavivirus is based on 

phylogenetic studies that suggest it originated approximately 10, 000 years ago as a non-

vectored mammalian virus in Asia or Africa (Gould et al., 2003). However, more recent 

analyses performed with a relaxed molecular clock and Bayesian methods on the genome 
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of tick-borne flaviviruses suggest a much older origination, perhaps as many as 158, 900 

years ago (Heinze et al., 2012; Pettersson and Fiz-Palacios, 2014). 

Ancestral human-cycle DENV is thought to be the result of a cross-species 

transmission from monkeys in Asia approximately 1000 years ago (Holmes and Twiddy, 

2003; Twiddy and Holmes, 2003). The oldest description of dengue fever-like illness 

comes from 265-420 A.D. in China. DENV emerged into the “New World” approximately 

300 years ago via the African slave trade. Consequently, the first DENV infection to be 

well-documented was recorded in Philadelphia, Pennsylvania, USA by Benjamin Rush in 

1780 (Gubler, 1998; Vasilakis et al., 2011). 

Prior to World War II, DENV epidemics were large but infrequent, primarily 

centered around hubs for mass transit. The majority of affected regions with autochthonous 

circulation had one or two serotypes in co-circulation. The outbreaks were so infrequent 

that DENV was not considered a major public health problem (Gubler, 2011b; Beaumier 

et al., 2014). During the war, thousands of DENV infected soldiers moved rapidly between 

cities and countries, introducing new serotypes and creating the beginnings of the global 

DENV pandemic (Sabin, 1952). Following the war, unplanned urbanization, housing with 

inadequate protection against the mosquito vector, and the deterioration of sewer and water 

management systems provided ideal breeding grounds for both DENV and Aedes spp. in 

Southeast Asia. It is in these conditions that a new disease emerged: the first established 

epidemic of DHF occurred in 1954 in Manila, Philippines. By the 1980s, the leading cause 

of hospitalization and death for children in Southeast Asia was DHF. By 1994, air travel 
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had introduced multiple strains of each DENV and the Americas became hyperendemic 

(Gubler, 2011b; Gubler, 2011c; Gubler, 2011d; Simmons et al., 2012). 

More recently, global warming, population growth, and other human activities have 

further resulted in habitat expansion for the vector mosquitoes (Bai et al., 2013; Ramasamy 

and Surendran, 2016). In 2013, Europe reported autochthonous transmission of DENV in 

Croatia and France, the first autochthonous cases since 1928 (Bonizzoni et al., 2013; Succo 

et al., 2016). Furthermore, habitat modeling predicts further geographic expansion of the 

Aedes spp. habitat range. Failure to control the spread of Aedes spp. has resulted in the 

DENV transmission range to be similarly expanded (Gubler, 2011a, d; Bonizzoni et al., 

2013). 

1.4 Transmission Cycles  

1.4.1 Sylvatic Transmission 

Each of the four DENV serotypes is maintained in two ecologically and 

evolutionarily distinct transmission cycles: a sylvatic cycle and a human cycle (also 

referred to as the urban cycle). Phylogenetic research has identified strains of sylvatic 

DENV that are distinct from strains found in the human cycle (Rico-Hesse, 1990). Despite 

this, the strains from each cycle are remarkably similar. Both zoonotic and anthroponotic 

transmission can occur without major genetic and phenotypic changes. Studies have shown 

that DENV from the human cycle can readily infect monkeys, and sylvatic DENV has been 

identified in human patient samples on a number of occasions (Vasilakis et al., 2008; 

Franco et al., 2011; Durbin et al., 2013; Hanley et al., 2014; Mustafa et al., 2015). 
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Sylvatic DENV was first identified with serosurveys of arboreal monkeys in 

Penang, Malaya. Smith (1956) noted that while canopy-dwelling monkeys tested 

seropositive, very few ground-dwelling animals tested seropositive, suggesting DENV 

circulation primarily within canopy. Similarly, Rudnick (1965) was performing a 

serosurvey in Malaysian forest reserves and found DENV-neutralizing antibodies in wild 

arboreal monkeys, implicating a sylvatic transmission cycle. Direct evidence of a sylvatic 

cycle was finally obtained in 1975 by isolation of sylvatic DENV strains from sentinel 

monkeys placed in the forest canopy (Rudnick et al., 1986). Within the same year, direct 

evidence of the link between canopy-dwelling and ground-dwelling mammals was found 

when DENV4 was isolated from Aedes niveus, a mosquito that preferentially feeds within 

the canopy but will opportunistically feed on ground-dwelling mammals (Rudnick, 1986).  

Sylvatic DENV strains circulate between non-human mammals and various Aedes 

spp. within a given region. A massive mosquito surveillance program was initiated in the 

savannah and forest galleries located in the southeastern part of Senegal in Kedougou. 

Diallo et al. (2003) isolated DENV2 in 4 species of mosquitoes in the forest gallery. 

Surprisingly, the biting activity of Ae. aegypti mosquito (a primary vector in the human 

cycle) was limited and Ae. furcifer was found to bite humans at the highest rate, especially 

in villages. Thus developed the first model for sylvatic transmission of DENV, cross-over 

events, and evidence that sylvatic transmission of DENV has separate epizoonotic 

amplification events that do not always result in a spill over into humans. While the 

mammal and mosquito species differ from region to region, the transmission cycle follows 

a similar pattern. (Figure 1.1) A few mosquito species preferentially lay their eggs and feed 
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on non-human mammals within the forest environment. Some mosquito species 

preferentially feed peridomestically, feeding both within the forest and within human 

settlements that border the forest. These species act as a zoonotic vector into the human 

cycle and anthroponotic vector into the sylvatic cycle. Ae. furcifer and Ae. luteocephalus, 

two species known to occupy this role, are highly susceptible to DENV from both cycles. 

Finally, certain mosquito species (Ae. aegypti and Ae. albopictus) feed preferentially within 

urban environments and are almost exclusively vectors in the human transmission cycle 

(Diallo et al., 2003; Diallo et al., 2005; Hanley et al., 2013).  

Contribution of the sylvatic cycle of dengue to the overall human disease burden is 

controversial and poorly understood. It has been long thought that the sylvatic cycle is 

maintained sufficiently away from human contact that no major epidemics have been 

associated with sylvatic DENV (Rico-Hesse, 1990; Vasilakis et al., 2008; Vasilakis et al., 

2011). However, mounting evidence indicates that sylvatic DENV amplifications can 

introduce new subtypes and correlate with outbreaks in nearby urban environments (Diallo 

et al., 2003; Cardosa et al., 2009; Althouse et al., 2012; Durbin et al., 2013; Mustafa et al., 

2015). 

1.4.2 Human Transmission 

Ae. aegypti mosquito has been highly domesticated. It prefers to rest indoors, feed 

on humans, and lay its eggs above the water line in artificial containers that are likely flood 

to such as tires, trash, and flower pots. The adult mosquitos are predominantly found in 

urban environments and the eggs are very tolerant to high humidity and high temperatures. 
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Thus, it is considered to be one of the primary vectors in the human transmission cycle, 

especially in warmer climates. (Figure 1.2) The female Ae. aegypti mosquito has been 

described as a “nervous feeder”: the slightest sign of movement or danger will cause the 

mosquito to flee. Consequently, during a single blood meal the mosquito may feed or probe 

without taking blood on several individuals (Putnam and Scott, 1995; Platt et al., 1997). 

This may result in the infection of multiple individuals from a single infected mosquito. 

Once bitten by an infected mosquito, it takes 4 to 9 days before DENV can be detected in 

peripheral blood. If a mosquito feeds on this individual, in 8 to 12 days, the mosquito itself 

may become infectious and able to transmit the virus. 

The second major mosquito vector, Ae. albopictus, prefers the peridomestic 

environment such as rural, suburban, and vegetated urban areas. It is an opportunistic 

feeder, feeding on any organism it can locate such as birds, reptiles, and amphibians, 

although preferring mammals and especially humans (Delatte et al., 2010). Thus, it is 

considered secondary to Ae. aegypti. However, Ae. albopictus mosquito eggs can survive 

in much colder temperatures by the use of diapause, a survival strategy in which the eggs 

go dormant during cold weather. (Figure 1.2) Thus, Ae. albopictus is able to survive in 

subfreezing and dry climates (Braks et al., 2003). When the Ae. aegypti mosquito is rare or 

absent, Ae. albopictus can be the primary vector in the human cycle; such as the 

autochthonous European outbreaks discussed previously (Hawley et al., 1987; Effler et al., 

2005; Benedict et al., 2007; Gjenero-Margan et al., 2011). 
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Both Ae. aegypti and Ae. albopictus have shown the ability to vertically transmit 

DENV to their offspring. At this time, the mechanism of vertical transmission is poorly 

understood but the most widely accepted is transovarial transmission in which the 

developing eggs are infected by DENV. However, infection of the mature egg could occur 

at the time of oviposition. Vertical transmission has been demonstrated in both laboratory 

and wildtype populations and grants DENV the ability to survive weather conditions lethal 

to adult mosquitoes by overwintering within the eggs (Joshi et al., 2002; Martins et al., 

2012). A vertically transmitted DENV infection persists into adulthood can be transmitted 

during feeding behaviors (Kyle and Harris, 2008). 

1.5 A Brief Overview of Dengue Replication 

When an infected mosquito feeds on a human, it injects DENV as well as a number 

of salivary proteins into the blood and surrounding tissues to aid in the acquisition of a 

blood meal. These proteins act as an anti-inflammatory, anti-coagulant, vasodilatory, and 

most importantly to DENV, an immunomodulatory substance (Schneider and Higgs, 2008; 

Sim et al., 2012). Immunomodulating proteins such as Interleukin-10 and -4 can suppress 

T-cell activation and interferon expression to diminish host immune response, 

consequently promoting DENV infection of the host (Ejrnaes et al., 2006). 

Once in the blood stream, the first step in DENV infection of the human host is to 

bind to a cellular receptor. A large number of potential DENV receptors have been 

identified on a wide variety of human cells (Cruz-Oliveira et al., 2015) including but not 

limited to, the heparan sulfate glycosaminoglycan on hepatic cells, (Chen et al., 1997) DC-
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SIGN, an adhesion molecule for dendritic cells, (Navarro-Sanchez et al., 2003) and the 

mannose receptor on macrophages (Miller et al., 2008). The recognition of a large number 

of binding sites is likely a consequence of the evolutionary pressures associated with 

infecting both mosquitos and a variety of mammals.  

Following attachment to a viral receptor, the virus is taken into the cell via 

endocytosis. The cell acidifies the endosome which triggers rearrangement of the E 

proteins to expose domain II. The viral membrane is then fused with the endosome 

membrane and the viral nucleocapsid is released into the cytosol (Rodenhuis-Zybert et al., 

2010). The positive-sense RNA becomes associated with the rough endoplasmic reticulum 

where a ribosome translates the large single open reading frame into the polyprotein (C-

prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5). Host signal peptidase and the NS2B 

serine protease cleave the polyprotein into the individual proteins. NS1 is secreted from 

infected cells to serum concentrations as high as 50 μg/ml (Alcon et al., 2002) but is also 

located intracellularly and can become associated with the cell membrane. Intracellular 

NS1 is involved with RNA replication and inhibition of the complement system. The role 

of secreted and membrane-associated NS1 is discussed in section 1.5.1. NS2A inhibits 

interferon signaling as well as combining with NS1, NS3, NS4A/B, and NS5 for RNA 

replication. Additionally, NS4A/B can block interferon signaling and NS5 acts as the 

RNA-dependent RNA polymerase (Alcaraz-Estrada et al., 2010; Akey et al., 2014). 

During replication, newly synthesized viral RNA is released directly into virions 

budding from the endoplasmic reticulum where the RNA becomes associated with the C 



11 
 

protein. The immature viral particle is transported through the secretory pathway during 

which the prM protein prevents E protein rearrangement into a mature particle, which in 

turn prevents premature membrane fusion. Upon exposure to the neutral pH of the 

extracellular space pr is released from M, marking the complete maturation of the DENV 

virion. In 2-4 days, the range of DENV titer in human blood can be as high as 109 pfu/mL 

(Simmons et al., 2015). 

1.5.1 Role of Secreted and Membrane-Associated Dengue NS1 

A portion of dengue NS1 is secreted into the extracellular space as a hexamer and 

has a multi-faceted role that enhances the virus’s ability to infect the host. In both primary 

and secondary DENV infections, the immune response generates high concentrations of 

anti-NS1 IgG antibodies against both secreted and membrane-associated-NS1. 

Unfortunately, these anti-NS1 antibodies cross-react with a number of host proteins such 

as human blood clotting factors (platelets, fibrinogen, and fibronectin) and 

integrin/adhesion proteins. This autoimmune response prevents proper protein function and 

causes tissue damage that ultimately increases leakage of the vascular system (Falconar, 

1997; Chang et al., 2002; Lin et al., 2002; Lin et al., 2003). Additional cellular damage 

occurs when secreted NS1 directly activates the complement pathway; stimulating the 

inflammatory cytokines and soluble membrane attack complexes (Kurosu et al., 2007). 

However, not all of the anti-NS1 antibodies are damaging. Anti-NS1 monoclonal 

antibodies have been protective in mice when challenged with a lethal concentration of 

DENV2. Additionally, patient recovery does not coincide with a decrease in circulating 
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anti-NS1 antibody (Henchal et al., 1988; Amorim et al., 2012; Amorim et al., 2014). Thus, 

while NS1 plays some part of the pathogenesis of DENV, its role is not fully understood. 

1.5.2 Infection of the Aedes aegypti 

When an Ae. aegypti mosquito feeds on an infected organism and ingests a large 

titer of DENV, the virus passes through the tracheal system and into the midgut. While the 

virus can infect the tracheal system, it has been demonstrated that this does not result in a 

systemic infection of the mosquito. Upon arrival into the midgut, a network of crisscrossing 

proteins is erected around the blood to form the midgut infection barrier to aid in digestion 

and prevent the spread of infectious agents (Anderson and Rico-Hesse, 2006). The strength 

of this barrier along with a second midgut escape barrier, play a key role in determining 

vector competence by preventing or delaying systemic DENV infection (Bennett et al., 

2002; Black et al., 2002). Each serotype has demonstrated the ability to bind to the putative 

R67 and R80 receptors on the midgut epithelial cells (Mercado-Curiel et al., 2006). About 

2 days post-ingestion, the virus will have bypassed both barriers and will have begun to 

infect the midgut epithelial cells followed by dissemination of mature virions to infect other 

organs. By 7-10 days, the average DENV titer is 9×103-104 pfu/ml and the virus can be 

detected in salivary glands indicating that the mosquito is infectious (Salazar et al., 2007; 

Xi et al., 2008). 

1.6 Dengue Clinical Manifestations 

In 2006, the classic dengue classification scheme was called into question as 

patients suffering with DHF/DSS did not meet the official criteria and were improperly 
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diagnosed. Therefore in 2010, the World Health Organization officially updated the 

classification scheme to a two category scheme; dengue and severe dengue (Deen et al., 

2006; World Health Organization, 2009; Simmons et al., 2015). Despite this, many works 

published after the scheme change still use the previous dengue classification scheme.  

1.6.1 Dengue Illness 

The majority of primary DENV infections in humans are asymptomatic or mildly 

symptomatic. Patients with secondary infections are more likely to suffer from more 

intense symptoms and may be more likely to have severe dengue (Dejnirattisai et al., 2010; 

Wahala and de Silva, 2011). Those who suffer more intense systems tend to follow three 

phases: febrile, critical, and recovery. The febrile phase marks the beginning of symptoms, 

with the sudden onset of fever 2 to 7 days post infection. (Figure 1.3) Additional symptoms 

include headache, generalized myalgias and arthralgias, abdominal pain, a variety of 

rashes, nausea, and an enlarged liver. At this time, a DENV infection must be diagnosed 

and fluid therapy needs to begin. Severe and non-severe dengue symptoms are 

indistinguishable during the febrile phase (World Health Organization, 2009). 

The critical phase generally occurs on days 3 through 7 of illness. Symptoms of an 

intense non-severe dengue are still indistinguishable from those of severe dengue. The start 

of this phase is marked by patient defervescence, an increased capillary permeability, and 

a decrease in platelet and white blood cell count. During this phase, patients with non-

severe dengue will begin to recover but those with severe dengue will continue to worsen. 

Within hours, the severe dengue patient’s condition may rapidly deteriorate with 
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hemorrhagic manifestations. Plasma leakage may increase to the point of shock with 

pleural effusion due to the significant loss of plasma volume followed by liver failure. 

Cardiorespiratory collapse may occur within minutes of dengue-induced shock. Prolonged 

high titers of DENV and NS1 in the blood are potential indicators of severe dengue but no 

significant clinical trials have been performed. If the patient survives the critical phase, 

s/he enters the recovery phase. The extravascular fluid is gradually reabsorbed, the 

generalized myalgias and arthralgias dissipate and white blood cells and platelet counts 

will begin to rise (Vaughn et al., 2000; Libraty et al., 2002b; Lum et al., 2002; World Health 

Organization, 2009). 

1.7 Current Dengue Detection Methods 

Diagnosis of a DENV infection early in the illness is critical for proper patient 

management. Thus, many diagnostic tools for DENV have been developed to aid in the 

detection, confirmation, and surveillance of DENV. Determining which diagnostic tool to 

use is largely dependent on the disease phase, available laboratory facilities and equipment, 

expertise of the personnel, and diagnostic time to results. (Figure 1.3) Generally, tests with 

a high diagnostic accuracy are more complex and require specialized laboratories with 

costly equipment and highly trained personnel. Tests that are relatively cheaper, rapid, and 

accessible compromise sensitivity for ease of use. 

1.7.1 Virus Isolation 

Isolation of DENV in viral culture is the oldest of the golden-standard dengue 

diagnostic techniques (Lanciotti et al., 1992; Alcon et al., 2002; World Health 
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Organization, 2009). There are currently two common protocols for viral isolation of 

DENV: intrathoracic inoculation of live adult mosquitoes and isolation in mosquito or 

mammalian cell lines. Intracerebral inoculation of suckling mice was popular early in 

DENV research but the technique is no longer recommended (Guzmán and Kourí, 2004; 

Philip Samuel and Tyagi, 2006). Of these, while less sensitive, isolation in a cell line is the 

most common due to ease of use, lower level biosafety protocols, and relatively low cost. 

Isolation of DENV in mosquito cell lines most commonly use the C6/36 line 

derived from the larvae of Ae. Albopicutus. However, AP-61 from A. pseudoscutellaris, 

and TRA-284 from Toxorhynchites amboinensis are popular cell lines as well. Of the three, 

C6/36 is most compatible with immunofluorescent assays, most susceptible to DENV, and 

most commonly used for routine surveillance (Igarashi, 1978; Gubler et al., 1984; Kuno et 

al., 1985; Philip Samuel and Tyagi, 2006). Isolation in mammalian cell lines most 

commonly use Vero cells derived from kidney epithelial cells of an African green monkey, 

LLC-MK2 derived from kidney epithelial cells of a rhesus monkey, or BHK-21 derived 

from kidney fibroblasts of a baby Syrian golden hamster. Typically, blood or tissue samples 

are introduced into a T-75 flask containing a monolayer of the chosen cell line, given time 

to infect the cells, and the samples removed from the flask. The cells are incubated for 

approximately 6-10 days until cytopathic effects (cell rounding, refraction of light, and 

detachment) are observed. Most commonly, viral titer is then determined by an 

immunofluorescence assay (IFA), adding an additional 2-5 days for results (Bhat et al., 

2015). Determining viral titer via plaque assays is not recommended; not all DENV strains 

form plaques, not all cell types permit plaque formation, and strains that do form plaques 
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are typically cell culture adapted (Philip Samuel and Tyagi, 2006). Isolation in cell culture 

can detect low titers of DENV (1-10 pfu/ml) from a sample and is a viable detection method 

in the first 0-7 days of the febrile stage. (Figure 1.3) Additionally, it amplifies viral titer 

from the initial sample and provides additional viruses for further virological analysis. 

However, the technique requires temperature-controlled storage of the cells and reagents, 

sophisticated equipment, and highly trained personnel. Thus, viral isolation in cell culture 

is used more often in academic and surveillance laboratories. (Gubler et al., 1984; World 

Health Organization, 2009; Peeling et al., 2010). 

Intrathoracic inoculation of live adult mosquitoes is the most sensitive DENV 

isolation technique. Thus, it is most commonly used for experimental investigations when 

isolation of the virus, rather than diagnosis, is the priority (Shu and Huang, 2004). The 

technique is much too costly and labor intensive for routine diagnostics as it requires a 

large amount of mosquitos from an insectary. The Toxorhynchites splendens mosquito is 

preferred over Ae. aegypti. First, the Toxorhynchites splendens mosquito does not bite 

humans and does not feed on blood, greatly reducing the danger. Second, DENV recovery 

from the heads, thorax, and abdomen is approximately 5 times greater than Ae. aegypti. 

Viral detection occurs 10-12 days post-inoculation using IFA on the salivary glands and 

brain tissue (Philip Samuel and Tyagi, 2006). 

1.7.2 Nucleic Acid Detection 

Recently, nucleic acid detection with reverse-transcription polymerase chain 

reaction (RT-PCR) was added to the list of gold-standard diagnostic techniques. DENV 
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RNA can be rapidly detected and serotyped in field-caught mosquitoes, tissues, whole 

blood, or sera of infected organisms in the 0-5 days of infection (Chow et al., 1998; Philip 

Samuel and Tyagi, 2006). In some cases, nucleic acid detection has shown a similar 

sensitivity but more rapid detection capability than isolation via cell culture. A number of 

variations of RT-PCR techniques have been developed, including quantitative, multiplex, 

real-time, and single-step assays. General detection can be achieved by targeting highly 

conserved regions of the DENV genome such as the prM gene sequence. Serotyping can 

be achieved by analyzing amplicon size, melting curve analysis, or by using serotype 

specific primers that target a gene sequence unique to each serotype such as the 3’-

noncoding region of the genome. Detection directly from a tissue or serum sample can be 

achieved with titers as low as 20 pfu/mL in as little as 3 hours (Lanciotti et al., 1992; Houng 

et al., 2001; Shu et al., 2003; Yong et al., 2007; Conceição et al., 2010; Waggoner et al., 

2013). RT-PCR is also compatible with isolation via cell culture and can shorten the time 

to results to 1-5 days depending on inoculation titer (Shu and Huang, 2004). Despite the 

advantages, RT-PCR has a number of drawbacks that prevent it from being used at the 

point-of-care and in resource lacking countries for routine diagnostics and surveillance. It 

requires high technical skills, a number of expensive sample treatments and reagents for 

nucleic acid extraction and amplification, and is highly susceptible to contamination. 

1.7.3 Serological tests 

Serological tests have the longest history of being the most rapid and accessible 

diagnostic testing methods. Even the recently developed, commercially available, rapid 

diagnostic tests (RDTs) predominantly use serological detection for DENV diagnosis. 
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These tests target and detect the human IgM and IgG antibodies that are developed by the 

patient’s immune system to fight a DENV infection. During a primary infection, IgM 

antibodies are the first to appear in the serum and are detectable 3-10 days after the onset 

of symptoms. IgG antibodies are detectable 7 or more days after the onset of symptoms 

and may be detectable for life (Guzmán and Harris, 2015; Parkash and Shueb, 2015; 

Shamala, 2015). During a secondary infection, IgG antibodies are rapidly detectable while 

IgM antibody concentrations remain low or are undetectable. The IgM/IgG ratio can be 

used to aid in determining primary vs. secondary DENV infections and thus can aid in 

determining clinical management (Shu and Huang, 2004; World Health Organization, 

2009; Blacksell, 2012; Bhat et al., 2015). 

For many years, the hemagglutination-inhibition (HI) was the gold standard of 

rapid and accessible diagnostic testing. The assay, while easy to perform, is laborious and 

requires at least 3 days and easy access to goose blood to perform. It has since been replaced 

by the enzyme-linked immunosorbent assay (ELISA) for laboratory diagnostics and RDTs 

for point-of-care diagnostics (Peeling et al., 2010; Shamala, 2015). ELISA-based methods 

such as IgM antibody-capture enzyme-linked immunosorbent assay (MAC-ELISA) and 

IgG antibody-capture enzyme-linked immunosorbent assay (GAC-ELISA) are now 

accepted as gold-standard diagnostic techniques. Modern serological RDTs largely rely on 

the same detection methodologies as the ELISA-based methods. However, RDTs have 

been designed to be used by untrained personnel at the point-of-care. While serological 

RDTs are cheap, rapid, commercially available, and the most accessible detection method, 

they suffer from the same drawbacks as ELISA and the other serological detection 
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methods. First, IgM and IgG antibodies are not produced until approximately day 5 into a 

primary infection and therefore are not effective for an early diagnosis. Second, time of 

sampling, DENV serotype, and primary/secondary infections can greatly affect the results; 

low sensitivity (30-95%) and specificity (46-100%) have been reported. Third, human 

IgM/G are broadly cross-reactive across serotypes and other flaviviruses, resulting in false 

positives. Fourth, a false-positive can be triggered by a previous flavivirus infection. Fifth, 

serological-based methods were developed for human diagnosis; they cannot be used for 

vector surveillance (mosquitos don’t produce antibodies) or field surveillance unless 

special target organism anti-antibodies are substituted. (Schilling et al., 2004; Blacksell et 

al., 2006; Blacksell et al., 2007; Vazquez et al., 2007; Blacksell et al., 2008; World Health 

Organization, 2009; Huhtamo et al., 2010; Wang and Sekaran, 2010; Blacksell et al., 2011; 

Blacksell et al., 2012; Hunsperger et al., 2014; Welch et al., 2014; Bhat et al., 2015) 

1.7.4 NS1 Antigen Detection 

Similar to nucleic acid detection methods, circulating DENV NS1 can be detected 

in sera as early as one day after onset of symptoms using ELISA or RDTs. NS1 is detectable 

up to 18 days during a primary infection (Young et al., 2000; Alcon et al., 2002). During a 

secondary infection, detection of the NS1 protein is limited by host antibody-NS1 

interactions but can still be detected within the first 8 days of symptoms (Winkler et al., 

1989; Huang et al., 2013). Additionally, unlike serological tests, diagnostic tests for the 

NS1 protein are not cross-reactive with other flaviviruses. Development of commercially 

available RDTs for the detection of DENV NS1 have significantly improved point-of-care 

diagnostic capabilities but rely on visual (colorimetric) detection. The devices have 
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sacrificed reliability for a portable, rapid, and easy to use diagnostic tool. Reports on NS1 

detection vary widely, sensitivities generally range from 55-95% and specificity from 89-

100%. However, sensitivities under 50% have been reported during the first two days of 

illness when NS1 concentrations are lower (Shu et al., 2009; Lima et al., 2010; Osorio et 

al., 2010; Singh et al., 2010; Blacksell et al., 2012; Shamala, 2015). 

1.8 Advanced Dengue Detection Methods 

While the burden of dengue has grown to global proportions, DENV still 

predominantly effects developing countries. Clearly, there is a need to develop low cost 

DENV diagnostic devices that combine high sensitivity and specificity with portability, 

rapidity, and accessibility. Biosensors are biodiagnostic devices that combine biological 

recognition elements (bioreceptor) with a signal transducer to convert a binding event of 

the target analyte with the bioreceptor into a measureable and user-friendly signal. The 

bioreceptor typically consists of enzymes, antibodies, nucleic acids, or other proteins that 

can be immobilized onto a particular transducer to specifically bind to the desired target 

analyte. A number of biosensor transducer technologies have been developed for signal 

generation and amplification; such as piezoelectric, nanomaterials, electrochemical, quartz 

crystal microbalances, or surface plasmon resonance. 

1.8.1 Quartz Crystal Microbalance 

Quartz crystal microbalance (QCM) is a piezoelectric transducer that can measure 

small changes in micro-mass on the surface of a resonating quartz crystal. As mass attaches 

or detaches from the surface of the crystal, there is a corresponding frequency change that 
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allows for label-free, real-time biosensing. Pirich et al. (2017) developed a QCM biosensor 

for the DENV NS1 protein that utilizes cellulose nanocrystals as the receptive surface for 

monoclonal anti-NS1 antibodies. The biosensor was able to detect NS1 in PBS from 0.03 

µg/mL; a comparable sensitivity to ELISA. However, once NS1 was suspended in serum, 

a complex sample matrix with interfering chemicals and proteins, sensitivity decreased to 

0.32 µg/mL. In a different approach, Sz-Hau et al. (2009) utilized two oligonucleotide-

functionalized gold nanoparticles to detect DENV RNA; one to increase the mass of viral 

RNA and one to increase the specificity of the assay. This biosensor was able to detect the 

viral RNA at an equivalent of 2 pfu/mL in serum. QCM devices are low-cost and easy to 

use. However, the sensitivity of the QCM assay is negatively affected by vibrations from 

the external environment, which limits the portability of QCM-based devices (Sz-Hau et 

al., 2009; Parkash and Shueb, 2015; Pirich et al., 2017). 

1.8.2 Electrochemical Detection 

Electrochemical biosensors monitor the current of an electrode before and after an 

electrochemical oxidation/reduction reaction. Electrochemical impedance spectroscopy or 

cyclic voltammetry are used to measure the change generated by the electrochemical 

reaction. The impedance change is proportional to the concentration of the target analyte 

within the sample matrix. Dias et al. (2013) captured DENV NS1 from a serum sample 

with unlabeled monoclonal anti-NS1 antibodies immobilized onto a carbon nanotube-ink 

printed electrode. Next, anti-NS1 antibodies conjugated with horse-radish peroxidase were 

permitted to bind to the captured DENV NS1. The horse-radish peroxidase was reacted 

with hydrogen peroxide and the amperometrical response generated by the reaction was 
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monitored with cyclic voltammetry. This multi-step assay achieved a limit of detection 

(LOD) of 12 ng/mL. Similarly, Silva et al. (2015) achieved an LOD of 15 ng/mL using a 

poly(allylamine)/carbon nanotube layered immunoelectrode to monitor the perioxidase-

H2O2 reaction. While high sensitivity can be achieved through electrochemical reactions, 

these biosensors use a tedious multi-step and multi-reagent method for indirect detection 

of DENV NS1. 

1.8.3 Surface Plasmon Resonance 

Surface plasmon resonance (SPR) is a label-free optical method that measures the 

change in refractive index when the target analyte binds to the bioreceptor immobilized 

onto a reflective surface. The intensity and angle of the light reflected off of the surface is 

proportional to the concentration of the target analyte. Using long-range surface plasmon 

waveguides, Wong et al. (2016) detected DENV NS1 in plasma with a LOD of 5.73 

pg/mm2. While SPR can detect low concentrations of the target analyte, the cost of the 

optics and electronics is extremely high, the machines are bulky, and the assays are not 

user-friendly (Breault-Turcot and Masson, 2012). 

1.9 Chemiresistors 

While many of these biosensors are sensitive, they require extensive training to use 

and many of the technologies involved are not readily portable, making point-of-care and 

vector surveillance difficult. The need for high sensitivity, selectivity, and portability has 

driven research towards nanoscale devices. Due to their pseudo-one-dimensional structure, 

single-walled carbon nanotubes (SWNT) have unique physical and chemical properties 
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that can improve biosensing technologies. Electric biosensors that utilize SWNT as a 

transducer element have demonstrated increased performance due to the SWNT 

electrocatalytic activity and size similarity to the target of interest (Allen et al., 2007). 

Additionally, electric biosensors have demonstrated many desirable traits, especially when 

considering the needs of DENV diagnosis; offering a portable, sensitive, reliable, and 

inexpensive diagnostic method with rapid detection capabilities.  

1.9.1 Carbon Nanotubes 

Unbeknownst to those utilizing them, humanity has been synthesizing and 

capitalizing on the carbon nanotube’s mechanical properties for hundreds of years. Swords 

and daggers were strengthened by rolling soot into metals to produce stronger materials 

such as Damascus steel (Reibold et al., 2006; Reibold et al., 2009). In 1952, Radushkevich 

and Lukyanovich published what are thought to be the first images of multi-walled carbon 

nanotubes then-named, “hollow carbon fibers.” Oberlin et al. (1976) published the first 

images of SWNT as “Filamentous growth of carbon” (Oberlin et al., 1976; Grobert, 2007; 

Kumar and Ando, 2010). However, it wasn’t until 1991, with the publication of ‘Helical 

microtubules of graphitic carbon’ that carbon nanotubes were recognized by the scientific 

community. Since then, scientific interest in carbon nanotubes and SWNT biosensors has 

increased exponentially (Iijima, 1991; Iijima and Ichihashi, 1993). 

SWNT are an allotrope of carbon in which a honeycomb-like structure with a one-

atom-thick layer of carbon atoms form a hollow tube about 1nm in diameter. All carbon 

atoms are on the surface resulting in a quasi-one-dimensional (1D) nanostructure with an 
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ultra-high surface area-to-volume ratio. The helicity of the SWNT determines the electrical 

properties; armchair nanotubes are conducting, while zigzag and chiral nanotubes can be 

either conducting or semiconducting (Yang et al., 2015). Additionally, SWNT exhibit 

superior electrical conductivity, mechanical strength, and chemical inertness. These 

properties make them extremely sensitive to minute changes in surface charge density due 

to electrostatic interactions with the target analyte (Gruner, 2006; Grobert, 2007; Reich et 

al., 2008). 

Unlike two-dimensional graphene sheets, the 1D SWNT restricts the electrical 

current flow along the length of the nanotube. As the electric field from the target analyte 

penetrates into the bulk of the SWNT, it creates regions of electron accumulation or 

depletion within the SWNT. Electrical transport through these regions results in detectable 

changes in the conductivity/resistivity of the SWNT microelectrodes resulting in a label-

free detection of the target. Devices that operate using these principles are known as 

chemiresistors (Balasubramanian and Burghard, 2006; Allen et al., 2007; García-Aljaro et 

al., 2010). 

1.9.2 Functionalization of SWNT 

While chemiresistive sensors without receptors have been reported, the sensors 

have virtually no selectivity (Collins et al., 2000; Ramnani et al., 2016). Choice of 

functionalization method and bioreceptor can significantly alter the performance of the 

biosensor. There are two functionalization methods that are commonly used; the first 

method is to oxidize the SWNT, breaking carbon-carbon bonds in order to introduce a 
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coupling/linker molecule into the sidewalls. The chemical groups introduced using this 

method are readily available for covalent bonding to a bioreceptor. Typically, carboxyl or 

epoxide groups are introduced followed by reaction with an amine group of the desired 

bioreceptor. While this method produces robust biosensors that survive well in harsh 

environments, the breakage of the carbon-carbon bonds on the SWNT sidewall causes 

disruptions in the π-system, significantly increasing electrical resistance and often results 

in greatly diminished sensitivity (Wang and Swager, 2011). The second method utilizes 

aromatic pyrene-linkers to non-covalently functionalize the side walls of the SWNT. The 

aromatic pyrene moieties form π-π interactions with the sp2-bonded carbon in the sidewalls 

without affecting conductivity. Additionally, the functional group linked to the pyrene 

moiety can be chosen based on the desired linker-bioreceptor chemistry. Thus, even 

bioreceptors without amine groups can easily be functionalized to the SWNT 

(Balasubramanian and Burghard, 2006; Chen et al., 2013). 

1.10 Objectives 

Dengue virus is the currently the most important arbovirus in the world. As such, a 

number of diagnostic techniques and technologies have been produced. Virtually all of the 

laboratory and commercial DENV diagnostic methods require a painful blood draw for 

sample analysis, which can be dangerous and decreases patient willingness. The diagnostic 

tools were designed for the diagnosis of DENV in humans or are too expensive and 

complex for sustainable mosquito vector surveillance. Additionally, none of these have 

managed to combine sensitivity and selectivity in a portable, rapid, and inexpensive 
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diagnostic tool suitable for use by minimally-trained personnel in the field, laboratory, or 

a point-of-care location. As such, there is a need for a sensitive and selective, non-invasive, 

user-friendly, portable, low-cost diagnostic device that is compatible with all potential 

DENV hosts.  

In this project, two novel biosensors using SWNT transducers functionalized for 

the detection of whole DENV or DENV Non-Structural Protein 1 (NS1) were developed. 

The first utilizes heparin, an analog of the heparan sulfate proteoglycans that are receptors 

for DENV, as a bioreceptor for detection of whole DENV virions. Heparin has 

demonstrated the ability to maintain its structure and reactivity despite prolonged periods 

of direct sunlight and high temperatures; creating a robust and sensitive biosensor. The 

second utilizes anti-dengue NS1 monoclonal antibodies to detect DENV NS1, a clinically 

accepted biomarker for DENV infection. NS1 is a highly conserved 46-kDa protein 

secreted at high concentrations during viral replication in virtually every host organism and 

can be detected in human saliva. Both biosensors offer a facile, affordable, and label-free 

method for direct detection of the target analyte. 
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1.11 Figures 

 

Figure 1.1 Comparison of the major mosquito vectors (in red text) and primate hosts (in 

black text) involved in sylvatic transmission, spillover and urban transmission of dengue 

virus. Adapted with permission from Hanley et al. (2013) 
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Figure 1.2 Global map of the predicted distribution of Ae. aegypti (top) and Ae. albopictus 

(bottom). The map depicts the probability of occurrence (from 0 blue to 1 red) at a spatial 

resolution of 5 km × 5 km. Adapted with permission from Kraemer et al. (2015) 
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Figure 1.3 Timeline of a primary dengue infection and diagnostics.  
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 A Heparin-Functionalized Carbon Nanotube-Based Affinity 

Biosensor for Dengue Virus 

2.1 Abstract 

Dengue virus is an arthropod-borne virus transmitted primarily by Aedes mosquitos 

and is major cause of disease in tropical and subtropical regions. Colloquially known as 

Dengue Fever, infection can cause hemorrhagic disorders and death in humans and non-

human primates. We report a novel electronic biosensor based on a single walled carbon 

nanotube network chemiresistive transducer that is functionalized with heparin for low-

cost, label-free, ultra-sensitive, and rapid detection of whole dengue virus (DENV). 

Heparin, an analog of the heparan sulfate proteoglycans that are receptors for dengue virus 

during infection of Vero cells and hepatocytes, was used for the first time in a biosensor as 

a biorecognition element instead of traditional antibody. Detection of DENV in viral 

culture supernatant has similar sensitivity as the corresponding viral titer in phosphate 

buffer despite the presence of growth media and Vero cell lysate. The biosensor 

demonstrated sensitivity within the clinically relevant range for humans and infected Aedes 

aegypti. It has potential application in clinical diagnosis and can improve point-of-care 

diagnostics of dengue infection. 

2.2 Introduction 

Dengue virus (DENV) is a positive-sense, single-stranded RNA virus of the genus 

Flavivirus (family Flaviviridae) that is primarily transmitted by the mosquito vectors, 

Aedes aegypti and Aedes albopictus. Since the 1970s, it has spread to urban and semi-urban 
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areas in over 100 countries and the incidence of dengue infections throughout the world 

has increased 30-fold (Bhatt et al., 2013). More than 3.6 billion people are at risk and an 

estimated 390 million infections occur annually. With no vaccine or specific treatment, 

early detection plays a significant role in decreasing fatality rates (Gubler, 2011; Sharp et 

al., 2015). 

The World Health Organization has separated detection methods for diagnosing a 

dengue infection into two categories: indirect and direct. While the indirect methods can 

be rapid and accessible, the targeted human anti-dengue IgG and IgM are not readily 

detectable until approximately 7 days after the onset of fever during a primary infection 

(World Health Organization, 2009; Guzmán and Harris, 2015). Thus, their use is limited 

to late-stage diagnosis; increasing patient mortality and further delaying implementation of 

outbreak control measures (Welch et al., 2014). Additionally, recent evidence indicates 

that sylvatic DENV amplifications can introduce new serotypes and correlate with 

outbreaks in nearby urban environments (Cardosa et al., 2009; Mustafa et al., 2015). 

Human IgG and IgM are not found in all potential clinical samples (e.g., Aedes mosquitos) 

and thus cannot be used to monitor the sylvatic cycle of the virus. 

Direct detection methods are most useful when the virus is readily detectable in the 

serum, 0-7 days post infection (Blacksell, 2012), making them ideal for early diagnosis of 

DENV. These methods isolate and identify live virus by cell culture or detect components 

of the virus such as the viral genome by PCR or viral nonstructural proteins (NS1) by 

ELISA. However, PCR sensitivity varies between serotypes and neither PCR nor ELISA 
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provide additional infectious viruses for future analysis and characterization (Kao et al., 

2001). Isolation of viruses in cell culture is preferable and considered a gold standard 

detection method due its reliability, ability to propagate additional infectious virus for 

further study, high compatibility with a wide variety of sample sources, and its 

demonstrated ability to isolate DENV from mosquitos in field conditions (Race et al., 1978; 

Philip Samuel and Tyagi, 2006; Salje et al., 2014). Commonly, 6 to 10 days post infection, 

when samples as low as 1-10 pfu/ml have propagated into (Kao et al., 2005) detectable 

levels, the cell culture supernatant is screened for infection with immunofluorescent 

antibodies (IFA) (Gubler et al., 1984; World Health Organization, 2009). This delays 

detection and limits diagnostic capabilities. Additionally, IFA, ELISA, and PCR require 

temperature-controlled storage of samples and diagnostic devices/reagents, sophisticated 

equipment, and highly trained personnel. 

Clearly, there is a need to develop low cost diagnostic devices capable of decreasing 

the time, equipment, and personnel training needed to detect DENV during the 0-7 days 

post infection window. Electronic biosensors are analytical devices that combine a 

bioreceptor with an electronic interface to convert a binding event of the target analyte into 

a measurable signal. They offer a portable, sensitive, reliable, and inexpensive diagnostic 

method with rapid detection capabilities. Biosensors using single-walled carbon nanotubes 

(SWNT) have demonstrated superior performance due to their excellent electrical 

properties and size similarity to the target of interest (Allen et al., 2007).  
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Biosensors commonly use antibody-based approaches to target analytes with high 

selectivity/specificity (Lee et al., 2011; Ramnani et al., 2016). However, antibodies are less 

than ideal for biosensing in field conditions as they are sensitive to denaturation by 

sunlight, changes in pH or temperature, as well as degradation by enzymes, metals, and 

other agents in a sample matrix (Wang et al., 2007; Vlasak and Ionescu, 2011). Heparin is 

a close structural homologue of heparan sulfate, a receptor for the four serotypes of DENV. 

Heparin has been shown to inhibit entry of DENV 1-4 into host cells and can bind tightly 

to DENV-2. Additionally, heparin has is stable during storage in adverse conditions. Thus, 

it has excellent potential to act as the bioreceptor for DENV during biosensing (Chen et 

al., 1997; Hidari et al., 2013). 

In this study, we report a highly sensitive, antibody-free, chemiresistive biosensor 

for the detection of the dengue virus. The biosensor consists of an SWNT network 

chemiresistor functionalized with heparin, instead of antibody, as the biorecognition 

molecule that detects the virus. SWNT network chemiresistor transducer was prepared 

using a previously reported self-assembly approach on lithographically patterned 

interdigitated gold electrodes (Ramnani et al., 2013). Heparin was side-on attached on 

SWNT network using a technique modified from (Pieper et al., 2000; Wissink et al., 2001) 

in which the carboxyl groups of heparin were cross-linked to primary amine groups on the 

pyrene-linker, 1-pyrenemethylamine, previously adsorbed onto the SWNTs. The 

performance of this biosensor was evaluated for detection of dengue type 1 virus in 

phosphate buffer and we demonstrate compatibility with DENV isolation in cell culture. 

Influenza virus H1N1 was used as a negative control to evaluate the biosensor selectivity. 
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2.3 Materials and Methods 

2.3.1 Virus propagation and titration 

Vero cells (ATCC, CCL 81) were cultured at 37°C and 5% CO2 in minimal 

essential medium (MEM) supplemented with 10% fetal bovine serum, buffered with 

sodium bicarbonate, 100 U/ml of penicillin, and 100 mg/ml streptomycin. 

Vero cells were infected with dengue type 1 virus, TH-Sman (ATCC, VR 1586), 

using MEM with 2% fetal bovine serum (MEM-2). The supernatant was harvested at day 

5 post-infection, clarified by low g-force centrifugation (10 min, 4,000 × g, 4°C) and the 

cell debris pellet was discarded. The viral culture supernatant containing DENV was 

inactivated with 0.05% formalin (22°C, 48 h) and stored at -80°C until used for low titer 

laboratory viral culture detection measurements. Several DENV stocks were further 

concentrated to create high titer samples by ultracentrifugation in a 20% sucrose cushion 

in dH2O (3.5 h, 100,715 x g, 4°C) to pellet the virus. Pellet was resuspended in 10 mM 

phosphate buffer, pH 7.4 (PB), aliquoted and stored at -80°C. Viral titer was approximately 

5.5x103 TCID50/mL in low titer laboratory viral culture stocks and 8.4x105 TCID50/mL in 

high titer stocks, as determined by TCID50 with Vero cells in a 96-well plate.  

In order to mimic any potential variables from the DENV culturing and harvesting 

process, monolayers of Vero cells were washed with PBS and MEM-2 was added. The 

cells were freeze/thawed to simulate cytopathic effects and similarly clarified with low g-

force centrifugation. The cell culture supernatant containing MEM-2 and Vero cell lysate 

was collected and stored in aliquots at -80°C until used for control measurements or to 
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create high titer viral culture stocks in which ultracentrifuged viral pellets were 

resuspended into aliquoted freeze-thawed Vero cell culture lysate. 

2.3.2 Fabrication of SWNT biosensors 

The microelectrodes and SWNT networks were fabricated according to a 

previously reported method (Ramnani et al., 2013) and subsequently functionalized with 

heparin following the protocol depicted in Figure 2.1. Briefly, SWNT networks were first 

functionalized by non-covalent modification with 1-Pyrenemethylamine (Pyr-NH2)(Sigma 

Aldrich, USA) by incubating with 10 μL of 6 mM Pyr-NH2 in dimethylformamide (DMF) 

for 1 h under high humidity conditions, followed by thoroughly washing with PB. Next, in 

a separate reaction tube ethyl-3-dimethylaminopropyl carbodiimide (EDC), N-hydroxy 

succinimide (NHS), and heparin were mixed in 2-morpholinoethane sulfonic acid buffer 

(pH 5.5) and incubated for 10 min prior to exposure to the previously modified SWNT for 

2 h at room temperature. Devices were washed with PB then incubated with 0.1% Tween 

20 (BIO-RAD) for 1 hour to block any non-specific adsorption to the SWNT, followed by 

thorough rinsing with PB.  

2.3.3  Detection of the virus 

10 μL of sample was pipetted onto each biosensor to simultaneously cover each of 

the five microelectrode sensing regions, incubated for 10 min, and then gently washed with 

PB. 10 μL PB was then pipetted to cover the sensing region for resistance measurement. 

Measurements were taken in the dark at room temperature with the humidity controlled 

using a petri dish containing DI water. The resistance of each electrode was measured using 
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linear sweep voltammetry with a semiconductor parameter analyzer (Model 1202A, CH 

Instruments, Inc., TX, USA). The voltage was swept from −200 mV to 200 mV and the 

current recorded. Linear regression analysis was used to calculate the slope of the 

current/voltage curves between −100 mV to 100 mV and inversed to calculate resistance. 

Relative resistance changes were calculated using the formula 
R1 - R0

R0

* 100, where R1 is the 

resistance of the channel after each exposure and R0 is the resistance of the PB control; in 

the case of the MEM-2, R0 is the resistance of previous incubation. 

2.4 Results and Discussion 

2.4.1 Heparin 

Heparan sulfate is a variably sulfated glycosaminoglycan (GAG) attached to some 

cell surface protein-core molecules and is utilized by DENV during invasion of host cells 

(Artpradit et al., 2013). Heparin, an analogue of heparan sulfate, can inhibit DENV 

infection of Vero cells by incubation of the virus with heparin for 5 min prior to exposure 

to the cells. Furthermore, heparin has been shown to have high conformational flexibility 

and can significantly inhibit DENV infection at very low concentrations (50% inhibiting 

dose = 0.3 μg/ml). Previous studies have shown an excellent binding affinity of DENV-2 

to heparin conjugated albumin (Kd = 56 nM) (Chen et al., 1997; Marks et al., 2001). 

Fabrication of the biosensor was monitored with resistance measurements (Figure 

2.2). Consistent with the literature and our previously reported devices, the measurements 

show an increase in resistance after each step of functionalization; Pyr-NH2, heparin, and 

Tween 20. This is attributed to π−π stacking interaction of the pyrene moiety of Pyr-NH2 
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with the walls of the SWNT as well as electron donation to the SWNT and/or scattering 

potential generated by the immobilization of fabrication components (Gruner, 2006; 

Ramnani et al., 2013). 

Heparin is highly sulfated; as a result, it has the highest negative charge density of 

any known biological macromolecule (Capila and Linhardt, 2002). DENV envelope 

protein has positively charged β-strands located within a well-conserved binding pocket 

for electrostatic interaction with receptor sulfate groups (Thullier et al., 2001; Zhang et al., 

2013) but the net surface charge is negative (Pereira et al., 2010; Kostyuchenko et al., 

2013). Thus, both the attachment of heparin and binding of DENV to the heparin receptor 

is expected to cause an increase in the resistance on p-type SWNTs. Since DENV is 

between 40-60 nm in diameter, only charges within the Debye length are expected to 

contribute to changes in the resistance (Stefansson et al., 2012). 

2.4.2 Reduction of matrix effects of MEM-2 and ML- 

After the biosensors were incubated in MEM-2 alone for 10-min, the increase in 

resistance was 33.99±6.15% (n=8). However, when incubated a second time for an 

additional 10-min, the increase in resistance was minimal: 4.49±2.48%. When a complex 

mixture of MEM-2 and Vero cell lysates (ML-) was similarly tested, the first incubation 

resulted in a 40.60±6.81% increase in resistance. This was greater than MEM-2 alone (n=8; 

p=0.04) and indicates that Vero cell lysate may interact with heparin. However, when the 

biosensor was challenged with a second incubation in ML-, the increase in resistance 
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(4.29±3.52%) was not significantly different from the second incubation in MEM-2 alone 

(n=8; p>0.05). (Figure 2.3) 

To elucidate the interactions of Vero cell lysate on the biosensor, the biosensors 

were first blocked with MEM-2 alone for 10-min followed by a 10-min incubation in ML-

, resulting in an increase of 32.89±5.86% and 11.65±4.68%, respectively. The presence of 

Vero cell lysate in the second incubation resulted in a larger increase in resistance than the 

second incubation in MEM-2 alone; (p>0.05) indicating binding of Vero cell lysate to the 

heparin receptor. Propagation of virus in cultured Vero cells requires the use of MEM-2 to 

maintain viability of the cell line and support infection. As viral infection progresses 

through the lytic phase, a number of biologically-active proteins and other cellular 

components are released into the culture media. Heparin-binding epidermal growth factor-

like growth factor is a membrane-anchored protein found in Vero cells (Goishi et al., 1995). 

Thus, cell lysate interaction with heparin was not unexpected. 

Negative control experiments were performed with biosensors functionalized by 

Tween 20 without the heparin receptor. When incubated in MEM-2 alone, there was a large 

increase in resistance: 34.26±7.41%. However, subsequent challenge with the complex 

mixture of DENV, MEM-2, and Vero cell lysates (ML+D) resulted an increase of only 

3.97±1.98% (n=7). With the SWNTs blocked by Tween 20 to prevent non-specific binding 

to the SWNT, the response to incubation MEM-2 and Vero cell lysate continued to be 

minimal. The increase in resistance of the second challenge was no greater than those on 
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functionalized devices (p>0.05); despite presence of DENV and Vero cell lysate. These 

results confirm Vero cell lysate and DENV interaction with Heparin. (Figure 2.3) 

The increase in resistance upon first incubation with MEM-2 was not significantly 

different between any experiments utilizing MEM-2 (p>0.05). When biosensors were 

challenged with a second incubation, the response to MEM-2, ML-, and the negative 

control were not significantly different (p>0.05) but indicate that MEM-2 has a small 

matrix effect on the biosensors causing a background signal of 4.26±2.65% increase in 

resistance. Heparin functionalization did not affect background signal or interaction of 

MEM-2 with the sensor. Upon blocking the gold electrodes by incubation with ML-, the 

biosensors had minimal response to incubation in either MEM-2 or ML-, even after 

multiple washings. The heparin-functionalized SWNT biosensor can be used to detect 

DENV in the supernatant of Vero cell culture without further treatment. (Figure 2.3) 

2.4.3 Chemiresistor performance characterization 

The heparin biosensor was first characterized in PB containing minimal potential 

inhibiting agents. Sensors were incubated with 10 μL PB to check for background signal, 

microelectrodes with ±5% background noise were not used for virus sensing. As shown in 

Figure 2.4, the response was a linear function of the logarithm of the viral concentrations 

between 8.4x102 TCID50/mL and 8.4x105 TCID50/mL (y = 0.10x − 0.25, R2=0.998) with a 

sensitivity of 10% per log TCID50/mL. The lowest concentration detected was 8.4x102 

TCID50/mL, which equates to approximately 8 TCID50/chip. (Figure 2.5) Sample titers 
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were within the clinically relevant range for humans and infected Aedes aegypti: 1-109 

pfu/mL and 9×103-104 pfu/ml, respectively (Salazar et al., 2007; Xi et al., 2008). 

Two control experiments were performed to confirm that the observed resistance 

increase was the result of specific heparin/DENV interaction. First, heparin functionalized 

biosensors were incubated with PB and second, SWNTs blocked by Tween 20 but without 

heparin receptors were incubated with DENV suspended in PB (Figure 2.6). The negligible 

resistance changes of -1.34 ± 1.31% and -1.62 ± 1.44%, respectively, were significantly 

different (n=11; p<0.01 and n=7; p<0.01, respectively) from the response to lowest viral 

titer detected, confirming the DENV did not interact with the biosensor in the absence of 

the heparin receptor.  

To investigate biosensor selectivity, dialyzed H1N1 influenza virus (A/Puerto 

Rico/8/34) suspended in PB was incubated on heparin-functionalized sensor. H1N1 utilizes 

the negatively-charged sialic acid as the receptor for viral invasion of host cells. Incubation 

of H1N1 resulted in a negligible change in resistance of -1.37 ± 1.57%, which was not 

significantly different from the PB controls (n=11; p>.05) (Figure 2.6b). These results 

further confirm that the increase in resistance was due to attachment of DENV to the 

heparin receptor and there was no increase due to non-specific interaction by charged viral 

particles. 

2.4.4 Detection of DENV after isolation from Vero cells 

As a real-world application of the developed biosensor, we evaluated the detection 

of viruses in the presence of potential interferents that may be present in the viral culture 
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process. For this application, the biosensor should be able to detect DENV in the presence 

of proteins, amino acids, and other compounds produced during the lytic cycle. Protocols 

for DENV isolation typically use low g-force centrifugation to clarify the virus from the 

cells used in viral culture. Low g-force centrifugation removes large cell organelles leaving 

virus particles, soluble proteins, and other cell lysates in the supernatant. Thus, any samples 

resulting from the viral culture supernatant are a complex mixture of DENV, MEM-2, and 

Vero cell lysates (ML+D). Control solutions taken from freeze-thawed Vero cell culture 

supernatant are a complex mixture of MEM-2 and Vero cell lysates (ML-). 

2.4.5 Identification of matrix effects 

In our initial experiments, we used the heparin-based biosensor to detect the virus 

in the ML+D with no pretreatment of the biosensor, i.e., without blocking. The result was 

a resistance increase much greater than when detecting the same DENV concentration in 

phosphate buffer (data not shown); indicating interference from chemicals in MEM-2 

and/or compounds produced during the lytic cycle. To identify the source(s) of 

interference, a systematic analysis was performed using heparin-functionalized and 

Tween-20 blocked biosensors against MEM-2 alone and ML-. 

Results of this investigation identified MEM-2 and ML- to cause major 

interference. Heparin-binding epidermal growth factor-like growth factor is a membrane-

bound protein found in Vero cells (Goishi et al., 1995; Wang et al., 2006) and is expected 

to be present in Vero cell lysate. MEM-2 is a complex mixture of 21 amino acids, inorganic 

salts, and vitamins that have varying binding affinities for physisorption onto gold 
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(Hoefling et al., 2010). Binding of compounds and nonspecific interaction with gold caused 

an increase in resistance due to electrostatic gating and/or modulation of the Schottky 

barrier formed in the SWNT-gold contact region; the response was consistent with p-type 

semiconductors reported in literature (Byon and Choi, 2006). It has been reported that 

modulation of the Schottky barrier by adsorption to gold near the SWNT-gold interface 

may contribute more to the biosensor response than targeted analyte-SWNT interaction 

(Heller et al., 2008). Thus, we and other researchers have blocked non-specific binding of 

chemicals in sample matrix by passivating gold with 6-mercaptohexanol. However, while 

the initial challenge of MEM-2 and ML- may have resulted in a large increase in resistance, 

a repeat challenge demonstrated minimal interaction with biosensors, both with or without 

heparin, even after multiple washings. This observation led us to investigate using MEM-

2 for passivating the gold electrodes. The response to a second challenge of MEM-2 and 

ML- were not significantly different (p>.05) but indicate that MEM-2 has a small matrix 

effect on the biosensors causing a background signal of 4.26 ± 2.65% increase in resistance. 

(Figure 2.3)  

2.4.6 DENV detection 

Viral detection was performed by sequential 10-min incubations in MEM-2, ML-, 

and ML+D on a heparin functionalized biosensor. ML+D was tested at two DENV 

concentrations; a low titer sample (5.5x103 TCID50/mL) taken directly from viral culture 

and a simulated high titer (8.4x105 TCID50/mL) sample created by spiking ML- with 

ultracentrifuged DENV harvested from the same viral passage as the PB spiked samples 

discussed in section 3.2. The resistance increase after incubating was 18.39 ± 3.91% (n=8) 
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for low titer ML+D and 39.07 ± 6.06% (n=8) for high titer ML+D. Using min-max 

normalization, the resistance change for these two DENV titers in the MEM-2/lysate matrix 

was similar to the increase in resistance for their respective titers in PB (Figure 2.7) (low 

titer ML+D: p=0.61, high titer ML+D p=0.78). Additionally, a direct comparison of 

biosensor response after the incubation in high titer ML+D shows that the increase in 

resistance was 4.33 ± 2.57% higher than that of the equivalent titer of DENV spiked PB. 

This is not significantly different from the matrix effect identified with independent 

controls in section 3.3.1 (p=0.94). Thus, the difference in biosensor response to incubation 

in viral culture media and PB can be diminished further by removing the mean ± SD of the 

matrix effect. The mean ± SD of the difference is 14.14 ± 4.72% and 34.81 ± 6.61% for 

the low titer ML+D and high titer ML+D, respectively, which is not significantly different 

from equivalent titers in PB (low titer ML+D: p=0.72, high titer ML+D p=0.69). Incubation 

of ML+D on biosensors without heparin resulted in an increase of resistance that was no 

different than the matrix effect (see supplementary information). 

The lowest concentration detected was 8.4x102 TCID50/mL (~8 DENV/chip) with 

only a 10-min incubation. This was not only more rapid but was also more sensitive than 

similar SWNT-based whole virus immunosensors reported in literature for herpes simplex 

virus type 1 (Bhattacharya et al., 2011) and influenza H1N1 (Lee et al., 2011). These 

immunosensors use antibodies that are 5-9 nm in length, which can prevent or decrease the 

portion of the target analyte from binding within the Debye length of the biosensor 

resulting in a decreased electrostatic gating effect and decreased sensitivity. When using 

side-on attachment, the distance between binding sites on heparin and the SWNT surface 
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is ~1 nm. Thus, larger portions of virus are within the detectable region of the heparin-

based biosensor, increasing sensitivity through the electrostatic gating effect. Recently, 

biosensors for DENV monitoring have been described. Loureiro et al. (2017) reported a 

surface plasmon resonance (SPR)-based immunosensor integrated with a microfluidic cell 

(for transport of reagents and sample) for a label-free detection of DENV with a limit of 

detection of 2x104 viral particles/mL, a concentration relevant to acute infection phase. 

Additionally, antibodies are subject to denaturing and aggregation after only a few weeks 

of room temperature storage (Wang et al., 2007; Thiagarajan et al., 2016). Navakul et al. 

(2016) reported a molecularly imprinted polymer (MIP)-graphene based electrochemical 

sensor for DENV and anti-DENV antibodies detection. The sensor was reported to detect 

DENV ranging from 1 to 2000 pfu/mL and between different DENV serotypes and H5N1. 

While an MIP as a recognition element has the advantage of eliminating antibody 

transducers, it lacks the specificity and binding affinity of antibodies (Kryscio and Peppas, 

2012; Navakul et al., 2016). Previous researchers have tested heparin for heat stability and 

it maintained integrity for 250 h at 100°C. Heparin is inexpensive and stable for years at 

room temperature and in direct sunlight, both as dry powder and sterile solution, as long as 

the pH of the solution does not become acidic (Pritchard, 1964; Jandik et al., 1996; Akeel 

et al., 2013; Fu et al., 2014). Cheng et al. (2015) developed an impedimetric biosensor 

utilizing a poly-l-lysine modified screen-printed carbon electrode to monitor BHK-21 cells 

for cytopathic effects (CPE) of DENV propagation in real-time. The biosensor similarly 

relies on in vitro propagation of DENV; giving the advantage of compatibility with clinical 
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samples. However, while the sensitivity to CPE is high, reliance on CPE dictates that other 

methods must be used to determine if observed CPE is caused by the propagation of DENV.  

Viral isolation and plaque assays are gold standards for detection and diagnosis of 

a viral infection. As such, they are widely used for isolation of DENV from a variety of 

clinical samples; such as rhesus macaques, Aedes mosquitos, and human fluid and tissue 

samples (Martina et al., 2009). Incorporation of viral culture into sample analysis expands 

the biosensor’s capabilities to cover many potential sample sources and can allow 

amplification of the viral titer from low pfu/ml into detectable limits. However, DENV 

isolated from these sources can result in a range of titers depending on host cell line, day 

harvested, serotype, and subtype (Putnak et al., 1996). Thus, we have demonstrated that 

our biosensor is viral culture compatible and capable of detecting DENV in a range of titers 

from a 10-μL sample in 10 minutes without antibodies. Small samples can be easily 

withdrawn from a viral culture and analyzed much sooner than IFA, without disrupting 

viral propagation and reducing the need for a large numbers of cultures. Thus enabling 

facile and affordable detection within the 0-7 days post-infection period and monitoring 

the disease in the sylvatic cycle using the same chemiresistive biosensor. With further 

study, direct analysis of these samples may be possible with heparin-based biosensors. 

2.5 Conclusion 

This study demonstrates the successful application of a carbon nanotube-based 

chemiresistor functionalized with heparin for sensitive detection of DENV. The electrical 

resistance increased during each step of functionalization and upon the binding of DENV 
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to the heparin receptor. With only a 10- min incubation of a 10μL sample, a limit of 

detection of 8.4x102 TCID50/mL (~8 DENV/chip) was achieved for detection of DENV 

suspended in PB. The selectivity tests also indicated that a functionalized sensor was 

responsive to the presence of DENV but not Influenza H1N1. Additionally, the biosensor 

was successfully applied for the detection of DENV titers in Vero cell culture and stock 

after only a simple low g-force centrifugation to remove large Vero cell organelles. 

Ultimately, the SWNT-heparin chemiresistor can be used as a low-cost, label-free, ultra-

sensitive, and electric detection of DENV. SWNT-based electronic biosensors are an 

important step towards achieving a point-of-care detection as well as enhancing the 

capabilities of existing surveillance programs for monitoring pathogens with sylvatic 

cycles. As monitoring systems improve and the resolution of the data increases, modelling 

and predicting the outbreak of zoonotic diseases becomes increasingly viable. 
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2.1 Figures 

 

Figure 2.1 Functionalization schematic representation of the fabrication of the 

chemiresistor used for detection of dengue virus. 
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Figure 2.2 IV curve of bare SWNTs in PB (■), after functionalization with 1-

Pyrenemethylamine (●), immobilization of the heparin glycosaminoglycan (♦), and 

blocking of unoccupied sites with Tween 20 (▼). 
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Figure 2.3 Blanking controls of chemiresistor response during control measurements. No 

significant difference between the 1st incubation of MEM-2 alone (blue) on heparin 

functionalized biosensors and biosensors only functionalized with Tween 20 (pink). First 

incubation of MEM-2 containing Vero cell lysate (ML-, teal) on functional device resulted 

in a larger increase in resistance [n=8; p=0.04]. DENV suspended in MEM-2 containing 

cell lysate (ML+D) incubated on biosensors only functionalized with Tween 20 (second 

incubation; pink) was not significantly different from the second incubations of ML- or 

MEM-2 alone on heparin functionalized devices [n=7, p>0.05]. The data points are the 

mean of measurements from independent biosensors, and error bars represent ±1 standard 

deviation. 
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Figure 2.4 Chemiresistor response to incubation with dengue in phosphate buffer. The data 

points are the mean of measurements from 11 independent biosensors, and error bars 

represent ±1 standard deviation (y = 0.10x − 0.25, R2=0.998). 
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Figure 2.5 IV curve of a single electrode to the titers of DENV. Insert: Current-voltage 

characteristics of a single electrode to H1N1. 
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Figure 2.6 Comparison of the (a) response of Tween-20 functionalized chemiresistor to 

8.4x105 TCID50/mL dengue virus in phosphate buffer [n=7] and the response of heparin 

functionalized chemiresistor to (b) Influenza A H1N1 (c) phosphate buffer (d) 8.4x105 

TCID50/mL dengue in buffer. Unless noted, the data points are the mean of measurements 

from 11 independent biosensors, and error bars represent ±1 standard deviation. 
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Figure 2.7 Comparison of Min-Max normalized chemiresistor response to dengue in 

phosphate buffer [n=11] and to DENV suspended in MEM-2 containing Vero cell lysate 

(ML+D). [n=8] (a) Response to 8.4x103 TCID50/mL DENV in PB (b) 5.5x103 TCID50/mL 

ML+D(c) 8.4x105 TCID50/mL DENV in PB (d) 8.4x105 TCID50/mL ML+D. The data 

points are the mean of measurements from independent biosensors, and error bars represent 

±1 standard deviation. 
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 Point-of-use nanobiosensor for detection of dengue virus NS1 antigen 

in adult Aedes aegypti: A potential tool for improved dengue surveillance 

3.1 Abstract 

Dengue virus (DENV) and its primary mosquito vectors Aedes spp., have spread to 

every continent except Antarctica, causing outbreaks and autochthonous transmission in 

previously disease-free regions. Recently, the spread of other arboviruses carried by 

invasive Aedes spp., such as Chikungunya and Zika, seem to be following similar trends 

as DENV and have renewed interest in monitoring and modelling arboviruses within 

mosquito vectors. Unfortunately, current commercially available detection methods are 

designed for the diagnosis of DENV in humans or are too expensive and complex for 

sustainable monitoring. We report a novel electronic nanobiosensor utilizing a single-

walled carbon nanotube networks chemiresistor transducer functionalized with anti-dengue 

NS1 monoclonal antibodies for rapid detection of the dengue nonstructural protein 1 (NS1). 

NS1 is a highly conserved protein secreted at high concentrations during viral replication 

and is a biomarker for DENV infection. NS1 was successfully detected in spiked adult 

Aedes aegypti homogenate over a broad dynamic range with high sensitivity and 

selectivity. The biosensor is compatible with “gold-standard” adult mosquito field-

collection protocols and generates electronic data that can be readily stored or wirelessly 

transmitted. Thus it has potential for remote and real-time monitoring of wild mosquito 

populations. 
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3.2 Introduction 

Dengue virus (DENV) has one of the most severe global health burdens of any 

arthropod-borne disease and is a leading cause of death and disease in endemic nations, 

especially in poor communities and among children. DENV has long been associated with 

tropical and subtropical regions. However, global warming, population growth, and other 

human activities have resulted in habitat expansion for the primary arboviral vectors, Aedes 

aegypti and Aedes albopictus, causing a 30-fold increase in the incidence of dengue 

infections since 1970 (Gubler, 2011a; Simmons et al., 2012; Bai et al., 2013; Ramasamy 

and Surendran, 2016). Unfortunately, habitat modeling predicts further expansion of the 

habitat range (Anker, 2004; Gubler, 2011b; Bonizzoni et al., 2013). Similarly, West Nile, 

Chikungunya, and Zika viruses have emerged as global threats and have spread to every 

inhabited continent causing explosive and unprecedented outbreaks (Diallo et al., 2012; 

Petersen et al., 2013; Berthet et al., 2014; Weaver and Lecuit, 2015). Importantly, these 

viruses have similar epidemiology, transmission cycle, and diffusion patterns as DENV 

(Musso et al., 2015). Understanding the transmission cycle and sylvatic maintenance of 

DENV will be key in understanding transmission of these diseases.  

Sylvatic DENV amplifications can result in the introduction of a sylvatic strain into 

the human cycle and outbreaks in urban environments (Althouse et al., 2012; Durbin et al., 

2013). With large populations of asymptomatic humans, relying on hospitalized patients 

underestimates the incidence and prevalence in the human cycle. Thus, monitoring the 

diffusion of DENV in mosquito populations is an effective and efficient method for 

simultaneous monitoring of the disease in both cycles. Early detection of an arbovirus 
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amplification event gives time for medical personnel and government agencies to prepare 

for a potential outbreak and implement disease prevention and control protocols (Centers 

for Disease and Prevention, 2001; Sharp et al., 2015). 

Despite its importance, relatively few detection methods are being used to monitor 

the spread of the disease through vector populations. Commonly, DENV surveillance is 

performed by field collection of adult mosquitoes with aspirators or box traps followed by 

detection of DENV with costly and complex laboratory-based methods, such as culturing 

and PCR (Frentiu et al., 2014; Ritchie et al., 2014). Unfortunately, these detection 

techniques are impractical for large-scale vector surveillance, especially in resource-

limited countries. Researchers have proposed using cheaper rapid diagnostic tests (RDT) 

that target the dengue nonstructural protein 1 (NS1) as a biomarker for infection for vector 

surveillance (Tan et al., 2011; Voge et al., 2013; Sylvestre et al., 2014). NS1 is a highly 

conserved 46-kDa protein secreted at high concentrations during viral replication in 

virtually every host organism (Winkler et al., 1989). However, commercial RDTs have 

limitations in field surveillance because these devices rely on the user for optical detection, 

thus compromising the sensitivity and limit of detection.  

Thus, new sensing technologies that can assist in rapid assessment of transmission 

risk and facilitate vector surveillance of DENV infected mosquitoes are urgently needed. 

Electronic immunosensors with single-walled carbon nanotube (SWNT) transducers are 

rapidly emerging as facile, field-deployable, and cost-effective analytical devices with 

exquisite sensitivity for transducing antibody-analyte binding events into a measurable 
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electric signal without any label. The SWNT are pseudo-1D cylindrical fullerenes with a 

large surface-to-volume ratio for binding a large fraction of analyte molecules. The analyte-

binding events penetrate into the ‘bulk” of the nanometer diameter to modulate the charge 

carriers and produce a large electrical resistance/conductance change. Thus, even low 

concentrations of analyte can generate significant changes in conductance to produce 

electronic signal/response that can then be stored and/or wirelessly transmitted. The 

flexibility of the SWNT platform allows for the use of different bioreceptor elements for 

the detection of other target analytes, including arboviruses (Wasik et al., 2017). 

Additionally, they offer a reliable, rapid, inexpensive, and sensitive diagnostic method that 

is easily accessible by untrained personnel (García-Aljaro et al., 2010; Ramnani et al., 

2016). 

Here we report the development of a novel label-free chemiresistor immunosensor 

for the detection and quantification of dengue NS1 in adult mosquito homogenate that is 

compatible with “gold-standard” field-collection techniques such the BG-Sentinel and 

CDC Backpack Aspirator. A network of SWNTs was self-assembled onto lithographically 

patterned interdigitated gold electrodes and functionalized with anti-dengue NS1 

monoclonal antibodies. The developed immunosensor had high sensitivity and specificity 

in both phosphate buffer and mosquito homogenate.  
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3.3 Materials and Methods 

3.3.1 Adult Aedes aegypti Homogenate 

Uninfected adult female Aedes aegypti were homogenized using a modified 

technique common to DENV/NS1 detection (Armstrong et al., 2011; Muller et al., 2012; 

Voge et al., 2013; Ritchie et al., 2014; Duong et al., 2015). A single adult female A. aegypti 

mosquito was placed into a 2-mL microcentrifuge tube containing 1 mL of 10 mM 

phosphate buffer, pH 7.2 (PB) and two 5-mm glass beads. The microcentrifuge tube was 

vortex mixed until homogenization was achieved and care was used to avoid extracting 

visible debris during aliquot extraction.   

3.3.2 Preparation of Anti-Dengue Virus NS1 Glycoprotein Antibody and NS1 

Glycoprotein 

Mouse monoclonal anti-dengue virus NS1 glycoprotein antibodies (ab138696, 

Abcam) were buffer exchanged into PB with Micro Bio-Spin P-6 Gel Columns in 10 mM 

Tris–HCl buffer, pH 7.4 (732-6222, Bio-Rad) according to the manufacturer's instructions. 

The final antibody concentration after buffer exchange was 240 μg/mL. The full-length 

DENV NS1 glycoprotein (ab64456, Abcam) was similarly buffer exchanged to a final 

concentration of 0.1 mg/mL. 

3.3.3 Microelectrode Fabrication 

Using photolithography, microelectrodes were patterned onto a 300-nm SiO2 layer 

on a silicon wafer. E-beam evaporation was then used to deposit a 20-nm Ti adhesion layer 

and a 180-nm Au gold contact layer. The microelectrode pattern was an interdigitated 
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fingers sensing region with 10 pairs of fingers, 5 μm wide and separated by a 3-μm gap. 

Each chip/assay had 5 of these regions in close proximity for simultaneous sensing.  

Microelectrodes were cleaned in a 30% ammonium hydroxide (Fisher Scientific, 

Inc., A669-212) bath for 30 min and rinsed with deionized water (DI). Next, 3-

aminopropyltriethoxysilane (APTES) (Acros Organics, 99%) was applied to the sensing 

regions of the chips for 30 min followed by washing in DI. A dense, uniform SWNT 

network was then formed by dropcasting of 95% semiconductive SWNT (Nanointegris 

Inc., CA) to bridge the 3-μm gap of the interdigitated sensing region. Finally, chips were 

annealed for 1 hour at 250°C in an open-ended quartz tube.  

3.3.4 Immunosensor Fabrication 

Microelectrode fabrication and self-assembly of SWNT networks were performed 

according to a previously reported method (See Supplementary). A 3:1 molar ratio of 1-

Pyrenebutyric acid (Sigma Aldrich, USA) and 1-Pyrenebutyric acid N-

hydroxysuccinimide ester (Sigma-Aldrich, USA) was mixed into 1 mL of 

dimethylformamide (DMF). This mixture was incubated on the SWNT networks for 1 h 

under high humidity for the non-covalent attachment of the pyrene moieties to the SWNT 

by π-π stacking while leaving the N-hydroxysuccinimide ester available to form an amide 

bond with anti-NS1 antibody. (Kim et al., 2009; Stefansson et al., 2012) Devices were 

washed with DMF and dried with N2 gas. Further incubation steps occurred in the dark at 

4 °C, in high humidity environment. Ten μL of buffer-exchanged antibody was incubated 

on the device for 2 h followed by gentle washing with PB. Next, the devices were incubated 
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successively with 0.1 mM ethanolamine (Sigma-Aldrich, USA) for 15 m to neutralize 

unreacted N-hydroxysuccinimide ester, 0.1% Tween 20 (BIO-RAD, USA) for 1 h to block 

any naked/bare sites on SWCNTs to prevent any non-specific adsorption, and 1% bovine 

serum albumin (BSA) for 1 h, with gentle washing with PB after each incubation step. 

3.3.5 Detection of the NS1 Protein 

Biosensor current was monitored over time to measure response to different 

concentrations of NS1 protein in aqueous solutions. Measurements were performed at a 

fixed source-drain potential (VDS) of 0.1 V, in the dark at room temperature, with humidity 

modulated by petri dish containing DI water. Current from each electrode were collected 

approximately every 3 s with a Keithley 2636 digital multimeter controlled by Arduino 

Mega 2560 with a LabVIEW interface. The five sensing regions of the microelectrode were 

covered by a 20-μL drop of PB and allowed to equilibrate. As a control, 10 μL PB was then 

gently added and microelectrodes with ≥ ±5% response to this PB addition were excluded 

from sensing. Next, 10 μL of increasing concentrations of NS1-spiked PB were added and 

the current was allowed to equilibrate between each addition. Analysis of mosquito 

homogenate (MH) followed this protocol with a slight modification. After the initial 10 μL 

PB control, two additions of 10 μL MH without NS1 were added to the PB with 

equilibration between each addition. To normalize the measurements, they were averaged 

over 30-s intervals and the percent resistance changes were calculated using the equation 

[(R1 – R0)*100/R0] where, R1 is the equilibrated resistance of the microelectrode after each 

addition and R0 is the equilibrated resistance of the initial 10-μL PB addition. 
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3.4 Results and Discussion 

As shown in Figure 3.2, a decrease in current occurs after each step of 

functionalization with anti-dengue NS1 antibodies, Tween 20, and BSA. The decrease is 

consistent with literature and attributed to immobilization of fabrication components onto 

semiconducting p-type SWNT; π−π stacking of the pyrene moieties onto SWNT and/or 

electron donation and scattering potential of the components (Gruner, 2006; Ramnani et 

al., 2013; Wasik et al., 2017). 

Figure 3.3 shows a representative dynamic/real-time response trace of a single 

electrode to increasing concentrations of NS1-spiked PB. The sensor produced an 

observable response (normalized resistance change) upon each addition that reached a 

plateau, which were used to generate a calibration curve. Following the final NS1 

detection, 10 μL of PB was added into the sample, resulting in a negligible response (-

0.66±0.40%). The positive control experiment, in which a biosensor with anti-NS1 

antibody was exposed to BSA spiked PB (Figure 3.4) exhibited minimal response to even 

high concentrations of BSA protein confirming the decrease in resistance was due specific 

antibody-NS1 interaction and not due to non-specific interaction by charged proteins. 

Additionally, the negative control experiment, in which the sensor without anti-NS1 

antibody was exposed to NS1 spiked PB (Figure 3.4), had a minimal response that was not 

significantly different from the positive control (n=8, p>0.05), confirming NS1 is captured 

by the antibody Figure 3.4 illustrates the calibration plot of the averaged plateau responses 

of the immunosensors as a function of the logarithm of NS1 concentration. The 

immunosensor exhibited a sigmoidal calibration plot that was linear between 0.03 ng/mL 
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and 1.39x102 ng/mL (y = -7.47x − 59.19, R2=0.999; n=12) with a sensitivity (slope) of -

7.47±0.14% per log ng/mL. The limit of detection of the immunosensor for NS1 in PB 

based on a signal to noise (S/N) of 3 was estimated to be 0.09 ng/mL. 

In order to simulate field collection, uninfected A. aegypti mosquitos were reared 

in the Insectary and Quarantine Facility at the University of California, Riverside where 

they were trapped via aspirator, frozen at -20 °C, and sexed. For analysis of mosquito 

homogenate (MH), multiple 10-μL MH aliquots were first added to the 20-μL drop of PB 

placed on the sensor. It was determined that two additions were required to blank the 

immunosensor; further additions of MH resulted in an insignificant response with an 

average normalized resistance change of -0.22±0.21% per addition, further demonstrating 

that biosensor response is not due to nonspecific protein interactions (data not shown).  

Similar to NS1 spiked PB, the real-time response trace (Figure 3.5) of the 

immunosensor sensor produced an observable response upon each addition of NS1 spiked 

MH. When an immunosensor without antibody was substituted (negative control), the 

normalized resistance changed on average by -0.6±0.07% per addition of NS1 spiked MH 

(Figure 3.6). The normalized resistance change of the MH calibration plot was significantly 

different from MH controls at each concentration (Figure 3.6, n=12, p<0.01) and was a 

function of the logarithm of NS1 concentration, which was linear between 0.02 ng/mL and 

1.23 x 102 ng/mL with a sensitivity (slope) of -7.71±0.2% per log ng/mL (y = -7.71x − 

63.96, R2=0.998). The limit of detection of the sensor for NS1 in MH for an S/N=3 was 

estimated to be 0.04 ng/mL. The analytical characteristics of the immunosensor response 



82 
 

to NS1 were nearly identical in sensitivity and linear dynamic range in both PB and MH 

with an insignificant difference (n=12; p>0.05) at all NS1 concentrations when min-max 

normalized (Figure 3.7). Within the working range, inter-chip (4 assays per chip) assays 

had a %RSD from 2.85 to 13.29% across both PB and MH assays; indicating excellent 

inter-chip reproducibility for simultaneously fabricated assays. The intra-chip (3 chips with 

4 assays per chip) %RSD was 16.88% across the working range of the PB and MH assays. 

These results indicate an excellent inter-chip and good intra-chip reproducibility, 

especially for handmade devices. Both inter- and intra-chip assays had highest %RSD at 

the lowest NS1 concentration. 

Compared to the presented SWNT immunosensor, established detection methods 

such as ELISA and various commercially available RDTs, which are currently preferred 

for use in the field, have a higher limit of detection (~10 ng NS1/mL) and take longer to 

obtain results (Young et al., 2000; Allonso et al., 2014). Furthermore, research on various 

biosensor technologies for DENV NS1 detection has largely been performed in buffer(Tai 

et al., 2005; Cavalcanti et al., 2012; Figueiredo et al., 2015; Sinawang et al., 2016) and/or 

human serum samples, (Dias et al., 2013; Antunes et al., 2015; Cecchetto et al., 2015; Silva 

et al., 2015) not mosquito homogenate. However, when compared to these reported 

biosensors for NS1 detection in PB or PBS, the 0.03 ng/mL limit of detection of this SWNT 

immunosensor is one of the lowest (Table 3.1 Comparison of Dengue NS1 detection 

methods). Additionally, many of the biosensors use two antibodies, an enzyme label (such 

as horseradish peroxidase) for signal generation, and multiple incubation/washing steps; 
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making these protocols too tedious/labor intensive and complex for field deployment by 

untrained personnel.  

3.5 Conclusion 

Vector surveillance plays a critical role in dengue detection and prevention by 

acting as an early warning system. Early detection of a sylvatic amplification event coupled 

with a successful outbreak prevention program is much less costly than eradication or 

control programs established after an outbreak has occurred. Few, if any, biosensors have 

been reported for detection of NS1 in the vector mosquitoes. Our immunosensor offers a 

facile, affordable, and label-free method for direct detection of the NS1 protein using 

electrical detection with a high potential for enhancing existing vector surveillance 

programs and point-of-use diagnostics. The extremely low detection limit, high sensitivity, 

and 4-orders of magnitude concentration dynamic range of our biosensor makes it well-

suited for detection in field-collected mosquitoes (Bennett et al., 2002; Anderson and Rico-

Hesse, 2006). The SWNT platform’s flexibility allows for the use of different bioreceptor 

elements for detection of other target analytes such as whole DENV,(Wasik et al., 2017) 

other arboviruses, and potentially multiplexing biosensors.  
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3.7 Figures 

Figure 3.1 Diagram of experimental procedure. 
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Figure 3.2 I-V Curve of bare SWNTs in PB (■), after functionalization with a 3:1 molar 

ratio of 1-Pyrenebutyric and 1-Pyrenebutyric acid N-hydroxysuccinimide ester (●), after 

immobilization of the antibody and blocking with ethanolamine, Tween-20, and BSA (▲). 
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Figure 3.3 Normalized response of a single microelectrode to the addition (▼) of 

increasing concentration of NS1 protein in PB. 
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Figure 3.4 Calibration plot of the normalized response of the immunosensors 

functionalized with BSA, Tween-20, anti-NS1 antibody to the addition of NS1 protein in 

PB [n=12; y = -7.47x −59.19, R2=0.999] (■) and to BSA protein in PB. [n=9; y = -0.81x 

−5.57, R2=0.94] (▲). Normalized response of an immunosensor functionalized with BSA 

and Tween-20 but without antibody to the addition of NS1 protein in PB [n=8; y = -0.43x 

−3.89, R2=0.66] (●).The data points are the mean of measurements from independent 

immunosensors, and error bars represent ±1 standard deviation. 
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Figure 3.5 Normalized response of a single microelectrode to the addition (▼) of 

increasing concentration of NS1 protein in spiked adult Aedes aegypti homogenate. 
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Figure 3.6 Calibration plot of the normalized response of the immunosensors 

functionalized with BSA, Tween-20, anti-NS1 antibody to the addition of NS1 protein in 

adult Aedes aegypti homogenate [n=12; y = -7.71x −63.96, R2=0.998] (♦). Normalized 

response of an immunosensor functionalized with BSA and Tween-20 but without 

antibody to the addition of NS1 protein in adult Aedes aegypti homogenate [n=5; y = -

0.43x –3.89, R2=0.94] (◄). The data points are the mean of measurements from 

independent immunosensors, and error bars represent ±1 standard deviation. 
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Figure 3.7 Comparison of Min-Max normalized immunosensor response to NS1 spiked 

PB (■) [n=12], and to NS1 spiked adult Aedes aegypti homogenate (♦) [n=12]. The data 

points are the mean of measurements from independent biosensors, and error bars 

represent ±1 standard deviation. 
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Table 3.1 Comparison of Dengue NS1 detection methods 

detection method range 
sample 

vol. 

time 

(min) 
LOD sensing element source 

Primary antibody 
Chemiresistor 

Immunosensor 

0.03-

1200 

ng/mL 
10  μL 

10-
20 

0.03 
ng/mL 

Single-walled carbon 
nanotubes 

 

Primary antibody 
Long range surface 

plasmon polariton 
n/a 20 μL 30-40 

5.73 

pg/mm2 

Gold stripe embedded in 

Cytop claddings with 

etched micro-fluidic 

channel 

Wong et al. 

(2016) 

Immobilized anti-

NS1 antibodies 

Differential pulse 

voltammetry 

1-100 

ng/mL 
n/a n/a 

0.33 

ng/mL 

Recordable compact 

disk chip 

Cavalcanti et 

al. (2012)  

HRP conjugated 

secondary antibodies 

Electrochemical / 

amperometric 

40-

2000 

ng/ml 

10 μL 30 
12 

ng/ml 

Carbon nanotube-screen 

printed electrodes 

Dias et al. 

(2013) 

HRP conjugated 

secondary antibodies 

Electrochemical / 

amperometric 

500-

2000 

ng/mL 

n/a 120 
30 

ng/mL 

Screen printed carbon 

electrodes 

Parkash et al. 

(2014) 

Immobilized anti-

NS1 antibodies 

QCM & energy 

dissipation 

monitoring 

0.01-

10 µg/

mL 

100 µL 10-30 
100 

ng/ml 

Bacterial cellulose 

nanocrystals 

Pirich et al. 

(2017) 

ELISA ELISA (in serum) 
7-284 

ng/mL  
n/a 3-5 h 

7.3 

ng/mL 
Enzyme immunoassay 

Allonso et al. 

(2014) 

RDT 
Platelia Rapid 

Diagnostic Assay 
n/a 100 µL 140 

11.94 

ng/mL 

One-step sandwich 

microplate enzyme 

immunoassay 

Pal et al. 

(2014) 

RDT 
Biorad NS1 Ag Strip 

(in mosquitoes) 
n/a 50 µL 15-30 

106 

RNA 

copies 

Immunochromato-

graphic test 

Tan et al. 

(2011) 

Immobilized anti-

NS1 antibodies 

Optomagnetic 

readout 

<20 

μg/mL 
6 μL 8 

25 

ng/mL 
Magnetic nanoparticles 

Antunes et al. 

(2015) 

immunoelectroactive 

nanobeads 

Electrochemical 

lateral flow 

immunosensor 

1–25 

ng/mL 
50 µL 35 

0.5 

ng/mL 

One-step sandwich 

microplate enzyme 

immunoassay 

Sinawang et al. 

(2016) 

Immobilized anti-

NS1 antibodies 

Electrochemical 

impedance 

spectroscopy 

0.01-

2.00 

μg/mL 

50 µL 30 
3 

ng/ml 
Au electrode 

Cecchetto et al. 

(2015) 

Immobilized IgY 

anti-NS1 antibodies 

Electrochemical 

impedance 

spectroscopy 

0.1-10 

µg/mL 
300 µL 5-20 

0.09 

µg/mL 
Disposable Au electrode 

Figueiredo et 

al. (2015) 

Molecularly 

imprinted polymers 

Quartz crystal 

microbalance 

5-

50000 

ng/ml 

100 μL 5+ n/a 
Molecularly imprinted 

polymers 

Tai et al. 

(2005) 

HRP conjugated 

secondary antibodies 

Electrochemical / 

amperometric 

0.1-2.5 

µg/mL 
10 µL 30 

0.035 

µg/mL 

Multi-walled carbon 

nanotubes 

Silva et al. 

(2015) 

Fluorescent dyes 

conjugated to 

antibody coated 

polystyrene beads 

Spectrofluorometric 

/ ELISA 

2-500 

ng/mL 
4 μL 45-60 

5.2 

ng/mL 

Sandwich fluorescent 

immunolinked sorbent 

assay 

Linares et al. 

(2013) 

FITC-tagged 

secondary antibodies 

Fluorescent 

microscopy 

0.05-

1000 

ng/mL 

5 μL n/a 
50 

pg/ml 

Micro-Spot with 

integrated pillars 

Gunda et al. 

(2013) 

Immobilized anti-

NS1 antibodies 

Localized surface 

plasmon resonance 
n/a n/a 30-60 

0.074 

μg/ml 

AuNPs deposited on the 

endface of a standard 

multimode fiber 

Camara et al. 

(2013) 
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 Salivary detection of dengue virus NS1 protein with a label-free 

immunosensor for early dengue diagnosis. 

4.1 Abstract 

Dengue virus (DENV) is an arthropod-borne virus transmitted primarily by the 

bites of Aedes mosquitoes. Annually, 3.6 billion people are at risk of infection with 390 

million new infections, mostly among children. Early diagnosis of a dengue infection is 

critical for clinical management. Detection of the DENV Nonstructural Protein 1 (NS1) is 

a clinically accepted as a biomarker of DENV infection and will allow early diagnosis of 

the disease. Unfortunately, virtually all of the laboratory and commercial DENV diagnostic 

methods require a blood draw for sample analysis which limit point-of-care diagnostics 

and decreases patient willingness. Alternatively, saliva collection is relatively non-

invasive, painless, inexpensive, and simple to collect; even by minimally trained personnel. 

In this study, we present a label-free chemiresistive immunosensor for detection of the 

DENV NS1 protein utilizing a single walled carbon nanotube network functionalized with 

anti-dengue NS1 monoclonal antibodies. NS1 was successfully detected in spiked artificial 

human saliva over the range of clinically relevant concentrations with high sensitivity and 

selectivity. It has potential application in clinical diagnosis and the ease of collection allows 

for self-testing, even within the home. 

4.2 Introduction 

Dengue virus (DENV) is an arthropod-borne flavivirus primarily transmitted by the 

mosquito vectors Aedes aegypti and Aedes albopictus (Guzmán and Harris, 2015). Prior to 
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World War II, the mosquito vectors and therefore the virus, was mostly limited to tropic 

and sub-tropic regions. However since the 1950s, increased air travel, global commerce, 

unplanned urbanization, and global warming have permitted the mosquito vectors to 

proliferate in previously uninhabited regions (Weaver and Lecuit, 2015). Autochthonous 

infections have now been reported as far north as France, Japan, and the US indicating that 

DENV is a growing global threat (Teets et al., 2014; Kutsuna et al., 2015; Succo et al., 

2016). 

Dengue fever, the most frequent result of a DENV infection, has the highest 

incident rate among humans of any of the arboviral diseases. It has recently been estimated 

that 390 million new infections occur annually (Bhatt et al., 2013) and 3.6 billion people 

are at risk of infection (Simmons et al., 2012) with the highest rates of infection occurring 

among children who are 15 years of age or younger (World Health Organization, 2009). 

The clinical manifestations of dengue fever vary from asymptomatic to severe arthralgia 

and myalgia; with typical infections manifesting as a nonspecific febrile disease. In some 

cases, the infection causes severe dengue, which can result in failure of the circulatory 

system, the liver, and death if not adequately managed (Shamala, 2015).  

There are five antigenically distinct dengue viruses, DENV1-DENV5, each are 

capable of causing dengue fever and severe dengue (Mustafa et al., 2015). There is no 

specific treatment for a DENV infection, however, early intervention with fluid 

replacement therapy can reduce mortality from 20% to below 1% (Guzmán and Harris, 

2015). Therefore, diagnosis of a dengue infection is critical for clinical management, 
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especially when late or inadequate treatment can be lethal. Unfortunately, dengue and 

severe dengue have no pathognomonic clinical features and can manifest differently in 

adults and children; making a clinical diagnosis and differentiation of dengue or severe 

dengue by clinical features alone extremely difficult (Souza et al., 2013; Shamala, 2015). 

A number of diagnostic tests have been produced to aid in clinical diagnosis by 

detecting the virions, nucleic acids, serologic, or antigenic components of a DENV 

infection. Viral isolation by cell culture and nucleic acid detection using polymerase chain 

reaction-based techniques require a dedicated laboratory, expensive equipment, and highly 

trained personnel which are impractical for routine clinical diagnostics (Parkash and 

Shueb, 2015). Current commercially available rapid diagnostic tests (RDTs) are relatively 

inexpensive, easily accessible by untrained personnel, and they employ various techniques 

for serological or antigenic detection. Unfortunately, the IgG and IgM are not highly 

specific to DENV and thus serological assays are known to be cross-reactive against other 

flaviviruses. Additionally, it can take up to 7 days post-infection for antibody 

concentrations to reach detectable limits (World Health Organization, 2009; Guzmán and 

Harris, 2015) and the antibodies from any flavivirus infection stay in the blood for months, 

triggering future false positives (Parkash and Shueb, 2015; Shamala, 2015). Antigenic 

RDTs typically use a lateral flow or ELISA-based methods for detection of the highly 

conserved DENV Non-Structural Protein 1 (NS1). NS1 is a 46-kDa protein secreted by 

infected cells, has a clinical range from 0.04 - 2 µg/mL in human serum, and can be detected 

within the first 18 days of a primary infection (Winkler et al., 1989). NS1 is an ideal target 

for early detection of a DENV infection and high NS1 concentrations and/or a rapid decline 
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of soluble NS1 may be an indicator of a severe DENV infection (Paranavitane et al., 2014; 

Thomas, 2015). However, RDTs cannot quantify NS1 and sensitivities under 50% have 

been reported during the first two days of illness, when serum NS1 concentrations are low 

(Shu et al., 2009; Blacksell et al., 2012). Importantly, each of these diagnostic assays 

require a blood draw to analyze whole blood, serum, or plasma samples. Venous blood 

collection requires expertise and equipment typically found in a clinical setting but can be 

a limiting factor for in-home testing or for use by workers with limited training 

Additionally, the blood draw also exposes personnel to bloodborne pathogens, needle-

sticks injuries, and are sources of pain for both adults and children, leading to an 

unwillingness to agree to such procedures (Inal and Kelleci, 2012; Tarigan et al., 2015; Lee 

et al., 2016; Rahim, 2017). 

Alternatively, saliva collection is relatively non-invasive, painless, inexpensive, 

and simple to collect; even by minimally trained personnel. Whole saliva is produced by a 

continuous flow of water, mucins, and enzymes generated by salivary glands as well as 

serumnal components transported from the blood into saliva (Dawes et al., 2015; Khanna 

and Walt, 2015). While the relationship between NS1 concentrations in saliva and blood is 

not well known; a few small studies have identified NS1 detection in saliva as a diagnostic 

possibility and have shown that saliva NS1 concentrations correlate with DENV-RNA 

serum levels (Radzol et al., 2013; Korhonen et al., 2014; Radzol et al., 2014; Andries et 

al., 2015). Andries et al. (2015) reported that in a cohort of 267 patients, aged 3-16, NS1 

in saliva was detectable up to two weeks after the onset of fever. NS1 concentrations in 

saliva samples obtained by direct spitting were an average of 3.8 ng/ml and ranged between 
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0.5 ng/ml and 41.5 ng/ml; too low for reliable diagnosis with commercially available RDTs 

(Shu et al., 2009; Blacksell, 2012).  

Electronic biosensors fabricated with single-walled carbon nanotubes (SWNT) 

transducer elements make ideal detection tools when ultra-low protein concentrations are 

expected (Tlili et al., 2010; Tlili et al., 2011; Tan et al., 2015). SWNT have high surface-

to-volume ratio for functionalization with antibody bioreceptors (immunosensors) that 

enable selective and specific detection of target analytes. The pseudo-1D structure of the 

SWNT allow small perturbations of antibody-analyte binding events to be converted into 

a measurable electric signal, even at low analyte concentrations. Additionally, 

immunosensors are portable, rapid, and inexpensive diagnostic tools suitable for in-home 

and point-of-care use. 

In this study, we have fabricated a chemiresistive immunosensor for the detection 

and quantification of dengue NS1 in saliva. Anti-dengue NS1 monoclonal antibodies were 

functionalized onto a dense network of self-assembled SWNT on lithographically 

patterned interdigitated gold electrodes. The immunosensor performance was assessed in 

phosphate buffer (PB) and artificial human saliva where it demonstrated quantification of 

DENV NS1 protein concentrations with high sensitivity and specificity. 
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4.3 Materials and Methods 

4.3.1 Fabrication of the SWNT Immunosensor 

Photolithography and e-beam evaporation was used to form the microelectrodes by 

depositing a 20-nm Ti adhesion layer and a 180-nm gold contact layer onto the 300-nm 

SiO2 layer of a silicon wafer (Ramnani et al., 2013). Each sensing region of the 

microelectrode has 10 pairs of 5 μm wide interdigitated Au fingers separated by a 3-μm 

gap. A single chip/assay had 5 microelectrodes with the sensing regions in close proximity 

for simultaneous sensing. Each chip was bathed in 30% ammonium hydroxide (Fisher 

Scientific, Inc., A669-212) for 30 min and rinsed with deionized water (DI). Next, the 

sensing regions were covered by 3-aminopropyltriethoxysilane (APTES) (Acros Organics, 

99%) for 30 min followed by washing in DI. 95% semiconductive SWNT (Nanointegris 

Inc., CA) were dropcasted onto the sensing region for 1 hour followed by annealing for 1 

hour at 250°C in an open-ended quartz tube. Annealed sensors were stored under vacuum 

until use. 

4.3.2 Preparation of Anti-Dengue Virus NS1 Glycoprotein Antibody and NS1 

Glycoprotein 

Micro Bio-Spin P-6 Gel Columns in 10 mM Tris–HCl buffer, pH 7.4 (732-6222, 

Bio-Rad) were used to buffer exchange mouse monoclonal anti-dengue virus NS1 

glycoprotein antibodies (ab138696, Abcam) into phosphate buffer according to the 

manufacturer's instructions. After buffer exchange, antibody concentration was 240 

μg/mL. Similarly, full-length dengue virus NS1 glycoprotein (ab64456, Abcam) was buffer 

exchanged into PB for a final concentration of 0.1 mg/mL. 



104 
 

4.3.3 Preparation of spiked PB and artificial human saliva samples 

Artificial saliva was prepared as previously described in Tlili et al. (2010) with 0.6 

g/L Na2HPO4, 0.6 g/L anhydrous CaCl2, 0.4 g/L KCl, 0.4 g/L NaCl, 4 g/L mucin, and 4 

g/L urea dissolved in DI. The mixture was adjusted to pH 7.2 and then sterilized by 

autoclaving and kept at 4 °C until use. Buffer exchanged DENV NS1 protein was spiked 

into an aliquot of artificial saliva and then serially diluted into other saliva aliquots. NS1 

spiked saliva samples were immediately clarified by centrifugation at 14,000 × g for 5 min 

at 4°C. The supernatant was extracted and kept on ice for immediate analysis; the pellet 

was discarded. NS1 spiked PB samples were similarly prepared. 

4.3.4 Functionalization of SWNT Networks with Anti-Dengue Virus NS1 

Glycoprotein Antibody 

1-Pyrenebutyric acid (Sigma Aldrich, USA) and 1-Pyrenebutyric acid N-

hydroxysuccinimide ester (Sigma Aldrich, USA) was mixed at a 3:1 molar ratio into 1 mL 

of dimethylformamide (DMF) and incubated on the SWNT for 1 h with humidity 

controlled by a petri dish containing DI (Kim et al., 2009; Stefansson et al., 2012). 

Biosensors were washed with DMF, followed by drying with N2 gas. Each of the following 

incubation steps were in the dark at 4 °C with humidity controlled by petri dish containing 

DI. The entire surface of the chip was covered by 2mM 6-mercaptohexanol in DMF for 30 

min followed by washing with DMF. Next, a 10 μL drop of buffer-exchanged antibody 

was pipetted onto the sensing region and incubated for 2 h. In order to block non-specific 

interactions with the SWNT or antibodies, the senor was incubated with 0.1% Tween 20 
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(BIO-RAD) for 1 h, gently washed with PB, and then 1% bovine serum albumin (BSA) for 

1 h followed by gentle washing with PB. 

Functionalization was monitored by measuring resistance of each electrode voltage 

using the linear sweep voltammetry function of the Keithley 2636 digital multimeter 

controlled by Arduino Mega 2560 with a LabVIEW interface. The current was recorded as 

the voltage was swept from −200 mV to 200 mV. The IV curve was inversed and linear 

regression analysis was used to calculate the slope (resistance) between −100 mV to 100 

mV.  

4.3.5 Detection of the NS1 Protein 

Measurements were performed in the dark with humidity controlled by a petri dish 

containing DI. The current of each electrode was continuously monitored at 0.1 V by a 

Keithley 2636 digital multimeter controlled by Arduino Mega 2560 with a LabVIEW 

interface which took measurements approximately every 3 seconds. Furthermore, sample 

analysis consisted of repeated cycles of two steps with very gentle washing between each 

transition. The first step (incubation phase) is a 10 min incubation of 10uL of sample blanks 

or sample containing NS1 on the sensing region. The sample blank consists of saliva 

without NS1 for analysis of NS1 spiked saliva and PB without NS1 for analysis of NS1 

spiked PB. During the second step (detection phase), the five microelectrode sensing region 

is covered by a 20μL drop of PB, and the chronocurrent curve permitted to equalize. As a 

control, two cycles of samples blanks are analyzed prior to sample analysis, 

microelectrodes with ≥±5% change in normalized resistance were excluded. Next, starting 
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at lowest concentration, NS1 spiked samples were cycled through for analysis. The 

concentration of NS1 was increased 10-fold every cycle and the temperature of each serial 

dilution was permitted to warm to room temperature immediately prior to incubation. 

Following the cycle of highest NS1 concentration, a PB blank cycle was performed. The 

chronocurrent data were averaged over 30s intervals and the percent resistance changes 

were calculated using the equation [(R1 – R0)*100/R0] where, R1 is the equilibrated 

resistance of the microelectrode for the analysis cycle and R0 is the equilibrated resistance 

taken during the detection phase of the second control cycle. 

4.4 Results and Discussion 

As expected, the functionalization of the immunosensor with anti-dengue NS1 

antibodies, Tween 20, and BSA resulted in an increase in resistance which matches 

previously reported biosensors using p-type semiconducting SWNT. (data not shown) The 

increase in resistance is likely due to the π−π stacking of the pyrene moieties and/or the 

electron scattering/donation potential of the functionalization components (Gruner, 2006; 

Ramnani et al., 2013; Wasik et al., 2017). 

The dynamic response trace shown in Figure 4.1 is a single electrode cycling 

through the increasing concentrations of NS1 spiked into PB. As shown in the figure, the 

normalized resistance of the immunosensor increased during the incubation phase and 

plateaued at a lower normalized resistance during the detection phase. Incubation with 

increasing NS1 concentrations results in a detection phase plateau with a lower normalized 

resistance than the previous cycle. In Figure 4.2, the combined average response of the 
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immunosensors resulted in a sigmoidal response curve to increasing concentrations of NS1. 

Relative to the previous detection phase, the sensor had minimal response to 0.1 ng/ml of 

NS1 in PB (0.95±1.3%) but upon the incubation of 1.0 ng/mL NS1, the average normalized 

resistance changed by (-5.89±1.6%) resulting in a limit of detection of ~1ng/mL NS1. The 

immunosensor calibration plot for NS1 in PB was linear between 1.0 ng/mL and 1000.0 

ng/mL (y = -4.92x −35.41, R2=0.99; n=7) with a sensitivity (slope) of -4.92±0.07% per log 

ng/mL. Incubation with 10,000 ng/mL NS1 only resulted in a change of -1.02±0.40% 

relative to the previous detection phase, which gives an upper limit of quantification of 

~1000 ng/mL. A positive control in which cycles of NS1 spiked PB were performed on 

biosensor without anti-NS1 antibody and a negative control in which devices with antibody 

were cycled with PB alone resulted in minimal change in normalized resistance per cycle, 

an average -0.34±0.05% and -0.36±0.06%, respectively. When an immunosensor with anti-

NS1 antibody was incubated with PB spiked with BSA, the average normalized change in 

resistance was -0.24±0.13% per cycle. The three controls were not significantly different 

from each other (n=23, p>0.05) but the device response to the presence of NS1 was 

significantly greater than the controls at concentrations ≥ 1ng/mL NS1. (n=7, p<0.01) 

Without centrifugation of the spiked artificial saliva, the mucus left behind a visible 

residue that was not easily removed. Even after washing, the residue caused the resistance 

of the immunosensor to remain relatively high during the detection phase which prevented 

NS1 detection. (data not shown) On the other hand, centrifuged saliva samples did not 

leave behind any visible residue, even without washing. The dynamic/real-time response 

trace of a single electrode of the immunosensor (Figure 4.3) shows that, unlike NS1 in PB, 
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the spiked and centrifuged saliva samples resulted in relatively large increases of 

normalized resistance during the incubation phase. However, after washing and application 

of PB during the detection phase, the resistance of the immunosensor returned to a lower 

resistance in which NS1 detection and quantification was possible.  

As shown in Figure 4.4, the average response of the immunosensors exhibits a 

sigmoidal curve to increasing concentrations of NS1 spiked into artificial saliva. When 

saliva spiked with the lowest concentration of NS1 (0.1 ng/ml) was cycled onto the 

immunosensors, a -0.06±1.20% normalized resistance change occurred which was no 

different than any of the controls. (n=17, p>0.05) However, when the concentration was 

increased to 1 ng/ml of NS1 in saliva, the immunosensor responded with a normalized -

5.85±1.67% change in resistance. At the highest NS1 concentration, 10,000 ng/ml, the 

normalized resistance only changed by -1.15±1.34% relative to the previous detection 

phase. Similar to NS1 spiked PB, ~1000 ng/ml NS1 is the upper limit of quantification. 

Through the quantification range, the resistance decreased linearly (y = -4.79x – 34.3, 

R2=0.997; n=17) as a function of the logarithm of NS1 concentration. The immunosensor 

had a sensitivity of -4.79±0.13% per log ng/mL and an average of ±0.76% at 95% 

confidence interval across 17 independent microelectrodes indicating high reproducibility. 

The terminal PB blank cycle resulted in a minimal 0.08±1.3% average change of resistance 

across the same immunosensors. Fully-functionalized sensors exhibited a minimal average 

responses to each cycle of BSA spiked saliva (-0.14±0.09%) and each cycle of saliva alone 

(-0.27±0.05%). (Figure 4.4) Additionally, when sensors without antibody were incubated 

with NS1 spiked saliva, the normalized sensor response was -0.52±0.06% per cycle which 
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was not significantly different than the other controls at any concentration. (n=5, p>0.05) 

All three controls were not significantly different from each other; indicating that response 

of the functionalized immunosensor is due capture of DENV NS1 by the anti-NS1 

antibody. (n=18, p>0.05) 

Radzol et al. (2015a) reported detection of NS1 in saliva using Surface Enhanced 

Raman Spectroscopy (SERS) at concentrations as low as 10ng/mL (Radzol et al., 2013; 

Radzol et al., 2015b). However, SERS requires expensive equipment and expertise not 

readily available in the point-of-use environment. Andries et al. (2016) found that a 

“prototype immunochromatographic kit” developed by Standard Diagnostics for detection 

of NS1 in whole saliva lacked sensitivity (33.9%) and specificity (n=59). Similar to the 

experiment presented here, the viscous mucin and other protein substances present in saliva 

interfered with NS1 detection and caused the “prototype immunochromatographic kit” to 

have a lower sensitivity (Zhang et al., 2015; Andries et al., 2016). However, unlike the 

prototype kit, with centrifugation of saliva the immunosensor presented here was able to 

detect NS1 with a 10 min incubation of a 10μL sample of saliva. 

Additionally, NS1 concentration in a saliva sample may be affected by collection 

technique. In a separate study, Andries et al. (2015) used saliva samples obtained by direct 

spitting and was able to detect NS1 in whole saliva down to 0.5ng/mL using a relatively 

simpler one-step ELISA. However, it required an incubation of 2 hours and large sample 

volumes to be collected. However, Anders et al. (2012) used the Bio-Rad NS1 Platelia 

ELISA, with a limit of detection of 11.94 ng/mL (Allonso et al., 2014), to detect NS1 in 
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eluates from oral swabs in 64.7% patients (n=85). More studies are needed to understand 

interferents present and to establish a proper saliva collection and treatment protocol. 

Currently, there are no pathognomonic clinical features to distinguish dengue from 

severe dengue. While the association between NS1 concentration and severe dengue has 

yet to be elucidated; (Casenghi et al., 2014) several studies have demonstrated that high 

concentration or a sudden decrease in concentration may be an indicator of severe dengue. 

Unlike RDTs, the presented biosensor can quantify NS1 concentration and thus may be 

useful for distinguishing the diseases (Young et al., 2000; Casenghi et al., 2014; Nguyen 

et al., 2017). 

4.5 Conclusion 

Treatment of a DENV infection is inexpensive and very effective but early 

diagnosis is critical for proper clinical management. However, clinical diagnosis based on 

symptoms alone is unreliable. Thus, clinicians rely on laboratory confirmation by analysis 

of drawn blood samples; a method that is risky to the medical personnel as well as painful 

and unattractive to patients, especially children. A non-invasive sampling technique, such 

as saliva collection is, less dangerous, much more likely to be accepted by patients, and 

can be collected by untrained personnel. With a quantification range of ~1ng/mL to 

1,000ng/mL of NS1 in saliva, the proposed biosensor capable of quantifying DENV NS1 

in a clinically relevant salivary concentration range with a 10 min incubation of 10μLof 

saliva. As such, the immunosensor will improve clinical utility and diagnostics in the point-

of-care setting, especially when a blood draw is unavailable and may distinguish dengue 
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from severe dengue. The ease of collection even allows repeated self-testing by a 

potentially infected individual within their home. 
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4.6 Figures 
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Figure 4.2 Calibration plot of the normalized response of the immunosensors 

functionalized with BSA, Tween-20, anti-NS1 antibody after incubating with NS1 

protein in PB [n=7; y = -4.92x −35.41, R2=0.99] (■), after incubation with PB only [n=6, 

y = -0.36x −2.4, R2=0.91] (▼), and after incubation with BSA protein in PB. [n=9; y = -

0.24x −2.6 R2=0.53] (▲). Normalized response the immunosensors functionalized with 

BSA and Tween-20 but without antibody to incubation of NS1 protein in PB [n=8; y = -

0.34x −2.9, R2=0.93] (♦). The data points are the mean of measurements from 

independent immunosensors, and error bars represent ±1 standard deviation. 
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Figure 4.4 Calibration plot of the normalized response of the immunosensors 

functionalized with BSA, Tween-20, anti-NS1 antibody after incubating with NS1 

protein in saliva [n=17; y = -4.79x −34.3, R2=0.99] (●), after incubation with saliva only 

[n=6, y = -0.28x −2.9, R2=0.92] (►), and after incubation with BSA protein in saliva. 

[n=7; y = -0.14x −1.4 R2=0.48] (◄). Normalized response the immunosensors 

functionalized with BSA and Tween-20 but without antibody to incubation of NS1 

protein in saliva [n=5; y = -0.52x −3.7, R2=0.96] (). The data points are the mean of 

measurements from independent immunosensors, and error bars represent ±1 standard 

deviation. 
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 Conclusions and Future Outlook 

5.1 Conclusions 

DENV has long been associated with tropical and subtropical regions, where 

ecological conditions make excellent habitats for the primary arboviral vectors, Aedes 

aegypti and Aedes albopictus. However, global warming, population growth, and other 

human activities have resulted in habitat expansion for the vector mosquitoes. 

Unfortunately, habitat modeling predicts further expansion of the mosquito habitat range 

which in turn will expand the range of DENV in both the sylvatic and human cycles.  

The currently available DENV diagnostic and detections methods have a number 

of tradeoffs and drawbacks. Laboratory diagnostic methods have high sensitivity and 

selectivity but are complex and require a dedicated laboratory, high technical skills, a 

number of expensive sample treatments and reagents, costly equipment, and are not rapid. 

Unfortunately, these requirements prevent their use in routine surveillance and diagnostics 

in sylvatic and human cycles. RDTs are less expensive, rapid, and easily accessible to 

untrained personnel. However, RDTs compromise sensitivity and selectivity to achieve the 

increased accessibility which makes them impractical for everything but routine human 

infection diagnostics. 

The chemiresistive biosensors presented here are prototyped devices that combine 

the rapidity and accessibility associated with RDTs with the sensitivity and selectivity of 
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laboratory diagnostics. The pseudo-1D-structure of the SWNT transducer are ideal for 

detection of a target analyte with ultra-low concentrations and high surface-to-volume ratio 

permits functionalization with a variety of bioreceptors. They are a rapid, inexpensive, and 

sensitive diagnostic method that is easily accessible by untrained personnel. Additionally, 

the electronic signal/response generated can then be stored and/or wirelessly transmitted to 

another device for data storage and analysis which makes the biosensors ideal for 

surveillance of the sylvatic cycle in remote locations.  

In chapter 2, a heparin bioreceptor is used for the detection of whole DENV. 

Heparin is an analog of the heparan sulfate proteoglycans that are receptors for DENV. 

Heparin will maintain its structure and reactivity despite prolonged periods of direct 

sunlight and high temperatures; creating a robust and sensitive biosensor that can be used 

without refrigeration. The biosensor is compatible with viral culture which permits 

detection of DENV from the widest variety of samples; such as fluid or tissue samples from 

monkeys, vector mosquitos, and humans. 

In chapter 3, anti-dengue NS1 monoclonal antibodies were used to detect DENV 

NS1 in mosquito homogenate. NS1 is a clinically accepted biomarker for DENV infection 

and is an excellent target analyte for early detection and diagnosis of the disease in Aedes 

mosquitos. Sylvatic DENV amplifications increase the risk of zoonotic transmission of 

DENV which can trigger outbreaks within the human cycle in nearby urban environments. 

Early detection gives time for medical personnel and government agencies prepare for a 

potential outbreak and implement disease prevention and control protocols. 
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The chemiresistive biosensor in chapter 4 utilizes anti-dengue NS1 monoclonal 

antibodies to detect DENV NS1 in human saliva. Currently available diagnostic methods 

rely on a blood draw for DENV diagnosis. This can be a source of bloodborne pathogens, 

needle-stick injuries, and pain for the patient. Saliva has recently been identified as a 

potential sample source for NS1 antigenic diagnosis of a DENV infection. Saliva sampling 

is a non-invasive, painless, simple collection method, even by minimally trained personnel. 

Each of the biosensors presented in this work offer a facile, affordable, and label-

free method for diagnosis of a DENV infection. Each was designed to meet the needs of a 

sensitive and accessible diagnostic tool. Additionally, they are useful for detection of 

DENV in both sylvatic and human cycles. 

5.2 Future Outlook 

The chemiresistive biosensors reported here are prototype devices that would need 

much larger studies before being accepted as a clinical diagnostic tool. The biosensors were 

highly sensitive and selective for their target analyte but they only target a single analyte 

per biosensor. Studies of the various commercially available DENV diagnostic RDTs have 

demonstrated that targeting a single analyte can report false negatives, especially when the 

target analyte is at low concentrations. However, the diagnostic accuracy of the RDTs have 

been significantly improved by combining serologic and antigenic detection methods into 

a single mutliplex assay (Blacksell et al., 2011). 
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Similar to RDTs, multiplexing on a single biosensor would increase the diagnostic 

accuracy. The sensing regions of the chemiresistive biosensors are small enough to 

combine multiple sensors onto a single device for multiplex detection. A dual-purpose 

biosensor that has 2 separate sensing regions, one functionalized for DENV virion 

detection with heparin and the other for NS1 detection with anti-NS1 antibodies would 

offer a powerful early diagnostic tool. Additionally, functionalization of multiple separate 

sensing regions with alternative antibodies and RNA bioreceptors may further combine 

virus serotyping, RNA detection, antigenic, and serologic detection on a single device that 

is able to diagnose a DENV infection at any stage of illness in any testing location. 
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