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Abstract: Our main objective in this work was to examine the possibility of non-intrusive, label-free, 

detection of whole Zika viruses using terahertz signals with or without a targeting/binding oligonucleotide 

(aptamers). We report for the first time the use of terahertz electromagnetic waves (0.75 THz – 1.1 THz) 

to detect Zika viruses. The Zika/aptamer complexes showed a reproducible terahertz reflection coefficient 

minimum at 1.064 THz while the Zika virus’s reflection minimum was at 1.073 THz. Of different 

substrates we examined, the polyester petri dish provided a very low loss and excellent terahertz 

transmission. To increase the interaction between the terahertz signal and the sample we also used 

polyester microbeads coated with aptamers. We then measured the terahertz reflection from the 

microbeads as a function of Zika concentration.  The resulting terahertz Zika sensor had sensitivity of 63 

Hz/Zika and minimum detectable signal of ~ 16x103 Zika. Other substrates such as Graphene on 

polyethylene terephthalate (PET), 50 nm-thick gold film on polycarbonate, thin (30 m-thick) glass slide 

and Teflon were also examined. Graphene substrate enabled direct detection of the Zika without any 

aptamers.  
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Introduction: Terahertz signals with ~ 300 µm wavelengths provide a good balance between penetration 

depth and spatial resolution in biological applications[1][2]. Plasmonic terahertz structures [3] and 

microfluidics with terahertz waveguides can be readily fabricated using 3 µm photolithography and 

routine fabrication steps. With photon energies in the ~ meV range (4.14 meV at 1 THz), terahertz waves 

can excite some of the internal degrees of freedom in biological and related molecules such as H2O and 

CO2 [4][5].  Glucose, yeast [6][7], proteins[8]–[10], oligonucleotides [11][12] , and even viruses[13] are 

studied using terahertz spectroscopy. In most sensing applications, structures to focus the terahertz 

electromagnetic signal in the form of bowtie antenna or plasmonic structures are used. Viruses are usually 

detected using their DNA with polymerase chain reaction (PCR)[14]–[19]. Other techniques involving 

antigens and aptamers have also been developed in the past and along with fluorescent readout 

mechanisms provide a faster route for sensing. For the first time we use terahertz reflection spectroscopies, 

without plasmonics to detect Zika virus and it’s binding with an aptamer designed to target its capsid 

proteins. Aptamers are oligonucleotides designed to target and bind to a specific molecule, tissue, 

biomarker or a pathogen.  

Our main goal here is to either directly detect the Zika virus through its signature terahertz absorption 

lines or to bind aptamers with required number of linkers and a suitable substrate to enable direct and 

selective detection of the Zika-aptamer complexes.  Aptamers are oligonucleotides design to target and 

bind to specific molecules[20], [21]. Aptamers possess high target affinity, better selectivity and stability 

than antibodies, more cost effective, and they can be recycled for continuous sensor use. Here we use an 

aptamer that was designed to bind to the capsid proteins of Zika virus to form aptamer-Zika complexes 

and to capture the Zika virus on (thin layer metallic) substrates for more efficient interrogation using 

terahertz signals. The sensors discussed here can be easily adopted to detect other viruses such as 

coronavirus by using their corresponding aptamers or antibodies. 

 

Material and Methods: Terahertz spectroscopy used in this work is performed using an automated 

network analyzer shown in Figs. 1a and 1b. The biofluid sample was deposited directly on a polyster 

substrate. Fig. 2 schematically shows different sample holder and reflection measurement modes we used 

to sense the Zika virus. To selectively bind the Zika virus to the substrate, we used an aptamer with thiol 

end group [22] (molecular weight of 10 kDa (1.66x10-20 gm) form BasePair Biotechnologies Inc), that 

binds with Zika SF9 envelope protein [23]. The aptamer was activated as per instructions from the supplier. 
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The steps involved using resuspension buffer (BasePair product) for emulsification of the dried aptamer, 

dilution to a working concentration of 100 µM using the aptamer folding buffer, and heating to 90-95 OC 

for 5 minutes. The folded aptamer was then further diluted to 1 µM solution using 1x Phosphate buffer 

saline (PBS) and 1 mM Magnesium Chloride (MgCl2) solutions.  

 

(a)  (b) 

Fig 1: a) Experimental setup used in the terahertz measurements to detect and identify the Zika virus. 

b) Image of the experimental setup. 

 

 The heat inactivated Zika virus was obtained from Zeptomatrix Inc with the stock solution having a 

concentration of TCID50/ml titer [24]. The estimated number of Zika in 2 µl stock solution was ~3.5x108 

[25]. Zika virus is a sphere with 40 nm diameter (mass: 43 kDa or 7.1x10-20 gm). The pH-neutral buffer 

solutions containing the aptamer and the Zika virus were deposited on the dielectric substrates with a 

spacer of 70 µm (Fig. 2a), with graphene substrate in (Fig 2b) and a polycarbonate substrate having well 

structure coated with 50 nm layer of gold. In the last case, the Zika was added to the aptamer/gold substrate 

along-with aptamer coated 0.5 µm microbeads (obtained from Polysciences). The thin gold layer was 

used to ensure proper attachment of the thiolated aptamer and Zika.  

 

(a)  (b) (c) 
Fig 2: Schematics of the reflection mode measurements used in this work. a) A spacer was used to ensure 

constant Zika/aptamer thickness. b) A graphene layer was used to provide a reflection reference and 

amplify the effect of analyte residual charge through changing its energy band gap. (c) Polycarbonate 

substrate with 0.5 µm microbeads on Zika to measure terahertz properties for different concentration of 

Zika. 

 

Results and Discussions: We studied the reflection coefficient (S11) spectra using the Terahertz VNA 

setup shown in Fig. 1. Fig. 2 shows the measurement arrangements we used. The S11 spectra of bare 

substrate, aptamer (5 µl), Zika (5 µl) and Zika/aptamer (5 µl and 5 µl) fluids placed in the gap region with 

spacer (Fig. 2a) is shown in Fig. 3a. The individual dip in the reflection curve (averaged 30 points) can be 

seen for each of the different materials with bare substrate at 1.036 THz, in aptamer-coated substrate at 

1.066 THz, Zika-coated substrate at 1.074 THz, and in the Zika/aptamer-coated substrate at 1.065 THz. 

The shift in the reflection spectra are shown in Fig. 3b and were large enough to resolve the difference 

between aptamer-, Zika/aptamer- and Zika-coated substrates. 
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 (a) 

(b) 

Fig 3: a) Terahertz reflection (S11) properties of aptamer, aptamer/Zika and Zika on polyester substrate. 

b) Reflection spectra minima of different materials on polyester substrate. 

 

 Similar set of measurements were also carried out on a monolayer of graphene on polyethylene 

terephthalate (PET). Graphene has zero band gap energy with 0.34 nm thickness, and very high electron 

mobility of ~ 10,000 cm2 V/s [26]-[29]. Its band-gap energy can be change using an electric field or 

charges nearby. The most important reason for using graphene was to examine the effect of the negative 

residual charges that aptamers and Zika carry on the reflection coefficient of the graphene layer. The idea 

is that if the graphene’s conductivity changes in the presence of the Zika virus, we may be able to use it 

as a sensing material for Zika detection without a need for aptamers. Fig. 4a shows that the terahertz 

coefficient spectrum has a clear minimum that shifts depending on the aptamer, Zika, and aptamer/Zika 

conductivity and dielectric constant. The Zika/aptamer complex appears to be acting as a dielectric loading 

on the graphene shifting the reflectance minimum to lower frequencies (from 1.072 for graphene to 1.071 

GHz for Zika/aptamer on graphene). Zika shifted the minimum to 1.085 GHz while aptamer shifted it to 

1.086 GHz. Using a simple reflection coefficient equation of 𝑆11 =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
, and 𝑓𝑚𝑖𝑛 =

1

2𝜋
√

1

𝜀𝜇
   where  

is the permeability (=0) and  is the permittivity. We also note that 𝑍𝐿 = √
𝜇

𝜀
. Thus from the changes in 

the S11 and fmin  we determined the Zika/aptamer relative dielectric constant to be 2.9 (that of graphene at 

1 THz is 2.56) and the terahertz graphene resistance change due to Zika was 26  and its change due to 

the aptamer was 12 . The increase in the graphene resistance can be attributed to the change in its 

bandgap energy of Eg~0.8 meV when Zika was deposited and Eg~1.6 meV when aptamer was 

deposited. 
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 (a)  

(b) 

Fig 4: a) Terahertz reflection coefficient of different aptamer and Zika on graphene.  b) Terahertz 

reflection minima for different analytes on graphene. 

 

 The sensitivity measurement of Zika binding with aptamer was done with respect to the coverage of 

0.5 µm aptamer coated microbeads with Zika on aptamer coated gold substrate (polycarbonate). The 

polycarbonate well (Fig 5(a)) was first sputtered with thin layer of gold ~50 nm and then subsequently 

aptamer coated by applying 2 µl aptamer (1 µM) and placed at 60°C for 2 minutes. The excess aptamer 

was cleaned with DI water bath. The aptamer coated beads were placed in the same well with pre-coated 

aptamer along-with Zika virus added in increasing concentration and then heated at 50 °C for 5 minutes. 

The Zika virus acts as a bridge (schematically shown in Fig 5(b)) between the sputtered gold/aptamer on 

the substrate and the aptamer/microbeads. The excess microbeads were cleaned by placing it in water bath. 

The terahertz reflection spectra for increasing concentration of stock Zika virus have been shown in Fig 

5(c). With the increasing concentration of Zika virus, the coverage of the microbeads increased on the 

substrate and the reflection spectrum minima shifted towards the left. The reflection coefficient minima 

have been shown in Fig 5(d) starting with bare gold substrate and increasing Zika concentration. The 

sensitivity is defined as, 𝑆 =
∆𝑓

∆𝐶𝑍𝑖𝑘𝑎
, where f is the frequency minima of the reflection spectra and 𝐶𝑍𝑖𝑘𝑎 

is the Zika concentration. The frequency minima shifted negligibly till Zika concentration reached a 

threshold at 3 l.  The largest sensitivity was observed for Zika concentration from 4 µl to 5 µl. After 5 

µl, the response saturated. The highest sensitivity 63 Hz/Zika with the minimum detectable signal of 

~16x103 Zika were obtained from these measurements. 
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 (a) (b) 

 (c) 

Fig5: a) Optical photograph of the aptamer coated microbeads on Zika on polycarbonate substrate 

having well structure. The well structure having the microbeads attached have thin layer of gold (~ 50 

nm) and then aptamer deposited. b) Schematic of the Zika virus as a bridge between the aptamer coated 

microbead and aptamer covered gold coated polycarbonate substrate. c)  Terahertz forward reflection 

coefficient of aptamer coated microbeads at different concentration of Zika. 
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Fig. 6: a) Reflection coefficient minima frequency as a function of Zika concentration in aptamer-coated 

microbead ample. b) Sensitivity of the terahertz measurement as a function of Zika concentration in the 

microbead sample. 

 

 Other substrates were also examined. Glass had a large absorption at terahertz frequencies while 

Teflon had very low absorption. Teflon could not be conveniently used because analytes did not stick to 

it. The microbeads were deposited on a thin layer of gold on polycarbonate substrate. The thin layer of 

gold enabled attachments of thiolated aptamer. 

 

Conclusion: Our main objective in this work is to examine the possibility of non-intrusive, label-free, 

detection of whole Zika viruses using terahertz signals with or without a targeting/binding oligonucleotide 

(aptamers). We report for the first time the use of terahertz electromagnetic waves (0.75 THz – 1.1 THz) 

to detect Zika viruses. The Zika/aptamer complexes showed a reproducible terahertz reflection coefficient 

minimum at 1.064 THz while the Zika virus’s reflection minimum was at 1.073 THz. Of different 

substrates we examined, the polyester petri dish provided a very low loss and excellent terahertz 

transmission. To increase the interaction between the terahertz signal and the sample we also used 

polyester microbeads coated with aptamers. We then measured the terahertz reflection from the 

microbeads as a function of Zika concentration.  The resulting terahertz Zika sensor had sensitivity of 63 

Hz/Zika and minimum detectable signal of ~ 16x103 Zika. Other substrates such as Graphene on 

polyethylene terephthalate (PET), 50 nm-thick gold film on polycarbonate, thin (30 mm-thick) glass slide 

and Teflon were also examined. Graphene substrate enabled direct detection of the Zika without any 

aptamers. 
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