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Abstract—The development of a cost-efficient device
to rapidly detect pandemic viruses is paramount. Hence,
an innovative and scalable synthesis of metal nanoparticles
followed by its usage for rapid detection of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) has been
reported in this work. The simple synthesis of metal nanopar-
ticles utilizing tin as a solid-state reusable reducing agent is
used for the SARS-CoV-2 ribonucleic acid (RNA) detection.
Moreover, the solid-state reduction process occurs faster and
leads to the enhanced formation of silver and gold nanoparti-
cles (AuNPs) with voltage. By adding tin as a solid-statereduc-
ing agent with the precursor, the nanoparticles are formed
within 30 s. This synthesis method can be easily scaled up for
a commercially viable process to obtain different-sized metal
nanoparticles. This is the first disclosure of the usage of tin
as a reusable solid-state reducing agent for metal nanoparticle synthesis. An electronic device, consisting of AuNPs
functionalized with a deoxyribonucleic acid (DNA)-based aptamer, can detect SARS-CoV-2 RNA in less than 5 min. With
an increase in SARS-CoV-2 variants, such as Delta and Omicron, the detection device could be used for identifying the
nucleic acids of the COVID-19 variants by modifying the aptamer sequence. The reported work overcomes the drawbacks
of complex instrumentation, trained labor, and increased turnaround time.
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I. INTRODUCTION 23

IN DECEMBER 2019, a positive-strand ribonucleic 24

acid (RNA) virus, severe acute respiratory syndrome 25

coronavirus-2 (SARS-CoV-2), was identified as the causal 26

agent of the ongoing COVID-19 pandemic, in Wuhan, China 27

[1]. The prevalent symptoms that were observed in COVID-19 28

patients were fever, cough, sore throat, shortness of breath 29

or dyspnea, and severe cases leading to pneumonia [2], [3]. 30

The large-scale diagnosis of COVID-19 has been a major 31

step in the identification of the infected population in a 32

densely populated country, such as India, followed by the 33

appropriate treatments, including medications and ventilator 34

support, depending on the severity of the disease [4]. The 35

current gold standard for accurately detecting SARS-CoV-2 36

RNA and diagnosing COVID-19 in any individual is real-time 37

reverse transcriptase-polymerase chain reaction (RT-PCR), 38

which involves detection and quantification of the viral RNA, 39

if present, in biological specimens, including saliva, nasal, 40

or throat swab of the individual [5], [6]. However, the disad- 41

vantages of this method are the time-consuming processes and 42

the requirement of multiple steps with expensive equipment. 43
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The cost involving diagnostic kits is also considered a signif-44

icant drawback [7].45

Aptamers, defined as short oligonucleotides composed of46

deoxyribonucleic acid (DNA) or RNA that bind to a specific47

target molecule, have recently gained attention in the area of48

biomolecule detection or biosensors. These oligonucleotides49

could be selected from a large nucleotide library of random50

sequences and allowed to interact as well as bind to target51

analytes of our interest via a process named systematic evolu-52

tion of ligands by exponential enrichment (SELEX). This can53

be additionally termed in vitro selection or in vitro evolution.54

Antibodies have been utilized for the detection of various55

analytes, such as cortisol, alanine, and other biomolecules, but56

aptamers offer higher stability and longer shelf life at ambient57

conditions [8]–[10]. Also, aptamers are synthesized on large58

scale in a brief period of 2–3 h and, hence, could be used for59

rapid deployment during pandemics. For biological molecule60

detection, aptamers can be bound to nanoparticles synthesized61

from gold or silver precursors for easy and selective sensing62

of the target [11], [12]. Nanoparticles are scaled to a size63

of 1–100 nm in diameter and have a wide range of appli-64

cations, including bio-sensing of analytes when conjugated65

with various biomolecules [13]. A solution of gold nanopar-66

ticles (AuNPs) functionalized with DNA-based aptamers is a67

simple technique to detect SARS-CoV-2 genes in a short time,68

since the aptamer can be applied to target a particular gene of69

the SARS-CoV-2 virus by complementary hybridization. Upon70

RNA–DNA hybridization, the solution shows a color change71

in response to the change in the surface properties of AuNPs72

[14], [15]. To date, AuNP synthesis required elevated tempera-73

ture and reaction time, whereas the current method of nanopar-74

ticle synthesis using a solid-state metal reducing agent requires75

less time under ambient conditions [16]–[18]. Moreover,76

antibody-based detection kits require exceptionally low storage77

temperature, which hampers their deployment at remote loca-78

tions, whereas aptamer-based kits can be utilized and stored at79

room temperature, making them easily viable in remote areas.80

Biosensors involving nanoparticles-mediated colorimetric81

detection of analytes, such as viral nucleic acids using82

aptamer-conjugated AuNPs, can be conveniently applied in83

current diagnostic scenarios [19], [36], due to the instant84

visible reaction in the sole presence of target analytes or85

lack thereof [20]. This is because of their enhanced optical86

properties, such as surface plasmon resonance (SPR) [21].87

The electrons in the conduction band in proximity to the88

AuNP surface start oscillating collectively with the electric89

field oscillations of the incident light, which is referred90

to as SPR. The surface plasmons of the AuNPs exhibit91

characteristic colors at specific wavelengths. The size of92

the nanoparticles is indicated by the direction of the SPR93

peak shift. As the SPR peak shifts to the right, toward the94

wavelengths ranging from 600 to 630 nm, the size of the95

AuNPs increases due to aggregated forms (20–25 nm in96

size) and displays a bluish-gray color. The SPR peak shifting97

toward the left, wavelengths ranging from 520 to 530 nm,98

indicates AuNPs in a colloidal form (7–15 nm in size) with99

a characteristic wine-red color [22], [23].100

Moitra et al. [24] demonstrated the detection of101

SARS-CoV-2 nucleic acid using AuNPs capped with antisense102

TABLE I
RECENTLY DEVELOPED RAPID COVID-19 DETECTION METHODS

COMPARED WITH OUR METHOD AND DEVICE

oligonucleotides (ASO), which were targeted toward the 103

N gene (nucleocapsid phosphoprotein) of the coronavirus. 104

This method was used to detect viral loads with a limit of 105

detection (LOD) of 0.18 ng/μL of RNA. Various methods 106

for the detection of SARS-CoV-2 proteins and target genes 107

have been summarized and compared with our method and 108

electronic device in Table I. The three methods of detection, 109

namely, the graphene-based DNA sensor [41], the electro- 110

chemical magnetoassay [31], and the saliva-based immunosen- 111

sor [32], are presented with moderately high turnaround times, 112

ranging from 30 min to 2 h, which could be unfavorable in 113

the current scenario due to the need of rapid test results. 114

Although the two methods, the label-free surface-enhanced 115

Raman spectroscopy (SERS) biosensor [34] and the super- 116

sandwich electrochemical sensor [35], propose quick results 117
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within seconds to minutes, the former method involves the118

usage of high-end machines for sample analysis using Raman119

spectroscopy, which cannot be used in remote areas for point120

of care applications. The latter, on the other hand, demands121

a time-consuming and laborious preparation of the graphene122

oxide-based nanocomposites requiring 30 h of synthesis, while123

our proposed method of tin metal-based AuNP synthesis124

allows the formation of nanoparticles within 30 s to 1 min. The125

novelty of our research work lies in the usage of a solid tin126

metal as a reducing agent for the formation of AuNPs from an127

auric chloride precursor within a minute, which has not been128

attempted previously to the best of our knowledge. Moreover,129

a SARS-CoV-2 gene-specific aptamer has been conjugated130

to the novelly synthesized AuNPs and applied to selectively131

detect the viral RNA in the clinical samples. Unlike the132

sample absorbance being measured over a broad wavelength133

range in standard plate readers, in our proposed method, the134

absorbance is measured only at two specific wavelengths using135

a 3-D-printed, handheld device employing two narrowband136

LEDs to rapidly distinguish COVID-19 clinical samples, thus137

lowering sensor readout time and power consumption. This138

portable, low-cost device can be utilized efficiently in a remote139

setting for point-of-care applications, replacing heavy, time-140

consuming, and sophisticated instruments.141

Hence, our current research work proposes a low-power,142

low-footprint, and low-cost electronic sensing device for143

the rapid detection of SARS-CoV-2 RNA using novel144

AuNPs synthesized instantly with a solid, reusable tin145

metal as a reducing agent, presenting a cost-effective and146

energy-efficient choice over sensing devices with similar147

applications.148

II. MATERIALS AND METHODS149

A. Materials150

A gold chloride (III) hydrate of 500 gm (#MKCK6653)151

was purchased from Sigma-Aldrich Co., USA. Thiol-modified152

oligonucleotides with the selected sequence information153

(sequence 5’-CCAATGTGATCTTTTGGTGT-3’) were syn-154

thesized and procured from Eurofins Genomics, Germany.155

A sodium chloride of 500 gm was purchased from Vasa156

Scientific Company (Bengaluru, India). The clinical viral RNA157

samples (SARS-CoV-2 and Dengue) were obtained from the158

Indian Council for Medical Research (ICMR)-approved Viral159

Research Diagnostic Laboratory (VRDL), Bangalore Medical160

College Research Institute (BMCRI), Bengaluru, after nucleic161

acid extraction using approved RNA extraction kits. The162

RNA extracts were obtained directly after the viral RNA163

extraction protocol was carried out by trained technicians164

at the BMCRI using the HiMedia viral RNA purification165

kit. The RNA samples have not been amplified or sub-166

jected to pretreatment using any techniques before the stan-167

dard and sensor device measurements. The clinical samples168

have been randomly chosen with no specific criteria. All169

the experiments, including device testing and data acquisi-170

tion, were carried out in the ICMR-approved State VRDL,171

BMCRI, Bengaluru, Karnataka. The institutional Ethical Com-172

mittee Approval has been received from VRDL, BMCRI173

(No.: BMCRI/PS/298/2020-21), and the Indian Institute of174

Science (IISc) for the COVID-19 experiments performed in 175

the study. 176

B. Synthesis and Characterization of Metal 177

Nanoparticles Using a Metal Reducing Agent 178

Tin metal (0.4 g with a surface area of 670 mm2) has been 179

dipped into the aqueous precursor solutions of silver nitrate 180

and auric chloride of 5-mM concentration. Other common 181

metals, such as copper, aluminum, and lead, have not acted 182

as reducing agents for the formation of silver and AuNPs, 183

such as tin. A UV–Visible absorbance spectroscopy scan has 184

been taken using a 96-well plate from 300 to 800 nm using 185

a TECAN M200 Infinity Plate Reader. The formation of 186

silver and AuNPs has been further confirmed by transmission 187

electron microscopy (TEM), X-ray photoelectron spectroscopy 188

(XPS), and X-ray diffraction (XRD) analysis. Analog discov- 189

ery (AD) 2 (portable oscilloscope and waveform generator) 190

is used for generating various signals using a waveform 191

generator, ranging from 0 to 5 V. Jumper wires with bare 192

copper wires coated with tin metal on the fringe are used as 193

electrodes. A dc voltage sweep starting from 70 mV to 4 V 194

on specific voltages is performed. Also, different ac waveform 195

signals, sine, square, triangle, and trapezoidal, are given to 196

silver nanoparticle and AuNP to observe the SPR behavior. 197

After the nanoparticles are exposed to appropriate dc and ac 198

voltages, the absorbance is measured using the TECAN M200 199

Infinity Plate Reader. Based on the experiments, a handheld 200

prototype utilizing dc voltage having tin metal as an electrode 201

as well as a solid-state reducing agent has been made. 202

C. Detection of SARS-CoV-2 RNA Using Metal 203

Nanoparticles 204

AuNPs were selected for the detection of the SARS-CoV-2 205

RNA due to their robust sensing properties when conju- 206

gated with a specific complementary DNA sequence. The 207

lyophilized aptamer was reconstituted with ultrapure Milli-Q 208

water to prepare a stock concentration of 100 μM. From the 209

aptamer stock solution, a final concentration of 5 μM was cho- 210

sen for the experiments; 50 μL of the aptamer solution (5 μM) 211

was added to 200 μL of synthesized AuNPs and allowed 212

for conjugation for 30 min. The aptamer-functionalized AuNP 213

mixture was incubated with viral RNA extracts (in the ratio of 214

4:3). A total of 15 samples, which includes 13 clinical samples 215

and 3 control samples, were tested. Ten COVID-19 RNA 216

samples, including five COVID-19 positive and five negative 217

samples, and three Dengue RNA samples were used for 218

the sensor measurements directly after viral RNA extraction 219

and without further amplification or pretreatment. Three sam- 220

ples with ultrapure Milli-Q water and aptamer-functionalized 221

AuNPs were used as controls for the experiment. A solution 222

of sodium chloride (1M NaCl) was used as an aggregating 223

agent to induce the AuNPs toward aggregation and produce 224

an SPR change in the presence or absence of the SARS-CoV-2 225

nucleic acids. The absorbance values for thirteen samples were 226

measured using the TECAN M200 Infinity Plate Reader and 227

further tested in the sensor device. All the experiments were 228

carried out at ideal conditions necessary for optimum sensing, 229

at a temperature range of 25–27 ◦C and a neutral pH of 7. 230
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(b)

(c)

Fig. 1. Sensor setup. (a) Block diagram of the sensor setup. (b) Sensor
prototype with Tx and Rx boards interfaced with the microcontroller and
enclosed in a 3-D printed case. (c) Measurement setup in the 3-D printed
sensor prototype.

D. Sensor Device Setup and Characterization231

A low-cost, small form factor device has been built using232

the transmitter (Tx) and receiver (Rx) boards. The Tx board233

has narrowband, wavelength-specific, surface mount LEDs for234

520- and 630-nm light with ±5-nm bandwidth. These LEDs235

are adjusted to have the same luminous intensity by selecting236

the appropriate current limiting resistor on the board. The237

Rx board has TCS3200, a light-to-frequency converter IC,238

which converts the irradiance proportional to the frequency239

of the output square wave. The output frequency scaling and240

the range of bandwidth in the IC can be configured using241

S0–S3. Both Tx board and Rx board are interfaced with a242

nano-microcontroller, and the corresponding frequency data243

are used to measure the absorbance of the analyte. The block244

diagram of the setup is shown in Fig. 1(a). The entire setup245

for mechanical design is 3-D modeled and printed for beamed246

light from the Tx board to pass through the glass cuvette247

and projected on the Rx board, as shown in Fig. 1(b). The248

complete sensor device costs less than 20 USD (≈1580 INR)249

and can further be priced at less than a USD (≈80 INR)250

per test. Signal calibration and conditioning techniques, such251

as zero referencing and range mapping, have been used to252

maintain the consistency of the readings. The readings are253

checked for the relative absorbance difference between the254

control and test samples.255

The sensor device measurements are performed using256

a 5-mm test tube with a mixture of COVID-19 RNA samples257

and aptamer-functionalized AuNPs. The test tube is inserted258

into the glass tube holder, as shown in Fig. 1(c). The device259

checks the absorbance of the AuNPs in the test/control samples260

at two different and specific wavelengths, instead of a broad261

range of wavelength as conventionally measured in standard262

plate readers. These values are read from the TCS3200 chip263

by the microcontroller and sent to the serial monitor using264

a Universal Serial Bus (USB) cable. The sensor values are265

averaged over a fixed time interval to avoid any abrupt266

transitions and compared with the gold standard using the 267

TECAN M200 Infinity Plate Reader. 268

III. RESULTS AND DISCUSSION 269

A. Synthesis and Characterization of Metal 270

Nanoparticles 271

Silver nanoparticle and AuNP formation has been observed 272

by the color change in the solution from transparent to a 273

yellowish color indicating the formation of silver nanoparticles 274

and color change from transparent to a wine-red color indi- 275

cating the formation of AuNPs. The narrow peak of SPR at 276

412 and 536 nm has been obtained for silver nanoparticle and 277

AuNP, respectively, which correspond to their characteristic 278

SPR peaks [25], [26]. There is a blueshift of the SPR peak 279

of silver nanoparticles with increasing time from 30 s to 280

5 min, as shown in Fig. A.1.1 in the Supplementary Material. 281

Characterization data of metal nanoparticles using XRD and 282

TEM were also obtained in Fig. A.1.2 in the Supplementary 283

Material. Also, an increase in the surface area of the tin metal 284

led to the enhanced formation of silver nanoparticles with a 285

slight blueshift in the SPR peak. Size variation is observed 286

when increased exposure of tin metal to silver nitrate and auric 287

chloride solution is done. Initially, at 30 s, bigger dendrite-like 288

structures were observed, followed by around 15–18-nm size 289

metal nanoparticles, followed by 7–9-nm size silver nanopar- 290

ticle and AuNP. Fig. A.1.3 in the Supplementary Material 291

shows that a decrease in nanoparticles size with increased 292

exposure to a solid-state metal reducing agent might be due 293

to the higher reduction potential of the reducing agent. XPS 294

studies done on the surface of the solid-state metal reducing 295

agent have revealed the presence of SnO, which is absent 296

after the synthesis of silver nanoparticle and AuNP. Also, the 297

presence of silver nanoparticle and AuNP has been established 298

by the presence of Ag 3d and Au 4f peaks in the XPS spectra 299

in Fig. A.1.4 in the Supplementary Material. Previously, the 300

reduction potential of tin acetate as a reducing agent (in liquid 301

form) for the non-aqueous synthesis of silver nanoparticles was 302

reported in 2011 [27]. 303

The impact of voltage on the synthesis of silver nanoparti- 304

cles using tin metal as an electrode and as a solid-state reduc- 305

ing agent has been analyzed. There is a clear improvement in 306

the formation of silver nanoparticles, which is evident from the 307

SPR peaks. The impact of different voltages (50 mV–5 V) has 308

been verified on auric chloride, and the formation of AuNPs 309

and silver nanoparticles has been observed with increasing 310

absorbance with increasing voltage. A frequency sweep of the 311

sine wave from 1 kHz to 1 MHz is also done to observe the 312

effects of frequency on the AuNPs. Different ac waveforms 313

have also been performed by providing sine, square, triangle, 314

and trapezoid waveforms, as represented in Fig. 2. 315

The plausible mechanism of the formation of nanoparticles 316

in the presence of tin metal as a solid-state reducing agent 317

has been schematically represented in Fig. 3. The tin metal 318

reacts vigorously with precursor solution with high reducing 319

potential and, hence, acts as a solid-state reducing agent. 320

Earlier tin acetate in liquid form has been used as a reducing 321

agent for the non-aqueous synthesis of metal nanoparticles 322

where the reducing agent is lost during the synthesis reaction. 323
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Fig. 2. (a)–(c) TEM image of silver nanoparticles and (d) UV–Vis
absorbance graph plotted for silver nanoparticles synthesized with volt-
age applied with a solid-state metal reducing agent for various time
durations.

Fig. 3. Schematics of AuNP synthesis using a solid-state metal
reducing agent and the detection of SARS-CoV-2 RNA with aptamer-
functionalized AuNPs, followed by testing on an electronic sensing
device.

But, in this current work, the solid-state reducing agent can324

be reused and has been demonstrated for aqueous controlled325

synthesis of metal nanoparticles. Herein, we report that the 326

tin metal can be used several times without any significant 327

loss of the metal during each synthesis reaction. The AuNPs 328

synthesized with the tin metal reducing agent could be used for 329

the detection of SARS-CoV-2 nucleic acids, making it a sig- 330

nificant diagnostic tool for the ongoing pandemic. Initially, the 331

synthesis of AuNPs is carried out using tin metal as a reducing 332

agent added to the auric chloride solution. The nanoparticles 333

are formed within 30 s to 2 min, indicated by the wine-red 334

color of the solution. The newly synthesized AuNPs are 335

applied for SARS-CoV-2 RNA detection in the RNA extracts 336

from swab samples. The principle is based on the selective 337

aggregation of AuNPs in the presence of SARS-CoV-2 RNA. 338

The absorbance proportional to the SPR change in the solution 339

can be sensitively measured and recorded by the portable 340

electronic device in a real-time, clinical setting. 341

B. Detection of SARS-CoV-2 RNA Using 342

Aptamer-Functionalized AuNPs 343

The AuNPs have been synthesized by reducing the precursor 344

solution of auric chloride using solid tin metal as a reducing 345

agent. This is visualized by the immediate color change of the 346

precursor solution from a pale-yellow to a wine-red color, due 347

to a change in the SPR of AuNPs. These AuNPs have been 348

functionalized with a chemically synthesized aptamer attached 349

to a thiol group (−SH) at the 5’-termini of the sequence. The 350

aptamer sequence used in the experiments has been specifi- 351

cally chosen to target and bind to the nucleocapsid (N) gene 352

of the SARS-CoV-2, due to the reduced sensitivity concerning 353

the detection of the spike (S) gene in present diagnostic 354

scenarios. The AuNP-aptamer conjugation is performed for 355

30 min until the thiol group attaches to the AuNP surface via 356

a strong covalent bond. The SARS-CoV-2 RNA present in the 357

samples, when mixed with the aptamer-functionalized AuNP 358

solution, hybridizes to the complementary aptamer sequences, 359

via double and triple hydrogen bonds, as per the Watson–Crick 360

base pairing principle [28], [29]. 361

The experimental results exhibit a change in the SPR of 362

the AuNPs from a wine-red to a bluish-gray color for five 363

COVID-19 positive clinical samples, whereas the solution 364

remains a wine-red color for five COVID-19 negative samples 365

due to the lack of an SPR shift. All samples containing 366

SARS-CoV-2 RNA display a bluish-gray color due to the 367

aggregation of AuNPs after the addition of sodium chloride, 368

while all samples without SARS-CoV-2 RNA show no changes 369

in the SPR, since there is the absence of AuNP aggregation. 370

The reason for this observation is that the selective binding of 371

the SARS-CoV-2 RNA to the sensing molecule, i.e., the RNA- 372

specific aptamer, modifies the SPR of the AuNPs, followed by 373

the addition of the sodium chloride, which induces changes in 374

the refractive index of the metal–water interface, and produces 375

a wavelength shift in the SPR peak in the COVID-19 positive 376

samples, as shown in Fig. 4(a) and (b). However, the absence 377

of binding events prevents the AuNPs from aggregation, even 378

with the addition of sodium chloride in COVID-19 negative 379

samples. Thus, the refractive index of the interface has not 380

been affected and, hence, creates no shift in the SPR peak, 381

as graphically represented in Fig. 4(c). 382
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Fig. 4. Representative images showing an SPR change from a wine-red
to a bluish-gray color in SARS-CoV-2 RNA positive samples. (a) Chemical
reactions involved in the AuNP synthesis and chemical bonds involved in
the interaction between SARS-CoV-2 RNA and aptamer-functionalized
AuNPs. SARS-CoV-2 RNA samples detected using the specific aptamer
sequence after RNA isolation showed a surface plasmon change only
in (b) COVID-19 positive samples, but not observed in (c) COVID-19
negative samples as well as (d) Dengue positive samples.

C. Sensor Characterization383

The absorbance spectra analyzed for the clinical samples384

using the TECAN M200 Infinity Plate Reader display a wave-385

length shift related to the SPR changes in the AuNPs based386

on whether they are aggregated or not. The readings show387

low absorbance values for the COVID-19 positive samples,388

which appear in a bluish-gray color due to the aggregated389

AuNPs and high absorbance values for the COVID-19 negative390

samples with a wine-red color due to unaggregated AuNPs at391

520 nm wavelength (λ̄max). In contrast, samples show relatively392

high absorbance for the COVID-19 positive samples and low393

absorbance for the COVID-19 negative samples at 630-nm394

wavelength (λ̄max). The relative absorbance intensity at two395

specific wavelengths, 520 and 630 nm, after the wavelength396

shift, has been shown in Fig. 5 to differentiate the COVID-19397

positive and negative samples.398

The 13 clinical samples were tested in the device for relative399

absorbance for which the values were recorded, and graphs400

were plotted. The sensor outputs a frequency value directly401

proportional to the light intensity, which is inversely related402

to the absorbance of the sample. The SPR-related absorbance403

was significantly lower at the 520-nm wavelength for five404

COVID-19 positive samples and higher for five COVID-19405

negative samples, which were consistent with the standard406

measurements in Fig. 5. On the other hand, the absorbance407

values recorded at 630 nm were relatively lower for the408

COVID-19 positive than the negative samples, as shown in409

Fig. 6(b). A simple and easy method of sample classification410

was identified to differentiate the COVID-19 positive samples411

from the COVID-19 negative and Dengue positive samples.412

The line joining the frequency readings at two wavelengths413

Fig. 5. Absorbance spectra taken using the TECAN M200 Infinity
Plate Reader. Comparison of the SPR curve for the Dengue positive
samples with the control sample (aptamer-functionalized AuNPs and
water), COVID-19 positive and negative samples. The means and stan-
dard errors were calculated for five COVID-19 positives, five COVID-19
negatives, three Dengue positive samples, and three control samples.

(520 and 630 nm), denoted as the slope, gives either a 414

positive or negative slope. A positive slope is observed when 415

one point at 520 nm ( p1) is lesser than another point at 416

630 nm (p2). On the other hand, a negative slope is obtained 417

when one point at 520 nm (m1 and n1) is greater than 418

another point at 630 nm (m2 and n2). Our experimental 419

results, represented in Fig. 6(a), show that the COVID-19 420

negative and Dengue-positive samples exhibit a negative slope 421

(m1 > m2 and n1 > n2), while a positive slope (p1 < p2) is 422

a characteristic feature of the COVID-19 positive samples. 423

D. Selectivity and Sensitivity of the Sensor 424

The selectivity of the aptamer to SARS-CoV-2 RNA was 425

shown by selectivity experiments with RNA of other viruses, 426

such as the Dengue virus (DENV), since its genetic material is 427

also composed of positive-sense, single-stranded RNA. It has 428

been observed that the results were similar to that of the 429

COVID-negative samples, which confirms that the sensor is 430

highly selective toward SARS-CoV-2 [30]. The device was 431

able to differentiate the COVID-19 positive and negative 432

samples at a moderately sensitive range, equivalent to the 433

SARS-CoV-2 N gene Ct value of 25, corresponding to a 434

medium viral load. 435

At present, the sensor device can address the COVID-19 436

samples having significantly lower cycle threshold (CT) values 437

for the positive samples (CT < 25) as well as detect higher CT 438

values for the COVID-19 negative samples (CT > 35). How- 439

ever, the CT values of the clinical samples that were detected 440

using a standard viral quantification method are tabulated in 441

Table A.2.1 in the Supplementary Material and correspond to 442

the output frequency values measured in the sensor device. 443

From Table A.2.1 in the Supplementary Material, a certain 444

trend can be observed, correlating the standard CT values 445

and sensor device frequency values, which may be used to 446

determine the results for samples with CT values above 25 by 447
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Fig. 6. Graphs with absorbance were plotted using values obtained from
the sensor device after testing was performed on the device for the clinical
samples. (a) Electronic device data shows a positive slope (p1 < p2) for
the mean of five COVID-19 positive samples, while a negative slope
(m1 > m2 and n1 > n2) is observed for the mean of five COVID-19
negatives and three Dengue positive samples. (b) Absorbance of the
COVID-19 positive samples is higher than the COVID-19 negative and
Dengue positive samples at the 630-nm wavelength, which is consistent
with the wavelength shift in the COVID-19 positive samples. Lower
absorbance for the COVID-19 positive samples at 520 nm is observed in
comparison with the COVID-19 negative and Dengue positive samples.

establishing a baseline and extrapolating by the means of both448

extremes.449

Triplicates were used to check the selectivity of the sensor450

device toward the COVID-19 RNA. The three clinical samples451

with DENV RNA showed no SPR shift, similar to that452

of the COVID-19 negative samples in Fig. 4(d). The SPR453

curve of the AuNPs present in the Dengue positive samples,454

measured using the TECAN M200 Infinity Plate Reader, was455

represented and compared with that of the control samples,456

COVID-19 negative and positive samples in Fig. 5, which was457

consistent with the device readings in Fig. 6. The SPR peak458

at 520 nm corresponds to high absorbance of the AuNPs,459

which is not aggregated in the Dengue positive samples,460

also observed for the control samples having only water461

with aptamer-functionalized AuNPs and COVID-19 negative462

samples. In contrast, the COVID-19 positive samples exhibit463

a low absorbance at 520 nm and have a high absorbance at464

TABLE II
APTAMER ANALYSIS. THE DESIGNED APTAMER WAS ANALYZED BY

THE OLIGOANALYZER TOOL TO UNDERSTAND ITS CHEMICAL

PROPERTIES AND STRUCTURES

630 nm owing to the SPR change in the aggregated AuNPs, 465

which specifically absorbs light at 630 nm, in the presence 466

of SARS-CoV-2 RNA. The presence of nucleic acids of 467

the DENV, thus, does not influence the AuNP aggregation, 468

in addition to the significant role played by the aptamer in the 469

selective affinity toward the SARS-CoV-2 N gene. Hence, the 470

aptamer was confirmed to exclusively hybridize to the RNA 471

of the SARS-CoV-2 in the study. 472

The experiments in this study were carried out at 25–27 ◦C, 473

since the temperature influences the chemical state and particle 474

size of the AuNPs used, according to the previous literature 475

[42], [43]. The AuNPs require specific temperatures and ideal 476

particle size for optimum sensing of analytes, such as the viral 477

RNA; therefore, the experiments were conducted at temper- 478

atures at which the AuNPs remain colloidal, smaller in size, 479

and do not aggregate. This is because we need the aggregation 480

of AuNPs to occur only after the addition of the viral RNA 481

for observing visual and absorbance changes. Similarly, the 482

functionalized aptamer also requires a prime temperature for 483

conjugation to AuNPs as well as binding to the target RNA 484

with maximum affinity [44]. Moreover, the viral RNA gets 485

degraded at higher temperatures, making it unsuitable for 486

detection and sensing. There is no observed influence of pH, 487

since the sensing experiments involve testing on viral RNA 488

extracted from clinical samples and are present in a buffer 489

solution of constant pH [45]. Therefore, after considering all 490

the abovementioned factors, the sensing reactions were carried 491

out at a suitable temperature range (25–27 ◦C) and neutral 492

pH (pH-7), without testing the effects of any variations in 493

temperature or pH in the experimental study. 494

E. Aptamer Design and Sequence for SARS-CoV-2 495

Omicron Variant 496

Owing to the emergence of the newly identified 497

SARS-CoV-2 Omicron variant, an attempt to design an 498

aptamer targeting the spike mutations of the variant has been 499

made. The nucleotide sequence of the surface spike glycopro- 500

tein (Locus: GU280_gp02, Protein ID: YP009724390.1, and 501

GeneID:43740568) present in the Omicron variant (GenBank 502

ID: OL 72836) was searched in the National Center for 503

Biotechnology Information (NCBI) GenBank database [36] 504
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and aligned against the SARS-CoV-2 Delta variant (Gen-505

Bank ID: OK091006) and the SARS-CoV-2 reference genome506

(Wuhan-Hu-1, NC_04551) using the NCBI-basic local align-507

ment search tool (BLAST) [37]. The BLAST results showed508

a similarity of 98%, in which 3767 out of 3828 nucleotides509

were completely aligned, indicating a gap of 21 nucleotides.510

The nucleotide region showing consecutive gaps in the511

Delta–Omicron variant alignment was selected as the specific512

target for the aptamer sequence. The same nucleotide region513

showed gaps when the Omicron variant spike sequence was514

aligned with the spike sequence of the Wuhan-Hu-1 reference515

genome, as shown in Fig. A.1.5 in the Supplementary Material.516

The target sequence was then used as an input for a reverse517

complement tool [38], producing the final aptamer sequence518

that was 100% complementary to the target spike sequence519

of the Omicron variant. The final sequence was then analyzed520

by the OligoAnalyzer tool for theoretical values owing to its521

binding affinity and thermal stability, as described in Table II.522

IV. CONCLUSION523

A simple and low-cost electronic device to rapidly detect524

the SARS-CoV-2 genetic material (COVID-19) has been525

developed and tested with real-time samples. In addition,526

an easy and novel way to synthesize AuNPs using a solid-state527

reusable reducing agent, tin metal, has been reported, which528

can be scaled up and utilized for the detection of the529

SARS-CoV-2 (COVID-19) with the developed electronic530

device after conjugation with aptamers. The detection device531

along with the sensor has been both sensitive and selective to532

detect the SARS-CoV-2 nucleic acid, which is significant for533

the current COVID-19 outbreak. The slope joining the sensor534

readings at two different wavelengths has been identified as a535

simple classification method for COVID-19 clinical samples536

in the study. The developed electronic device cost would be537

less than 20 USD, and the cost per test would be less than538

a USD. Moreover, an aptamer sequence to detect emerging539

SARS-CoV-2 variants, such as Omicron, has been identified540

by a simple theoretical analysis, which can be utilized with541

AuNPs for new variant detection applications.542
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