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Supplementary discussion 

1. Biological Materials 

• Vero cells infected with COVID-19 causative virus, SARS-CoV-2 

• Vero cells infected with MERS-CoV 

 

2. Trial runs and Optimization steps. 

Multiple trial runs were performed to optimize the protocol to achieve the optimum results. These 

steps are illustrated below:  

(i)  During the preparation of citrate stabilized AuNPs, the HAuCl4 solution was first heated to 

boil, sodium citrate solution was added to the mixture and stirred for an additional 10 mins where 

the color of the mixture changed from yellow to pink1. If the reaction mixture was stirred for more 

time, the color of the solution changed towards purple indicating the formation of larger size of gold 

nanoparticles2-4. As our detection principle lies on the formation of agglomerated AuNPs, we tried to 

optimize the sensing protocol with larger size of AuNPs. But we did not observe a distinct change in 

color of the solution in presence of target amplified genetic material when larger size of Au-ASO 

nanoparticles were used for the sensing purpose. Accordingly, we have tested our protocol with 

several size of AuNPs and optimized the NACT method with 10 nm of AuNPs where we observed the 

distinct change in color from pink to purple in presence of amplified target gene. 

(ii)  First citrate stabilized AuNPs were prepared with a concentration of ∼3 × 1010 particle/mL3. 

Two of the ASOs were then added separately at three different concentrations of 0.5, 1, and 2 μM, 

respectively. This mixture was then stirred at room temperature (25 ± 1 °C) for 30 mins. The 

uncapped ASOs were then removed from the solution by centrifugation at 20 000 rcf for 15 min. The 

residual pellet was resuspended in an equivalent volume of water. Thus, 6 separate samples were 

prepared from the two ASOs at three different concentrations3. These particles are named as Au-

ASOxL, Au-ASOxM and Au-ASOxH where x represents the number of ASO (1 or 2) and L, M, and H are 

indicative of low (0.5 μM), medium (1 μM), and high (2 μM) concentrations of ASOs respectively. 

These nanoparticles were kept at 4 °C for future use. A QuantiFluor ssDNA system (Promega 

Corporation) was used to quantify the number of ASO conjugated to each gold nanoparticle3,5. It was 

realized that Au-ASO1M and Au-ASO2L is the optimum choice for this NACT method where the used 

concentration of ASO1 is 5 µM and ASO2 is 2.5 µM. This optimization has been carried out by 

monitoring the relative agglomeration of the respective ASO-capped AuNPs in presence of their 



target gene as monitored from UV-Visible absorbance spectroscopy. A detailed study has been 

published recently from our group.3,6,7  

(iii) It was realized that NAA time can be extended as necessary to target very low viral copy 

numbers. Accordingly, we have tested our protocol at several incubation time points, e.g. 30 mins and 

45 mins. But optimum results with minimal false-positive signals were observed when the incubation 

time was kept fixed at 30 mins. Agarose gel electrophoresis also proved the successful amplification 

of the nucleic acids over this period in presence of the NAA primers (Fig. 5).  

(iv) We have also tested our NAA protocol without the addition of the loop primers. But it was 

observed that only the addition of inner and outer primers during the NAA reaction increased the 

false-positive signals. The addition of loop primers greatly improved the performance of the test8. 

(v)  Increase in false-positive signals was also found when the NAA mixture was tested with Au-

ASO formulation directly after the amplification period of 30 mins. But if the mixture, after the 

required NAA period, was heated to > 80°C for 5 minutes to inactivate Bst 2.0 polymerase and reverse 

transcriptase, the false-positive signals reduce largely.   

(vi) The amplified inactivated NA mixture was then treated with Au-ASO formulations having an 

equivalent mixture of Au-ASO1 and Au-ASO2. It was understood that NAA produced cDNA strands 

from RNA strand during this period. Therefore, the cDNA strand must be unfolded to a single strand 

during its binding with ASOs9. Accordingly, we first added Au-ASO formulation to the deactivated 

NAA mixture at room temperature and then heated the mixture at 65 °C to unfold the cDNA duplex 

strand to a single strand so that it can react efficiently and effectively with the ASO strands leading to 

the agglomeration of AuNPs. This incubation time was further optimized to be ~5 mins where we 

observed the maximum diagnosis efficiency and minimal false-positive signals from our NACT 

method.  

(vii) We have used SARS-CoV-2 genomic RNA (NR 52347, BEI resources) to evaluate the limit of 

detection (LOD) of our NACT methodology. NR-52347 contains a preparation of genomic RNA 

extracted from heat-inactivated severe acute respiratory syndrome-related coronavirus 2 (SARS-

CoV-2), isolate USA-WA1/2020 in the buffer, for use as a positive control in qPCR assays. Towards 

this, nucleic acid was extracted from a preparation of heat-inactivated SARS-CoV-2, isolate USA-WA-

1/2020 (BEI Resources NR-52286 lot 70033321) using a QIAamp® Viral RNA Mini Kit (Qiagen® 

52906) and vialed in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Several samples with various 

copy numbers ranging from 5x107 copies/µl to 1 copies/ml were used to evaluate the test. The lowest 



detectable RNA concentration which is distinguishable from the response of the negative samples 

represents the LOD of the test which is found to be 10 copies/µL for our test. 

We have tested the performance of the protocol using de-identified clinical samples collected from 

patients and spiked viral RNA samples in artificial saliva. In order to evaluate the effectiveness of our 

diagnostic test, we have first tested our assay with RNA samples extracted from the clinical swabs. 

Further to this, we have investigated our sensor’s efficiency in an RNA-extraction-free approach 

using 22 clinical samples directly. We have summarized the results in Table 4. The cycle threshold 

(Ct) values of the clinical samples were used in evaluating the performance of the RNA-extraction-

free kit (Fig. 8). The confusion matrix from the results was also added to the supplementary data in 

Supplementary Fig. 3. The evaluation of our protocol using clinical samples was conducted using 

randomly obtained COVID-19 positive and negative samples. The cycle threshold (Ct) number of the 

clinical samples, used in this study and as measured from the RT-qPCR analyses, are ranging from 

13-29. In this range of Ct numbers, the test results are independent of the sample Ct numbers. 

Evaluation of the test results beyond this Ct number requires further experiments. 

3. Validations and Controls. 

The NACT method has been validated with RT-PCR test results and the statistical significance of the 

methods has also been evaluated6,7. The visual ‘naked-eye’ color of the test results was also validated 

from the change in the surface plasmon band of the gold nanoparticles arising due to their 

agglomeration in presence of the target genetic sequence. 

 

Supplementary Data 1 

N-gene sequence.  

Target gene sequence of severe acute respiratory syndrome coronavirus 2 isolate 2019- nCoV/USA-

WA1-A12/2020 gene="N“ (1260 number of nucleotide bases) Accession MT020880 CDS 

28274..29533 /product="nucleocapsid phosphoprotein" /protein_id="QHU79201.1" 

/translation="MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQG 

LPNNTASWFTALTQHGKEDLKFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMK 

DLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATEGALNTPKDHIGTRNPANNAAIVLQ 



LPQGTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGGDAA 

LALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYNVTQAFGR 

RGPEQTQGNFGDQELIRQGTDYKHWPQIAQFAPSASAFFGMSRIGMEVTPSGTWLTYT 

GAIKLDDKDPNFKDQVILLNKHIDAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTV 

TLLPAADLDDFSKQLQQSMSSADSTQA” 

28321 gtttggtgga ccctcagatt caactggcag taaccagaat ggagaacgca gtggggcgcg 

28381 atcaaaacaa cgtcggcccc aaggtttacc caataatact gcgtcttggt tcaccgctct 

28441 cactcaacat ggcaaggaag accttaaatt ccctcgagga caaggcgttc caattaacac 

28501 caatagcagt ccagatgacc aaattggcta ctaccgaaga gctaccagac gaattcgtgg 

28561 tggtgacggt aaaatgaaag atctcagtcc aagatggtat ttctactacc taggaactgg 

28621 gccagaagct ggacttccct atggtgctaa caaagacggc atcatatggg ttgcaactga 

28681 gggagccttg aatacaccaa aagatcacat tggcacccgc aatcctgcta acaatgctgc 

28741 aatcgtgcta caacttcctc aaggaacaac attgccaaaa ggcttctacg cagaagggag 

28801 cagaggcggc agtcaagcct cttctcgttc ctcatcacgt agtcgcaaca gttcaagaaa 

28861 ttcaactcca ggcagcagta ggggaacttc tcctgctaga atggctggca atggcggtga 

28921 tgctgctctt gctttgctgc tgcttgacag attgaaccag cttgagagca aaatgtctgg 

28981 taaaggccaa caacaacaag gccaaactgt cactaagaaa tctgctgctg aggcttctaa 

29041 gaagcctcgg caaaaacgta ctgccactaa agcatacaat gtaacacaag ctttcggcag 

29101 acgtggtcca gaacaaaccc aaggaaattt tggggaccag gaactaatca gacaaggaac 

29161 tgattacaaa cattggccgc aaattgcaca atttgccccc agcgcttcag cgttcttcgg 

29221 aatgtcgcgc attggcatgg aagtcacacc ttcgggaacg tggttgacct acacaggtgc 



29281 catcaaattg gatgacaaag atccaaattt caaagatcaa gtcattttgc tgaataagca 

29341 tattgacgca tacaaaacat tcccaccaac agagcctaaa aaggacaaaa agaagaaggc 

29401 tgatgaaact caagccttac cgcagagaca gaagaaacag caaactgtga ctcttcttcc 

29461 tgctgcagat ttggatgatt tctccaaaca attgcaacaa tccatgagca gtgctgactc 
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Supplementary Fig. 1 Aggregation of AuNPs confirmed using UV-vis spectroscopy. Absorption 

spectrum of the ASO-capped AuNPs measured using UV-Vis spectroscopy in the range of 300-800nm. 

The spectrum shows a response of the AuNPs to confirmed positive and negative COVID-19 samples 

tested using our protocol. A significant shift of the AuNPs plasmonic peak (~520) was observed in 

the presence of SARS-CoV-2 confirming the aggregation of the particles6,7. 

 



 

Supplementary Fig. 2 Aggregation of AuNPs confirmed using TEM. Transmission electron 

microscopy images of the AuNPs conjugated to ASOs in the presence of SARS-CoV-2 RNA. The gold 

nanoparticles form large aggregates with different sizes ranging from 80-120nm. 



 
Supplementary Fig. 3 Benchmarking the performance of the protocol.  The results obtained 

using our protocol were benchmarked to the gold standard RT-qPCR as shown with their associated 

statistics including accuracy, sensitivity, and specificity. Confusion matrix of the protocol’s results 

against those obtained by RT-qPCR using a) 90 samples of artificial saliva spiked with RNA from 

positive COVID-19 samples and Vero cells infected with SARS-CoV-2 (n=60), negative COVID-19 

samples (n=21), and MERS-CoV (n=9). b) RNA extracted from 61 clinical samples6,7. As shown in the 

confusion matrix in a, only one sample has been misclassified as negative using our protocol. As 

shown in b the samples tested after the RNA isolation showed a misclassification of one COVID-19 

positive sample which has been classified as negative using our test.  

 

 



 

Supplementary Fig. 4 Receiver operating characteristic (ROC) curves of the NACT test. a) ROC 

curve corresponding to the data obtained from applying the protocol on RNA extracted samples. b) 

ROC curve corresponding to the data obtained from RNA-extraction free protocol. 22 different 

threshold values have been used to classify the results and assign a diagnosis to each sample. The 

associated true positive rate (TPR) and false-positive rate (FPR) have been calculated for each 

threshold value.  The threshold value which both maximizes the TPR and minimizes the FPR has been 

selected.    

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1.  Performance of the protocol with prior RNA extraction, evaluated during 
optimization of the RNA extraction-free protocol using artificial saliva samples spiked with purified 
RNA, and using clinical samples directly without RNA extraction. 
 

Condition Number of samples Accuracy  Sensitivity  Specificity  

RNA extracted 

from clinical 

samples 

61 samples 

-29 positive 

-32 negative 

98.4% 

 

96.6% 

 

100% 

Artificial 

saliva samples 

spiked with 

purified RNA 

90 samples  

-60 samples spiked with RNA from positive 

COVID-19 samples or Vero cells infected 

with SARS-CoV-2 

-21 samples spiked with RNA from negative 

COVID-19 samples  

-9 samples spiked with RNA extracted from 

Vero cells infected with MERS-CoV  

98.9%  

 

98.33% 100% 

Direct clinical 

samples 

22 samples 

-11 positives 

-11 negatives 

100% 100% 100% 

The accuracy, sensitivity and specifcity values caluclated using the formulae given in the Software 

subsection in the Materials section. 

 

 

 

 

 

 

 

 

 



 

Supplementary Table 2. Cost analysis of the NACT kit.* 

Component Material  Fraction used 
/reaction  

Cost ($)/2000 
reaction  

Cost/reaction  

NAA mixture Warmstart Lamp Kit 
(DNA And RNA)  

5x 10-2 286.28 0.1431 

NAA 
Primers 

F3, B3, FIP, BIP, Loop 
forward primer, loop 
backward primer 

5x 10-2 2.88655 
 

0.0014 

Au-ASO AuNPs raw materials 
include Hydrogen 
Tetrachloroaurate 
Sodium Citrate Tribasic 
Dihydrate. 
AuNPs conjugated to 
Thiolated antisense 
oligonucleotide 1&2 

1 11.1 0.0056 

  Total cost  $300.267/2000 
reactions 

$0.1501/reaction 

*Cost analysis of the test for COVID-19 detection. Fraction used is calculated based on the required 
amount in 10µl final reaction mixture. Some reagents such as RNAse free water are omitted from the 
cost analysis because their contribution to the overall cost is negligible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3. Timing estimates of the protocol steps.  

Primary Stages Steps Time Required 
Preparation of antisense 
oligonucleotide capped gold 
nanoparticles (Au-ASO) (Steps 
1-7) 

Synthesis of citrate stabilized 
gold nanoparticles 
 

1 hour 

Preparation and purification 
of Au-ASO 
 

1 hour 

Collection of samples and used 
either directly or after RNA 
extraction and purification 
(Steps 8 & 9) 

Direct sampling (Required 
step) 
 

1 minute 

Extraction and purification of 
RNA (Optional step) 
 

30 minutes 

Isothermal amplification of the 
target genetic material (Steps 
10-15) 

Isothermal amplification of 
nucleic acids 
 

30 minutes at 65 °C 

Inactivation of Bst 2.0 
polymerase and reverse 
transcriptase 
 

5 minutes at > 80 °C 

Colorimetric detection of the 
target genetic material  
(Steps 16-17) 

Colorimetric detection 5 minutes at 65 °C 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 4. Comparison of the current analytical performance of COVID-19 detection 

approaches.   

Detectio
n 

Approa
ch 

Target 
Analyte 

Sample 
Source 

Test 
Res
ult 

Tim
e 

(mi
n) 

LOD Sensiti
vity 
(%) 

Specifi
city 
(%) 

Cost Readout Instrumentation Ref 

RT-PCR Viral RNA Respiratory 
swabs, 
saliva, 

sputum, 
bronchoalv
eolar lavage 

fluid 

120 
– 

140 

0.15 – 
100 

copy/
μL 

90 – 
100 

100 $ 40 – 300  Fluorescence Thermocycler  
High throughput; 

can be run in 
moderate/high 
complexity lab 

10-14 

Molecul
ar POC 

Viral RNA Respiratory 
swabs 

13 – 
60 

0.1 – 
10 

copy/
μL 

> 95 100 $ 10 – 150 
 

Fluorescence 
/Colorimetric 

Minimal equipment 
(e.g., Heat Block) 

Medium 
throughput; 

can be run at POC 
near the patient 

 
  

13 

Biosenso
rs 

(LFA/RD
T) 

Viral RNA/ 
Antigen/Anti

body 

Respiratory 
swabs, 
blood 

< 60 0.2 
pM 

Limited 
data 

Limited 
data 

$ 0.5 – 5  Fluorescence 
/Colorimetric
/Electrochemi

cal 

Minimal equipment 
Medium 

throughput; 
can be run at POC 
near the patient 

 

6,13,15-

19 

ELISA Antibody Blood 60 – 
180 

N.A 86 – 
100 

89 – 
100 

$ 40 – 200  Fluorescence 
/Colorimetric 

Plate reader 
High throughput; 

can be run in 
moderate/high 
complexity lab 

13,18,20 

CT – 
Comput

ed 
tomogra

phy 

Human 
Tissue 

(Lungs) 

Radio 
contrast 
agents  

<60 N.A 86 – 98 25 $ 270 – 5000  Computer-
processed 

combinations 
of multiple X-

ray 
measurement

s 

CT scanner 
Low throughput; 

Can only be run in 
high complexity lab  

13,21 

CRISPR 
based 

approac
hes 

Viral RNA Respiratory 
swabs, 
saliva 

45 – 
70 

2 – 10 
copy/

μL 

95 – 
100 

100 $ 4 – 40  Fluorescence 
/Colorimetric 

Minimal equipment 
Medium 

throughput; 
Can be run in 

moderate 
complexity lab  

13,22-

24 

NGS – 
Next 

generati
on 

sequenci
ng 

Viral RNA Respiratory 
swabs, 

bronchoalv
eolar lavage 

fluid 

1 – 2 
days 

N.A 96.98% 99.99% Varies – 
depends on 
technology 

Digital 
readout 

Sequencer 
High throughput; 
Can only be run in 

high complexity lab 

25,26 

NACT Viral RNA Respiratory 
swabs 

<60 10 
copie
s/ μL 

>96.6 100 $0.1501/reac
tion 

Colorimetric 
 

Minimal 
instrumentation. 

Example: Heat 
block 

Curre
nt 

work  

N.A: not applicable (the information are not available)  

 
 
 
 
 
 



Supplementary Table 5. Details of the sample preparation protocols used for direct sampling. 

Condition no. Description of the 
protocol 

Results Photographic images of 
the tubes  

GITC lysis buffer 

condition #1 

Add guanidinium 

isothiocyanate solution 

(GITC lysis buffer) to the 

sample and water in a 

sample: lysis buffer: water 

ratio of 2:2:1 

TP=1 

TN=2 

FP=0 

FN=1  

GITC lysis buffer 

condition # 2 

Add guanidine 

isothiocyanate solution 

(GITC lysis buffer) to 

sample and water in a 

sample: lysis buffer: water 

ratio of 2:1:2 

TP=2 

TN=2 

FP=0 

FN=0 

 

 

Tween-20 lysis 

buffer condition 

#1 

Add 10% v/v of tween-20 

to sample and water in a 

sample: lysis buffer: water 

ratio of 2:2:1 

TP=0 

TN=2 

FP=0 

FN=2 

 

 

Tween-20 lysis 

buffer condition 

#2 

Add 10% v/v of tween-20 

to sample and water in a 

sample: lysis buffer: water 

ratio of 2:1:2 

TP=0 

TN=2 

FP=0 

FN=2 

 
 



HUDSON Heat to 95°C for 5 min 

followed by immediate 

incubation over ice  

TP=1 

TN=2 

FP=0 

FN=1 

 

 

These treatment conditions involved HUDSON (heating unextracted diagnostic samples to obliterate nucleases) that includes incubation 
of the sample at 95 °C for 5 mins. This includes heating the sample, rupturing the outer membrane of the virus to release the enclosed 
nucleic acid27,28. Alternatively, the viral membrane can be ruptured by the treatment of lysis buffer either containing tween-20 or 
guanidium isothiocyanate (GITC) at two different ratios for a definite incubation period. GITC lysis buffer condition # 2 found to be the 
best among other tested methods. 
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