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a  b  s  t  r  a  c  t

Background:  One  major  challenge  for detecting  the  virus  that  causes  COVID-19  is  commercial  SARS-
CoV-2  testing  kit  or reagent  availability.  To  allow  every  laboratory  or hospital  access  to an  in-house
assay,  we  developed  a low-cost  SARS-CoV-2  detection  assay  protocol  using  in-house  primers  and
reagents/equipment  on  hand  in  most  biology  or diagnostic  laboratories:  a  SYBR  Green-based  RT-PCR.
RNA  extraction  has  also  become  a major  bottleneck  due  to  limited  supplies  and  the  required  labor.  Thus,
we validated  an  alternative  RNA  extraction  protocol.
Methods: We  designed  and  synthesized  in-house  primers  according  to  SARS-CoV-2  genome  sequences
retrieved  from  GISAID  database.  One  hundred  and  ninety  patient  samples  were  collected  by nasopharyn-
geal  swab,  coded,  and  used  to develop  and  validate  the assay  protocol.  RNA  extraction  was  performed
using  TRI  reagent-based  RNA protocol  to inactivate  the  virus;  thus,  testing  was  conducted  in a  conven-
tional  biosafety  level  2 laboratory.
Results:  The  sensitivity  and  specificity  of  the primers  were  evaluated  using  190 patient  samples  previously
tested  for  SARS-CoV-2.  The  positive  amplicons  were  sequenced  to confirm  the  results.  The  assay  protocol
was  developed,  and  the specificity  of  each  RT-PCR  product  was  confirmed  using  melting  curve analyses.  Of
190 samples,  the SYBR  Green-based  RT-PCR  assay  detected  SARS-CoV-2  target  genes  in  88  samples,  with
no  false-positive  results.  These  findings  indicate  that  the sensitivity  of  our  assay  was  97.7%  and  specificity
of 100%  with  those  of  the  diagnostic  laboratory  that  tested  the  same  samples  using  a Rotor-Gene  PCR

cycler  with  an  Altona  Diagnostics  SARS-CoV-2  kit  (R2 =  0.89).
Conclusions:  These  approaches  are  reliable,  repeatable,  specific,  sensitive,  simple,  and  low-cost  tools  for
the  detection  of SARS-CoV-2  in  a  conventional  biosafety  level  2 laboratory,  offering  alternative  approaches
when  commercial  kits  are unavailable  or not  affordable.

©  2021  The  Author(s).  Published  by  Elsevier  Ltd on  behalf  of King  Saud  Bin  Abdulaziz  University  for
Health  Sciences.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.
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Introduction

In March 2020, the World Health Organization declared a
global emergency for a pandemic caused by the novel coronavirus

SARS-CoV-2. This virus belongs to the Coronaviridae family, which
commonly infects humans and mammals, and is an enveloped,
non-segmented, positive-sense RNA. This family of viruses has
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aused two  previous epidemics: severe acute respiratory syndrome
oronavirus and Middle East respiratory syndrome coronavirus
nfections [1,2]. Although these viruses belong to the same family,
hey rely on different mechanisms and have different manifesta-
ions in the human host. The newly emerged virus was  first detected
n Wuhan, China, and as of January 14, 2021, it had infected more
han 93 million people worldwide and caused the deaths of 2 mil-
ion individuals [1,3].
To slow the spread of the virus and to contain the infection,
ountries across the globe are attempting to screen millions of
ndividuals, including all health care personnel and their contacts,
atients who  have symptoms associated with infection by SARS-
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CoV-2 and their contacts, individuals who have come into contact
with an infected patient, and asymptomatic individuals. People
who carry the virus without showing any symptoms pose a major
silent threat to public health because they are unknowingly spread-
ing the virus. However, not all countries, hospitals, or laboratories
have access to testing kits or to the reagents and supplies that
are currently in high demand with which they could make their
own kits. In addition, many hospitals and diagnostic laboratories
are struggling with an overwhelming number of samples that have
been collected but still require testing. Therefore, the aim of the
present study was to develop and validate an inexpensive assay to
detect SARS-CoV-2 in patient samples in almost any laboratory or
hospital in a timely manner and without commercial, ready-made
extraction or detection kits. This assay can use a TRI reagent-based
RNA protocol for RNA extraction. The RNA extraction procedure
is followed by cDNA synthesis then a SYBR Green-based RT-PCR
that requires only basic science techniques and equipment. Here
we provide a protocol for safely detecting SARS-CoV-2 in a con-
ventional biosafety level 2 laboratories within a limited budget by
using this easily performed assay.

Materials and methods

Sample collection and ethical considerations

This study was performed in compliance with all applica-
ble national and international ethical guidelines for conducting
research on human participants, including in accordance with The
Code of Ethics of the World Medical Association (Declaration of
Helsinki), and was approved by the institutional review board at
King Faisal Specialist Hospital and Research Centre IRB # 2200021.
This board also granted a waiver for obtaining informed consent
owing to the use of deidentified samples for this study.

Samples were collected from each patient using a nasopha-
ryngeal swab and then coded by the Microbiology Section of the
Pathology and Laboratory Medicine Department at King Faisal Spe-
cialist Hospital and Research Centre (KFSHRC). Of these deidentified
samples, those from 190 patients who were tested for SARS-CoV-2
infection were included in the present study.

RNA extraction

To accommodate the needs and available resources of various
laboratories, manual and automated protocols for RNA extraction
were validated.

TRI reagent-based RNA extraction (manual)
To inactivate the virus, 300 �L from the patient sample was

added to 700 �L of TRI reagent (Sigma-Aldrich, USA) and mixed
in a biosafety cabinet in a negative pressure room. The tube was
inverted 10 times and kept at room temperature for 5 min. Because
this step inactivates the virus, it was safe to continue the extraction
process in a biosafety level 2 laboratory. Next, 200 �L of chloro-
form was added, and the tube was inverted five times and then
incubated for 3 min  at room temperature. The sample was  cen-
trifuged at 12,000×g for 10 min  at 4 ◦C. The aqueous layer, which
contains RNA (approximately 500 �L), was transferred to a new
1.5-mL tube, and 500 �L of isopropanol was added. The tube was
inverted five times and then centrifuged at 12,000×g for 10 min at
4 ◦C. The supernatant was removed, and 1 mL  of 75% ethanol was
added. The sample was centrifuged at 7500×g for 5 min  at 4 ◦C. The
supernatant was removed, 1 mL  of 75% ethanol was  added to wash

the sample, and was again centrifuged at 7500×g for 5 min  at 4 ◦C.
The supernatant was discarded, and the pellet was air-dried. Next,
15 �L of AVE (elution) buffer was added to re-suspend the RNA.
However, RNase-free water can be used instead of AVE buffer. We
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hen added 1 �L of RNaseOut (Invitrogen, USA) to inhibit RNases
nd to protect the RNA from degradation. The RNA concentration
nd purity were determined with a NanoDrop spectrophotometer
Thermo Fisher Scientific, USA).

RI reagent-based RNA extraction (automated protocol)
To establish a high-throughput RNA extraction technique for

ass testing, we modified the TRI reagent-based extraction for
se on a Hamilton Microlab STAR Liquid Handling System. Mag-
et beads (ChargeSwitch; Invitrogen) were used for purifying the
otal RNA from the TRI reagent lysis step. To obtain high-quality
otal RNA, 300 �L from the patient sample was  added to 700 �L
f TRI reagent (Sigma-Aldrich, USA) and mixed in biosafety cabinet
n a negative pressure room using a 96-well plate. The plate was
laced on a shaker for 1 min  to homogenize the solution. Next, 200
L of chloroform was added, and the plate was  placed on a shaker

or 1 min  to again homogenize the solution and then incubated for
 min  at room temperature. The plate was centrifuged at 12,000×g
or 10 min  at 4 ◦C. The automation process started at this step, in
hich the plate was placed in the Microlab STAR Liquid Handling

ystem. Because obtaining the aqueous layer, which contains RNA
approximately 500 �L), is the most critical step in the extraction
rocess, using an automated and robust robot improves accuracy
y eliminating errors that can occur during manual processing and
an extract pure RNA from a 96-well plate in less than 15 min.

DNA synthesis

The synthesis of cDNA is required to prepare patient samples
or subsequent PCR reactions. Total RNA extract (8 �L of approxi-

ately 50 ng/�L) was  added to 1 �L of random hexamer primers
nd 1 �L of 10 mM dNTP Mix  (Thermo Fisher Scientific). The mix-
ure was  incubated at 65 ◦C for 5 min  and then placed on ice. Next,

 master mix  was prepared that consisted of 2 �L of 10× Reverse
ranscriptase (RT) buffer, 4 �L of 25 mM MgCl2, 2 �L of 0.1 M
ichlorodiphenyltrichloroethane (DDT), 1 �L of RNaseOut, and 1 �L
f the reverse transcriptase enzyme (SuperScriptIII RT; 200 U/�L;
hermo Fisher Scientific). The master mix  (10 �L) was added to
he RNA extraction mix  (10 �L) and mixed by manually tapping
nd pulse-spinning. Samples were incubated at room temperature
approximately 25 ◦C) for 10 min. and then incubated at 50 ◦C for
0 min. The reaction was terminated at 85 ◦C for 5 min  and then
laced on ice. After pulse-spinning the sample, 1 �L of RNase H (to
emove the RNA template from RNA-cDNA hybrid) was added, and
he sample was incubated at 37 ◦C for 20 min. The quality and the
uantity of the cDNA samples were determined using a NanoDrop
pectrophotometer.

ucleic acid purity assessment

The quality and the quantity of the RNA and cDNA samples were
lso determined using a NanoDrop spectrophotometer. The ratio
f sample absorbance at wavelengths of 260 and 280 nm were
btained to assess the nucleic acid purity (approximately 2.0 for
NA and approximately 1.8 for cDNA).

esigning primer sets specific for SARS-CoV-2

More than 150 complete SARS-CoV-2 genome sequences were
etrieved from the GISAID database (https://www.epicov.org/
pi3/cfrontend#lightbox-814829872) and were aligned using the

lustal W algorithm of the MegAlign module to identify the con-
erved regions using DNAStar software (DNASTAR; Madison, WI).
enes for the major structural proteins of SARS-CoV-2, such enve-

ope (E), open reading frame (ORF1a) and nucleocapsid (N), were

0
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Fig. 1. Representative amplification plot for real-time PCR using SYBR Green and
the  ��Ct method of relative quantification. Plot showing the Ct value of two  target
genes (E, RdRp, an internal positive control (IPC, RNase P) and a no-template control
(
r
D

R

T

a
m
l
r
m
R
s

D
a

f
t
C
t
f
t
b
4
F
t
a
c
t
G

T

F.S. Alhamlan et al. 

targeted. Oligonucleotide primers were designed for the SARS-CoV-
2 S genes to ensure maximal efficiency and sensitivity. The desired
primers were designed using the consensus sequences from differ-
ent SARS-CoV-2 isolates from around the world, and the Wuhan
first genome sequence was used as a reference (Accession No.
MN908947). Primer3 online tools (version 4.1.0) (https://primer3.
ut.ee/) was used for primer design.

Because a successful PCR assay requires efficient and specific
amplification, the primers were assessed for several properties,
including melting temperature, secondary structure, and comple-
mentarity. Primers need to have a GC content of 50%–60%, a melting
temperature between 50 ◦C and 65 ◦C, 50 mM salt concentra-
tion, and 300 nM oligonucleotide concentrations. The specificity
of the primers and final sequences were verified using in silico
prediction analyses with the online Basic Local Alignment Search
Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). None of our
designed primers showed genomic cross-reactivity with other
viruses, the human genome, or other probable interfering genomes
in the BLAST database analysis. Primers were synthesized in-house
at the Oligonucleotide Synthesis Unit of the Genetics Department
at KFSHRC.

SYBR Green RT-PCR assay

The ��Ct method of relative quantification using RT-PCR with
SYBR Green detection was used for this study. To detect SARS-CoV-
2 target genes, comparative quantitative RT-PCR was performed
using SYBR Green fluorescent dye, which binds double-stranded
DNA by intercalating between the DNA bases. The 7500 Fast Real-
Time PCR system and software (Applied Biosystems, California,
USA) were used.

The target SARS-CoV-2 genes included envelope (E), open read-
ing frame (ORF1a), nucleocapsid (N), and RNA-dependent RNA
polymerase RdRp. In addition, RNase P, Ribonuclease P, which is
a type of ribonuclease that cleaves RNA that is commonly used as
an internal control with human clinical specimens to confirm the
presence of nucleic acid. Primers targeting the N, E, RdRp and RNase
P genes were designed and synthesized in-house by the Oligonu-
cleotide Unit of KFSHRC (Table 1). SYBR Green RT-PCR assays using
these primers generated in-house were conducted for all patient
samples that were included in this study. To amplify cDNA in the
patient samples, a master mix  was prepared with 12.5 �L of SYBR
Green master mix, 0.5 �L of forward primer (20 �M),  0.5 �L of
reverse primers (20 �M),  2 �L of cDNA, and 4.5 �L of water (for
a total of 20 �L). The amplification conditions were 50 ◦C for 20 s
and 95 ◦C for 10 min. followed by 45 cycles of 95 ◦C for 3 s with 55
◦C for 30 s. At the end of each reaction, the cycle threshold (Ct) was
acquired at the level that reflected the best kinetic PCR parameters.

Melting curve analysis
SYBR Green is released when a PCR product is denatured, which

results in a rapid increase in absorbance intensity (fluorescence sig-
nal) followed by a decrease in the signal. When an amplified PCR
product is specific, a melting curve generated using that product
should provide a single peak that corresponds to that PCR product.
Thus, to check the specificity of each PCR product, we conducted a
melting curve analysis at the end of each PCR assay. Each product

sample was analyzed once. For the melting curve, the fluorescence
signal of each PCR product was monitored continuously as the tem-
perature was increased to 95 ◦C for 15 s, decreased to 60 ◦C for 1
min  and then increased again to 95 ◦C for 30 s and 60 ◦C for 15 s.
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NTC)). The lower the Ct value, the greater the sensitivity. �Rn indicates Rn (the
eporter signal normalized to the fluorescence signal of Applied Biosystems ROX
ye) minus the baseline; �Rn is plotted against PCR cycle number.

esults

otal RNA extraction

During RNA extraction using TRI reagent, we obtained an aver-
ge of 20 ng/�L from each sample. To evaluate the RNA extraction
ethod, RNA samples extracted with TRI reagent at the research

aboratory were sent to a diagnostic laboratory for testing. The
esults showed that the Ct values for the RNA  extracted using these
ethods were similar and also indicated the compatibility of the

NA extraction procedure using TRI reagent with the Rotor-Gene
ystem using the Altona Diagnostics kit.

etection of SARS-CoV-2 in test samples using the SYBR Green
ssay

For a valid diagnostic test, the sample was  considered positive
or SARS-CoV-2 when the cycle threshold growth curves for both
arget genes crossed the threshold line within 40 cycles (<40.00
t) regardless of whether the RNase P growth curve also crossed
he threshold within 40 cycles. A sample was considered negative
or SARS-CoV-2 when the cycle threshold growth curves for both
argets did not cross the threshold line within 40 cycles (>40.00 Ct)
ut the RNase P growth curve did cross the threshold line within
0 cycles. Fig. 1 shows a representative RT-PCR amplification plot.
ig. 1 depicted a representative amplification plot the showed two
arget genes (E, RdRp, an internal positive control (IPC, RNase P)
nd a no-template control (NTC)). Fig. 2 showed the distribution of
ycle threshold (Ct) values by RT-PCR assays. The mean Ct value for
he Altona diagnostic test was (24.5) while the Ct value for SYBR
reen assay was (27.2) (R2 = 0.89, P < 0.001).

est accuracy and validation

Parallel tests to detect SARS-CoV-2 were conducted by a

iagnostic laboratory accredited by the College of American Pathol-
gists and our research laboratory to validate the accuracy of
he developed protocol. Both labs ran 190 identical deidentified
asopharyngeal samples. The research laboratory used SYBR Green

1
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Table  1
Real-time-PCR primer sets for SARS-CoV-2 detection using the SYBR Green-based assay.

Primer name Target gene Forward sequence 5′–3′ Reverse sequence 5′–3′ Amplicon (bp)

RdRp KFSHRC RdRp GGCCTCACTTGTTCTTGCTC GTTGTGGCATCTCCTGATGA 162
15339-15500

E  KFSHRC E GAGCCTGAAGAACATGTCCAA CCTGTCTCTTCCGAAACGAA 167
26107-26273

ORF  KFSHRC ORF1ab GCTGTTGAAGCTCCATTGGT ATTAGGTGCAAGGGCACAGT 99
2582-2680

RNAseP KFSHRC IPC RNAse P TTCTGACCTGAAGGCTCTGC GCAACAACTGAATAGCCAAGG 66
49-114

CDC N1 Nucleocapsid (N) GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTTGAATCTG 72
28287-28358

CDC  N3 Nucleocapsid (N) GGGAGCCTTGAATACACCAAAA TGTAGCACGATTGCAGCATTG 72
28681-28752

CDC  RNaseP IPC RNAsep AGATTTGGACCTGCGAGCG GAGCGGCTGTCTCCACAAGT 65
28-92

IPC: internal positive control.
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cific, and this lack of specificity can generate false-positive signals
Fig. 2. Distribution of cycle threshold (Ct) values by RT-PCR assays. Altona Diagnos-
tic PCR assay detected SARS-CoV-2 in earlier cycles (Mean = 24.5) in comparison to
SYBR-Green RT-PCR (Mean = 27.2).

assay protocol, whereas the diagnostic Molecular laboratory at the
Department of Pathology and Laboratory Medicine have utilize
either EZ1 Virus Mini Kit v2.0 (QIAGEN) or Abbott m2000 SP System
with either DNA or RNA virus kit for extraction and the Rotor-Gene
RT-PCR cycler (QIAGEN) with a commercial kit from Altona Diag-
nostics. The results of our developed SYBR Green assay protocol
indicated that of the 190 nasopharyngeal samples tested, SARS-
CoV-2 was detected in 88. This result indicates a sensitivity of 97.7%
and specificity of 100% compared with that of the diagnostic lab-
oratory at KFSHRC that had originally tested the samples. Only 2
positive samples with late Ct value (Ct >38) and low viral load were
missed by the in-house test.

The results from both laboratories were presented as either
positive [Ct <40] or negative [Ct >40] for the detection of SARS-
CoV-2. The Ct values in the positive samples ranged from 16 to
38. In addition, the melting curve analyses showed a single peak
for each positive sample. The analyzed sequences matched the
WH-human1 SARS-CoV-2 sequence (MN908947). To determine the
limit of detection, 10-fold serial dilutions using a plasmid with a
known copy number (104/�L) were tested. Real time PCR was  used
to assess the sensitivity of the assay. The limit of detection is the
lowest concentration of the diluted sample that returns a positive
result. Our results showed that the limit of detection for our assays
was 10 copies/�L (results are not shown).

Discussion
Although commercial viral RNA extraction kits are available and
are widely used in most laboratories, the aim of the present study
was to use basic biology techniques that can be adopted by hospi-
tals or laboratories worldwide, especially given that the availability
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f commercial kits or specialized reagents may be at risk. Thus,
e developed and validated a low-cost, easily performed assay for
etecting SARS-CoV-2 using a SYBR Green RT-PCR assay. The test
an be conducted using equipment and reagents already found in
ost pathology or diagnostic laboratories.
Testing with RT-PCR has been considered the gold standard

or diagnosing COVID-19, with infected individuals identified
y the successful amplification of the viral genome obtained
sing nasopharyngeal swabs. However, recent studies have stated
ome concerns regarding the specificity of the RT-PCR tests for
atients with COVID-19 [4]. Indeed, inaccurate results, especially a
alse-negative, have dire implications for subsequent community
ransmission of the virus [5]. There are many factors causing the
alse negative RT-PCR results, a big one is the genetic diversity of
he virus, low viral load, or sampling error and handling [6]. The
rst problem can be minimized by an assay with multiple targets
nd sequence monitoring. While the other one could be prevented
y improving sampling guidelines and procedure. Therefore, the

nclusion of two SARS-CoV-2 genes and internal control for accurate
etection has been advised [7]. In the present study, we designed
ets of primers that target the E, ORF1ab, and RdRp genes of the
irus and RNaseP of the human in addition to the CDC primers (N1,
3 and RNaseP). For SARS-CoV-2 detection assay, at least two  genes
nd one control are recommended. We  have designed and validated
ll primer sets in this study to make it available to other laboratories
orldwide to choose primer sets for genes of interest.

Of 190 samples, the SYBR Green-based RT-PCR assay detected
ARS-CoV-2 in 88 samples, with no false-positive results. Our
esults showed 97% sensitivity and 100% specificity in comparison
o those of the diagnostic laboratory (Altona Diagnostics SARS-CoV-

 kit). It is true that the P value showed a statistically significant
ifference between these two assays (T-Paired = 11.1, P-value
0.0001) however the missed two samples had late Ct value which
s considered to be “non-infectious” specimen according to recent
tudies [8,9]. Further studies have also recommended adding the
t value to the reporting system as it is helpful for clinical deci-
ions. Reporting the SARS-CoV-2 results as positive and negative is
nsufficient and needs to be improvised [10].

SYBR Green RT-PCR is widely used because of the ease in
ssay design and its relatively low setup and running costs. Unlike
aqMan fluorescent probes, SYBR Green dye intercalates into
ouble-stranded DNA to monitor the amplification of the target
ene specifically initiated by gene-specific primers [11]. However,
ne drawback of the SYBR Green assay is that the dye is nonspe-
f nonspecific products or primer-dimers are present in the sam-
le. However, including a melting curve analysis at the end of each
CR assay to determine the specificity and efficiency of each RT-PCR
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reaction will ensure the accuracy of the results when multiple peaks
or primer-dimers are not observed. Another potential drawback of
the SYBR Green assay is that the length of the amplicon may  affect
the intensity of the amplification; thus, the present study designed
primers with short amplicon. The time of testing can be improved
by removing the nucleic acid assessment step by Nanodrop as we
found it to be time consuming and not efficient with SYBR Green
assay, for quality check we can use the internal control (RNAseP)
gene.

The World Health Organization and Pan American Health Orga-
nization published a recommendation for general procedures for
inactivation of potentially infectious samples with Ebola virus and
other highly pathogenic viral agents, indicating that using TRI
reagent offers excellent performance and a safer environment for
handling pathogens in a biosafety level 2 laboratory [12]. This is
because TRI reagent has been shown to denature and destabilize the
viral envelope and eliminate cellular nucleases while maintaining
the structure of RNA for subsequent analyses.

The total cost for the SYBR Green assay was estimated to be
$21. It is true that the time is longer to run in-house assay (3 h) in
comparison to commercial RT-PCR kits however the cost for any
commercial kit is considerably higher. We  believe that the SYBR
Green assay using RT-PCR is the more favorable choice owing to
its potential power in the field of virology, its availability, and real-
time data analysis [13]. In conclusion, we developed and validated
a low-cost assay for detecting SARS-CoV-2 that can be used by labo-
ratories that cannot afford or cannot obtain commercial testing kits
especially during this time where when SARS-CoV-2 is globally per-
vasive and deadly and commercial kits are limited. This in-house
assay offers viable alternative testing approaches. In addition, these
protocols provide virus testing platforms for future threats because
the only change that would be required to follow the same protocols
to test for a different virus would be the pathogen sequence needed
to design specific primers. Furthermore, the protocols have been
approved by the Saudi Food and Drug Administration as Emergency
Use Authorization for use in a clinical setting.
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