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gen nucleic acids†
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We report the development of a portable absorption (PortAbs)-based pathogen nucleic acid detection

system using peptide nucleic acid (PNA) and a cyanine dye, DiSc2(5). When the dye binds to the PNA–

DNA hybrid, it results in a characteristic ∼110 nm shift in the dye absorbance, which we measure using

PortAbs. The protocol involves amplification of the target DNA, PNA–DNA hybridization and dye com-

plexing steps followed by absorption measurement. The system is built using a broad-spectrum photo-

diode whose output is amplified and then measured by a high resolution (24 or 32 bit) analog-to-digital

converter. The excitation pulses of light are delivered by a color-changing LED. The sequence of exci-

tation, measurement and display of results are all controlled by an embedded Raspberry-Pi board (or

alternatively a laptop). At higher concentrations of the target amplicon (∼200 ng), the color change can

be detected visually. At lower concentrations, PortAbs outperforms a plate reader and can detect target

DNA as low as 30 ng or approximately 10 nM which is at least 10 fold better than previously reported

studies. We validate the methodology using SARS-CoV-2 clinical samples containing about 1000 copies

of the viral RNA and show that the entire workflow takes about 90 min. The cost of the complete standa-

lone system is less than INR 40 000 (approx. 500 USD).

Introduction

Real-Time quantitative PCR (RT-qPCR) has transformed the
field of clinical microbiology by providing a precise and rapid
method for the detection and quantification of pathogens.1

Prior to the invention of RT-qPCR, classical culture-based
methods coupled with biochemical analysis were used for the
identification of pathogens. Such methods may require several
days to weeks for successful identification and diagnosis. The
high sensitivity and specificity of the RT-qPCR method has

made it one of the most widely used confirmatory tests for
detection of pathogens. Naturally, during the COVID-19 pan-
demic, RT-qPCR has been deployed widely across the world for
the detection of SARS-CoV-2 RNA.2,3 Despite its advantages, the
method suffers from certain drawbacks including the require-
ment of expensive instruments and reagents, in addition to
trained personnel. In the last 24 months, several attempts have
been made to find alternative cost-effective methodologies that
could complement RT-qPCR for mass scale testing. Apart from
the RT-qPCR, other nucleic acid-based diagnostic tests include
SHERLOCK,4 FELUDA,5 and DETECTR,6 which employ the
CRISPR technology for the detection of SARS-CoV-2 RNA.
Despite their high sensitivity and specificity, the limited avail-
ability of enzymes used for these assays constrains their wide-
spread use. Several immunoassays have also been developed for
the rapid detection of SARS-CoV-2.7,8 Such assays rely on the
detection of viral antigens like structural proteins or virus-
induced host antibodies. Immunoassays have also been used
for the development of biosensors.9 Although such tests are
relatively inexpensive and rapid, their major drawback is the
variation of antigen/antibody titers during the course of infec-
tion which can lead to false-negative outputs. Thus, due to the
high specificity and sensitivity of nucleic acid-based detection
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tests, there is a requirement for developing additional cost-
effective and simpler methods that can be deployed widely in
resource-constrained settings for the detection and surveillance
of pathogens.

Peptide nucleic acid (PNA) is a nucleic acid analogue con-
taining nucleobases attached to an uncharged polyamide
backbone.10,11 PNA forms stable Watson–Crick hydrogen
bonding with a complementary PNA, DNA, or RNA sequence
and can be used as a highly specific probe for the detection of
nucleic acids. The initial use of PNA to recognize a DNA
sequence was mainly based on the change in the fluorescence
intensity and/or polarization upon binding of a modified base-
containing PNA to a complementary DNA.12 Another method to
detect PNA–DNA hybridization is based on the affinity of
cyanine dyes to a PNA–DNA duplex.13 This binding is primarily
driven by the hydrophobic and van der Waals interactions
leading to a change in the spectral properties of the dye.13,14 For
instance, the free cyanine dye 3,3′-diethylthiadicarbocyanine
[DiSc2(5)] (Fig. 1A) exhibits a characteristic absorption spectrum
with peaks at 580 nm and 650 nm which show a blue-shift to
∼540 nm upon binding to a DNA–PNA hybrid. This shift in
absorbance leads to a distinct color change from blue to purple,
thereby providing a visual indicator of hybridization (Fig. 1B).
The stability of PNA, coupled with the ease of detecting the
color change of cyanine dye, has found applications in mole-
cular biology and diagnostics including the detection of single
nucleotide polymorphisms.15–18 However, high amounts of the
template DNA are needed for visual detection of the color
change. Further, DiSc2(5) has a tendency to aggregate on PNA
strands alone or on partially complementary DNA–PNA hybrids
which also leads to a change in the absorption spectrum and
could result in false-positive detection of the target DNA.

Earlier studies have reported the development of colori-
metric devices for the detection of DNA/RNA. But they employ

a smartphone or a digital camera to capture the color change
followed by image analysis.19,20 Duy et al. (2014) reported a
handheld colorimeter for detection of rRNA using a PNA probe
and a cyanine dye.18 The lowest concentration of RNA they
could detect is 100 nM which is ten-folds higher than what we
can detect (10 nM). Xu et al. (2020) reported a PNA–DNA2-based
colorimetric sensor for detection of miRNA.21 Their detection is
based on a DNA–RNA hybrid, the formation of which disassoci-
ates the PNA–DNA2 triplex. In contrast, our detection principle
lies on the formation of the PNA–DNA duplex. PNA–DNA is
known to be more stable than DNA–RNA or DNA–DNA duplexes
due to the neutral backbone of PNA compared to the negatively
charged backbones of DNA and RNA, which may induce some
electrostatic repulsion between the two strands. Wang et al.
(2009)22 reported accelerated photobleaching of a cyanine dye in
the presence of DNA–PNA–dye triplex, which can be used as a
diagnostic tool for detection of infectious pathogens. As this
method requires alternate rapid exposure to light (470 nm) and
darkness for accelerated photobleaching of the dye, it needs a
470 nm light source in addition to the absorption measurement
unit. This may reduce the applicability of this method in point-
of-care settings.

We report an easy-to-use and portable diagnostic system for
SARS-CoV-2 based on the formation of DNA–PNA–DiSc2(5) tri-
meric complex. Our absorption-based detection system relies on
the spectral shift of the DiSc2(5) dye from blue to purple upon
binding to a PNA–DNA duplex which is then detected using
PortAbs- a sensitive and portable absorption measurement plat-
form without any moving parts that has been developed by us.
We demonstrate the specificity of our technique by distinguish-
ing between SARS-CoV-2 and other respiratory pathogens while
detecting low amounts of DNA. To the best of our knowledge,
PortAbs can detect DNA concentrations about ten times lower
than previously reported PNA–DiSc2(5) based methods which
use about 100 nM to few micromolar DNA.16,17,23,24

Additionally, we address the problem of non-specific aggrega-
tion of DiSc2(5) dye on PNA alone and suggest some possible
solutions to mitigate this effect. Finally, we validate this tech-
nique against the RT-qPCR detection system using nasopharyn-
geal samples from individuals suffering from COVID-19. In
summary, we have developed an integrated, portable, field-
deployable, and low-cost platform for the detection of patho-
gens that eliminates the need for sophisticated RT-qPCR instru-
ments. While we have demonstrated its performance using
SARS-CoV-2 as an example, this platform can be deployed for
testing and surveillance of viral pathogens in the environment,
testing of food samples, water quality monitoring, etc.

Materials and methods
PCR amplification of target gene

As recommended by the Centers for Disease Control and
Prevention (CDC), we targeted the N1 gene fragment (72 bp)
from the nucleocapsid gene of SARS-CoV-2 (Fig. 1C). It was
amplified using a control plasmid (IDT, Catalogue no.

Fig. 1 Schematic diagram showing the PNA–dye based detection
assay. (A) Chemical structure of 3,3’-diethylthiadicarbocyanine dye
[DiSc2(5)]. (B) Formation of the DNA–PNA–DiSc2(5) complex leads to a
∼110 nm shift in the absorbance peak from red (650 nm) to green
(540 nm). (C) Schematic representation of the SARS-CoV-2 genome
architecture showing the spike (S), envelope (E), membrane (M) and the
nucleocapsid (N) genes. A subset of the N1 fragment of the nucleocap-
sid gene is the target for our custom designed PNA.
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10006625) as the template (1 × 105 copies), 500 nM each of the
N1 forward primer (5′-GACCCCAAAATCAGCGAAAT-3′) and N1
reverse primer (5′-TCTGGTTACTGCCAGTTGAATCTG-3′) and 2×
PCR master mix (Thermo Fisher Scientific). PCR was performed
on a thermal cycler (MJ mini, Bio-Rad Laboratories or the
miniPCR®) using an initial denaturation step at 95 °C for
3 min, followed by 35 cycles (95 °C for 30 s, 60 °C for 30 s and
72 °C for 30 s) and a final extension step at 72 °C for 10 min.
The presence of the amplicon was confirmed by 4% agarose gel
electrophoresis and the amplified DNA was quantified using the
NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific).

Detection of the amplicon

The DNA–PNA detection scheme was based on the protocol
suggested by Wilhelmsson et al. (2002).16 The N1 gene was
amplified following the protocol described earlier. A 15-bases
long PNA sequence (5′-CATTACGTTTGGTGG-Lysine–Lysine-3′)
complementary to the N1 probe region (Fig. 1C) was custom
synthesized (Panagene Incorporation, South Korea or Creative
Biomart Inc., USA). The presence of two lysine residues at the
3′ end of the PNA sequence improve its solubility in aqueous
buffers.15,22,25 The PCR products were either used directly for
PNA binding or purified using a QIAquick® gel extraction kit
(Qiagen) to remove the unused dNTPs, salts, and other com-
ponents of the PCR master mix solution before binding to the
PNA. The amplified DNA was mixed with 0.7 μL of PNA (1 μM
final concentration) and phosphate buffered saline (pH 7.4) to
a final volume of 70 μL. For the initial optimization process,
three different concentrations of PNA (1, 5, and 10 μM) were
used. The mixture was heated to 95 °C for 5 min in a heat
block and incubated at room temperature for 15 min to allow
PNA–DNA hybridization. Unless mentioned otherwise,
DiSC2(5) (Sigma Aldrich) dye was added to the PNA–DNA reac-
tion to achieve a final concentration of 25 μM and the reaction
mixture was heated again to 95 °C for 2 min to allow the for-
mation of PNA–DNA–dye complex. The absorption spectra
were recorded between 450 nm to 750 nm using either the
MultiskanGO microplate spectrophotometer (Thermo Fisher
Scientific) or the custom-built system (PortAbs).

Components and variants of the PortAbs system

We designed and fabricated a portable absorption system
(PortAbs). The RGB LED and the Op-Amps (OP07) were pur-
chased locally. The PIN photodiode (PIN-10DP) was bought
from OSI Optoelectronics and an optical fiber coupler
(Toslink-RT-2P) was bought from Tobo Digital. The 24-bit
Analog-to-Digital converter (ADC) NI9238 (range ± 500 mV) was
sourced from National Instruments. A 20 cm × 20 cm light-
tight box housing all electronic and optical components was
3D printed in polylactic acid (PLA) using a MakerBot
Replicator. The ADC and the excitation LEDs were interfaced
with a PC/Laptop running LabView software. Alternatively, we
have also made an equivalent measurement system using a
32-bit ADC (Waveshare ADS1263) interfaced to an embedded
Raspberry Pi board, taking user input via a 4 × 4 matrix
keypad. The Raspberry-Pi was programmed in Python. This

version is a standalone tabletop instrument adapted for use in
field/at point-of-care, whereas the PC based system is more
suitable for a laboratory environment.

Determining the sensitivity and specificity

The detection workflow for the PortAbs set-up was identical to
the one used for detection using the commercial plate reader
(see above) except that the samples were placed in a disposable
micro-cuvette. We evaluated the detection limit in PortAbs by
successively diluting the template DNA from ∼160 ng to ∼15
ng. The specificity of our method was established by amplify-
ing DNA from other respiratory pathogens like Mycobacterium
tuberculosis (Mtb) and MERS-CoV using primers targeted to
the N1 gene of SARS-CoV-2. We used the genomic DNA of Mtb,
a separate plasmid containing the N gene from MERS-CoV
(IDT, Catalogue no. 10006623) and a synthetic RNA (EURM019,
Sigma-Aldrich) containing S gene (RBD) of SARS-CoV-2 as
control templates. PCR was performed following the amplifica-
tion protocol for N1 gene of SARS-CoV-2 and the products were
hybridized to the PNA sequence complementary to the
N1 gene. All reactions were performed in triplicates and
detected by both gel electrophoresis and PortAbs.

Validation of the detection system using COVID-19 clinical
samples

RNA isolated from leftover nasopharyngeal swab samples of
six patients (P3–P8) suffering from COVID-19 were obtained
from Kasturba Hospital, Mumbai. For individual samples, two
microliters of RNA was used as the template for cDNA syn-
thesis using the iScript cDNA synthesis kit (Bio-Rad
Laboratories). The samples were initially validated for the pres-
ence of SARS-CoV-2 RNA by mixing 3 μL of cDNA with N1
primer-probe set (IDT) and the GoTaq probe one-step RT-
qPCR system (Promega). For detection using PortAbs, an equal
volume (3 μL) of the cDNA was used for the amplification of
either the N1 gene as described earlier or the spike (S) gene
using the following primers: S forward primer (5′-
GACATACCCATTGGTGCAGG-3′) and S reverse primer (5′-
TGACTAGCTACACTACGTGCC-3′). The amplified products for
N1 and spike (S) genes were purified as described earlier. For
comparison of the detection limit in PortAbs with RT-qPCR,
3 μL of cDNA was mixed with Brilliant III Ultra-Fast SYBR®
Green QPCR master mix (Agilent) and the corresponding
primers for N1 and S genes. The Ct values obtained for N1 and
S genes for each patient sample were compared with the absor-
bance measurements obtained from PortAbs. In all the above
experiments, no template control (containing nuclease free
water) served as the negative control.

Results and discussion
Understanding the effect of dye–PNA concentrations on
detection of DNA

The binding of the cyanine dye DiSc2(5) to PNA–DNA or PNA–
RNA hybrids results in a distinct peak at ∼540 nm with a
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corresponding decrease in the peak at 650 nm (Fig. 1A). PNA is
often tagged with amino acids like glycine or lysine to prevent
self-aggregation and enhance its solubility in aqueous
buffers.15,16,22,25 Despite its higher affinity for a DNA–PNA
duplex, the dye can also aggregate on only DNA16 or PNA
strands. As previously observed, binding of the dye to PNA
alone can also lead to a significant increase in the absorption
at 540 nm, thereby reducing the sensitivity of the detection
method.17 To use the DiSc2(5)–PNA based method as an indi-
cator of PNA–DNA hybridization, it is essential to reduce the
background absorbance produced by the PNA–dye binding. To
determine the optimum ratio of dye and PNA, we varied the
concentrations of PNA (1, 5, and 10 μM) and DiSc2(5) dye (5,
25, and 70 μM) in the absence of any DNA. It was difficult to
distinguish the lowest concentration of the dye (5 μM) from
the background [Fig. 2A, (i)]. Increasing the dye concentration
to 25 μM and subsequently to 70 μM led to the formation of
characteristic dye peaks at 650 nm and ∼570 nm which rep-
resent the monomeric and aggregated forms of the dye,
respectively [Fig. 2A, (ii and iii)]. Next, we explored how PNA
concentration affects the peak at 540 nm. PNA concentrations
of 5 and 10 μM led to a peak at 540 nm. Since this PNA–dye
peak would overlap with the expected peak due to PNA–DNA–
DiSc2(5) binding [Fig. 2A, (ii and iii)], it became evident that
any concentration of PNA beyond 1 μM should not be
implemented for the detection of a complementary DNA
strand. Hence, all subsequent experiments were performed
with the combination of 1 μM PNA and 25 μM dye.

Eliminating non-specific shift in absorption of DiSc2(5) dye

We next checked the ability of the dye to bind specifically to a
PNA–DNA duplex and produce a color change that can be visu-
ally detected. We amplified a 72 bp fragment of the N1 gene of
SARS-CoV-2, and then allowed the PCR product to bind to the
PNA and DiSc2(5) dye without any purification. The color
change upon addition of the DiSc2(5) dye was used as an indi-
cator of successful hybridization (Fig. 1A). At the dye–PNA con-
centrations optimized previously (Fig. 2A), we observed a clear
increase in the absorbance of the dye at 540 nm (Fig. 2B). This
increase followed the common mechanism of dye binding to
PNA–DNA heterodimers as described in Fig. 1A. Although
unexpected, an increase in the absorbance was also seen in
the reaction mixture containing only the PNA probe and the
no template control (NTC) consisting of the PCR master mix
and the primers (Fig. 2B). To address this non-specific absor-
bance, we purified the PCR-amplified DNA using a silica-based
spin column. We noted a slight increase in the 540 nm peak
with an increase in the concentration of the purified target
DNA from 250 ng to 1000 ng. The NTC did not show any peak
at 540 nm (Fig. 2C). The color of the reaction changed from
blue to purple for all concentrations of the template DNA
(Fig. 2C, inset).

Our results indicate that the presence of single stranded
DNA (unused primers), free dNTPs, and salts (e.g., Mg2+) from
PCR leads to non-specific absorbance at 540 nm. A rapid DNA
purification step to remove the interfering components can
help in improving the specificity of the detection method.
While all previous reports have simply compared the absorp-
tion spectra of “only dye” and the PNA–DNA–dye complex, this
is the first report that highlights the potential interference due
to the interaction of DiSc2(5) dye and the components of the
PCR master mix, and suggests a way to minimize this
problem.

Development of the PortAbs detection system

As shown in Fig. 3, we developed a portable two-color absorp-
tion system that we call PortAbs. Fig. 3A shows the electronic
circuit of the detection system. Light from a RGB LED is modu-
lated and passed via a fiber-optic coupler to a micro-cuvette
containing the sample. The RGB LED emits three wavelengths
peaked at 469 nm (blue), 522 nm (green), and 643 nm (red)
(Fig. 3C, inset). The wavelength spread of the light from the
LED is ∼25 nm. Here, we use red and green wavelengths of the
LED since these match with the absorption peaks of DiSc2(5).
The light transmitted by the sample is detected by a PIN
photodiode. The resulting photocurrent is amplified by a tran-
simpedance amplifier and recorded after digitization of the
voltage by the ADC. We were able to detect approximately 1
part in 103 change in absorption.

The principle behind the detection system relies on the
difference in absorption (α) of the sample in red and green
wavelengths. When light of a particular intensity falls on a
photodiode, it generates a proportional electric current. A fiber
optic coupler is used to channel the light from the LED to the

Fig. 2 Optimization of the dye and PNA concentrations for detection.
(A) Absorption spectra in presence of 5, 25, and 75 µM DiSc2(5) respect-
ively. The concentration of PNA varied from 1, 5, and 10 µM in each of
these reactions. (B) Absorption spectra of DiSc2(5) alone (blue line),
DiSc2(5) bound to PNA (solid black line), DiSc2(5) bound to DNA (dashed
black line) and DiSc2(5)–DNA–PNA complex (red line). (C) Absorbance
spectra of DiSc2(5)–DNA–PNA complex (N1) after column purification of
the PCR product. The photo in the inset confirms that the color change
is difficult to distinguish visually when the DNA concentration is low.
NTC indicates a no-template control in PCR.
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window of the micro-cuvette. The PIN photodiode detects
the transmitted fraction. To eliminate the background signal,
the LED is turned on and off under software control several
times and the dark current is continuously tracked and sub-
tracted from the signal. The photocurrent is converted to a
voltage by a transimpedance amplifier and the output is read
by the ADC.

Mathematically, the voltage (V) developed at the detector
depends on the intensity of the light (I), the sensitivity of the
photodiode (S), and transmittance (t ) of the sample between
the light source and the photodiode. The sensitivity of the
photodiode is a function of wavelength. Initially, the output
voltage for green (VG0) and red (VR0) lights are measured with a
cuvette filled with DI water (blank), for which t ≈ 1

VR0 ¼ SRIR0
VG0 ¼ SGIG0:

ð1Þ

When water is replaced by the sample, which has a trans-
mittance tG and tR for green and red wavelengths respectively,
we have α + t = 1 (since the sum of absorbed and transmitted

fractions at any wavelength must be 1). Hence, the output
voltage can be written as:

VG ¼ SGtGIG0 ¼ 1� αGð ÞSGIG0
VR ¼ SRtRIR0 ¼ 1� αRð ÞSRIR0

ð2Þ

Dividing the second set of equations by the first set and
rearranging, we get

αG ¼ 1� VG
VG0

� �

αR ¼ 1� VR
VR0

� � ð3Þ

By taking the difference, we get

αG � αR ¼ VR
VR0

� VG
VG0

ð4Þ

The binding of the dye to the DNA–PNA duplex results in
the shift of the peak from red to green region. This shift can
be quantified by the difference (αG − αR) and can be used to
detect the presence of viral RNA (Fig. 3C). We are thus able to
reduce the most critical information contained in the entire
absorption spectrum of the sample to a two-point absorption
measurement only. This results in an enormous simplification
of the measurement workflow.

Limit of detection and specificity

We varied the concentration of the purified N1 amplicon and
measured the absorbance values both in PortAbs and a plate
reader. The amplicons were also visualized by agarose gel elec-
trophoresis (Fig. 4A). As seen in Fig. 4B, the color change due
to binding of the DiSc2(5) dye to the PNA–DNA hybrid could
not be distinguished from the NTC by the naked eye for any of
the reactions. The (αG − αR) values for the trimeric complex
were also plotted for the spectra obtained from the plate
reader (Fig. 4C) and could be distinguished from the NTC only
for samples containing at least 74 ng of DNA. In contrast, a
Student’s t-test confirmed that (αG − αR) values obtained from
PortAbs could be distinguished from the NTC for samples con-
taining as little as 31 ng DNA (Fig. 4D). Thus, the inexpensive
and custom-designed PortAbs performed better while detect-
ing lower amounts of DNA using the PNA–DiSc2(5) method as
compared to a commercial plate reader.

Furthermore, we also checked the ability of our system to
distinguish SARS-CoV-2 from other respiratory pathogens
(Fig. 5). The primers for N1 gene fragment failed to amplify
DNA from the genomic DNA of Mtb, the N gene fragment of
MERS-CoV and the S gene of SARS-CoV-2. Fig. 5A shows the
gel electrophoresis results where an amplicon is only seen for
N1 gene of SARS-CoV-2. The (αG − αR) values for the other
samples are comparable to the NTC, as determined by a
Student’s t-test, while a significant difference is obtained for
the N1 gene of SARS-CoV-2 (Fig. 5B). Noticeably, there is no
color change in any of the samples that can be distinguished
by the naked eye (Fig. 5C). Thus, the detection using PortAbs,
in a manner similar to RT-qPCR, depends on the specificity of

Fig. 3 Custom developed portable absorption set-up, PortAbs. (A)
Working principle of the device with photodiode (PD1) based detection
and LED intensity control circuit. The Op-Amps U1-U6 are LM324 type,
U10-U11 are OP-07. The data acquisition and control system is a laptop
running LabView which interfaces with a 24 bit analog-to-digital data
acquisition card and a voltage output card. The LEDs are controlled by
voltages (VR and VG) for the red and green segments of the RGB LED.
(B) A photograph showing the top-view of the PortAbs system: (1) wiring
for input control signal, (2) two 9 V batteries, (3) RGB LED, (4) right-
angled optical fiber coupler, (5) cuvette, (6) cuvette cap to block stray
light, (7) photodiode, (8) current amplifier, (9) output signal to data
acquisition system, (C) difference in absorbance of the dye in the green
and red wavelengths (αG − αR) measured for dye alone, dye and PNA in
absence of DNA (NTC) and the dye–DNA–PNA complex. The inset
shows the wavelength range over which the LED emits.
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the primer-probe sequences used. Since this is a platform
technology, it can be easily modified to detect any target
nucleic acid.

Validation using COVID-19 clinical specimens

Finally, with the aim of drawing a comparison between the tra-
ditional qRT-PCR method and the PortAbs platform, we used
clinical samples from patients infected with COVID-19. We
tested the ability of the PortAbs methodology to identify
SARS-CoV-2 RNA from six clinical samples of patients suffering
from COVID-19. The presence of viral RNA was confirmed by
RT-qPCR using the CDC-approved N1 primer-probe set (data
not shown) as well as using SYBR Green I. All the samples were
found to contain SARS-CoV-2 using both qRT-PCR and PortAbs
methods. Fig. 6 shows a plot of (αG − αR) from PortAbs against
the Ct values obtained from SYBR Green based RT-PCR. The Ct

values of all samples were below 35, indicating the presence of
SARS-CoV-2 (Fig. 6A and B). For the N1 gene, a statistically sig-
nificant difference was observed between the NTC and all
patient samples, confirming the ability of PortAbs to success-
fully detect SARS-CoV-2 RNA (Fig. 6A). For the sample with the
lowest Ct value (P6), the (αG − αR) value was found to be the

Fig. 4 Testing the sensitivity of detection of the portable device. The
CDC-recommended N1 gene fragment was amplified using a control
plasmid and successively diluted to determine the limit of detection of
the device. (A) Agarose gel image showing the bands corresponding to
different dilutions of column-purified PCR product. Varying concen-
trations of DNA were hybridised with 1 μM PNA and 25 mM DiSc2(5) as
per the protocol described. (B) Color change of the dye after binding to
DNA–PNA duplex is not observable to the naked eye. Difference in
absorbance of the cyanine dye (C) calculated from the UV-Vis spectra
recorded in plate reader (inset) and (D) measured using the portable
device, in the presence and absence of DNA–PNA duplex. Statistical sig-
nificance for the difference between samples was calculated using
Student’s t-test with *** indicating p-value < 0.001.

Fig. 6 Validation of the PortAbs methodology using COVID-19 clinical
samples. Comparison of Ct values obtained from SYBR Green-based RT-
qPCR and (αG − αR) values from the PortAbs device for N1 (A) and S gene
(B) fragments. All Ct values shown in the plots were obtained using SYBR
Green based RT-PCR method. The error bars represent the standard
error of mean (SEM) for (αG − αR) values. Statistical significance was cal-
culated using the Student’s t-test and ** indicates p-value < 0.01.

Fig. 5 Depicting the specificity of the detection principle. PCR of
MERS-CoV DNA, M. tuberculosis (Mtb) DNA, and S and N1 gene seg-
ments of SARS-CoV-2 DNA were performed using N1 primers. (A)
Agarose gel image showing the primer specificity of the SARS-CoV-2 N1
primers. PCR of MERS-CoV DNA, SARS-CoV-2 spike gene segment and
M. tuberculosis (Mtb) DNA was performed using N1 primers. (B)
Difference in absorbance was measured using the PortAbs system.
Statistical significance was calculated using Student’s t-test with ***
indicating p-value <0.001. (C) Photographs showing the apparent lack of
color change as observed with the naked eye.

Fig. 7 Complete workflow of PortAbs-based detection. RNA extracted
from viral samples is reverse transcribed and amplified by PCR. The
color change observed after adding PNA and [DiSc2(5)] can either be
visualized with the naked eye, or alternately, the absorption can be
measured at 530 nm and 650 nm using the portable measurement plat-
form PortAbs.
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highest. In addition to the universally recommended N1, we
also checked for the presence of the S gene of SARS-CoV-2 using
a complementary PNA sequence. Similar results were obtained
for the S gene, with the sample with the highest Ct showing the
highest absorbance (Fig. 6B).

The results for S gene confirm that the PortAbs platform
can be easily adapted to any target DNA. The only requirement
is the design of a highly specific primer set capable of amplify-
ing a conserved portion of the target DNA and a PNA probe
that is complementary to the amplified fragment. This simple
and low-cost method can be applied for the on-site detection
of pathogens without the need for extensive instrumentation.

Conclusions

We present a highly specific method for detection of nucleic
acids based on the principle of a cyanine dye, DiSc2(5),
binding to a DNA–PNA hybrid. Our protocol relies on PCR
amplification of the target DNA, followed by a rapid purifi-
cation of the reaction mixture to reduce false-positive signals
due to the interaction of the dye with other reaction com-
ponents. We showed that visual detection of PNA–DNA hybrid-
ization based on color change of the dye from blue to purple
strongly depends on the concentration of DNA. Such direct
detection of specific DNA with the naked eye is difficult and
can produce false-negative results when the target DNA con-
centration is low. With the aid of PortAbs, a two color-absorp-
tion platform, we successfully detected as low as 30 ng of the
target DNA. Visual detection was inconclusive for DNA
amounts ranging from 15 ng to 160 ng. However, absorption
values obtained from PortAbs varied linearly with the amount
of DNA present in the sample. Finally, we validated our work-
flow by successfully identifying the signatures of SARS-CoV-2
in six clinical samples with about 1000 copies or more of the
viral RNA. In conclusion, we report the development and vali-
dation of a protocol for easy, fast, yet specific detection of
SARS-CoV-2 RNA using an inexpensive thermal-cycler coupled
with a portable, field-deployable, and sensitive absorption
detection system, PortAbs. The entire protocol requires less
than 90 min (Fig. 7) and can be modified for any target DNA.
Our future work will focus on miniaturization of the detection
system along with multiplexing of PNA probes for identifying
several different targets from the same or different organisms
in a single reaction.
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