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ABSTRACT

We describe a rapid and reusable biophysical method to assay COVID-19.
The method uses fluorescent sensors (i.e., molecular beacons) designed to
detect a specific RNA sequence from COVID-19 but is general to any RNA
of interest. The assay can be used concurrently with an internal control
without the need for amplification. Molecular beacons are stem-loop
structures in which a ~10 nucleotide loop region has the complementary
sequence of a region of the target RNA, and a fluorophore and quencher
are placed on the 5’ and 3’ ends of the stem. The energy of hybridization
of the loop with its target is designed to be greater than the hybridization
energy of the energy of the stem so that when the beacon encounters its
target RNA, the structure opens resulting in dequenching of the fluorophore.
Here, we designed a beacon to different COVID-19 variants that is
completely quenched in its native form and undergoes a 50-fold increase in
fluorescence when exposed to nanomolar amounts of synthetic viral
oligonucleotide. No changes in intensity are seen when a control RNA
(hGAPDH) is added. This increase in fluorescence with beacon opening can
be completely reversed upon addition of single stranded DNA
complementary to COVID-19 beacon loop region. Beacons can be attached
to an inert matrix allowing their use and reuse in concentrated form and can
be made from morphilino oligonucleotides that are resistant to RNases. We
present an analysis of the parameters that will allow the development of test
strips to detect virus in aerosol, body fluids and community waste.

Statement of significance: A platform for reusable and rapid detection of
COVID-19 RNA and other pathogenic RNAs without the need for
amplification or sophisticated instrumentation in a complex environment is
described.
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Introduction: sequence for GAPDH was beacon was obtained

In the past few years, at-home, rapid antigen-
based covid test kits have come on the market .
While these tests have had an enormous impact on
reducing transmission, their availability in many
parts of the world does not meet the needs of the
population. Having a reusable assay kit that can
be used individually or shared with a family
member would greatly help diminish supply issues.
Here, we describe a simple, reusable fluorescent
assay for COVID-19 RNA. This assay has the
potential to simultaneously detect and monitor
multiple RNAs in real time in a bar code format. The
method uses molecular beacons 2.  Molecular
beacons are oligonucleotides arranged in a stem-
loop ‘lollipop’ structure. At the bottom of the stem
is a fluorophore on one end (either the 5’ or 3’) and
a quencher on the other. The nucleotides in the loop
are designed to be complementary to a target a
specific mMRNA so that when the beacon is exposed
to its target mRNA, hybridization occurs.
Hybridization opens the stem, pulling the quencher
away from the fluorophore resulting in a large
increase in fluorescence (see Fig. TA).

Previously, our lab has used molecular beacons to
isolate stem cells induced to express exogenous
genes 3. In those studies, we designed a molcular
beacon with a green fluorophore that targeted an
exogenous gene that codes a choloride channel that
helps transform stem cells into a cardiac pacemaker
lineage. The studies necessitated the use of a
tracking probe that was incorporated into the
beacon between the stem and the loop to identify
cells containing the beacon by red fluorescence,
and cells containing the mRNA of the gene of
interest by green fluorescence. Cells expressing the
target gene were then separated by fluorescence
activated cell sorting. In recent months, a molecular
beacon detection system for COVID-19 has been
produced although this system is solution requires
amplification and specialized reagents. In this
study, we show how molecular beacon can be
applied in a simple, rapid and reusable platform to
simultaneously detect COVID-19 and other
pathogens in complex environments without the
need for specialized instrumention that might be
beneficial for use in underdeveloped nations.

Methods

Gene sequences. The sequence for the COVID
envelope protein was derived from previous
literature 4 and later verified using BLAST. The

randomly from the GAPDH mRNA and further
verified using BLAST. The sequence used for COVID
Beacon is 5" CGU UAA UAG UUA AUA GCG and
for the GAPDH beacon is 5° CCU CUG ACU UCA
ACA GCG G.

Materials. The beacons labeled with FAM at the
5’end and lowa-BHQ (black hole quencher) at the
3’end were purchased from IDT Technologies
(Coralville, 1A, USA). The single stranded DNA
oligonucleotides were obtained from Eton
Biosciences (San Diego, CA, USA). The sequences
used for the oligonucleotides Beacons and
oligonucleotides were dissolved into stock solutions
and further diluted using DEPC water.

Fluorescence measurements. All measurements were
conducted on Cary Eclipse fluorometer (Agilent-
Santa Clara, CA, USA). Fluorescence was measured
in a quartz cuvette where the excitation wavelength
was 490 nm and emission was 520 nm. The data
was exported from the manufacturer’s software into
graphing softwares such as Excel (Microsoft) and
Sigmaplot (Systat).

RNA extraction. Whole cell RNA was obtained from
Hela cells (ATCC) with RNAeasy extraction kit
(Qiagen- German Town, PA) based on the
manufacturer’s instruction. RNA was isolated from
human saliva by boiling human saliva specimen with
1X TE buffer at 95C as described earlier 5. The
purity of RNA was verified using a NanoDrop
(ThermoScientific).

Results

Beacon Design. Ideally, beacons should
be designed to detect unique sequences in the 3’
untranslated region of the mRNA. This length is long
enough to give stable hybridization with target
mRNA and short enough so that stable secondary
structures within the loop do not occur, and thus the
optimal length of the loop is usually ~10
nucleotides. Similarly, the optimal length of the stem
is ~5 base paired nucleotides on the 5" and 3’ ends
which can be longer or shorter to enhance stability.
This short length stabilizes the beacon structure and
can be easily destabilized by hybridiation of the
loop region with the target mRNA.

We designed a COVID-19 beacon based
on published literature4 ¢, The SARS-CoV-2 mRNA
encodes a range of structural and non-structural
proteins that can be targeted, i.e. spike
glycoprotein, envelope protein, membrane

Medical Research Archives | https://esmed.org/MRA/mra/view /2730 2



https://esmed.org/MRA/mra/view/2730
https://esmed.org/MRA/mra

Medical
Research
Archives

Design of a rapid and reversible fluorescence assay to detect covid-19 and other pathogens

glycoprotein, nucleocapsid protein and RNA-
dependent RNA polymerase. We designed a
beacon corresponding to the mRNA encoding for
the envelope protein region of SARS-COV-2 that
was verified to not match any in the human genome
using BLAST. Based on the selected loop region, the
stem nucleotides were chosen to be 5° CGU UAA
UAG UUA AUA GCG using the pairing energies
calculated with RNAfold software’. The free
energy of the thermodynamic ensemble is -1.82
kcal/mol and the melting temperature is 36.7° C.
(Fig 1B).

5 CGU UAAUAG UUAAUAGCG 3’

As a control, we also designed a beacon to GAPDH
whose mRNA expression levels in saliva have been
used extensively as a reference gene 8.  The
sequence and energetics associated with this
beacon are 5’ CCU CUG ACU UCA ACA GCG G
whose predicted free energy of the thermodynamic
ensemble is -2.66 kcal/mol and the Tm is 55°C.
(Fig.1C).  For this proof-of-concept study, we
attached FAM and BHQ at the 5’ and 3’ ends of the
beacons, and note that responses can be optimized
with probes optimized to the specific conditions and
instrumentation.

5'CCUCUGACUUCAACAGCGG3

Figure 1 A. Lleft- diagram of a molecular beacon showing the stem-loop (closed) structure. The close
proximity of the fluorophore (green circle) to the quencher (black circle) eliminates all fluorescence. Right-
upon encountering target mRNA (blue) the beacon opens and becomes fluorescent. B. Beacon used for

COVID-19. C. Beacon used for GAPDH.

Beacon performance. We first tested the
response of the beacons dissolved in RNAse free
water on an analog fluorometer. The COVID-19
beacon had a fluorescence intensity comparable to
background. However, upon addition of synthetic
COVID-19 mRNA, the fluorescence at 488nm
showed a large and reproducible ~50 fold
increase (Fig. 2A). The GAPDH beacon had a
similar response as the COVID-19 beacon as
expected from the similar energetics of the

oligonucleotide sequence and the attachment of the
same probes (Fig. 2B).

Titration of the target oligonucleotide with
beacons gave us a Ky of 532 nM for COVID and
210 nM for GAPDH when added to 250 nM of
beacons giving us a response factor (i.e. the amount
of opening of the beacon with RNA) of 1:2 for the
COVID-19 beacon and less than 1:4 for the
GAPDH beacon (Fig. 2C).
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Figure 2 A. COVID-19 beacon (final concentration 400 nM) was added to 1T UM of DNA oligos that is
analogous to (COVID analog CGTTAATAGTTAATAGCG) or complementary to COVID-19 beacon (COVID
GCAATTATCAATTATCGC) in a cuvette in a fluorometer B. GADPH beacon (final concentration 400 nM) was
added to T pM of DNA oligos that is analogous to (GAPDH analog CCTCTGACTTCAACAGCGG) or
complementary to GAPDH beacon (GAPDH GGAGACTGAAGTTGTCGCC) in a cuvette in a fluorometer C.
COVID and GAPDH DNA oligos were titrated into 250 nM of COVID-19 and GAPDH beacons respectively.
The fluorescence measurements were then fitted using a curve fitting function to calculate the Kd of the RNA-
DNA interaction. All fluorescence measurements were taken at an excitation wavelength of 490 nm and

emission wavelength of 520 nm.

Beacon responses were tested in two biological
conditions, saliva and Hela cells. For saliva,
samples were heated in TE buffer to expose RNA 5.
We note that RNA can also be released from
COVID particles by other methods including heat.
When added to the saliva samples, only
background fluorescence from the COVID-19
beacon was detected indicating that the closed,
non-fluorescence beacon structure remains intact in
a cellular environme  Alternately, the GAPDH
beacons showed a high level of fluorescence
indicating the presence of endogenous GAPDH
RNA. When the samples were spiked with
oliognucleotides to COVID-19 the fluorescence
increases drastically (Fig. 3C).

In another experiment, we added beacons
to COVID-19 or GAPDH to RNA extacted from
Hela cells. As expected, no fluorescence was
observed when the COVID-19 beacon was added,
while a small but measureable fluorescence was
seen for the GAPDH beacon due to hybridation with
endogenous mMRNA(GAPDH). (Fig. 3B). Both
beacons showed a substantial increase in
fluorescence. Interestingly, the fluorescence from the
GAPDH beacon showed a spike and rapid
decreased that leveled at a high level most likely
due to internal mechanisms, however, the
fluorescence from the COVID-19 beacon remained
relatively stable possible due to a lack of specific
degradation mechanisms.
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Figure 3 A. Human saliva sample boiled in TE buffer was added to 400 nM COVID-19 or GAPDH RNA
beacons in a cuvette and then measured in a fluorometer. The saliva sample was then spiked with 20 pM of
COVID DNA oligo before being added to 400 nM COVID-19 RNA oligo and measured similarly. B. RNA
extracted from Hela cells (190 ng/ul) was added to 400 nM COVID-19 or GAPDH RNA beacons in a
cuvette and then measured in a fluorometer.

Beacon stability. We wished to determine
the limitations of the beacons to environmental
factors. While the beacons were found to be
insensitive to detergent and proteases, unfolding of
the beacons can be seen at high salt and
temperatures. In Fig. 4 we show the behavior of the

Although the calcuated melting temperature is
~55°C, we find that the midpoint of the melting
curves is closer to 48°C. This temperature is
unchanged even in the presence of the
complementarty oligonucleotides since now the
hydration energy of this region replaces the loss in

beacons alone or with oligonucleotides in solution. energy of the stem.
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Figure 4. COVID-19 beacon (final concentration 400 nM) was added to 1 pM of COVID or COVID analog
DNA oligos in a cuvette in a fluorometer and measured at temperatures ranging from 20 °C to 60 °C. All
fluorescence measurements using an excitation wavelength of 490 nm and emission wavelength of 520 nm.
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Future development of beacon-based reusable
assays. The commercial apparatus that uses
molecular beacons requires amplification, and
specialized components and instrumentation, which
greatly inhibits their use in underdeveloped nations.
Detection of COVID-19 and other pathogens in a
non-clinical setting would be possible if beacons
were attached to an inert matrix in a concentrated
form thereby overcoming the need for amplification
and allow for detection using a simple black light.
Beacons can be commercially purchased with a
biotin group attached to a thymidine on a stem
nucleotide and attached to inert matrices. Thus, the
only requirement for an inexpensive assay would
be detergent, protease to expose the mRNA from
the virus particles, and salt to displace the viral RNA
from the beacons and regenerate the matrix or
testing strip holding the beacons.

We can easily estimate the optimal
density of beacons that should be attached to an
insert matrix. Our data show that the response of
the beacon is ~50%. In saliva, the amount of virus
has been reported to be several million per milliliter
? and the amount in aerosol is expected to a few
orders of magnitude lower so the needed detection
should be ~500-5000 molecules. Beacon
fluorescence can be adapted to a visible signal
using established technology '. Alternately, a
broad range light that extends into the ultraviolet
can be used. Here, we used an FAM probe since
fluorescein is inexpensive and has a high quantum
yield (0.8) at neutral pH 10. Noting that the human
eye is most sensitive to the fluorescence wavelength
of fluorescence and it has been reported that
humans can detect as little as one photon 1,
detection of 500 photons at ~500nm by eye should
be possible.

To optimize beacon use, it is useful to
estimate the density of beacon that must be
attached to a test strip. A fully extended beacon
would be ~6 nm and this would be considered the
minimal separation to prevent tangling and allow
opening and closing without tangling of the
molecules. This spacing would also be too far to
permit intermolecular quenching or fluorescence
transfer. Another potential problem to consider is
the small Stokes shift of fluorescein (i.e. 20 nm) that
may result in reabsorption of the fluorescence from
a neighboring probe 0. Because the quantum of
fluorescein is 0.8, then each reabsorption event will
reduce the fluorescence by at least 20%. The
distance dependence of trivial reabsorption is R3 as

compared to R¢ for Forster resonance energy
transfer. Based on our previous characterization of
fluorescein 12, then increasing the separation of the
beacon molecules by a factor of 10-100 would
prevent any untoward optical effects.

By far, the main limitation is the size of the
target mRNA 13, COVID-19 mRNA is large (30kB)
making its estimated radius of gyration to be close
to 1 micron '4, which may cause crowding for
beacon separated much more closely. This problem
can be resolved by decreasing the beacon density
on the assay strip. Alternately, by mild digestion of
COVID19 mRNA by including small quantities of
RNAase in the detergent / protease solution could
be used to release viral particles and would require
the use of beacons be made from morphilino
oligonucleotides (see Discussion), or by using a
mixture of beacons that detect different regions of
a single COVID RNA.

Discussion:

Here, we present guidelines to construct a
reusable and rapid COVID-19 assay in complex
solutions for home use. Signals from beacon
responses are rapid and can be reversed by the
addition of inexpensive ssDNA with a sequence
identical to the loop region, or high salt if attached
to a matrix. Beacons can be designed to detect any
oligonucleotide of interest, and multiple beacons
can be incorporated on a test strip. As mentioned,
it is best to select beacon sequences that are unique
to the particular RNA, and not found in the human
genome, or at least not found in sample materials 3.
Our stability studies show that the beacon used here
must be kept at temperatures below ~45°C to
prevent premature opening and change in the stem
can be made to enhance stability.. Design of the
stem region can be made after calculating the
hybridization energy of the loop using freely
available software.

We tested the performance of the COVID-
19 beacon in solution, saliva, and Hela cells.
Instead of using live virus, we spiked solutions with
a synthetic COVID-19 oligonucleotide at
concentrations below the amount estimated to be in
human saliva of an infected individual 5. In
practice, biological samples would have to be
mixed with a mild detergent and protease, or heat
treated to release viral RNA, and if pure viral RNA
is desired when coupling this method to others,
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treatment with acid can be used 6. Our data show
that the response of the beacon for viral RNA is
close to 1:4 and because the beacon can be used
in concentrated form (see below) and the viral load
of infected patients can range from 104-10'0
copies/mL 915,

While we focus here on assay development
that may benefit underdeveloped nations, beacon
technology can be readily adapted for commercial
use in individual human diagnostic assays or
community detection in sewage, airborne droplets
or other fluids. For commercial purposes,
substituting natural nucleotides with morphilinos will

make beacons resistant to  degradation.
Morpholinos are identical to regular
oligonucleotides group instead of phosphate

making them resistant to degradation by naturally
occurring DNAs and RNAs '7, and morphilino
beacons perform similar to DNA/RNA beacons '8,
As mentioned, RNA or morphilino beacons can be
chemically  attached to  streptavidin  and
immobilized on inert matrices using the method
described by Bao and coworkers ' or commercially
purchased. Attachment to a matrix will allow dense
concentration of beacons to COVID-19 in patterns
that may allow varying analyses such as barcodes
to assess different concentrations, or to assess the
presence of other pathogenic RNAs that allow
differentiation of different infections, and
simultaneous detection of a standard control RNA,
such as GAPDH.

Since our work was available for preprint
in 2020, there have been more than 300 papers
published regarding assays for SARS CoV-2 that
has resulted in the availability of large number of
diagnostic options for the stakeholders in
healthcare. Almost all these assays rely on the
detection of nucleic acids including RT-PCR,
isothermal amplification assays, hybridization
microarray assays and amplicon-based
metagenomics sequencing. The uniqueness of this
assay is reversibility so that one can have his or her
personal assay kit thus reducing the problems of
costs and availability. Additionally, the need for
rapid test kits and point-of-care tests that do not
require specialized equipment persists. In this
scenario, the further development of our technology
into RNA/DNA barcodes may be able to fill this
need.
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