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ARTICLE INFO ABSTRACT
Keywords: Nucleic acid amplification tests (NAATS) such as quantitative real-time reverse transcriptase PCR (QRT-PCR) or
Magnetic sequence-specific target enrichment isothermal NAATSs (iNAATSs) such as loop-mediated isothermal amplification (LAMP) require pure nucleic acid

Quantitative real-time LAMP
Electrochemical LAMP
SARS-CoV-2

free of any polymerase inhibitors as its substrate. This in turn, warrants the use of spin-column mediated
extraction with centralized high-speed centrifuges. Additionally, the utilization of centralized real-time fluo-
rescence readout and TagMan-like molecular probes in qRT-PCR and real-time LAMP add cost and restrict their
deployment. To circumvent these disadvantages, we report a novel sample-to-answer workflow comprising an
indirect sequence-specific magneto-extraction (also referred to as magnetocapture, magneto-preconcentration, or
magneto-enrichment) for detecting SARS-CoV-2 nucleic acid. It was followed by in situ fluorescence or elec-
trochemical LAMP. After in silico validation of the approach’s sequence selectivity against SARS-CoV-2 variants
of concern, the comparative performance of indirect and direct magnetocapture in detecting SARS-CoV-2 nucleic
acid in the presence of excess host nucleic acid or serum was probed. After proven superior, the sensitivity of the
indirect sequence-specific magnetocapture in conjunction with electrochemical LAMP was investigated. In each
case, its sensitivity was assessed through the detection of clinically relevant 102 and 10° copies of target nucleic
acid. Overall, a highly specific nucleic acid detection method was established that can be accommodated for
either centralized real-time SYBR-based fluorescence LAMP or portable electrochemical LAMP.

1. Introduction transcription-polymerase chain reaction (qQRT-PCR), a high specificity
and sensitivity method using molecular targets present in their genome

The upsurge of novel coronavirus disease (COVID-19), caused by the [2]. Despite the availability of several commercial qRT-PCR Kkits, it has
severe acute respiratory syndrome-2 virus (SARS-CoV-2), has led to 510 several disadvantages. It requires a spin-column mediated pure nucleic
million infections and 6.2 million deaths (as of April 26, 2022) [1]. The acid extraction from the biological samples. This increases the overall
SARS-CoV-2 RNA could be detected via the quantitative reverse turnaround time (TAT), cost, and the need for a high-speed centrifuge

Abbreviations: hgDNA, human genomic DNA; LAMP, Loop-mediated isothermal amplification; SYBR Green I, N,N-dimethyl-N’-[4-[(E)-(3-methyl-1,3-benzothia-
zol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-N’-propylpropane-1,3-diamine; qRT-PCR, quantitative real-time reverse transcriptase PCR; qLAMP, quantitative
real-time LAMP; qRT-LAMP, quantitative real-time reverse transcriptase LAMP; eLAMP, electrochemical end-point LAMP; eRT-LAMP, electrochemical reverse
transcription end-point LAMP; NAAT, nucleic acid amplification technique; iNAAT, isothermal nucleic acid amplification technique; VTM, viral transmission media;
TAT, turnaround time; near-POC, near-point-of-care.
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present in a centralized lab. Additionally, a separate reverse transcrip-
tion step is often required as few existing kits integrate the reverse
transcription with the real-time PCR step. In fact, single-step qRT-PCR
has lower sensitivity than that of two-step assays [3,4]. The multi-step
assays necessitate the recruitment of trained workforce for conducting
them. Furthermore, the possible presence of host nucleic acid requires a
sequence-selective TagMan probe, adding to the cost.

Thermal-cycler-independent isothermal nucleic acid amplification
techniques (iNAATs) such as reverse transcription loop-mediated
isothermal amplification (RT-LAMP) have been deployed in one-step
SARS-CoV-2 detection using colorimetric as well as fluorescence read-
outs [5-7]. Additionally, a LAMP amplicon could also be quantified by
end-point electrochemical detection [8]. Besides quantitative readouts
in the centralized laboratory, the latter feature could be utilized for
near-point-of-care (near-POC) diagnostics in a resource-limited area [8].
Despite such advantages, most LAMP assays require prior RNA extrac-
tion from viral transmission media (VIM). Few studies have so far
bypassed or integrated nucleic acid extraction with downstream in situ
LAMP or other NAAT [9]. Rather than using direct amplification from
clinical or simulated samples, most LAMP-based bioanalytical methods
utilized pre-extracted nucleic acid or in situ purifications. On the other
hand, NAATs using non-extracted nucleic acid as a template signifi-
cantly reduced the specificity and sensitivity for SARS-CoV-2 detection
and may not work at all with SYBR-based qRT-PCR [10]. The clinical
sensitivity and specificity of reverse transcription LAMP (RT-LAMP) also
decrease significantly when non-extracted RNA has been used as a
template (sensitivity reducing from 97% to 71% and specificity from
100% to 47%, for pre-extracted and non-extracted RNA templates,
respectively) [11]. In another study, direct colorimetric LAMP using
non-extracted RNA from saliva samples generated false positive read-
outs [12]. Similarly, direct colorimetric RT-LAMP on the untreated
clinical sample detected SARS-CoV-2 RNA only when the viral copy
number was above 3000 copies/pL. With RNase inactivation or com-
bined RNase inactivation and extraction, the analytical sensitivity
improved to 25 copies/pL and 2.5 copies/pL, respectively [13]. Besides,
SARS-CoV-2 detection has surprisingly not been conducted yet using
electrochemical LAMP readouts, despite their utility in the near-POC
settings.

A sequence-specific preconcentration employs sequence comple-
mentarity of a probe oligonucleotide to a target nucleic acid. Using
either solid phase or magnetic bead-based immobilization of the probe
oligonucleotide, unwanted biomolecules such as polymerase inhibitors
could be removed from the sample of interest. A sequence-specific
magnetic preconcentration is advantageous due to its minimal equip-
ment necessity, the possible scope of in situ amplification, lesser TAT,
and reduced cost [14-16]. Due to its selectivity of target nucleic acid, it
would (in principle) eradicate the need for TagMan-like sequence-se-
lective reporters in the downstream NAAT compared to whole nucleic
acid extraction methods. Such assays, in combination with
electrochemistry-mediated readout, would be advantageous in
near-POC diagnostics in limited-resource settings. The sequence-specific
capture could be direct or indirect in nature. In the direct capture, a
magnetic bead-immobilized sequence-specific probe exploits comple-
mentarity to extract target nucleic acid [16]. The indirect
magneto-enrichment utilizes a sequence-specific probe to first bind to
the target of interest prior to magnetic bead immobilization. Due to the
absence of a blocking step, it could however become susceptible to
carryover contamination [17]. Despite the potential advantage, possibly
higher sensitivity, and utility of sequence-specific magneto-enrichment,
a comprehensive literature search of magnetic extraction methods
combined with LAMP tabulated in Table S1 yielded only four direct
magneto-enrichment studies (entries 20, 23, 43, 46) [16,18-20]. All
four utilized microfluidic setup, requiring costly flow-controller equip-
ments. The rest predominantly are either whole nucleic acid extraction
(includes all SARS-CoV-2 detections, entries 7, 10, 14, 24, 35, 48,
[21-26]), or immunomagnetic capture-lysis. Surprisingly, none of the
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studies utilized electrochemical readout despite its promising potential
in limited resource detection or employed indirect sequence-specific
magneto-enrichment. Therefore, the modality of an indirect
magneto-enrichment of pathogen nucleic acid from a complex biofluid
or host nucleic acid-containing sample with downstream LAMP, either
with fluorescence or electrochemical readout, remains unexplored.

This work aims to establish a minimally instrument-intensive sam-
ple-to-answer workflow for selectively extracting target nucleic acid
from samples containing complex biofluid and host nucleic acid, fol-
lowed by an iNAAT assay. With this goal, the performance of an indirect
sequence-specific magneto-extraction followed by fluorescence (SYBR-
based) and electrochemical LAMP was probed. The experiment used
SARS-CoV-2 RdRp plasmid DNA and RNA as analytes. In doing so, the
effectiveness of direct and indirect sequence-specific magneto-extrac-
tion using quantitative real-time LAMP (QLAMP) was investigated. Their
performance in a real-life-mimicking scenario was compared by
detecting SARS-CoV-2 RdRp plasmid DNA from samples containing
excess human genomic DNA (hgDNA) and serum. The superior one, the
indirect magneto-extraction, was then integrated with electrochemical
end-point LAMP (eLAMP) to detect SARS-CoV-2 nucleic acid from the
real-life-simulating hgDNA and serum-spiked samples. In these experi-
ments, we have established a flexible (compatible with fluorescence and
electrochemical readout) yet sensitive pathogen nucleic acid detection
method. Additionally, we also analyzed the effect of potential contam-
inants from serum and hgDNA on the performance of direct and indirect
magnetocapture combined with downstream LAMP.

2. Experimental
2.1. Materials

Escherichia coli strK-12 substr. MG1655 plasmid construct with RNA-
dependent RNA polymerase (RdRp) gene with T7 RNA polymerase
promoter (4538 bp) was purchased from Addgene (plasmid #14567, htt
ps://www.addgene.org/145671/). The Bst 2.0 polymerase, RTx
enzyme, dNTP, and SnaBI were procured from NEB, USA. The SYBR I
(10,000X concentrated) was purchased from Invitrogen, USA. Molecular
biology grade water was purchased from HiMedia, India. The RNase
inhibitor was purchased from Takara. Streptavidin-coated magnetic
beads were purchased from Sigma-Aldrich (# 11641778001) or Invi-
trogen (Dynabeads M — 280). 5'-biotinylated probe having the b
sequence (5’-[BIO]-AAA AAA AAA ACG AGC AAG AAC AAG TGA GGC
CAT AAT TC, HPLC purified, Ty, = 57.6 °C at 50 mM NaCl and 0.25 pM
oligonucleotide concentration) was purchased from Sigma-Aldrich.
Primer oligonucleotides (desalting purified) were purchased from
Eurofin or Sigma-Aldrich, India.

2.2. LAMP reaction and primer optimization using real-time fluorescence
readout

A real-time quantitative LAMP (QLAMP) experiment was performed
on 10° copies of ORFlab containing plasmid with three sets of primer-
sThe final LAMP reaction (20 pl) contained the three primer pairs in the
following final concentrations: 0.2 pM outer primers, 1.6 pM forward
and backward inner primers, 0.8 pM forward and back loop primers (for
primer sets 1 and 3) [27,28]. For primer set 2, 0.4 pM outer primers,
0.332 pM forward and backward inner primer, 1 pM forward loop
primers, and 0.4 pM back loop primers were utilized in the final con-
centration [29]. The reaction mixture also contained 2.0 pL of 10 x Bst
2.0 DNA polymerase reaction buffer [1 x containing 20 mM Tris-HCI,
50 mM KCI, 10 mM (NH4)2S04,2 mM MgSO4, 0.1% Tween-20, pH
8.8], 1.4 mM dNTPs, 2.0 pL SYBR I (final concentration 1X diluted from
10,000X stock), 0.5 pL of an 8 U pl concentration of Bst 2.0 DNA poly-
merase, 6 mM MgSO4 and 1 pl template (alternatively, 2 pL magnetic
bead for magnetocapture assays). For quantitative real-time reverse
transcription LAMP (qRT-LAMP), 7 U (0.25 pL) of reverse transcriptase
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RTx (NEB) was additionally added to the above. The qLAMP (or
qRT-LAMP) reaction was set at the following settings for each cycle with
a fluorescence monitoring step, 65 °C for 1 min for primer set 1, 64 °C for
1 min for primer set 2, 60 °C for 1 min for primer set 3 followed by
thermal melting analysis step. The cycles were repeated 60 times (unless
otherwise stated) in a CFX Maestro or CFX Connect real-time PCR
(rt-PCR) machine (BioRad).

2.3. Electrochemical LAMP (eLAMP) assays

For eLAMP or eRT-LAMP using the pure nucleic acid template, the
assay was performed on 10'-10* copies of nucleic acid (RdRp plasmid
DNA or RdRp RNA)/25 pL of reaction. For magnetocapture followed by
eLAMP or eRT-LAMP assays, 2 pL magnetic beads containing immobi-
lized target nucleic acid were added to 25 pL electrochemical LAMP
reaction having a composition as described below. A 25 puL eLAMP or
eRT-LAMP reaction comprised of 2.5 pL of 10 x Bst 2.0 DNA polymerase
reaction buffer [1 x containing 20 mM Tris-HCl, 50 mM KCl, 10 mM
(NH4)2S04, 2 mM MgS0y4, 0.1% Tween-20, pH 8.8], 1.4 mM dNTPs, 0.4
pM outer primers, 0.332 pM forward and backward inner primer, 1 pM
forward loop primers, 0.4 pM back loop primers (primer set 2), 0.5 pL
Bst 2.0 polymerase, and 50 pM methylene blue. During magnetocapture
followed by eLAMP or eRT-LAMP, 1000 copies of non-magnetocaptured
plasmid DNA or RNA was used as the positive control. For eRT-LAMP, 7
U of reverse transcriptase (RTx) was also used for 25 pL of reaction. The
assays were set at the following settings for each cycle, 64 °C for 1 min
for 60 cycles followed by heat inactivation at 80 °C for 20 min in a
thermal cycler (Eppendorf). The resultant LAMP amplicons were elec-
trochemically analyzed.

2.4. Method of plasmid digestion & in vitro transcription

1 pg target plasmid was linearized with 1 pL SnaBI enzyme (10 U/pL)
and 1X NEB CutSmart buffer (50 mM Potassium Acetate, 20 mM Tris-
acetate, 10 mM Magnesium Acetate, 100 pg/ml BSA pH 7.9 at 25 °C)
by incubating at 37 °C for 1 h (final volume 50 pL). Next, the digestion
was stopped by an additional enzyme inactivation step (80 °C for 20
min). Next, 4 pL of the digested sample was loaded into 2% agarose gel
to check the linearized product. 1 pg of digested plasmid was then added
with 1X NTP buffer mix (NEB), 2 pL of T7 RNA polymerase in 20 pL
reaction, and incubated at 37 °C for 2 h. The resultant RNA product was
cleaned with Monarch® RNA Cleanup Kit (NEB) as per the manufac-
turer’s instruction. Briefly, 100 pL of RNA clean-up binding buffer was
added to the 50 pL sample obtained from the reaction. 150 pL of pure
ethanol is added to the mixture and loaded into the column provided in
the kit. After centrifugation at 13000 rpm for 1 min, the column is again
washed with 500 pL wash buffer, and finally, the product was eluted in
50 pL nuclease-free water.

2.5. Method of RNA quantification by qPCR

c¢DNA was synthesized using the PrimeScript 1st strand cDNA Syn-
thesis Kit (Takara) as per the manufacturer’s instruction. Briefly, 1 ug
RNA was mixed with 0.4 pL random hexamers, 1 mM dNTP mixture, and
snap cooled (65 °C for 5 min, followed by incubation in ice for 5 min,
final volume 10 pL). Then, cDNA was synthesized with 1X prime script
buffer, 100 U of reverse transcriptase, and template RNA primer mixture
and was incubated at 30 °C for 10 min followed by 50 °C for 30 min
(final volume 20 pL total). Parallelly, a standard curve for copy numbers
vs C; value was generated by qPCR on plasmid DNA. The qPCR was
performed to determine the cDNA concentration and analyzed using a
CFX Maestro (BioRad) with SYBR Green Real-Time PCR Master Mix Plus
(HiMedia) followed by thermal melting analysis. The primers were
designed against the RdRp gene of the plasmid (Eurofins, please see
sequences in Table S3). The cDNA was diluted 1/400 fold and subjected
to qPCR to determine its concentration.
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2.6. Direct sequence-specific magnetocapture followed by in situ LAMP

0.1 pM 5'-biotinylated probe oligonucleotide (having a b sequence)
was first immobilized on the 10 pg streptavidin-coated magnetic nano-
particles by 20 min of incubation. After incubation with wash-binding
buffer (5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, pH 7.5), the bio-
tinylated probe-bound streptavidin-coated MNP was blocked with 1%
BSA for 20 min. After three times of washing with wash-binding buffer,
the probe-MNP complex was incubated (15 min, using vortex-enabled
mild shaking) with snap-cooled (65 °C 5 min followed by cooling in
ice for 5 min) 100 or 1000 copies of target plasmid carrying the RdRp
gene (containing a b* sequence) in 40 pL 50 mM NaCl solution. For
magnetocapture from hgDNA spiked sample, the plasmid was instead
present in 40 pL 50 mM NaCl solution containing 1 ng MCF-7 extracted
hgDNA and then subjected to magnetocapture as described. Similarly for
serum-spiked samples, the plasmid was instead present in 40 pL. 50 mM
NaCl solution containing 10% (v/v, for DNA capture) serum. For the
negative control (NTC), water is used instead of plasmid during the
magnetocapture. After three successive washes using magnetic decan-
tation with 200 pL wash-binding buffer, the target nucleic acid bound
MNP was resuspended in 10 pL nuclease-free water. 2 pL beads were
used for 20 pL in situ QLAMP reactions as described above.

2.7. Indirect sequence-specific magnetocapture followed by in situ LAMP

In this method, 0.1 pM 5’-biotinylated probe oligonucleotides having
b sequence were first annealed with 100 or 1000 copies of target plasmid
or RdRp RNA copies in 40 pL 50 mM NacCl solution by heating at 65 °C (2
min), followed by ice (5 min) and then 15 min benchtop incubation at
room temperature. For magnetocapture from hgDNA spiked sample, the
plasmid or RNA was instead present in 40 pL 50 mM NaCl solution
containing 1 ng MCF-7 extracted hgDNA and then subjected to magne-
tocapture as described. Similarly, for serum-spiked samples, the plasmid
or RNA was instead present in 40 pL 50 mM NacCl solution containing
10% (v/v, for DNA capture) or 5% (v/v, for RNA capture) serum (with or
without the addition of RNase inhibitor and EDTA, see Supporting In-
formation Section 8) and then subjected to magnetocapture as described
(please see below for the protocol of RNA magnetocapture from RNase
and EDTA treated serum). This step generates the plasmid (or RNA)-
probe binary complex which was then followed by 15 min incubation
(using vortex-enabled mild shaking) with 10 pg streptavidin-coated
MNP at room temperature. For the negative control (NTC), the magne-
tocapture was performed with the same solution but lacking the target
nucleic acid. After three times washes with wash-binding buffer using
magnetic decantation, the target nucleic acid bound MNP has resus-
pended in 10 pl nuclease-free water. 2 pL beads were used for 20 pL in
situ QLAMP/eLAMP as described above.

2.8. Method of magnetocapture of 100 and 1000 copies of in vitro
transcribed RNA from 5% serum spiked solution

6.6% fetal bovine serum (Gibco), 1.0 pL of RNase inhibitor, 25 mM
EDTA (final) are incubated together at 37 °C for 1 h to a final volume of
30 pL. 100 and 1000 copies of RNA in an aqueous solution (final volume
10 pL) were heated up to 65 °C for 2 min followed by the immediate
addition of preincubated EDTA-serum mixture (above) and 0.1 pM (final
concentration) of 5'-biotinylated probe oligonucleotides (sequence b) to
a final volume of 40 pL and then cooled in ice. The rest of the magne-
tocapture procedure was identical to as described for indirect magne-
tocapture in the main manuscript.

2.9. Method of electrochemical measurement
The samples were tested electrochemically using commercially

purchased screen-printed electrodes (SPE) with carbon, carbon, and
silver as working, counter, and quasi-reference electrodes, respectively.
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The electroanalytical study was performed via square-wave voltamme-
try (SWV) using Metrohm Autolab PGSTAT302 N potentiostat/galva-
nostat (with NOVA software for data analysis). The voltage was swept
from a range of 0 to —1 V (scan rate 50 mV/s) for 5 consecutive cycles
and the current was recorded simultaneously. The current intensity of
the redox mediator would be measured at a potential (V) position of
—0.32 V (before baseline correction, please see below). All the electro-
analytical data presented were averaged over 4 cycles, excluding the
first cycle since an intense current was observed in the first cycle due to
the electrode’s electric double layer (EDL) charging. Prior to data
analysis, a baseline correction was done by drawing a straight line
connecting the two extremes of the SWV curve using the NOVA soft-
ware. The software then created a precise baseline for data analysis. The
“absolute peak current” corresponded to the magnitude of the peak
current irrespective of the sign after baseline correction. The absolute
peak current is therefore the modulus of the obtained current peak value
after baseline correction. The percent signal change (S(I)) was calculated
using this formula,

I -1
5(1):¥

0

*100 %

Where I and I; were the absolute peak current signals generated from
samples corresponding to the NTC and target-containing samples,
respectively.

3. Results and discussion

3.1. Use of plasmid construct containing SARS-CoV-2 RdRp gene and
selection of LAMP primers

As per NIH Guideline for SARS-CoV-2 research, in vitro expression of
partial viral RNA or protein from plasmid construct, or bacteria carrying
such constructs would result in non-infectious products, permitting the
experiments to be conducted under BSL-2 containment [30,31].
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Accordingly, a plasmid expressing the SARS-CoV-2 RNA-dependent RNA
polymerase (RdRp) gene and its in vitro transcribed RNA were utilized.
Three published LAMP primer sets (see Supporting Information Section
2) against the RdRp gene were investigated in differentiating 10° copies
of the plasmid from no template control (NTC) in a quantitative
real-time LAMP (qLAMP) assay [29]. Among these, set 2 displayed the
highest AC; (C; refers to cycle threshold) and was selected [29] (Fig. S1A
and B). The qLAMP study performed on the serially diluted plasmid DNA
template with primer set 2 detected the analytical sensitivity at 10
copies/reaction (Fig. S1C). The C; values in the QqLAMP reaction matched
that of the original paper [29].

3.2. Probe design, sequence-specificity, and methodology of
magnetocapture of SARS-CoV-2 RdRp plasmid followed by detection using
qLAMP

Next, the utility of direct and indirect sequence-specific magneto-
capture assay utilizing a biotinylated probe sequence for detecting RdRp
plasmid DNA from 40 pL aqueous solution was investigated (Scheme 1).
From 5’ to 3, the probe contained a 5'-biotinylation site followed by a
10 nt polyA linker and the 28 nt target binding “b” region, respectively.
The sequence alignment of the “reverse complement” of the target
binding region of the probe showed full complementarity with SARS-
CoV-2 strains isolate WIV04 (accession number MN996528.1) [32],
Delta variant or B.1.617.2 (accession number OK091006.1) [33], and
Omicron variant or B.1.1.529 (accession number OM570283.1) [34]
(Fig. S2A - C). At the same time, 22 nt and 9 nt complementarity (out of
28 nt target binding region) were found against SARS-CoV-1 (accession
number NC_004718) and the Middle East respiratory syndrome (MERS,
accession number KT225476) coronaviruses, respectively (Fig. S2D and
E) [35,36]. Next, we investigated the selectivity of probe-target
annealed complex formation for SARS-CoV-2 and SARS-CoV-1 using
NUPACK online software package (Table S3) [37]. When the target
concentration was in the clinically relevant 1 pM or 1 fM range, the
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efficiency of probe-target complex formation could be unambiguously
differentiated. In fact, the probe-target complex failed to generate for
the 1 fM SARS-CoV-1 target concentration (equivalent to 24 x 10°
copies in 40 pL solution), underscoring the method’s selectivity. Due to
already low sequence complementarity, the probe-target complex for-
mation against MERS was not investigated. In addition to the target
capture probe, the specificity of the LAMP primers is further anticipated
to improve the selectivity of the proposed detection method.

For direct magnetocapture, a 5'-biotinylated probe oligonucleotide
(having the target binding b sequence) was first immobilized on the
streptavidin-coated magnetic beads. This was followed by blocking and
then annealing with target nucleic acid carrying the RdRp gene (con-
taining a b* sequence complementary to probe b, Scheme 1). In the
indirect magnetocapture, the 5'-biotinylated probe oligonucleotide was
first annealed with target nucleic acid followed by immobilization on
streptavidin-coated magnetic beads (Scheme 1). In both cases, magnetic
decantation wash (and resulting physical separation) then removed any
polymerase inhibitors or non-target nucleic acid from the magnetic
bead-bound probe-target complex. The direct and indirect magneto-
extraction on target plasmid RdRp DNA were completed with 60 and
30 min assay times, respectively.

Next, the magnetic bead carrying the target-probe complex was
subjected to in situ QLAMP to assess the capture effectiveness (Fig. 1A).
Presence of SYBR Green I in the amplification master mix enabled the
real-time monitoring of qQLAMP assay. The assay effectiveness was
investigated by detecting clinically relevant 10?-10° copies of the target
nucleic acid (RdRp plasmid DNA) [38]. For both direct and indirect
capture, the no template control (NTC) assays were carried out with a
blank sample (i.e., without target), magnetic decantation, and then
qLAMP. The NTC experiments consistently did not generate any
amplification curves by the 60th cycle (please see representative
amplification plots in the Supporting Information). However, to perform
Student’s t-test, its C; value was taken at 60. Additionally, internal target
controls comprising pure 10° copies of RdRp plasmid were included in
each assay. Overall, the assay time (including the in situ QLAMP step)
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was 2 h and 1.5 h for direct and indirect magnetocapture, respectively.
For direct magnetocapture (Fig. 1B, Fig. S3A), 102 and 10° copies of
plasmids were detected at significantly higher cycle threshold values
(Cp) compared to indirect capture (Fig. 1B, Fig. S3B and S5E). The in-
direct magneto-enrichment probably utilized the superior diffusion rate
of the smaller biotinylated probe oligonucleotide (compared to the
bulkier magnetic bead immobilized probe) in finding and annealing
with the target nucleic acid. The indirect capture method has also
demonstrated superior target binding for nucleic acid capture as well as
antigen-antibody interaction in prior studies [17,39]. Besides, it vali-
dates another independent observation that the bead-immobilized
complementary probe (similar to direct magnetocapture) took over 2
h to capture 70% target nucleic acid from the solution [40]. Addition-
ally, indirect magnetocapture does not require blocking. It was therefore
was faster, relatively inexpensive, and has reduced pipetting steps.
However, due to the absence of blocking, indirect magnetocapture
would risk non-specific carryover contamination from complex biofluids
and host nucleic acid. To investigate this, the compatibility of indirect
magnetocapture in detecting nucleic acid targets from human genomic
DNA (hgDNA)-spiked and serum-spiked aqueous solution was explored.

3.3. Comparison of direct and indirect magneto-extraction for the
detection of SARS-CoV-2 RdRp plasmid DNA from hgDNA- and serum-
spiked samples

In clinical samples, the target nucleic acid may often remain mixed
with polymerase inhibitors which might hinder downstream real-time
PCR application [41]. The presence of hgDNA may sometimes inter-
fere with the efficiency and specificity of downstream amplification.
Serum, on the other hand, is also a component of viral transport media
(VTM) and has polymerase inhibitory property due to the presence of
heme and immunoglobulin proteins [41,42]. Therefore, detecting the
target nucleic acid from samples spiked with host nucleic acid or serum
would simulate the assay performance in a real-life scenario. To inves-
tigate, 102-10° copies of the target RdRp plasmid (1-10 fg, respectively)
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Fig. 1. Comparison of indirect and direct sequence-specific magnetocapture of 100 copies (1 fg) and 1000 copies (10 fg) of SARS-CoV-2 RdRp plasmid DNA from
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in 40 pL spiked with excess hgDNA (1 ng) or 10% fetal bovine serum
(FBS) samples were subjected to direct and indirect sequence-specific
magnetic preconcentration followed by in situ QqLAMP with an SYBR
Green containing mastermix (Fig. 1A). Accordingly, NTC magneto-
capture experiments also included the same samples albeit free of RdRp
plasmid. Compared to aqueous samples (above), direct
magneto-extraction detecting 10% and 10° copies of RdRp plasmid
demonstrated similar C; values. However, indirect capture showed
slightly higher C; values compared to its aqueous counterpart (Fig. 1C
and D, Fig. S4 and S5). We plotted the change of C; value (AC;) between
direct and indirect magnetocapture for aqueous, hgDNA- and
serum-spiked samples for 10% and 10° copies to gauge their relative
efficacy (Figure S5E). It demonstrated that similar to the aqueous sam-
ple, the indirect magnetic preconcentration demonstrated better effi-
cacy (compared to direct capture) for hgDNA-spiked and serum-spiked
samples as well. The slight increase in C; value for the indirect
magneto-extraction-amplification for the hgDNA- and serum-spiked
samples (compared to aqueous solution) could be attributed to
possible carryover contamination (Figure S5F). These experiments thus
conclusively validated the superiority of indirect sequence-specific
magneto-enrichment-assisted qLAMP for detecting 10%-10° copies of
RdRp plasmid DNA (i.e., 2.5-25 copies/pL or 4.1-41 aM) from real-life
mimic samples. Although the target nucleic acid was double-stranded,
direct sequence-specific capture of double-stranded genomic DNA has
been achieved before [16,18-20]. It probably occurred through local-
ized denaturation followed by probe binding. Similar to aqueous sam-
ples, the sample-to-answer TAT for the indirect
magneto-enrichment-amplification assay was 1.5 h.

3.4. Detection of SARS-CoV-2 RdRp RNA spiked with hgDNA and serum

Due to the better efficacy of indirect sequence-specific magneto-
enrichment-assisted QLAMP, it was then utilized in detecting SARS-CoV-
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2 RdRp RNA (in vitro transcribed from plasmid). The in vitro tran-
scription, characterization, and quantification of RNA containing RdRp,
and standard curve generation for quantitative real-time reverse tran-
scription LAMP (qRT-LAMP) assay (using pure RNA) have been
described in the Supporting Information Section 6, Fig. S6 and S7. Like
RdRp plasmid DNA, the qRT-LAMP involving pure RdRp RNA could
sense 10 copies/reaction with four orders of dynamic range and similar
C; values as the plasmid (Fig. S7). Next, the detection of 100-1000
copies of RdRp RNA present in 40 pL aqueous media, hgDNA spiked
aqueous solution, or serum-spiked sample was carried out using indirect
capture of RdRp plasmid followed by one step in situ qRT-LAMP
(Scheme 1 and Fig. 2). For the magneto-enrichment of RNA from the
aqueous sample, 100-1000 copies of target RNA were detected with
marginally higher C; compared to indirect RdRp plasmid capture from
the aqueous sample (Fig. 2B, Fig. S8A and C). Similarly, for the samples
containing hgDNA, 100-1000 RNA copies were detected with slightly
higher C; compared to aqueous indirect magneto-enrichment (Fig. 2C,
Fig. S8B and D). This result suggests that proposed magneto-enrichment-
assisted in situ qRT-LAMP detection would be possible in the presence of
hgDNA, therefore bypassing the need for the TagMan probe. The higher
C; value for hgDNA spiked samples could result from lesser effectiveness
in target capture specificity due to the presence of excess (10° times
higher in weight) of hgDNA.

Next, the detection of RNA present in serum-spiked (5%, v/v) sample
was investigated. Due to the presence of 0.5-5% serum in VTM [43,44],
this experiment’s efficacy would be predictive of the performance of the
indirect magnetocapture in an actual clinical sample. Due to RNase ac-
tivity and the presence of polymerase inhibitors, the analytical sensi-
tivity of an SYBR I-based gRT-PCR and RT-LAMP without RNA
extraction was significantly lower than that involving pre-extracted
RNA [10-13]. We also initially encountered significant target RNA
degradation when attempting magneto-extraction on a 5% untreated
serum-spiked sample. Therefore, we added RNase inhibitor and EDTA to
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prevent RNA degradation in this sample as described in Supporting In-
formation sections 8 and 9. The C; values in serum spiked samples were
relatively higher (56.2 + 7.7 and 47.3 + 2.2 for 100 and 1000 copies,
respectively) compared to RNA detection from aqueous media or hgDNA
spiked sample (Fig. 2D). This was probably due to the continued
degradation of some target RNA and would cause a longer TAT (2.0 h,
Fig. 2D, Fig. S10). Despite the stated addition of RNase and EDTA, the
proposed magnet-extraction could not successfully detect RNA from a
10% serum-spiked solution, presumably due to significant RNA degra-
dation (not shown). Nevertheless, our method detected clinically rele-
vant 100 copies of SARS-CoV-2 RdRp RNA (2.5 copies/pL or 4.1 aM)
from aqueous and hgDNA-spiked samples and 1000 copies (25
copies/pL or 41 aM) from serum-spiked samples.

3.5. Detection of SARS-CoV-2 plasmid DNA and RNA using sequence-
specific indirect magneto-extraction and electrochemical LAMP

Next, the detection of RdRp plasmid DNA or RNA using the indirect
magneto-extraction integrated LAMP using electrochemical end-point
LAMP (eLAMP) or electrochemical reverse transcription end-point
LAMP (eRT-LAMP) was probed. The studies were carried out on a car-
bon (working electrode)-carbon (counter electrode)-silver (quasi refer-
ence electrode) screen-printed electrode, with methylene blue as the
redox indicator, and square wave voltammetry (SWV) as the electro-
analytical method. If demonstrated a similar analytical sensitivity as
that of real-time fluorescence, the electrochemical detection of NAATSs
would ultimately be advantageous as it facilitates nucleic acid-sensing
without bulky real-time PCR instruments. The methylene blue was uti-
lized as the redox mediator due to its proven superiority over others such
as sodium molybdate or osmium tetroxide [45]. Similarly, SWV was
applied due to its greater sensitivity thanks to minimal capacitive as well
as background currents. Positively charged methylene blue binds to the
negatively charged nucleic acid backbone using electrostatic interaction
and intercalation in a sequence-independent manner [46]. The presence
of an amplicon would sequester the available methylene blue in solu-
tion, preventing electron transfer to the electrode, thereby reducing the
current signal (Fig. 3A). Additionally, an increasingly greater amount of
template copies present in the reaction would generate a higher amount
of amplicon, trapping more methylene blue, causing a successively
lesser current transfer to the electrode and decreasing signal generation
(Figure S11A and B). Accordingly, the peak current (current signal
calculated after baseline correction, please see Materials and Methods
section 2.9) would indicate the amplification’s magnitude. The same
results could alternatively be observed through the increasing magni-
tude of the signal % change (S(I) = (Ip — I1) x 100/1p), where Iy and I;
were the peak current signals generated from samples corresponding to
the NTC and target containing samples, respectively), representing the
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relative change in the current signal compared to the NTC samples.

Accordingly, eLAMP or eRT-LAMP assay involving pure 10%-10*
copies of DNA and RNA showed a gradually decreasing peak current
signal and a progressively increasing signal % change (Fig. 3B and C,
Figure S11C and D). Considering a 5% absolute current signal change to
NTC as the threshold, the analytical sensitivity for electrochemical
LAMP on pure DNA and RNA were 10 and 100 copies, respectively
(Figure S11C and D). Next, we performed the magnetocapture of clini-
cally relevant 100 and 1000 copies of plasmid DNA and RNA from
aqueous, hgDNA spiked, and serum spiked samples [38]. A consistent
difference in peak current signal (compared to NTC) of 8-18 pA and
7-15 pA validated the compatibility of indirect magneto-extraction with
eLAMP (Fig. 4B and C). Similarly, the peak current signal % change
between NTC and 100-1000 copies of the plasmid and RNA reproduc-
ibly remained in the range of 11-26% and 11-32% respectively
(Fig. S12A and B). Despite this validation, the magneto-extraction LAMP
assays could not distinguish between magnetocaptured 100-1000
copies of nucleic acid, an aspect to be improved in future developments
(please see below for rationalization). Overall, the indirect
magneto-enrichment followed by eLAMP successfully demonstrated the
detection of clinically relevant 2.5 copies/pL (100 copies in 40 pL or 4.1
aM) of target SARS-CoV-2 nucleic acid with a sample-to-answer TAT of
2 h from hgDNA and serum-spiked samples. It also reflected a similar
performance as that of QqLAMP-mediated detection.

3.6. Comparison of LAMP using a pure nucleic acid template and indirect
magneto-extraction assisted LAMP

In this section, we have explored a comparison between qLAMP and
eLAMP using the pure template and also weighed their performance
against the indirect magneto-extraction-assisted QLAMP or eLAMP. It
may appear that the C; values for indirect magneto-extraction-assisted
LAMP are significantly higher (and even outside the range of QqLAMP
standard curves shown in Fig. S1 and Fig. S7) than qLAMP using the pure
template. However, the in situ 20 pL. qLAMP was performed using only
1/5th of the magnetic beads (2 pL) from magneto-extraction. This was
because adding more (>2 pL) beads in a 20 pL reaction inhibited the
qLAMP (data not shown). In situ amplification of the entire 10 pL bead
from the magnetocapture therefore would necessitate proportionately
increasing reaction volume to 100 pL. In that case, a substantially lower
C; value of the magneto-extraction-assisted QLAMP could be anticipated,
although this would increase the assay cost (see section 3.7 for an
estimate).

Another interesting observation was that the end-point current signal
from eLAMP (or eRT-LAMP) was non-differentiable for 100 and 1000
copies of magneto-extracted target nucleic acids. This could also be
because the eLAMP quantifies the current at the end of the LAMP
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reaction. Its measurement would therefore be proportional to the total
amount of amplicon presence in the experiment. An assessment of the
representative fluorescence amplification curves thus revealed that the
end-point fluorescence (at the 60th cycle), representing total amplicon,
was in the order of 800-1000 RFU (Fig. S3B, S5A and B, S8A and B), and
thus might rationalize this observation. These factors, either individu-
ally or in combination with a homemade mastermix, may have led to a
non-distinguishable current signal between magneto-extracted 100 and
1000 copies of target nucleic acid. Either stopping the LAMP reaction
earlier or using a different primer set with even higher specificity could
also help detect and differentiate close copy numbers of viral nucleic
acid.

3.7. Discussion, comparison with published reports, cost, and future
studies

In this work, we have circumvented the necessity of pure nucleic acid
templates, and thermal cycling in NAAT and iNAAT methods by
exploring indirect sequence-specific magneto-extracted assisted LAMP.
The proposed assay successfully demonstrated proof-of-concept detec-
tion of clinically relevant 100-1000 copies (equivalent to 2.5-25 copies/
pL) SARS-CoV-2 RdRp plasmid DNA and RNA from aqueous, hgDNA
spiked, and serum spiked VTM-simulating samples. For the studies listed
in Table S1, the limit of detection of the magneto-extraction assisted
LAMP for SARS-CoV-2 detection are 4.2 copies/reaction [22], 3.7
copies/pL [24], 25 copies [25], and 20 copies [26]. Therefore, the
performance of the proposed method has been equivalent to or superior
to other published magnetocapture-assisted extraction assays. Its
analytical performance at 2.5-25 copies/pL detectability was vastly

superior to direct RT-LAMP performed on non-extracted RNA present in
clinical samples (limit of detection 3000 copies/pL) [13]. The proposed
assay has a comparable performance when compared with RT-LAMP
performed on RNase treated, and silica-bead extracted RNA template
and qRT-PCR (both reporting limit of detection at 2.5 copies/puL) [13].

When assessed for cost benefits, the cost of the raw materials in our
method was INR 224 or $3.04 per assay (involving all commercial re-
agents, Table S4) with TAT in 2-2.5 h. In comparison, the spin-column
or magnetic bead-based RNA detection kits (inclusive of extraction and
amplification module) would cost $6-11/sample with TAT (sample-to-
answer) ranging from 4 h to 1 day [10,47]. While automated cartridges
integrate the whole sample-to-answer in a 1-1.5 h single continuous
workflow, they are also costlier (over $10 per assay) [48]. This implied
that our integrated indirect magnetocapture amplification would be
inexpensive than existing RNA extraction and qRT-PCR kits despite the
faster and limited-resource-friendly detection. With in-house prepared
magnetic beads and enzymes, the assay cost could be expected to go
down even further. Given the general nature of detection and low assay
cost, this method could also sense any target pathogen nucleic acid and
is therefore expected to see broader applications in the future. We are
currently optimizing its applicability with clinical samples, lateral flow
assay readouts, and a microfluidic set up.

4. Conclusion

This work addressed several critical issues currently concerning the
NAAT and isothermal NAAT molecular diagnosis, namely, the require-
ment of nucleic acid extraction to remove polymerase inhibitors, the use
of sequence-selective reporter probes for specificity, thermal cycling,
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and the requirement of a centralized real-time PCR machine. Here, we
have developed a comprehensive sample-to-answer workflow
comprising an indirect sequence-specific magneto-preconcentration
combined with LAMP for detecting an ultralow quantity of nucleic acid
analytes present in aqueous as well as real-life simulating hgDNA- or
serum-spiked samples. Utilizing downstream real-time SYBR-based
fluorescence and electrochemical end-point readout, the method
demonstrated proof-of-concept detection of clinically relevant concen-
tration (2.5-25 copies/pL and 4.1-41 aM) of SARS-CoV-2 RdRp gene-
bearing plasmid DNA and RNA from these samples. This work is novel
in proving the superiority of indirect magneto-preconcentration (fol-
lowed by in situ LAMP) over direct magneto-preconcentration in nucleic
acid NAAT biosensing. It would be the first to do so with LAMP as the
downstream in situ NAAT. This study is also probably the first to eval-
uate the role of hgDNA and serum-based polymerase inhibitors on
sequence-specific direct and indirect magneto-extraction and down-
stream NAAT. In addition, the developed assay would be the first to
demonstrate its effectiveness in magneto-extracting and detecting SARS-
CoV-2 nucleic acid involving electrochemical readout. The study is
general in nature and could be extended to detect non-SARS-CoV-2
pathogens. Similarly, the indirect magnetic enrichment could also be
integrated with other NAATs. Overall, our assay provided a sensitive,
low-cost, near-point-of-care, sample-to-answer, and non-instrument-
intensive method for detecting pathogen nucleic acid.
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