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Abstract

One challenge in point-of-care diagnostics is the lack of room-temperature methods for RNA detection
based on enzymatic amplification and visualization steps. Here we perform a reverse transcription ligase
chain reaction using our isothermal lesion induced DNA amplification (LIDA) technique that can be tuned
to operate at any desired temperature. Using RNA-triggered LIDA, we can detect as little as ~100
attomoles target RNA and can distinguish RNA target from total cellular RNA. Finally, we demonstrate that
the resulting DNA amplicons can be detected colorimetrically, also at room temperature, by rapid, target-
triggered disassembly of DNA-modified gold nanoparticles. This integrated amplification/detection
platform requires no heating or visualization instrumentation, which is an important step towards
realizing instrument-free POC testing.
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1. Introduction

The use of ribonucleic acid (RNA) sequences as a biomarker for the diagnosis of a range of diseases has
gained attention over the last few decades.[1, 2] For example, many infectious viruses such as HIV[3],
Ebola[4], hepatitis C[3], Zika[4, 5], Covid-19[6, 7] have RNA as their genetic material rather than DNA.
Additionally, messenger RNA (mRNA) are present in bacterial cells in larger abundance than DNA,[1] so
mMRNA can be a useful biomarker for bacterial detection.[8, 9] Moreover, as protein expression levels are
mirrored in mRNA concentration, mRNA biomarkers are also useful for detecting cell abnormalities.[10,
11] Finally, microRNA (miRNA) is a class of naturally occurring RNA of short length,[12] and the abundance
of specific sequences can be correlated with various diseases such as cancer, diabetes, heart failure and
diabetes mellitus amongst others.[2, 13-15] Thus, the development of a simple, rapid and sensitive RNA
detection platform that can be performed with minimal training and in limited resource settings is key for
early disease diagnosis, prognosis, and treatment especially in low income countries where infectious
diseases are more prevalent.[16] However, one major problem of nucleic acid based diagnostics is the low
concentration of nucleic acids biomarker in the biological sample, be it blood, urine or saliva.[12, 13, 17]
Therefore, a key step prior to detection of the biomarker is to amplify the nucleic acid.[17] Yet, methods
for the enzymatic amplification of nucleic acids without the use of a heating element are rare [18, 19],
although equipment- or instrument-free platforms are ideal for point-of-care (POC) diagnostics as

outlined by the World Health Organisation.[20, 21]



Many techniques for RNA biomarker-triggered nucleic acid amplification have been developed but
reverse transcription polymerase chain reaction (RT-PCR) remains the gold standard.[3-5] It is a two-step
process that relies on transcribing the RNA into a complementary DNA (cDNA) using the reverse
transcriptase enzyme followed by that cDNA undergoing exponential enzymatic amplification by a PCR
reaction. RT-PCR has shown great sensitivity, but it requires multiple steps, two enzymes, highly trained
personnel and a thermocycler, which makes it time consuming and expensive.[5, 14, 22, 23] Once more
this method is not well suited to the detection of short sequences such as that of miRNA, which are
typically 19 — 23 bases long, so complex primers have to be designed to accommodate the short target.[14,
22,24, 25] As such efforts have been made to develop ways to lengthen the RNA or cDNA prior to the PCR
step adding another layer of complexity and cost to the assay.[12, 25-27] To simplify the instrumentation
requirements, much research has focused on developing isothermal amplification techniques like RT-loop
mediated isothermal amplification (LAMP)[25, 28] and rolling circle amplification (RCA)[29] for POC
diagnostics.

One challenge of isothermal methods like RT-LAMP and RCA commonly used in POC applications, is
that they often require more than one enzyme and higher temperatures, the latter necessitating the use
of heating instrumentation.[28-30] For example, RT-LAMP, like RT-PCR, utilizes reverse transcriptase in
the first step to transcribe RNA into cDNA,[28] while for RCA an RNA-templated DNA ligation is performed
with ligase to generate a circular template.[29, 30] Next the cDNA is liberated from the RNA by digestion
or nicking enzymes followed by amplification by polymerase.[11, 28] These sequential steps to form the
cDNA and then amplify it often lead to the use of multiple temperatures even when isothermal
amplification methods are employed[31]. To overcome these problems and present a complementary
approach to RT-polymerase based methods, we describe a simple, instrument-free method for detecting
RNA that is completely performed at room temperature, uses only one enzyme (a ligase) and colorimetric

detection. Although examples exist for sensitive RNA detection that require no heating element,[32] the
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detection step often requires significant instrumentation, unlike our method that requires only eppendorf
tubes and reagents to proceed.

Previously we reported the development of lesion-induced DNA amplification (LIDA), which was
capable of rapid, exponential amplification of different 18 nucleotide DNA target sequences by
incorporating a destabilizing abasic lesion into one of the target-complementary primers, or probes, in a
ligase chain reaction.[33-35] With this approach, as little as 140 fM (2.1 attomoles) of target DNA was
detected following a two-step serial amplification procedure.[35] In more recent work, it was revealed
that adding a second destabilizing lesion consisting of a mismatch or another abasic group allowed the
replication temperature to be tuned from 18 — 30 °C for a particular target sequence. Using the optimal
probe sequences, target DNA was amplified on the benchtop without any heating source or
equipment.[33] Regarding the visualization step, our group has also developed a rapid, room-temperature
method for detecting single-stranded DNA using DNA-modified gold nanoparticle aggregate
disassembly.[36] Herein we combine these two approaches and add an additional step to facilitate both
amplification and detection triggered by a RNA target sequence. This RNA-triggered LIDA uses only one
enzyme and proceeds entirely at 28 °C. Using this modified LIDA followed by cDNA-initiated nanoparticle
disassembly, we can distinguish 105 amol target RNA in the presence of cellular RNA within three hours
by colorimetric detection.

2. Experimental
2.1. Reagents and materials

Urea (cat. # 9912), tetramethylethylenediamine (TEMED), ammonium persulphate (cat. # AMP 001),
tris base (cat. # BP1521), sodium dodecyl sulfate (SDS), and sodium azide were purchased from Fisher.
Gold (1) chloride trihydrate, sodium chloride, sodium citrate tribasic dihydrate and dithiothreitol were
bought from Sigma Aldrich. For polyacrylamide gel synthesis, the 40% acrylamide/bis solution 19:1 (cat. #

161-0144) was purchased from Bio-Rad. Nuclease free water (NFW) was purchased from Integrated DNA
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Technologies was used for all experiments. All RNA oligonucleotides were bought from Integrated DNA
Technologies (IDT, lowa, USA) and all DNA oligonucleotides were synthesized using phosphoramidites and
reagents from Glen Research (Sterling, VA). The enzyme, T4 DNA ligase was bought from New England
Biolabs while the human lungs total RNA (#AM7968) and E. coli total RNA (#AM7940) was bought from
Fisher Scientific.

2.2. Synthesis and characterization of DNA

All the DNA was synthesized following manufacturer’s instruction using an Applied Biosystems Model
392 DNA/RNA Synthesizer. Some of the DNA strands had special modifications such as fluorescein, 5’-
phosphate, 5’ or 3’ thiol and the abasic lesion. Fluorescein-dT phosphoramidite and 3’ Thiol Modifier C3
S-S CPG (Glen Research, Sterling, VA) were used to incorporate the fluorescein and the 3’ thiol,
respectively, while Chemical Phosphorylating Reagent Il and Thiol Modifier C6 (Glen Research, Sterling,
VA) were used to add the 5’-phosphate group and the thiol group on the 5 end of the DNA
oligonucleotide, respectively. Furthermore, the abasic group was incorporated using a dSpacer CE
phosphoramidite (Glen Research, Sterling, VA).

All synthesized DNA was purified with the DMT-On protocol using Glen-Pak cartridges according to the
manufacturer’s instruction. The strands were characterized by MALDI-TOF under a linear negative mode
using a Voyager Elite time of flight-mass spectrometer (Applied Biosystems, Foster City, CA) following our
previous work.[35] Purity was assessed by visualizing the oligonucleotides with StainsAll reagent after it
has been run on a 15% polyacrylamide denaturing gel using the ImageQuant RT ECL Imager from GE
Healthcare Life Science (with the fluorescein filter). DNA and RNA strand concentrations were determined
from the absorbance at 260 nm using OligoCalc (http://biotools.nubic. northwestern.edu/OligoCalc.html)
to determine the extinction coefficients of each strand.

2.3. Preparation of DNA-modified AuNPs



DNA functionalized gold nanoparticles were prepared according to our previous work with some

modifications. [36] Specifically, for each batch of DNA-modified gold nanoparticles, the thiolated DNA
probe strand (15 nmol) after deprotection by DTT following the manufacturer’s protocol was immediately
added to a citrate-capped gold nanoparticle suspension (1 mL of the synthesized gold nanoparticles). This
mixture was then salted up to 0.2-0.3 M NaCl following our previous work[36] while maintaining a
constant concentration of 10 mM phosphate buffer (0.01 wt% SDS, 0.05 wt% NaNs, pH 7).
Each DNA-modified AuNP (150 fmol) and linker DNA (6 pmol) were combined and topped up to 10 uL with
0.2 M NaCl in the above mentioned 10 mM phosphate buffer and allowed to aggregate overnight. Newly
synthesized DNA and AuNP aggregates were aliquoted and lyophilized. For the low target concentration
assay, a reduced DNA-AuNP was prepared: 50 fmol DNA-modified AuNP and 2 pmol linker DNA was used.
2.4. RNA transcription LIDA protocol

For all of the RNA target-triggered experiments except for the target-variation experiments, the
following procedure was used. Single-stranded RNA (105 fmol), probe DNA-IIb (41 pmol) and DNA-lla (41
pmol), 2000 CEU T4 DNA ligase, 50 mM TRIS-HCI, 10 mM MgCl,and 10 uM ATP were combined in a 600-
pL microtube (total volume of 7.5 pL. The reaction was allowed to react at 28 °C for 15 minutes unless
otherwise stated. The non-templated reaction, which is the control (C) was performed similarly without
the target (NFW was used instead of RNA solution). Following 15 min wait time, 7.5 pL of a master mix
comprising of DNA-Ib (41pmol), dDNA (20.5 pmol), F-DNA-la (20.5 pmol), ATP (3 pL, 100 mM) and T4 DNA
ligase buffer (3 L, from New England Biolabs). The reaction tubes were placed again in the thermal
incubator at 28 °C unless otherwise noted. Aliquots of the bulk reaction were then collected at several
time points. Reaction was stopped in each aliquot with 2 pL of a 0.5 M EDTA/sucrose/ bromophenol blue
mixture. After all the data points were collected, the samples were run through 15% denaturing PAGE.

For target variation experiments a lower concentration of probes was used as this has been shown to

increase our ability to discriminate from the background-triggered process.[35] Specifically, various RNA
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concentrations in the first step were 14 nM (105 fmol), 1.4 nM (10.5 fmol), 140 pM (1.05 fmol) and 14 pM
(105 amol) while the fluorescent probe F-DNA-Ia final concentration after both steps was 0.35 uM (5.38
pmol per 15uL) and all other probes had a final concentration of 0.7 uM (10.3 pmol per 15 pL) unless
otherwise stated. Also, a longer wait time of 1 hour was employed for the RNA templated ligation.
3. Results and Discussion
3.1. Design of isothermal RNA-triggered LIDA

To achieve rapid isothermal RNA detection using LIDA, the RNA is first transcribed into a cDNA using a
ligation strategy rather than a reverse transcriptase (as compared to RT-PCR or RT-LAMP). In the second
step, the cDNA is amplified in a cross catalytic fashion using lesion-induced turnover in a ligase chain
reaction as shown in Figure 1. Specifically, in step A, the target RNA hybridizes with two complementary
DNA primers, or probes, (DNA-Ila and DNA-IIb) to form an RNA-cDNA nicked duplex, which is then ligated
by T4 DNA ligase, the same enzyme used for DNA amplification by LIDA (Figure 1). This RNA-cDNA product
duplex must be denatured, which can be achieved using various strategies like applying heat,[37] using a
nuclease enzyme (example DSN or RNase H)[38-40] or by toehold-mediated strand displacement[29].
Since the goal was to have a simple, cost effective and isothermal assay, the latter option was selected.
Displacement DNA (dDNA) was designed to hybridize with the RNA target sequence, including an
overhang region (i.e. toehold) that stemmed from the use of DNA primers in the first step that were
shorter than the RNA target (Figure 1). As the resulting RNA-dDNA duplex was designed to be more stable
than the RNA-cDNA duplex, displacement should be spontaneous. Once liberated, the cDNA sequence
can hybridize to two complementary probes (Figure 1, cycle B): one that contains an abasic site (oval) and
the other a mismatch (square) as well as a fluorescent label (star). After templated ligation of these
probes, the newly formed destabilizing template DNA (referred to as F-DNA as it contains a fluorescent
label) spontaneously dissociates from the cDNA due to the presence of the destabilizing groups. A second

reaction (Figure 1, cycle C) then uses this destabilizing strand to template the ligation of two other probes

7



(the same probes in step A). The result is a copy of the cDNA (Figure 1, cycle C). This cross-catalytic

replication of cDNA and F-DNA continues until all the probes are consumed.
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Figure 1. Schematic of reverse transcription lesion-induced DNA amplification (RT-LIDA). First the RNA
target is transcribed into a ¢cDNA strand, which is then amplified isothermally by LIDA after strand
displacement by dDNA. Black probes: DNA-lla and DNA-lIb; Blue destabilizing probes: DNA-la and DNA-
Ib; Oval: abasic lesion; Square: A:C mismatch; Star: fluorescein label.
3.2. Optimization of RNA transcription-lesion induced DNA amplification
3.2.1. Influence of ATP concentration in the RNA-templated synthesis of cDNA

Landegren and co-worker reported that RNA-templated ligation using T4 DNA ligase works best at low
ATP concentration (~ 10 uM).[41] In contrast, our normal LIDA reaction is performed at an ATP

concentration of 1 mM. Thus, to optimize the concentration of ATP, the RNA-templated ligation step
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(Figure 1, step A) was investigated separately for different ATP concentrations: 10 uM, 100 uM and 1 mM.
For proof of concept, a 27-base long synthetic RNA sequence mimicking a miRNA (1.4 uM) was incubated
with 2.8 uM of DNA-Ila and 1.4 uM of fluorescently labelled DNA-IIb at varying ATP concentrations and
28 °C. As expected, > 90% ligation was observed within 90 minutes using 10 uM ATP based on
polyacrylamide gel electrophoresis (PAGE) as compared to 100 uM and 1 mM ATP, which gave only 46 %
and 23 % ligation, respectively (Figure S1A). The time course of the ligation reaction with 10 pM ATP based
on PAGE analysis is shown in Figure S1B. These results confirmed that a lower concentration of ATP was
required for RNA-templated DNA ligation as compared with the DNA-templated reaction to avoid
premature AMP reloading of the enzyme owing to the slower ligation rate in the presence of an RNA
template.[41]
3.2.2. Tuning the temperature of cDNA-initiated LIDA

To have an isothermal assay, both the RNA-templated ligation and LIDA of cDNA should work at the
same temperature, ideally room temperature. However, the cross catalysis of this cDNA sequence by LIDA
worked best at 37 °C when only one destabilizing group was incorporated into the probe sequence (Figure
S2A, supporting information). As mentioned, our previous work showed that the replication temperature
in LIDA can be tuned by the introduction of a mismatch to the system, which is less destabilizing than an
abasic group.[33] Thus, a T base was switched into a C base in one of the probes (DNA-la), which resulted
in an A:C mismatch (square, Figure 1). This combination of destabilizing elements allowed us to lower the

temperature from 37 °C to 28 °C (Figure S2B).
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Figure 2. A) Kinetics of cross-catalytic formation of F-DNA at 28 °C initiated by cDNA formed from the
templated ligation of 105 fmol (purple, green, red, blue traces) or 0 fmol (black trace) RNA target. The
legend refers to the reaction time of step one in RT-LIDA, the RNA-templated ligation step. Probe
concentrations: 1.4 UM F-DNA-la; 2.8 uM DNA-Ib; 2.8 uM DNA-lla; 2.8 uM DNA-Ilb; 1.4 uM dDNA. B)
Difference in point of inflection between the kinetic traces of LIDA with no initial RNA target and various
initial RNA target concentrations (APOI). Probe concentrations: 0.35 uM F-DNA-la; 0.7 uM DNA-lb; 0.7 uM
DNA-lla; 0.7 uM DNA-IlIb; 1.4 puM.
3.2.3. Combining RNA transcription and LIDA

Next, the RNA-templated ligation step was merged with LIDA of cDNA using strand displacement to
link both steps and maintain a constant temperature. First, RNA-templated DNA ligation was initiated by
105 fmol (14 nM) target RNA in the presence of two probes (DNA-lla and DNA-IIb), T4 DNA ligase, and 10
UM ATP. We also explored the background triggered process that leads to spontaneous LIDA in the
absence of any target[35] by combining the two probes, enzyme and ATP and allowing them to incubate
for 15 minutes (Figure 2A, 0 fmol RNA). After various wait times for the reaction mixtures containing target
RNA as well as the negative control, more ATP was added to make up a concentration of ~1 mM ATP along

with the two destabilizing probes (F-DNA-la and DNA-Ib) and the dDNA to liberate the cDNA from the
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RNA:cDNA duplex. The time trace of the resulting cross-catalytic formation of F-DNA (the complement of
c¢DNA) by LIDA was followed by PAGE (Figure 2A). With 105 fmol RNA target and various wait times for
the first step, LIDA proceeded faster than in the absence of RNA target (Figure 2A, 105 fmol vs 0 fmol).
This suggested that the cDNA had successfully been generated, displaced from the RNA:cDNA product
duplex, and engaged in the cross catalytic reaction. Moreover, 60 min, 30 min and 15 min wait times for
the first step of RNA-templated formation of cDNA did not exhibit significant differences in the LIDA
kinetic profiles, so 15 min was taken as our optimized wait time for the first step of the reaction. As a
control experiment, we performed the two-step process under the same conditions but the strand
displacement DNA (dDNA) was not added at the beginning of the second step, and only background-
triggered LIDA was observed, indicating that no liberation of ¢cDNA occurred in the absence of dDNA
(Figure S3).
3.2. Sensitivity of the assay

With these optimized conditions, reverse transcription LIDA was performed with different initial
concentrations of RNA (Figure S4), albeit at lower probe concentrations, which has been shown to slow
down the background reaction compared with the templated process.[35] To determine the sensitivity of
our assay, we determined the point-of-inflection (POI) from a sigmoidal fit to each kinetic trace. We then
took the difference between the POI for the kinetic trace with RNA target and that from the reaction
containing no RNA target (i.e., the background-triggered process) (Figure 2B). The APOI versus the
logarithm of initial RNA concentration (—log C) gave a linear trend with a line-of-best fit of APOI = 7.310.3
- 0.65+0.03(—log C), (r’-value = 0.99). From the line of best fit, we calculated a —log C value of 11.2+0.7 for
APOI of 0 (the x-intercept), which corresponds to the concentration when the templated reaction cannot
be distinguished from the background-triggered process. The red arrow Figure 2B marks the upper limit
of this value (—log C of 10.5), which is equal to a concentration of 32 pM (240 amol) and is a conservative

estimate of the limit of detection using PAGE and RT-LIDA. We note, however, that we could discriminate
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as low as 14 pM (105 amol) initial RNA target and the background-triggered process based on a
discernable APOI (Figure 2B).

These results suggest reverse transcription lesion-induced DNA amplification has a similar sensitivity
to our DNA-based assay indicating that transcribing the RNA into cDNA did not impact the overall cross
catalysis reaction.[35] This similarity also implies that a serial ligation amplification procedure could be
used to detect as low as 2 amol of initial RNA as shown in our previous work.[35] However, this procedure
does add time to the assay. As our current sensitivity is suitable for microRNA target concentrations
relevant to disease states (vide infra), [42] we did not optimize it any further.

3.3. Selectivity of the assay

To assess the selectivity of the assay, we compared RNA-triggered LIDA using three different RNA
sequences including the complementary target RNA (matched), a one-base mismatched RNA and a
random RNA sequence of the same length. Figure 3A exhibits the concentration of F-DNA formed at 60
min, 75 min and 90 min initiated by these different RNA sequences. As expected, there was a significant
difference in F-DNA formed between the matched RNA strand (Figure 3A, red trace) compared to the
mismatched (Figure 3A, blue trace) and random (Figure 3A, green trace) target. Moreover, the results
from the mismatched and random strand were within error to that of the experiment that had no RNA
target (Figure 3A, black trace) for all of the three time points. This suggested that only background (blunt-
end) ligation leading to the background-triggered LIDA as opposed to RNA-templated ligation in the
presence of the non-target RNA strands. Additionally, a ligation reaction in which matched RNA,
mismatched and random RNA were combined in one tube was conducted (Figure S5). An F-DNA amount
similar to that from the matched RNA was observed, indicating the presence of random strands at these

concentrations did not affect our assay.
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Figure 3. Specificity of reverse transcription LIDA. A) Formation of F-DNA initiated by various targets
represented in red, blue and green after 60 min, 75 min and 90 min time point of the LIDA reaction. B)
Formation of F-DNA initiated by 105 fmol matched RNA (solid trace) and 0 mol matched RNA (faint trace)
in the presence of 0.27 pg/uL human lungs total RNA (red traces) or E. coli total RNA (blue traces) at
various time points.
3.4. Detection of RNA target spiked in total RNA samples

Biological fluids such as blood, saliva and urine are typically used for detection of diseases. [12, 13,
17] The cells in those samples are purified and lysed to collect cellular extract that contains the target
RNA as well as all of the cellular RNA. Therefore, to determine the capability of our assay in detecting
target RNA in the presence of realistic amounts of other RNA sequences, we conducted RT-LIDA in the
presence of human lungs total RNA (HLTR) and E. coli total RNA (EcCTR) to mimic the complexity of
biological samples. Specifically, 105 fmol of matched target RNA was spiked into both the HLTR and EcTR
(4 pg/15 pL). As seen in Figure 3B, at this target concentration, the reaction was not hindered by the
presence of total RNA for either sample. Also, both the RNA target-initiated (solid red and blue bar) and
the background-triggered (faint red and blue bars) reaction were the same within error despite the total

RNA being from two completely different cell types. As mentioned previously, to increase the sensitivity
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of LIDA by further suppressing the background-triggered process allowing us to detect lower initial target
concentrations, we typically lower the probe concentration. However, we observed that when we
performed RT-LIDA at these lower probe concentrations with sample spiked in a pool of random RNA,
LIDA was slowed down significantly (Figure S6A). Therefore, we decided to use a higher concentration of
probes to identify the limit of detection in spiked samples (Figure S6B). Based on these conditions we
could detect as low as 14 pM target RNA in 4 ug/15 pL of cellular RNA. This corresponds to the detection
of 105 amol in 4 ug total RNA, which falls into the range of sensitivity required for real samples.[42-45]
For example, Zhang reported that the amount of miR-21 in 8 cancerous tissue samples from patients
having cervical cancer was ~0.95 — 1.58 fmol/ug.[42]
3.5. RT-LIDA followed by colorimetric detection at room temperature

Finally, to achieve instrument-free room-temperature colorimetric amplification and detection, we
combined our colorimetric method previously reported by our group with RT-LIDA. This method is based
on the rapid target-triggered disassembly of aggregated DNA-modified gold nanoparticles (AuNP),leading
to a striking color change from blue precipitate to red solution.[36] Our previous work revealed that
incorporating five single-stranded polyA regions at the 3’- and 5’- termini of the linker DNA that held the
AuNP together via hybridization allowed for rapid target-triggered disassembly by toehold mediated
strand displacement over a range of temperatures that encompass room temperature including 28 °C.
Consequently, probes were prepared that resulted in cDNA with 5 polyTs appended to the 3’ and 5’ ends,
which would initiate toehold-mediated strand displacement (Figure 4A). Using these new probes, LIDA
was performed with the optimized conditions on a sun-exposed lab bench. The temperature at that
location recorded throughout the assay was 27-30 °C. After specific time points, 3 plL of the amplification
sample was aliquoted from tube (+) which was initiated by 105 fmol RNA target and tube (-) which was
initiated by 0 mol RNA target into another set of microtubes containing aggregated DNA modified gold

nanoparticles. These aggregates had been stored as lyophilized samples for approximately ten days on
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the bench top and were then rehydrated using 10 uL of water immediately prior to use. As shown in Figure
4A, after 60 minutes of the LIDA step the aliquot from the sample containing RNA target led to
disaggregation and rapid color change to red. On the other hand, the aliquot from the negative control
led to no color change until the LIDA step had proceeded 75 min, which was consistent with the amount
of time required for the background reaction to trigger amplification of cDNA. Interestingly, we observed
that the addition of just the probes that comprised the cDNA could trigger aggregate disassembly (data
not shown). Fortunately, this probe-triggered process did not occur when both sets of probes were
present presumably because of competition between the probes, which are complementary to one

another, and the linker DNA sequence.
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Figure 4. Room temperature colorimetric detection of cDNA amplicons using toe-hold mediated DNA-

modified gold nanoparticle disassembly. A) Scheme representing toehold mediated target disassembly of

15



AuNP triggered by the presence of cDNA. B) Image of DNA-AUNP aggregates after the addition of 3 pL
aliquots of the RT-LIDA reaction performed at room temperature initiated by 105 fmol RNA (tube (+)) or
0 mol RNA (tube (-)) added at various time points. The picture was taken 15 min after adding the aliquot
of the LIDA step to the aggregates. C) Images of reduced DNA-AuNP aggregates (% the amount shown in
B) after 7.5 pL aliquots of the RT-LIDA mixture initiated with various RNA target amounts were added after
2.5 hours amplification time. The picture was taken 15 min after adding the aliquot of the LIDA step to
the aggregates. RT-LIDA in step C was performed in a thermal incubator at 28 °C.

Additionally, this colorimetric approach could successfully detect the cDNA amplificons in the presence
of mismatched and random RNA sequences under conditions similar to those shown in Figure 3 (Figure
S5). However, to achieve more sensitive detection, we reduced the amount of aggregates used in our
visualization step. Under these conditions, 3 pmol of cDNA led to a clear color change while 2 pmol did
not (Figure S11A). Using these smaller aggregate samples, we could successfully detect 105 amol (14 pM)
of target RNA after 2.5 hours of amplification in the presence of cellular RNA (Figure 4C), thereby achieving
the same sensitivity as our point-of-inflection analysis using PAGE to monitor the reaction profiles. Having
a colorimetric read-out, however, is far superior for POC applications and only requires 15 minutes to
perform.

3.6. Conclusion

In summary, this work demonstrated that RNA can be amplified and detected isothermally without
instrumentation by combining a reverse transcription step with our lesion induced DNA amplification
system. Adding an RNA strand displacement step and a mismatch to LIDA allowed us to lower the assay
temperature to 28 °C and perform it on the bench in our lab. Furthermore, incorporating target-triggered
disaggregation of gold nanoparticles resulted in colorimetric visualization of the target without requiring
any heating element. A detection range of 14 pM to 14 nM with a limit of detection of 32 pM (240 amol)

was achieved based on an analysis of the point-of-inflection of kinetic amplification traces. However, we
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were visually able to discriminate 14 pM (105 amol) of target RNA based on the colorimetric read-out.
Our assay is simple, instrument-free and utilizes a small number of reagents and simple reaction vessels
(eppendorf tubes). Moreover, this process is ideal for the detection of short strands of RNA like miRNA
(18- 23 bases) providing an advantage to other techniques like RT-PCR where amplifying short sequences
compromises the sensitivity and the specificity of the assay. Future work will address incorporating
instrument-free methods for sample preparation including RNA isolation from biological samples.
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