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Improved visual detection of DNA amplification
using pyridylazophenol metal sensing dyes
Yinhua Zhang1, Eric A. Hunt 1, Esta Tamanaha1, Ivan R. Corrêa Jr. 1 & Nathan A. Tanner 1✉

Detection of nucleic acid amplification has typically required sophisticated laboratory

instrumentation, but as the amplification techniques have moved away from the lab, com-

plementary detection techniques have been implemented to facilitate point-of-care, field, and

even at-home applications. Simple visual detection approaches have been widely used for

isothermal amplification methods, but have generally displayed weak color changes or been

highly sensitive to sample and atmospheric effects. Here we describe the use of pyr-

idylazophenol dyes and binding to manganese ion to produce a strong visible color that

changes in response to nucleic acid amplification. This detection approach is easily quanti-

tated with absorbance, rapidly and clearly visible by eye, robust to sample effects, and

notably compatible with both isothermal and PCR amplification. Nucleic acid amplification

and molecular diagnostic methods are being used in an increasing number of novel appli-

cations and settings, and the ability to reliably and sensitively detect them without the need

for additional instrumentation will enable even more access to these powerful techniques.
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Nucleic acid amplification is a standard laboratory practice
with varied approaches and applications from molecular
biology to clinical diagnostics. Regardless of method or

use, the amplification reaction must be detected in an accessible
manner. Analysis of the product by gel electrophoresis has long
been the gold standard technique, as it provides information
about product size, yield and specificity. However, electrophoresis
is laborious, not suited to use outside a laboratory, only semi-
quantitative, and introduces a risk of laboratory space and
equipment contamination during sample transfer. Numerous
fluorescence detection methods amicable to high-throughput
analysis were developed along with the introduction of real-time
quantitative PCR (qPCR)1, primarily double-stranded DNA
(dsDNA) binding dyes (e.g., SYBR Green) and sequence-specific
fluorogenic probes such as TaqMan hydrolysis probes. More
recently the use of isothermal amplification techniques such as
loop-mediated isothermal amplification (LAMP)2 has attracted
significant attention due to lower instrumentation demands
compared to the thermocycling requirement of PCR. Many
LAMP detection strategies utilize the same fluorescence principles
as PCR including dsDNA binding dyes (e.g., SYTO-9) and probe-
based detection methods (e.g., DARQ3, QUASR4, and molecular
beacons5,6). Other isothermal amplification methods, such as
SDA7,8, RPA9, NASBA/TMA10 require probe-based detection
because they are prone to non-specific amplification. Detection of
fluorescence in any of these approaches requires relatively
sophisticated instrumentation, similar to real-time qPCR
machines, increasing the cost and complexity of an otherwise
simplified isothermal amplification scheme.

An additional benefit of LAMP is the ability to utilize visual
detection methods based on a change in color or turbidity of the
reaction. Amplification by LAMP generates 5- to 10-fold more
DNA product than a typical PCR, and that large DNA yield, or
the byproducts of its synthesis, can be exploited to simplify the
reaction detection. For example, the DNA-sensing dye malachite
green produces a slight visual color change from dark blue to light
blue upon positive LAMP reactions11,12. An example byproduct is
the accumulated inorganic pyrophosphate (PPi), which is gen-
erated from every nucleotide addition during DNA synthesis and
may reach a concentration high enough to form a precipitate with
Mg2+, leading to a turbid appearance in the reaction13. In
practice, turbidity may be difficult to discern by the naked eye and
is more reliably measured using appropriate instrumentation. PPi
precipitation with Mg2+ also leads to a drop in soluble Mg2+

concentration that can be sensed by metal binding colorimetric
dyes, such as hydroxynaphthol blue (HNB)14 and eriochrome
black T (EBT)15,16, or the metal sensing dyes, such as calcein17,
whose detection can be enhanced with UV irradiation.

The clearest visual detection of LAMP to date has come from
the use of pH sensitive dyes, whose high color contrast enables
discrimination of positive from negative reactions18. In this
approach, LAMP is performed in a weakly buffered solution and
the acidification of the reaction during DNA polymerization
drives the color change of the pH sensitive dye. This method is
particularly suitable for point-of-care settings and has been used
in the detection of human pathogens19,20, field surveillance of
mosquitos21 and plant viral infections22–24. During the ongoing
COVID-19 pandemic, pH-based LAMP detection has been
applied to the detection of SARS-CoV-2 in numerous clinical
diagnostics25–33, resulting in the first ever molecular test
approved for at-home use34.

However, colorimetric detection based on pH change has some
inherent constraints. pH-based detection is limited to samples
without significant pH variation and precludes the use of stabilizing
buffering solutions25,35. In addition, this approach is difficult to
adapt for monitoring PCR and other amplification methods18.

Toward the goal of achieving high-contrast but pH-independent
visual detection, we screened a range of metal-sensing dyes for
their ability to provide robust color change upon DNA amplifica-
tion in fully buffered reactions. We describe here two related
dyes, 2-(5-Bromo-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)
amino]phenol (5-Bromo-PAPS) and 2-(5-Nitro-2-pyridylazo)-5-
[N-n-propyl-N-(3-sulfopropyl)amino]phenol (5-Nitro-PAPS) that
meet the necessary criteria and enable improved colorimetric
LAMP. These PAPS dyes have been previously used for colori-
metric detection of various metal ions36–38 and of the amino acid
homocysteine39 with high sensitivity. We found that in the presence
of Mn2+ they displayed a remarkable color shift in response to
DNA amplification, producing a high color contrast between
positive and no template control (NTC) reactions, and could be
easily deployed in quantitative absorbance measurements. Impor-
tantly, this colorimetric detection system worked robustly in both
LAMP and PCR amplification. We believe this improved colori-
metric detection system could be further expanded to other DNA
amplification workflows and facilitate the development of simplified
molecular diagnostic tests.

Results and discussion
We screened for new visual reporters for LAMP amplification in
fully buffered (20 mM Tris) reactions with metal binding dyes in
combination with various metal ions. We observed that two
pyridylazo dyes, 5-Bromo-PAPS and 5-Nitro-PAPS, displayed a
variety of bright colors when complexed with certain metal ions
(Supplementary Fig. 1). We found that of those, Cu2+, Zn2+,
Fe2+, and Ni2+ changed 5-Bromo-PAPS and 5-Nitro-PAPS dyes
to various bright colors in the initial LAMP buffer conditions,
whereas Ca2+, Cr2+, and Re3+ did not. However, all these
complexometric metal ion-dye colors remained unchanged after
LAMP amplification. Mn2+ changed the color of 5-Bromo-PAPS
from yellow to bright red when added to the reaction mixture.
Strikingly, at the end of LAMP amplification, positive reactions
reverted to the same yellow color as observed without Mn2+,
while NTC reactions remained an unchanged red (Fig. 1a and
Supplementary Fig. 1). Similarly, 5-Nitro-PAPS changed color
from yellow to dark red after adding Mn2+ and then back to
yellow upon successful LAMP amplification (Fig. 1b and Sup-
plementary Fig. 1). A related pyridylazo dye 4-(2-pyridylazo)
resorcinol (PAR) also changed color in response to LAMP
amplification in the presence of Mn2+, but the color contrast was
much less pronounced: brownish yellow to yellow upon adding
Mn2+ and then back to brownish yellow after amplification
(Fig. 1c). Two other dyes, HNB and EBT, which have been used
as indicators for LAMP amplification based on Mg2+ sensing,
had their coloring almost completely quenched by addition of
Mn2+ (Fig. 1d, e). We also screened various other dyes that
resulted in no significant change of color upon LAMP amplifi-
cation, with or without Mn2+ or other metal ions and thus
focused on the PAPS dyes (Fig. 2a) for additional study.

We hypothesized that the pyridylazo dye complexes with Mn2+

to give a red color, but the Mn2+ is displaced by the PPi produced
during the LAMP reaction, which forms an insoluble manganese(II)
pyrophosphate, thereby restoring the dye’s original yellow color
(Fig. 2c). To demonstrate this principle, we tested the roles of key
components in the proposed mechanism. First, we confirmed the
importance of PPi, not the inorganic monophosphate (Pi), by
adding inorganic pyrophosphatase (PPase), which converts the PPi
generated by DNA polymerization to Pi. Consistent with the fact
that Pi does not strongly sequester divalent metals, the addition of
inorganic pyrophosphatase abrogated the red-to-yellow color
change due to LAMP (Fig. 2b). Similarly, adding high concentra-
tions of ethylenediaminetetraacetic acid (EDTA) resulted in red-to-
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yellow color change immediately, independent of amplification,
suggesting that EDTA chelates the Mn2+ more strongly than PAPS.

Next, we examined optimal concentration ranges of 5-Bromo-
PAPS and 5-Nitro-PAPS dyes and Mn2+ for colorimetric detec-
tion (shown for 5-Bromo-PAPS in Fig. 3). Concentrations of each
dye from 50 to 100 μM (Fig. 3a) and of Mn2+ from 50 to 150 μM
were tested. As measured by real-time fluorescence, at these
concentrations, PAPS dyes did not cause any suppression of the
LAMP reaction, whereas Mn2+ caused only slight inhibition at
150 μM (Fig. 3c). All combinations provided a high-contrast
visual difference between positive and NTC reactions and reliable
visual detection of LAMP amplification. For subsequent studies
we chose 75 μM PAPS dye with 100 μM Mn2+ (Fig. 3b) for
optimal visual contrast.

To better understand and quantitate the visual color change, we
analyzed the absorbance spectrum shift of PAPS dyes in completed
LAMP reactions (Fig. 4a, b). In the NTC reactions, which retained

the same red color as that of before LAMP, both PAPS dyes showed
two absorbance peaks at 450 and around 550 nm. In positive
reactions, the absorbance at 450 nm significantly increased while the
absorption around 550 nm decreased considerably. These shifts of
absorbance peaks could be used to quantitatively determine positive
reactions in objective automated measurement systems such as a
spectrophotometer or plate reader. Two approaches are shown in
Fig. 4: using the relative absorbance difference between 450 and
550 nm (Fig. 4c) or the ratio between these peaks (Fig. 4d). Both
methods provided easily distinguishable readouts of positive and
negative reactions. In addition to end point analysis, the absorbance
of these two peaks could be measured in real time and applied to
determine amplification results, similarly to what was shown for the
pH-based colorimetric method used in the high-throughput Color
Health COVID-19 colorimetric LAMP assay27. For simple appli-
cations using smartphone cameras or basic image analysis, the
processes and tools developed for colorimetric LAMP such as the

Fig. 1 Screening metal sensing dyes as a visual reporter for LAMP amplification. For each dye, the color of triplicate LAMP reactions is shown for before
(left column) and after (middle column) the LAMP reaction with either lambda DNA (1 ng) or without (NTC). LAMP amplification was confirmed by real-
time curves (right column; 1 cycle= 15”). The difference in visible dye color reduces the real time fluorescence emitted by the dsDNA binding dye, and thus
the Y-axis for the real time curves is different due to automatic scaling by the software. Each dye was tested either without Mn2+ or with two
concentrations of Mn2+ (100 and 800 µM). The labels for these three conditions are color-coded the same as their corresponding real-time curves. The
best visual detection condition for each dye is highlighted in a dotted rectangle. a 75 μM 5-Bromo-PAPS. b 75 μM 5-Nitro-PAPS. c 200 μM PAR. d 80 μM
HNB. e 100 μM EBT. In reactions with 800 µM Mn2+, the amplification was significantly impaired, as shown in the real-time column of a–c. In addition,
such limited amplification combined with the high concentration of Mn2+ could not produce a color change after 40min incubation time (middle column in
a, b) likely due to insufficient production of PPi.
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LAMP Plate Reader app (https://apps.apple.com/us/app/lamp-plate-
reader/id1529271060) and hue/saturation analysis40,41 can be used
for any of the colorimetric dyes and are suitable for PAPS.

We compared the speed of visual color change relative to the
dsDNA accumulation during LAMP amplification with two
commercial LAMP mixes (Supplementary Fig. 2). The color
change was also measured with a spectrometer and the difference
between 450 and 550 nm was plotted. The results indicated that
the visual color change is concurrent with the dsDNA accumu-
lation, with visual and absorbance measurement appearing
immediately following fluorescence signal from dsDNA inter-
calating dye, and color change visible by ~20 min incubation.

As a demonstration of PAPS-based detection, we applied it for
detecting synthetic SARS-CoV-2 RNA by RT-LAMP. We per-
formed 24 reactions with input of approximately 10 copies of
viral RNA per reaction, which is below the limit of detection of a
commercially available kit based on a pH-dependent dye (~50
copies, SARS-CoV-2 Rapid Colorimetric LAMP Assay Kit, NEB
#E201942,43), in order to observe both positive and negative
reactions (Fig. 5). Out of these 24 reactions, 12 showed color
change as positive LAMP reaction after 40 min incubation
(Fig. 5a, b). These were also determined to be positive by real-
time fluorescence detection. The other 12 reactions showed no
color change and matched the 8 NTC reactions which had no
amplification as confirmed by real-time detection. By plotting the
relative absorption change at 450 and 550 nm (Fig. 5c) or the
ratio between them (Fig. 5d), values for positive reactions con-
sistently showed a large difference from those of negative and
NTC reactions, providing an unambiguous identification criter-
ion for virus-specific amplification. We also investigated whether
PAPS and Mn2+ or both together could affect RT-LAMP
detection sensitivity (Table 1). We performed tests with N2 or
E1 primer sets for SARS-CoV-2 using either a single set or both
sets, with or without the pH-based colorimetric LAMP stimulator
guanidine hydrochloride (Gu HCl)42. The detection was scored
using real time monitoring with double-strand DNA binding dye.
Each condition was tested with 24 replicates of ~10 copies of
SARS-CoV-2 RNA. Comparing the number of positives across
the different conditions, 75 μM PAPS dye and 100 μM Mn2+,
added individually or in combination, had no significant impact
on the detection sensitivity. Moreover, not only was Gu HCl
compatible with the reaction conditions, but also slightly
increased the detection sensitivity in the case with E1 primer or
E1 primer as described previously42. In the case with N2+ E1
dual primer set, addition of Mn and PAPS both resulted in
increased detection frequency compared to the control condition,
potentially indicating improved efficiency, but at least indicating
no deleterious effect from their inclusion in the RT-LAMP
reactions.

To demonstrate the advantages of the PAPS colorimetric
reporter system over pH-based detection, we tested both and

Fig. 2 Mechanism of color change by PAPS dye in LAMP amplification.
a Structures of 5-Bromo-PAPS and 5-Nitro-PAPS. b Effects of degrading
pyrophosphate by pyrophosphatase (PPase) or chelation of Mn2+ by
EDTA. c Proposed mechanism of color transitions by PAPS dyes during
LAMP amplification.
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compared their tolerance of various buffer carryover (Supple-
mentary Fig. 3). First, we tested the effect of 0–7 μL (0–28% v/v)
of a typical nucleic acid purification column elution buffer
(Qiagen EB, 10 mM Tris pH 8.5) in 25 μL LAMP reactions. No
interference in color change or inhibition of the LAMP reaction
with the PAPS reporter system was observed under these con-
ditions. However, with pH-based colorimetric detection, positive
and negative reactions displayed much less contrast even with
3–4 μL of the elution buffer. Similarly, 0–7 μL of viral transport
medium (VTM) was tolerated by PAPS-based colorimetric
detection, whereas clear visual contrast was only achieved up to
4 μL of VTM with the pH-based system. These results demon-
strate that PAPS-based detection permits the use of higher
volumes of buffering agents, and thus overcomes a critical lim-
itation associated with pH-based colorimetric LAMP35. With the
PAPS-based mechanism, reactions could be affected by any
sample containing significant concentrations of manganese ions
or EDTA, so these factors should be considered in developing
assays with field and direct sample applications. As an example,
we investigated the effect by EDTA and found that, in the pre-
sence of 100 μM 5-Bromo-PAPS, only high concentrations of
EDTA ( > 75 μM) started to affect the color change (Supple-
mentary Fig. 4). However, increasing the Mn2+ concentration
could rescue the color change without sacrificing the LAMP
reaction speed.

After realizing successful colorimetric detection of LAMP, we
next tested PAPS dyes as visual reporters in PCR. Given the
thermal cycling conditions and significantly reduced DNA yield
relative to LAMP, previous attempts at colorimetric PCR have
been unsuccessful (or at best very restricted) using pH-based
dyes18. We tested various concentrations of 5-Bromo-PAPS and
Mn2+ and found that each at 50 μM produced the best visual
contrast in the PCR mixes. This is slightly different from the best
conditions for LAMP, likely due to the significant differences in
Mg2+, dNTP, and DNA yield in the different reactions. We
amplified 0.5–5.0 kb long fragments from lambda DNA in the
presence of 5-Bromo-PAPS and Mn2+ with three commercial
PCR master mixes (Fig. 6a). Before PCR cycling, all reactions
displayed a red color as it was seen in the LAMP mix. After the
completion of PCR (36 cycles), reactions containing a template
DNA changed color from red to yellow, while NTC reactions
remained red. Samples with color change matched exactly with
those of successful standard PCR amplification, as determined by
agarose electrophoresis (Fig. 6b). We did observe some minor
initial color and color change variation among the three PCR
mixes, likely reflecting differences in their composition, but also
suggesting this system is generally compatible with commercial
PCR mixes. The use of pH-dependent colorimetric dyes in PCR
required overlay of mineral oil atop 50 μL PCR volumes and long
(>1.0 kb) amplicons18, but none of those restrictions is necessary
for PAPS-based detection. In fact, standard PCR conditions and

amplicons as small as 0.5 kb all resulted in obvious color change
using PAPS dyes as reporters.

To estimate the robustness and sensitivity of PAPS-based
colorimetric PCR detection, we amplified DNA fragments from E.
coli and human genomes for 32–44 cycles and compared the color
change with the yield of specific product bands by electrophoresis
(Fig. 6c). For a 1.0 kb E. coli fragment using 1 ng of input genomic
DNA template (~200,000 copies), the reaction color changed to
yellow in less than 32 PCR cycles. For a human fragment of the
same size using 10 ng of genomic DNA (~2900 copies), it
required about 40 cycles to change color. When the human
fragment size increased to 2 kb, the cycle numbers required for
the color change reduced to 32–36 cycles. These results indicated
that the color change depended on the amount of DNA produced,
corroborating the product yields visualized by gel electrophoresis.
We further quantified the relationship between visual color
change and DNA yield. We performed colorimetric PCR reac-
tions with a range of cycle numbers amplifying low (human
genomic DNA, ~2900 copies) and high (lambda DNA,
~1.91 × 107 copies) copy number templates, including for each
0.5, 1.0, and 2.0 kb amplicons. The reactions were checked for
visual color change, measured for both absorbance and DNA
yield. The absorbance change (A450-A550) indeed correlated
with DNA yield, and could be detected at least 4 cycles before the
visible color change (Supplementary Figs. 5 and 6). As expected, a
high template copy number for the lambda amplicons required
fewer PCR cycles to accumulate similar amount of DNA and
change color than that of low copy number human templates.
The DNA yield at a point when color change starting to be
perceivable by the naked eye were very similar across all ampli-
cons of both lambda and human (Fig. 6d and Supplementary
Fig. 7) in the range of 40–65 ng/μl.

As an example of a workflow improvement enabled by col-
orimetric PCR, we next sought to replace electrophoresis in a
colony PCR experiment. Colony PCR is routinely used to identify
colonies carrying a correct plasmid DNA assembly, directly from
a small amount of E. coli cells. It typically requires manual gel
electrophoresis to confirm the product presence and size. We
chose cloned plasmids transformed in E. coli and analyzed the
PCR performance using PAPS. First, as is commonly done for a
novel PCR assay, we determined the best annealing temperature
for each primer pair using purified plasmid DNA in the presence
of 5-Bromo-PAPS and Mn2+ (Fig. 7a). Then we compared the
results to those using standard agarose gel electrophoresis.
We found that the optimal conditions and PCR yields were much
the same between the two methods. This indicates PAPS can also
be applied to streamline the PCR optimization and avoid the need
for a gel. We then performed PCR with cells from eight E. coli
colonies, four each from two different plasmids. The selected
primer pairs were either unique for the first 4 colonies (Fig. 7b),
unique for the second 4 colonies (Fig. 7c), or common for both

Table 1 Sensitivity of RT-LAMP in the presence of Mn2+ and/or Bromo-PAPS.

Condition Primer and Gu HCl Mn2+ Mn2+

5-Bromo-PAPS 5-Bromo-PAPS

1 N2 6/24 5/24 (0.731) 4/24 (0.477) 7/24 (0.745)
2 N2 (+Gu HCl) 10/24 8/24 (0.551) 9/24 (0.768) 9/24 (0.768)
3 E1 7/24 6/24 (0.745) 7/24 (1.00) 5/24 (0.505)
4 E1 (+Gu HCl) 12/24 12/24 (1.00) 13/24 (0.773) 12/24 (1.00)
5 N2+ E1 (+Gu HCl) 14/24 21/24 (0.023) 19/24 (0.119) 21/24 (0.023)

The effect of 100 μMMn2+ and 75 μM 5-Bromo-PAPS on the sensitivity of RT-LAMP was tested using primer sets N2 and E1 alone or together without or with Gu HCl in a total of 5 conditions. Each test
had 24 reactions with approximate 10 copies of synthetic SARS-CoV2 RNA and fractions of positives are shown. All positive reactions were determined by real time monitoring using dsDNA binding dye.
Two proportion Z-test (two-tailed) was performed between test conditions (Mn2+ and/or PAPS dye) and basal reactions and the probability that they are the same from the basal condition are shown in
parenthesis. Reactions containing both 5-Bromo-PAPS and Mn2+ were also scored based on color change and the results were identical to that by real-time monitoring.
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(Fig. 7d). The resulting PCR reactions changed color only when
there was a correct target plasmid and matched perfectly with the
specific bands detected by agarose electrophoresis.

Conclusions
We have utilized pyridylazophenol dyes for simple visual detec-
tion of amplification reactions. While multiple methods for this
goal have been described, all of them, including our own previous
work, have significant limitations in color contrast, buffer and
media tolerance, or compatibility with PCR and other amplifi-
cation methods. As shown here, the use of PAPS dyes and
manganese ion overcomes these barriers and provides a strong
visual readout of amplification in both isothermal and PCR
applications, providing a more robust approach to universal
colorimetric assay readout.

Methods
All chemicals were purchased from Sigma-Aldrich, unless otherwise noted: 5-
Bromo-PAPS (Sigma-Aldrich #93832), 5-Nitro-PAPS (Dojindo Molecular Tech-
nologies, #N031), 4-(2-pyridylazo)resorcinol (#178268), hydroxynaphthol blue
(Acros Organics, #204880050), Eriochrome® Black T (#858390), MnCl2 (#221279),
CaCl2 (#223506), CuCl2 (#C3279), ZnCl2 (#746355), FeSO4 (#215422), NiCl2
(#N6136), ReCl3 (#309184), CrCl2 (#450782).

All molecular reagents were from New England Biolabs (NEB), unless otherwise
noted. For screening metal sensing dyes and metal ions, 25 μL LAMP reactions
were performed in triplicate using WarmStart® LAMP Kit (DNA & RNA)
(#E1700) or LAMP Kit with UDG (#E1708) with a lambda DNA primer set18 with
1 ng lambda DNA (#N3011) or water no-template controls. LAMP reactions
contained 20 mM Tris at pH 8.8 and standard concentrations of 1.4 mM each
dNTPs and 8 mM MgSO4. Double-strand DNA binding dye (#B1700S) was
included for confirmation of amplification with real-time fluorescence. Dyes and
metal ions were diluted to 25x concentration and then mixed into LAMP reactions
to 1x concentration before incubation. The reactions including all components
were incubated at 65 °C on a Bio-Rad CFX96 real-time PCR instrument with the
fluorescence acquired at 15 second intervals (108 cycles, ~40 min). Before and after
incubation, the color of each reaction was recorded by scanning with an office

scanner (Epson Perfection Photo Scanner V600). The absorbance of each reaction
was measured on a SpectraMax M5. Thermostable Inorganic Pyrophosphatase
(#M2926) was added (1 Unit) to 25 μL LAMP reactions in the test of pyropho-
sphate requirement. For comparing tolerance of carryover solutions, the elution
buffer (10 mM Tris, pH 8.5) from a QIAquick PCR Purification Kit (Qiagen,
#28104) and a viral transport medium (Universal Viral Transport BD, #220531)
were used. The pH-based colorimetric LAMP reactions were performed with
WarmStart® Colorimetric LAMP 2X Master Mix (DNA & RNA) (M1800) fol-
lowing the product recommendations. For RT-LAMP, the SARS-CoV-2 E1 and N2
primer sets from our previous study42 were used along with synthetic SARS-CoV-2
RNA from Twist Bioscience (Twist Synthetic SARS-CoV-2 RNA Control 2,
#102024) diluted to ~10 copies/μL in the presence of 10 ng/μL Jurkat total RNA.

Colorimetric detection of PCR amplification was performed in 25 μL reactions
by including 50 μM PAPS dye and 50 μM Mn2+ into reactions with either Long-
Amp® Taq 2× Master Mix (#M0287) or OneTaq® 2X Master Mix with Standard
Buffer (#M0482). The same concentrations of PAPS dye and Mn2+ were added to
Q5® High-Fidelity 2× Master Mix (#M0492) and supplemented with Tween 20 to a
final concentration 0.1%. The primer pairs for amplifying lambda DNA fragments
had the same forward primer (5′-CCTGCTCTGCCGCTTCACGC) with different
reverse primers to create different product lengths (0.5 kb, 5′-TCCGGATAAAAA
CGTCGATGACATTTGC; 1.0 kb, 5′-GATGACGCATCCTCACGATAATATCCG
G; 2.0 kb, 5′-CCATGATTCAGTGTGCCCGTCTGG and 5.0 kb; 5′-CGAACGTCG
CGCAGAGAAACAGG). PCR conditions for producing these Lambda fragments
using either LongAmp or OneTaq were: 94 °C 30”; 35 cycles of 94 °C 15”, 55 °C 30”
and 65 °C 2’; 65 °C 10’. Conditions for Q5 were: 98 °C 30”; 35 cycles of 98 °C 10”,
70 °C 30” and 72 °C 2’; 72 °C 5’. For amplifying 1–2 kb fragments from E. coli and
0.5–2 kb human genomic DNA, reactions were performing using LongAmp® Hot
Start Taq 2X Master Mix (M0533) with 50 μM Bromo-PAPS, either 25 or 50 μM
Mn2+, and either 1 ng E. coli DNA (~200,000 copies) or 10 ng Jurkat cell DNA
(~2,900 copies). Cycling conditions were: 94 °C 30”; 16–44 cycles of 94 °C 15”,
57 °C 30”, and 65 °C 100”. A final 65 °C 10’ step was only used for the 44× cycle
condition. The primer sequences were: 1 kb E. coli fragment (Forward: 5′-CCTGG
ATCCAGATGCAGTAATACCGC, Reverse: 5′-TCCGAGGATGGTATTCGTCAT
G); 0.5 kb human fragment (Forward: 5′-GGGGCACCTTCTCCAACTCATACT,
Reverse: 5′-CGAGCTACCACGCAGACATCAACC); 1 kb human fragment (For-
ward: 5′ GGGGCACCTTCTCCAACTCATACT, Reverse: 5′-CCTCATTTGGGGA
GGGGTTATCT); 2 kb human fragment (Forward: 5′-GAAGAGCCAAGGACA
GGTAC, Reverse: 5′-CCTCCAAATCAAGCCTCTAC). DNA yield for PCR reac-
tion was determined using Quant-iT™ PicoGreen™ dsDNA Assay Kits (Thermo-
Fisher, P7589).
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Fig. 6 PAPS colorimetric detection of PCR amplification. The reaction color after completion of PCR cycling in triplicates (LongAmp and OneTaq) or
duplicate (Q5) is shown for amplifying 0.5–5.0 kb lambda DNA fragments or the corresponding NTC, in the presence of 50 μM Bromo-PAPS and 50 μM
Mn2+. a Reaction colors among reactions with and without DNA template after PCR with LongAmp Taq, OneTaq, and Q5 master mixes. b Agarose gel
electrophoresis of PCR products generated by Q5 2× master mix. c Number of PCR cycles required for color change when amplifying DNA fragments from
E. coli and human genomes. d DNA yield at the point of visual color change (A450−A550= 0.1) for lambda (blue circle) and human (gray triangle)
amplicons with average (N= 3) value label.
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For colony PCR, a small portion of an E. coli colony was transferred using a
pipette tip to 15 μL water. In all, 1 μL of the bacterial suspension was used for each
PCR reaction with LongAmp. The cycling conditions for the 1.2 and 1.7 kb frag-
ments were: 94 °C 30”; 35 cycles of 94 °C 15”, 60 °C 30”, and 65 °C 90”; 65 °C 10’.
Similar conditions were used for amplifying the 6.1 kb and 5.3 kb fragments, except
that the extension time at 65 °C was adjusted to 5 min. Also, 5 μL of each PCR
product was analyzed by electrophoresis on 1% agarose gel along with a Quick-
Load® 1 kb DNA Ladder (#N0468).

Statistics and reproducibility. All data were collected with at least N= 3 repli-
cates, and where appropriate average values are reported above. For assessing
LAMP performance below the LOD of the SARS-CoV-2 assay, N= 24 was used
and all reactions shown.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in the published article and
its Supplementary Data.

Received: 25 May 2022; Accepted: 9 September 2022;

References
1. Bustin, S. A. A-Z of Quantitative PCR (International University Line, 2004).
2. Notomi, T. et al. Loop-mediated isothermal amplification of DNA. Nucleic

Acids Res. 28, E63 (2000).
3. Tanner, N. A., Zhang, Y. & Evans, T. C. Jr Simultaneous multiple target

detection in real-time loop-mediated isothermal amplification. Biotechniques
53, 81–89 (2012).

4. Ball, C. S. et al. Quenching of unincorporated amplification signal reporters in
reverse-transcription loop-mediated isothermal amplification enabling bright,
single-step, closed-tube, and multiplexed detection of RNA viruses. Anal.
Chem. 88, 3562–3568 (2016).

5. Liu, W. et al. Establishment of an accurate and fast detection method using
molecular beacons in loop-mediated isothermal amplification assay. Sci. Rep.
7, 40125 (2017).

6. Bakthavathsalam, P., Longatte, G., Jensen, S. O., Manefield, M. & Gooding, J. J.
Locked nucleic acid molecular beacon for multiplex detection of loop
mediated isothermal amplification. Sens. Actuators B Chem. 268, 255–263
(2018).

7. Little, M. C. et al. Strand displacement amplification and homogeneous real-
time detection incorporated in a second-generation DNA probe system,
BDProbeTecET. Clin. Chem. 45, 777–784 (1999).

8. Nadeau, J. G. et al. Real-time, sequence-specific detection of nucleic acids
during strand displacement amplification. Anal. Biochem. 276, 177–187
(1999).

9. Piepenburg, O., Williams, C. H., Stemple, D. L. & Armes, N. A. DNA
detection using recombination proteins. PLoS Biol. 4, e204 (2006).

10. Deiman, B., van Aarle, P. & Sillekens, P. Characteristics and applications of
nucleic acid sequence-based amplification (NASBA). Mol. Biotechnol. 20,
163–179 (2002).

11. Jothikumar, P., Narayanan, J. & Hill, V. R. Visual endpoint detection of
Escherichia coli O157:H7 using isothermal Genome Exponential Amplification
Reaction (GEAR) assay and malachite green. J. Microbiol. Methods 98,
122–127 (2014).

12. Nzelu, C. O. et al. Development of a loop-mediated isothermal amplification
method for rapid mass-screening of sand flies for Leishmania infection. Acta
Trop. 132, 1–6 (2014).

13. Mori, Y., Nagamine, K., Tomita, N. & Notomi, T. Detection of loop-mediated
isothermal amplification reaction by turbidity derived from magnesium
pyrophosphate formation. Biochem. Biophys. Res. Commun. 289, 150–154
(2001).

14. Goto, M., Honda, E., Ogura, A., Nomoto, A. & Hanaki, K. Colorimetric
detection of loop-mediated isothermal amplification reaction by using
hydroxy naphthol blue. Biotechniques 46, 167–172 (2009).

Fig. 7 Application of colorimetric PCR for identification of E. coli colonies. PCR reactions shown with color on the top and the corresponding lanes in the
agarose gel image. Four colonies for plasmid I (1–4) and four for plasmid II (5–8) are shown to amplify with primers specific for one or both plasmids.
a Optimization of annealing temperature (°C) for amplifying an 1172 bp fragment from plasmid I with purified plasmid DNA. The annealing temperature is
shown above reaction tubes. b PCR with bacterial cells using primers recognizing plasmid I. c PCR with bacterial cells using primers recognizing plasmid II.
d PCR with bacterial cells using primers recognizing both plasmids but generating different fragment sizes.

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03973-x

8 COMMUNICATIONS BIOLOGY |           (2022) 5:999 | https://doi.org/10.1038/s42003-022-03973-x | www.nature.com/commsbio

www.nature.com/commsbio


15. Wang, D. G. Visual detection of mycobacterium tuberculosis complex with
loop-mediated isothermal amplification and eriochrome black T. Appl. Mech.
Mater. 618, 264–267 (2014).

16. Nguyen, H. Q., Nguyen, V. D., Van Nguyen, H. & Seo, T. S. Quantification of
colorimetric isothermal amplification on the smartphone and its open-source
app for point-of-care pathogen detection. Sci. Rep. 10, 15123 (2020).

17. Tomita, N., Mori, Y., Kanda, H. & Notomi, T. Loop-mediated isothermal
amplification (LAMP) of gene sequences and simple visual detection of
products. Nat. Protoc. 3, 877–882 (2008).

18. Tanner, N. A., Zhang, Y. & Evans, T. C. Jr Visual detection of isothermal
nucleic acid amplification using pH-sensitive dyes. Biotechniques 58, 59–68
(2015).

19. Calvert, A. E., Biggerstaff, B. J., Tanner, N. A., Lauterbach, M. & Lanciotti, R.
S. Rapid colorimetric detection of Zika virus from serum and urine specimens
by reverse transcription loop-mediated isothermal amplification (RT-LAMP).
PLoS ONE 12, e0185340 (2017).

20. Vo, D. T. & Story, M. D. Facile and direct detection of human papillomavirus
(HPV) DNA in cells using loop-mediated isothermal amplification (LAMP).
Mol. Cell Probes 59, 101760 (2021).

21. Goncalves, D. D. S. et al. Detecting wMel Wolbachia in field-collected Aedes
aegypti mosquitoes using loop-mediated isothermal amplification (LAMP).
Parasit. Vectors 12, 404 (2019).

22. Romero Romero, J. L., Carver, G. D., Arce Johnson, P., Perry, K. L. &
Thompson, J. R. A rapid, sensitive and inexpensive method for detection of
grapevine red blotch virus without tissue extraction using loop-mediated
isothermal amplification. Arch. Virol. 164, 1453–1457 (2019).

23. Choudhary, P. et al. A rapid colorimetric LAMP assay for detection of
Rhizoctonia solani AG-1 IA causing sheath blight of rice. Sci. Rep. 10, 22022
(2020).

24. Rafiq, A. et al. Development of a LAMP assay using a portable device for the
real-time detection of cotton leaf curl disease in field conditions. Biol. Methods
Protoc. 6, bpab010 (2021).

25. Anahtar, M. N. et al. Clinical Assessment and validation of a rapid and
sensitive SARS-CoV-2 test using reverse transcription loop-mediated
isothermal amplification without the need for RNA extraction. Open Forum
Infect. Dis. https://doi.org/10.1093/ofid/ofaa631 (2020).

26. Dao Thi, V. L. et al. A colorimetric RT-LAMP assay and LAMP-sequencing
for detecting SARS-CoV-2 RNA in clinical samples. Sci. Transl. Med. 12,
eabc7075 (2020).

27. FDA. Emergency use authorization (EUA) summary for the color SARS-
COV-2 RT-LAMP diagnostic assay. https://www.fda.gov/media/138249/
download (2020).

28. Lamb, L. E., Bartolone, S. N., Ward, E. & Chancellor, M. B. Rapid detection of
novel coronavirus/Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) by reverse transcription-loop-mediated isothermal amplification.
PLoS ONE 15, e0234682 (2020).

29. Rabe, B. A. & Cepko, C. SARS-CoV-2 detection using isothermal
amplification and a rapid, inexpensive protocol for sample inactivation and
purification. Proc. Natl Acad. Sci. USA 117, 24450–24458 (2020).

30. Zhang, Y. et al. Rapid molecular detection of SARS-CoV-2 (COVID-19) virus
RNA using colorimetric LAMP. https://www.medrxiv.org/content/10.1101/
2020.02.26.20028373v1.full.pdf+html (2020).

31. Amaral, C. et al. A molecular test based on RT-LAMP for rapid, sensitive and
inexpensive colorimetric detection of SARS-CoV-2 in clinical samples. Sci.
Rep. 11, 16430 (2021).

32. Baba, M. M. et al. Diagnostic performance of a colorimetric RT -LAMP for the
identification of SARS-CoV-2: a multicenter prospective clinical evaluation in
sub-Saharan Africa. EClinicalMedicine 40, 101101 (2021).

33. Lalli, M. A. et al. Rapid and extraction-free detection of SARS-CoV-2 from
saliva by colorimetric reverse-transcription loop-mediated isothermal
amplification. Clin. Chem. 67, 415–424 (2021).

34. FDA. Lucira COVID-19 all-in-one test kit. https://www.fda.gov/media/
143810/download (2020).

35. Uribe-Alvarez, C., Lam, Q., Baldwin, D. A. & Chernoff, J. Low saliva pH can
yield false positives results in simple RT-LAMP-based SARS-CoV-2 diagnostic
tests. PLoS ONE 16, e0250202 (2021).

36. Horiguchi, D., Saito, M., Noda, K. & Kina, K. Y. Water soluble
pyridylazoaminophenols and pyridylazoaminobenzoic acids as highly

sensitive photometric reagents for zinc, uranium, cobalt and nickel. Anal. Sci.
1, 461–465 (1985).

37. Inoue, K., Aikawa, S., Sakamaki, M. & Fukushima, Y. Colorimetric Co2+
sensor based on an anionic pyridylazo dye and a cationic polyelectrolyte in
aqueous solution. Polym. Int. 67, 1589–1594 (2018).

38. Fukushima, Y. & Aikawa, S. Colorimetric detection of Mn(ii) based on a
mixture of an anionic pyridylazo dye and a cationic polyelectrolyte in aqueous
solution. Coloration Technol. 136, 450–456 (2020).

39. Fukushima, Y. & Aikawa, S. Colorimetric detection of homocysteine by a
pyridylazo dye-based Cu2+ complex via indicator displacement mechanism.
Anal. Biochem. 621, 114185 (2021).

40. Layne, T. et al. Optimization of novel loop-mediated isothermal amplification
with colorimetric image analysis for forensic body fluid identification. J.
Forensic Sci. 66, 1033–1041 (2021).

41. Woolf, M. S., Dignan, L. M., Scott, A. T. & Landers, J. P. Digital
postprocessing and image segmentation for objective analysis of colorimetric
reactions. Nat. Protoc. 16, 218–238 (2021).

42. Zhang, Y. et al. Enhancing colorimetric loop-mediated isothermal
amplification speed and sensitivity with guanidine chloride. Biotechniques 69,
178–185 (2020).

43. Li, Z. et al. Development and implementation of a simple and rapid
extraction-free saliva SARS-CoV-2 RT-LAMP workflow for workplace
surveillance. PLoS ONE 17, e0268692 (2022).

Author contributions
Y.Z., E.A.H., E.T., I.R.C., and N.A.T. conceptualized the study and edited the manuscript.
Y.Z., E.A.H., and E.T. conducted experiments and collected data. Y.Z., I.R.C., and N.A.T.
wrote the manuscript.

Competing interests
The authors declare the following competing interests: all are employees of New England
Biolabs, manufacturer of enzymes and reagents described in the text. Authors are named
inventors on patent applications related to the work described herein.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-022-03973-x.

Correspondence and requests for materials should be addressed to Nathan A. Tanner.

Peer review information Communications Biology thanks Marya Lieberman and the
other anonymous reviewer(s) for their contribution to the peer review of this work.
Primary handling editor: Gene Chong. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03973-x ARTICLE

COMMUNICATIONS BIOLOGY |           (2022) 5:999 | https://doi.org/10.1038/s42003-022-03973-x | www.nature.com/commsbio 9

https://doi.org/10.1093/ofid/ofaa631
https://www.fda.gov/media/138249/download
https://www.fda.gov/media/138249/download
https://www.medrxiv.org/content/10.1101/2020.02.26.20028373v1.full.pdf+html
https://www.medrxiv.org/content/10.1101/2020.02.26.20028373v1.full.pdf+html
https://www.fda.gov/media/143810/download
https://www.fda.gov/media/143810/download
https://doi.org/10.1038/s42003-022-03973-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Improved visual detection of DNA amplification using pyridylazophenol metal sensing dyes
	Results and discussion
	Conclusions
	Methods
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	References
	Author contributions
	Competing interests
	Additional information




