
Rapid (30-second), equipment-free purification
of nucleic acids using easy-to-make dipsticks
Michael G. Mason ✉ and José R. Botella ✉

The complexity of current nucleic acid isolation methods limits their use outside of the modern laboratory environment.
Here, we describe a fast and affordable method to purify nucleic acids from animal, plant, viral and microbial samples
using a cellulose-based dipstick. Nucleic acids can be purified by dipping in-house-made dipsticks into just three solutions:
the extract (to bind the nucleic acids), a wash buffer (to remove impurities) and the amplification reaction (to elute the
nucleic acids). The speed and simplicity of this method make it ideally suited for molecular applications, both within and
outside the laboratory, including limited-resource settings such as remote field sites and teaching institutions. Detailed
instructions for how to easily manufacture large numbers of dipsticks in house are provided. Using the instructions,
readers can create more than 200 dipsticks in <30 min and perform dipstick-based nucleic acid purifications in 30 s.

Introduction

Development of the protocol
Worldwide, human, animal and plant diseases inflict a large toll on society in terms of human health,
loss of food production and substantial financial costs1–3. The current COVID-19 pandemic4

underscores how the high volume of international travel and trade in today’s society can result in the
rapid spread of diseases around the world. Accurate and sensitive diagnostics that help to identify the
location of the disease and determine the effectiveness of the control measures are critical to disease
management. Thus, the development of diagnostic tools and technologies that can make disease
testing cheaper, easier and more accessible will help support disease management and reduce the toll
of disease on society.

In 2017, we reported a new diagnostic tool that enables the purification of both DNA and RNA
from humans, animals, plants, microbes or viruses within 30 s without any pipetting or electronic
equipment5. We have taken advantage of the nucleic acid binding and release kinetics of cellulose
matrices to create a dipstick that can rapidly bind nucleic acids from complex biological samples (e.g.,
crude extracts), retain them during a simple washing step and release them directly into the DNA
amplification reaction. The dipsticks consist of a small (8–16 mm2) nucleic acid binding surface and a
40–50-mm long wax-impregnated water repellent handle to facilitate the procedure (Fig. 1). The
dipstick format enables nucleic acid capture, purification and release to be performed in <30 s by
sequentially dipping the dipstick into the sample, wash and DNA amplification solutions. The
method has worked for all sample types and organisms we have tried, and we have demonstrated that
it works in conjunction with PCR, quantitative real time PCR (qPCR) and the isothermal DNA
amplification methods loop-mediated DNA amplification (LAMP) and recombinase polymerase
amplification (RPA)5. Nucleic acid elution from the dipsticks does not require a specific elution buffer
and has been successfully achieved with water alone, although direct elution in DNA amplification
mix provides greater nucleic acid recovery and thus improved diagnostic sensitivity.

A strength of the dipstick purification method is its adaptability to a wide variety of applications as
demonstrated by its successful use with a large number of organisms and multiple buffer systems
(Table 1). These data reveal that the dipstick purification method is a robust technology that is not
dependent on a narrow set of conditions to function. The dipsticks require <10 µl of sample extract,
which is a substantial advantage when the sample tissue is limited or when trace levels of target
organisms need to be concentrated6. However, if larger sample extracts are prepared, the same extract
can be used for multiple nucleic acid purifications. The risk of cross-contamination between samples
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with the dipstick purification method is substantially reduced because each sample is processed
sequentially, in contrast to traditional methods, in which samples are typically processed simulta-
neously. In addition, the speed of the purification process requires that aliquots of all reagents be
prepared in advance and then immediately discarded after use, which further reduces the risk of
cross-contamination.

Although a number of substrates can capture nucleic acids7–10, the novelty of our discovery is the
transformation of a low-cost cellulose filter paper into a convenient dipstick that can rapidly purify
nucleic acids from crude samples and elute them directly into the amplification mix without any
pipetting. The dipstick method uses a mechanism of purification that is different from those of other
systems; it is thought to take advantage of the differences between nucleic acids and other compounds
in regard to their capture and retention kinetics by the cellulose matrix5. Large nucleic acid molecules
are rapidly captured by the cellulose and retained during the wash step, whereas other, smaller
compounds, including some DNA amplification inhibitors, either do not bind to the cellulose
or are rapidly released into the wash solution. The combination of chemicals within the amplification
reaction, as well as the liquid movement through the cellulose matrix (induced by the bending and
compressing of the dipstick in the small reaction volume) result in nucleic acid release. The use of
unmodified cellulose has substantial advantages over the use of other substrates because it enables
nucleic acid binding and washing to be performed without denaturing chemicals, such as high
salt concentrations, that may otherwise inhibit the DNA amplification reaction. The non-denaturing
conditions also avoid the need for the traditional 70% ethanol wash and the additional time
required to completely remove residual ethanol before elution, which would otherwise inhibit
DNA amplification.

2

1

Fig. 1 | Nucleic acid–purifying dipstick. The dipstick is composed of two parts: (1) a 40- to 50-mm-long
wax-impregnated handle, and (2) a 2 × 6-mm nucleic acid binding zone.
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Table 1 | Applications of the rapid nucleic acid purification technology

Organism detected Lysis buffer Wash buffer Ref.

Human samples and pathogens

Human blood 800 mM guanidine hydrochloride, 50 mM Tris
(pH 8), 0.5% (vol/vol) Triton X-100, 1% (vol/vol)
Tween 20, 40 μg/ml Proteinase K

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

Human cell line LM-MEL-70 800 mM guanidine hydrochloride, 50 mM Tris
(pH 8), 0.5% (vol/vol) Triton X-100, 1% (vol/vol)
Tween 20

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

Bacillus cereus in milk 50 mM Tris (pH 8.0), 1.5 M guanidine
hydrochloride, 100 mM NaCl, 5 mM EDTA, 1%
(vol/vol) Tween 20

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

24

Campylobacter spp. on chicken meat 3 μg/μl proteinase K in TE buffer (10 mM Tris
(pH 8), 1 mM EDTA)

10 mM Tris (pH 8.0), 8 mM
MgCl2

11

Animals and diseases

Mouse (Mus musculus) ear clip and
embryonic stem cells

0.1 M Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0),
0.2 M NaCl, 1% (vol/vol) SDS

Water 12

Actinobacillus pleuropneumoniae from pig
lung swab

1.5 M guanidine hydrochloride, 50 mM Tris (pH 8),
100 mM NaCl, 5 mM EDTA, 1% (vol/vol)
Tween 20

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

Medaka (Oryzias latipes) and zebrafish
(Danio rerio) embryos

0.4 M Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0),
0.15 M NaCl, 0.1% (vol/vol) SDS

Water 12

Crayfish (Faxonella creaseri) 1% SDS (vol/vol) and 0.5 M NaCl 10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

13

White spot syndrome virus in shrimp 20 mM Tris (pH 8.0), 25 mM NaCl, 2.5 mM EDTA,
and 0.05% (wt/vol) SDS

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

14

Insects

Fruit fly (Drosophila melanogaster) and
harlequin fly (Chironomus riparius)

0.4 M Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0),
0.15 M NaCl, 0.1% (vol/vol) SDS

Water 12

Crop diseases

Rice blast (Magnaporthe oryzae) in leaves of
rice cultivar Nipponbare

20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA,
0.05% (wt/vol) SDS

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

16

Cucumber mosaic virus in tomato leaves 800 mM guanidine hydrochloride, 50 mM Tris
(pH 8), 0.5% (vol/vol) Triton X-100, 1% (vol/vol)
Tween 20

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA,
0.05% (wt/vol) SDS

10 mM Tris (pH 8.0) 6

Pseudomonas syringae pv. tomato strain
DC3000 in Arabidopsis thaliana leaf tissue

50 mM Tris (pH 8), 150 mM NaCl, 1% (wt/vol)
Tween 20, 2% (wt/vol) PVP-40

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA,
0.05% (wt/vol) SDS

10 mM Tris (pH 8.0) 6

Fusarium oxysporum f. sp. conglutinans in
Arabidopsis thaliana leaf tissue

50 mM Tris (pH 8), 150 mM NaCl, 1% (wt/vol)
Tween 20, 2% (wt/vol) PVP-40

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

Phytophthora capsica in pepper leaves 50 mM Tris (pH 8), 150 mM NaCl, 1% (wt/vol)
Tween 20, 2% (wt/vol) PVP-40

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

15

Crops

Cassava (Manihot esculenta) leaves, cocoa
(Theobroma cacao) leaves, coconut (Cocos
nucifera) leaves and sawdust from stem drills

20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA,
0.05% (wt/vol) SDS, 2% (wt/vol) PVP-40

10 mM Tris (pH 8.0) Data not
shown

Leaves of Arabidopsis thaliana, tobacco
(Nicotiana benthamiana), tomato (Solanum
lycopersicum), sugar cane (Saccharum
officinarum), sorghum (Sorghum biocolor),
soybean (Glycine max), rice (Oryza sativa),
barley (Hordeum vulgare), wheat (Triticum
aestivum), mandarin orange (Citrus reticulata),
lime (Citrus aurantiifolia), lemon (Citrus
limon), passion fruit (Passiflora edulis).

50 mM Tris (pH 8), 150 mM NaCl, 1% (wt/vol)
Tween 20, 2% (wt/vol) PVP-40

10 mM Tris (pH 8.0), 0.1%
(vol/vol) Tween 20

5

The table lists organisms and the lysis and wash buffers used by us or other research groups in conjunction with the rapid cellulose filter based nucleic acid purification method using either the
dipstick or filter discs.
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The dipstick purification method is a radically different approach to traditional methodologies
because it is designed for simplicity and speed over yield; thus, the common parameters used to
compare nucleic acid purification systems such as DNA/RNA isolation efficiency or total yields are
not suitable. More appropriate performance measures are the time, cost and resources required to
purify nucleic acids and the target sensitivity it imparts on the DNA amplification reaction.
Furthermore, it is not possible to calculate a single value for the nucleic acid extraction efficiency of
the dipsticks because it is dependent on the volume absorbed by the dipsticks, the amount of nucleic
acid available for capture, the composition of the extract and its effects on nucleic acid interaction
with the cellulose. In a previous study, we estimated that the technology is capable of purifying ≥51%
of nucleic acids from samples5, although its ability to purify trace quantities of template (12 genomic
copies) from an extract11 is a better indicator of the dipstick’s capabilities.

The rapid (30-s) sample processing of the dipstick purification method enables users to process
large numbers of samples quickly with minimal effort, making it ideal for high-throughput nucleic
acid purification, including molecular diagnostics for disease detection, genotype screening and
heterozygosity testing12–14. In addition, the accessibility of the raw materials—that is, cellulose-based
filter paper and wax—and the low cost of each dipstick (<$0.02 USD), makes performing molecular
diagnostic assays with this technology achievable in limited-resource settings, including university
and high school classrooms, field-based environments, urban environments (e.g., airports) and
developing countries.

Application of the method
We have successfully used this technology to rapidly purify genomic DNA from a wide range of
sample sources, including human blood samples and melanoma cell lines, as well as from important
agricultural crop species such as wheat, sugar cane, tomato, barely, sorghum, soybean, rice and
citrus5. We have also demonstrated its ability to purify detectable levels of fungal (Fusarium
oxysporum), bacterial (Pseudomonas syringae) and RNA-based viral pathogens (Cucumber mosaic
virus) from infected plants, as well as bacterial pathogens (Actinobacillus pleuropneumoniae) from pig
lung swabs and the human pathogens Campylobacter jejuni and Campylobacter coli on ready-to-sell
processed chicken meat5,6,11. The ability of the method to detect organisms from diverse taxonomic
domains and kingdoms, as well as an RNA virus, suggests that the dipsticks are capable of purifying
nucleic acids from any organism, provided an appropriate buffer system can be established.

Since its publication, the rapid purification of nucleic acids with cellulose filters has now been
incorporated into a wide variety of assays. An up-to-date list of all the reported applications of our
rapid nucleic acid purification method has been compiled, including the target organism and buffer
systems used (Table 1). The dipstick purification method provides advantages for a number of
common research applications. First, the dipsticks are ideal for routine laboratory diagnostic testing,
such as high-throughput genotyping, in which a large number of biological samples need to be tested
for the presence of specific genetic markers. The method can be considered high throughput because
the dipsticks make it possible to process enough samples to fill a standard 96-well PCR machine
within ~1 h. Consistent with this, the dipsticks have been used for the biological barcoding of
crayfish13. Second, the dipstick’s ability to rapidly process a sample from raw tissue through to elution
of nucleic acids into a DNA amplification reaction—without any pipetting or equipment—is ideal for
point-of-need (PON) applications. PON diagnostics are performed on site (e.g., farm, field, remote
locations) to avoid the delays and logistics involved in transporting samples back to central
laboratories for testing and thus greatly benefit from minimalist approaches. As such, a number of
research groups have adopted the dipstick purification method for PON diagnostic applications,
including rapid diagnostics for important crop diseases (Phytophthora capsica15 and Magnaporthe
oryzae (rice blast)16), and a field-deployable diagnostic for white spot syndrome virus in shrimp14.
Third, the dipsticks are ideal for educational purposes in high school or university science classes
because they are affordable, made from readily available materials and do not require extensive
technical skills to perform purifications. As such, the dipstick method will probably encourage a
greater adoption of molecular biology into educational programs.

In the midst of the current SARS-CoV-2 (COVID-19) pandemic, a potential application of the
dipstick technology is to expand the capability of diagnostic deployment to non-laboratory envir-
onments such as airports, remote test centers, and general practitioner clinics. Nucleic acid pur-
ification from patient samples is generally achieved using expensive commercial kits that require
multistep procedures and specialized laboratory equipment. The dipsticks could enable the rapid
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purification of the viral RNA from patient swabs and elute it directly into an amplification mix, where
it could be reverse-transcribed and amplified. Single-step reverse transcription loop-mediated
isothermal amplification (RT-LAMP) assays have already been demonstrated to be capable of
detecting SARS-CoV-2–infected patient samples in 20 min with a limit of detection as low as 100
copies of the virus, without cross-reactivity with other coronaviruses17,18. Although issues such as
user safety and assay validation need to be addressed, a rapid, on-site dipstick-based assay for SARS-
CoV-2 could enable faster identification and isolation of positive patients, which would help to reduce
the spread of the disease.

The main disadvantage of the technology is that the dipsticks purify relatively small amounts of
nucleic acids, which is insufficient for a number of molecular applications, such as restriction enzyme
digests or PCR amplicon clean up. Thus, dipsticks are not suitable for general-purpose nucleic acid
purification applications but rather are best suited to amplification-based applications, such as
molecular diagnostics, in which their simplicity, low cost and speed provide substantial advantages
over current methods.

Comparison with other methods
There are four key features of the dipstick methodology that sets it apart from other DNA purification
methods: (i) it reduces the complicated process of nucleic acid purification to three simple steps, (ii) it
does not require any specialized equipment (e.g., pipettes or centrifuges), (iii) it uses low-cost and
easily accessible materials, and (iv) consistently sized dipsticks can be easily and quickly manu-
factured in bulk. By focusing on speed and simplicity, as opposed to yield, we have created a nucleic
acid purification system that is specifically targeted to diagnostic applications and can support
high-throughput applications, even in low-resource environments.

Commercially available nucleic acid purification methodologies typically involve capturing nucleic
acids in the presence of high concentrations of chaotropic salts (e.g., paramagnetic beads or spin
columns) and, in comparison to dipstick purifications, are more expensive and more time consuming.
They require several pipetting steps and, in the case of spin columns, require the use of cen-
trifuges5,7,8. Adaptions of these technologies have been developed using a variety of nucleic acid
binding substrates, including diatomaceous earth9, aluminum oxide10 and fusion-5 filters19, but again,
these adaptions are more complicated to set up and require several pipetting steps, making them less
practical for high-throughput or remote field applications. The Flinders Technology Associates (FTA)
cards (GE Healthcare) use cellulose filter paper impregnated with various chemicals to help lyse
cellular membranes from samples such as blood and crushed plant leaves and protect the released
DNA from degradation. However, these differ from the dipsticks in that they are designed for
medium to long-term storage of the captured DNA and when used as a nucleic acid purification tool
require several pipetting and wash steps to elute the DNA20.

A number of research groups have developed ‘all-in-one’ diagnostic platforms with on-board
systems to extract DNA from crude extracts, perform DNA amplification and detect the presence of
amplicons21–23. This is an attractive concept because it enables users with limited scientific skills to
perform diagnostic assays. However, these systems are composed of a large number of components
required to move liquids within the device and perform the different processes. As such, these devices
are relatively time consuming to assemble and difficult to produce at scale without a sizable com-
mercial investment. By contrast, the dipsticks can be easily manufactured at scale and require only a
few components (filter paper, wax and a pasta maker). The simplicity of the dipstick manufacturing
process and the low-cost and accessibility of the required materials is a substantial advantage of this
technology that can benefit users in modern research laboratories as well as low-resource facilities
(e.g., developing countries, high schools, and small university teaching lab). The cost of diagnostics is
an important limiting factor for industry and governments; therefore, technologies such
as the dipstick purification system—which that can deliver accurate results for a low cost—are
highly desirable.

Before the development of the dipstick, we had demonstrated that the nucleic acid purification
could be achieved using a 3-mm-diameter disc of Whatman filter paper5. The filter disc method
works by the same process as the dipsticks but is slower because the solutions need to be pipetted on
and off the paper disc, or the disc must be moved between solutions. Since the publication this
method, some research groups have adopted the paper disc method by incorporating the discs into a
pipette tip so that liquids could be more efficiently pipetted on and off the filter disc12,24 or into a
recycled spin column25. Although the core technology is the same, we find that the dipstick format is
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less laborious to manufacture in large scale and does not require the use of pipettors,
making the dipstick method more suitable to high-throughput applications and low-resource
environments.

Successful amplification using direct PCR or direct LAMP, in which small volumes of unprocessed
sample are added to the DNA amplification reactions, has demonstrated that some sample types do
not require processing before amplification26,27. These methods do not involve nucleic acid pur-
ification but rather rely on the capability of DNA polymerases to tolerate low levels of contaminants
in the reactions28. By contrast, the dipstick method presented here actively removes DNA amplifi-
cation inhibitors before elution, as demonstrated in experiments in which samples added directly into
DNA amplification reactions failed to amplify, whereas dipstick purifications from the same samples
resulted in the successful amplification5. Although additional processing steps, such as centrifugation
or sample dilution, might extend the number of sources that can be used for direct PCR/LAMP, such
a method would be more complicated and time consuming than the dipstick approach. As noted by
the original inventors of direct PCR27, without purification, direct sample addition into amplification
reactions can lead to inhibition of the DNA polymerase. Thus, the advantage of the dipstick method
over direct sample addition is that the purification process enriches the amount of nucleic acids
relative to contaminants, resulting in greater sensitivity and reliability.

Experimental design
Nucleic acid release from samples
The technique reported here should be applicable to the purification of nucleic acids from any
organism, but some development work will be necessary for different organisms and sample types.
The first step in the method is the homogenization and lysis of the tissue in an extraction buffer.
Optimization of the extraction buffer might be needed to ensure that the nucleic acids are released
and inhibitory compounds from either the extract or the buffers are neutralized, diluted or elimi-
nated. Although we have developed cell lysis methods for different organisms and sample types
(Table 1), no a priori method exists that will work for all types of samples. A good starting point is to
use the lysis buffers that have already been developed for similar tissues/organisms of interest
(Table 1) and adapt them for the dipstick purification system. The dipstick purification method has
been shown to work well with many commonly used extraction buffer components, including SDS,
guanidine hydrochloride, Tween 20, and proteinase K5,11,13,24. We have found that an extraction
buffer containing: 20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA, 0.05% (wt/vol) SDS, and 2%
(wt/vol) PVP-40 works well with many samples.

When developing a cell lysis method for the dipstick purification system, it is important to gain an
understanding of the concentration range of the target organism relative to the concentrations of
compounds that are inhibitory to DNA amplification within the samples to be assayed. We have
found that, in most cases, nucleic acid release can be achieved in a single step in which the tissue is
macerated or mixed into a cell lysis buffer; for example, nucleic acid release from plant leaves can be
achieved by briefly shaking the plant leaves in a tube with extraction buffer and ball bearings, as
demonstrated in the supplemental movie of the original dipstick publication5. Recently, we dis-
covered that nucleic acids can be released from plant leaves with less effort by placing a small leaf
segment (~10 × 10 mm) into a small Ziploc plastic bag with 2 ml extraction buffer and briefly
mashing the tissue with fingers (M.G.M., data not shown). Ziploc bags are cheap, light and easy to
transport and can be discarded after use, preventing cross-sample contamination. The traditional cell
disruption technique of grinding of samples with a mortar and pestle is slow and highly laborious and
is not required for most dipstick purification applications. Thus, in most cases, the dipsticks enable
the users to purify nucleic acids from raw samples and elute them into the DNA amplification
reaction within 30 s, including the cell lysis step.

For some sample types, nucleic acid release cannot be achieved in a single step; these include
samples that contain trace levels of the target organism and may require centrifugation11, samples
containing high levels of inhibitory compounds or samples containing infectious agents that need to
be inactivated before processing. Nucleic acid purification from these samples will thus take longer
than 30 s, with the timing dependent on the amount of sample processing required. Compounds in
the sample that can inhibit the DNA amplification reaction can be neutralized or diluted by the lysis
buffer or eliminated through techniques such as enzymatic treatment (e.g., proteinase K) or
centrifugation11.
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Nucleic acid purification using dipsticks
Once the nucleic acids are in solution, they can be rapidly purified using the dipsticks in three
rapid steps (Fig. 2, Supplementary Video 1). First, the dipsticks are dipped into the sample
extract to capture the nucleic acids (Fig. 2a). A typical size dipstick with a capture area of
2 × 6 mm will absorb approximately 2–4 µl of sample and will capture the nucleic acids present in this
volume. The exact volume of the sample taken up by the dipstick is directly proportional to
the area of its nucleic acid binding zone; thus, the size of this zone should be adjusted to best suit
the application.

Second, the dipsticks are dipped into a wash solution to remove contaminants from the sample
that can inhibit the DNA amplification reaction (Fig. 2b). We have found that dipping the dipstick
five times into 10 mM Tris (pH 8) is ideal for most applications. However, for sample extracts with
high amounts of contaminants, increasing the number of dips into the wash buffer can help improve
the reliability of the assay. In addition, inclusion of magnesium chloride in the wash buffer can
prevent dilution of the magnesium ion concentration in the amplification reaction and may also help
to neutralize the effects of contaminating ions (e.g., Ca2+) from the sample11,29.

Third, the dipstick is dipped directly into the amplification reaction to elute the nucleic acids
(Fig. 2c). We have found that dipping the dipsticks into the amplification reaction 15 times gives the
nucleic acids a sufficient amount of time to release from the dipsticks. For best results, we maximize
liquid movement through the dipstick by pushing the nucleic acid binding zone of the dipstick into
the bottom of the tube with each dip to encourage nucleic acid release (Fig. 2c). Upon completion, the
dipstick can be discarded, and the DNA amplification reaction is ready to run. Dipstick purification
has been successfully used in combination with PCR and isothermal (LAMP, RPA) DNA amplifi-
cation technologies5.

Limitations
Unlike commonly used solid-phase nucleic acid techniques such as silica spin columns or para-
magnetic beads, the dipstick purification method does not substantially concentrate the nucleic acids
in the sample. The dipsticks purify nucleic acids from the small volume of sample that is absorbed by
the cellulose fibers. Thus, the target nucleic acids must be at a sufficient concentration in the sample
to enable detection by DNA amplification. However, dipsticks can be used to amplify trace amounts
of nucleic acids; we have detected as low as 12 copies of Campylobacter spp. genome (verified by
standard culture-based cell counts on the same samples) using dipstick technology in combination
with LAMP amplification11. In addition, the small capture volume of the dipsticks makes them
unsuitable for purifying large quantities of nucleic acids. The dipstick system is designed to con-
siderably enhance speed and simplify the purification process; thus, if multiple DNA amplification
reactions are required from a sample, individual dipstick purifications will be required, each taking an
additional 30 s each to perform.

a b c

Fig. 2 | Rapid nucleic acid purification using dipsticks. a, Nucleic acids are captured by dipping the dipstick into the sample until the nucleic acid
binding zone of the dipstick is saturated with solution. b, Contaminating compounds are removed by dipping 5 times into the wash buffer. c, Nucleic
acids are eluted by dipping 15 times directly into the amplification reaction.
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Materials

Biological materials
● Pseudomonas syringae pv. tomato strain DC3000 (American Type Culture Collection (ATCC), cat. no.
BAA-871) c CRITICAL Pseudomonas syringae pv. tomato strain DC3000 was donated by Y. Trusov
(University of Queensland) and was grown overnight at 28 °C in lysogeny broth (LB) liquid medium
containing 50 mg/l kanamycin.

Reagents
● Paraplast Plus (Sigma-Aldrich, cat. no. P3683)
● Navy blue candle-making dye chips (Essential Candle Supply, product code DCNB)
● Guanidine hydrochloride (Sigma-Aldrich, cat. no. G3272) ! CAUTION Guanidine hydrochloride is
harmful if swallowed or inhaled, and causes skin and eye irritation. Wear protective gloves and eye
protection when handling.

● Triton X-100 (Sigma-Aldrich, cat. no. T9284) ! CAUTION Triton X100 causes serious eye irritation.
Protective gloves and eye protection should be used when handling.

● Proteinase K (New England BioLabs, cat. no. P8107S)
● Magnesium chloride (MgCl2; Chem-supply, cat. no. MA029)
● Hydrochloric acid (HCl) (Merck-Milipore, cat. no. 1.00319.2511) ! CAUTION Hydrochloric acid is
highly corrosive and can cause severe skin burns and eye damage. Protective clothing, gloves and eye
protection should be used when handling.

● Polyvinylpyrrolidone (PVP-40; average mol. wt. = 40,000; Sigma-Aldrich, cat. no. PVP40)
● Tris base (Sigma-Aldrich, cat. no. T1503)
● Ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, cat. no. E9884) ! CAUTION Ethylenediami-
netetraacetic acid causes serious eye irritation; eye protection should be used when handling.

● Tween 20 (Sigma-Aldrich, cat. no. P9416)
● Sodium chloride (NaCl; Sigma-Aldrich, cat. no. S9888)
● Sodium dodecyl sulfate (SDS; Sigma-Aldrich, cat. no. L3771) ! CAUTION Sodium dodecyl sulfate is a
flammable solid. It is harmful if swallowed, causes skin irritation and serious eye damage, and can
cause respiratory irritation. Protective gloves and eye protection should be used when handling.

● Tryptone (Oxoid, cat. no. LP0042)
● Yeast extract (Merck, cat. no. 103753)
● Kanamycin monosulfate (PhytoTech Labs, cat. no. K378)
● QuantiFluor ONE dsDNA System (Promega, cat. no. E4870)
● 2× GoTaq qPCR Master Mix (Promega, cat. no. A6002)
● 10× ThermoPol Reaction Buffer (New England BioLabs, cat. no. B9004S)

Oligonucleotides (5ʹ–3ʹ)
● P. syringae forward primer: TACGACTCAGCGCCGACGAGAA (Integrated DNA Technologies,
custom order)

● P. syringae reverse primer: TTCGTGGCCATGCCAGACAG (Integrated DNA Technologies,
custom order)

Equipment
● Whatman grade 1 filter paper 100 × 75-mm sheets (GE Healthcare, cat. no.1001-824)
● Colored A4 photocopy paper (e.g., Optix Suni yellow paper; Australian Paper, cat. no. 193363)
● Benchtop gas bottle
● Bunsen burner
● Pasta maker machine. We use a low-cost, unbranded pasta maker purchased through Ebay that is
equivalent to an Avanti pasta maker machine (Avanti, cat. no. 26812). However, any brand of pasta
maker should work c CRITICAL Ensure that the pasta maker has a cutter that can make 2-mm-wide
strips and is manually operated.

● Stainless-steel scissors
● Mechanical pencil
● Ruler
● Microcentrifuge tubes (1.5 ml; SSI; LabGear Australia, cat. no. SSIB1210)
● Glass flask (250 ml)
● Square Petri dish (120 × 120 mm; Greiner Bio-One, cat. no. 688102)
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● Household aluminum foil
● MyGo Mini qPCR system (IT-IS Life Science)
● Fluorometer (Quantus; Promega)

Reagent setup
Extraction buffer
Prepare 1 liter of extraction buffer (20 mM Tris (pH 8), 25 mM NaCl, 2.5 mM EDTA, 0.05% (wt/vol)
SDS, 2% (wt/vol) PVP-40) by dissolving 2.42 g of Tris base, 1.46 g NaCl, and 20 g PVP-40 in ~900 ml
of water. Add 5 ml of EDTA (pH 8.0, 500 mM) and 5 ml SDS (10% (wt/vol)). Adjust the pH to 8 with
HCl and make the volume up to 1 liter with water. The extraction buffer does not need to be sterilized
and can be stored at room temperature (18–25 °C) for at least 1 year.

Dipstick wash buffer
Prepare 1 liter of dipstick wash buffer (10 mM Tris (pH 8)) by dissolving 1.21 g of Tris base in ~900
ml of water. Adjust the pH to 8 with HCl and make the volume up to 1 liter with water. The dipstick
wash buffer does not need to be sterilized and can be stored at room temperature for at least 1 year.

c CRITICAL In the original dipstick publication, 10 mM Tris (pH 8.0), 0.1% (vol/vol) Tween 20 was
used as the wash buffer. Since then, we have found that the Tween 20 can negatively interfere with DNA
amplification reactions, and thus we recommend removing it from the wash buffer.

qPCR reaction
A master mix of the qPCR reaction should be prepared so that each 25 µl qPCR reaction is composed
of 12.5 µl of 2× GoTaq qPCR Master Mix, 0.75 µl of 10 µM P. syringae forward and reverse primers
(300 nM each) and 11.75 µl of water. The reaction should be made up fresh.

1× PCR buffer
Dilute 100 µl 10× ThermoPol Reaction Buffer in 900 µl of water. The 1× PCR buffer is made up fresh.

Lysogeny broth liquid medium
Lysogeny broth (LB) medium is prepared by dissolving 10 g tryptone, 5 g of yeast extract and 10 g of
NaCl in water and bringing the volume up to 1 liter. The medium is autoclaved at 121 °C for 20 min
and allowed to cool. Sterile LB medium can be stored at room temperature for at least 1 year. In a
laminar flow hood, add 100 µl of 50 mg/ml kanamycin monosulfate (in water) to 100 ml of LB
medium. The kanamycin-containing LB medium can be stored at 4 °C for up to 2 weeks. A 5-ml
aliquot of LB medium containing kanamycin is used to culture P. syringae.

Procedure

Producing dipstick blanks ● Timing 20 min
1 Combine 95 g of Paraplast Plus wax chips with a 0.67-g block of colored candle-making dye in a

glass flask (Fig. 3a, Supplementary Video 2).
2 Heat the wax over a Bunsen burner or hot plate until all the wax has melted.

! CAUTION Paraffin wax is flammable and should be kept out of direct contact with flames.
3 Pour the wax into a disposable 120 × 120-mm plastic Petri dish.
4 Holding the 75 ×100-mm cellulose filter sheet by the top two corners (along its long edge), lower

the sheet into the wax, starting from the bottom and allowing the wax to impregnate the filter
paper. (Fig. 3b).
? TROUBLESHOOTING

5 Once approximately two-thirds of the cellulose filter is submerged in the wax, allow the wax to wick
up the filter paper by capillary action so that it forms a straight line parallel with the top of the
paper, leaving ~20 mm of paper uncovered.
? TROUBLESHOOTING

6 When removing the filter paper from the wax, wipe it along the side of the Petri dish to remove
excess wax (Fig. 3c).

7 Set the wax-soaked filter paper on aluminum foil to allow the wax to harden for at least 1 min.

j PAUSE POINT Large numbers of dipstick blanks can be prepared at one time and stored until
needed. The uncut dipstick blanks can be stored indefinitely in a in a sealed container at room
temperature.
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8 Draw a pencil line parallel to the wax edge across the unwaxed portion 6 mm away from
the wax edge (Fig. 3d). This line sets the length of the nucleic acid binding area on the
dipstick.

c CRITICAL STEP Wear gloves, work on a clean surface and use a pencil, ruler and scissors that are
free from DNA and RNA contamination.

9 Using clean scissors, cut inside of the pencil line to create a blank that has a 6-mm-wide
unwaxed portion (Fig. 3d). The waxed portion to be used as a handle will be approximately 50 mm.

j PAUSE POINT Typically, the trimmed dipstick blanks are immediately processed to create
individual dipsticks. However, they can be stored indefinitely in a sealed container at room
temperature.

Producing the dipsticks from the blanks ● Timing 2 min
10 Fold a 105 × 50-mm sheet of colored photocopy paper in half along its long axis to create a

105 × 25-mm folded sheet (Supplementary Video 2).
11 Place the folded sheet of colored paper into the pasta maker, with the folded edge against

the 2-mm-wide cutters and the open edge up.

a b

c d

Fig. 3 | Preparation of the dipstick blanks. a, The wax is melted with a colored dye to make identification of the
nucleic acid binding zone easier. b, The molten wax is infused into the cellulose filter paper up to ~20 mm from the
end to create the dipstick blank. c, Excess wax is removed from the dipstick blank by wiping on the edge of the Petri
dish. d, A pencil line is drawn on the dipstick blank to the desired length of the nucleic acid binding zone and the
excess filter paper is cut away.
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12 Hold the colored paper in one hand while turning the handle of the pasta maker with the other
hand to engage the paper in the cutting wheels.

13 Place the unwaxed portion of the dipstick blank between the two edges of the folded sheet of
colored paper that has been inserted into the pasta maker. (Fig. 4a).

14 Hold the dipstick blank in one hand while slowly turning the handle of the pasta maker with the
other hand (Fig. 4b).
? TROUBLESHOOTING

15 When the cut dipsticks have protruded from the underside of the pasta cutter by ~30–40 mm,
gently pull down on them with one hand while continuing to turn the handle with the other to help
guide them out of the cutter (Fig. 4c).

16 Once they are fully released from the pasta maker, gently bend the dipsticks to allow the colored
paper to peel away from the dipsticks so that it can be easily removed (Fig. 4d).

j PAUSE POINT Large numbers of dipsticks can be prepared and stored indefinitely until needed.
They should be stored in a sealed container at room temperature to prevent possible contaminants
in the air from settling on them.
? TROUBLESHOOTING

Reagent preparation ● Timing 10 min
17 Before sample processing, prepare extraction buffer, wash buffer and DNA amplification reaction

mix and divide the reagents into aliquots (typically, 1.5-ml tubes are used for extraction and wash
buffers, and a 0.2-ml tube is used for the DNA amplification reaction mix); one set is needed for
each sample to be processed.

j PAUSE POINT Large numbers of extraction and wash buffer aliquots can be prepared in advance
and can be stored for at least 1 year at room temperature until needed. Typically, the DNA
amplification reactions will be prepared within <3 h of dipstick purification and kept at or ≤4 °C
until required. However, DNA amplification reactions can be lyophilized and stored for at
least 1 year at room temperature if cold storage is not practical30.

a

dc

b

Fig. 4 | Rapid manufacture of dipsticks using a pasta maker. a, The dipstick blank is placed between the edges of a
folded sheet of colored paper that has been inserted into the pasta maker. b, The dipstick blank is guided through the
pasta maker. c, The dipsticks are gently pulled out from the pasta maker as they are being cut. d, The dipsticks are
bent to release the colored paper, which can then be pulled away from the dipsticks.

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS | VOL 15 |NOVEMBER 2020 | 3663–3677 |www.nature.com/nprot 3673

www.nature.com/nprot


Sample preparation and cell lysis ● Timing 10 s to 30 min
18 Release nucleic acids from the tissue.

c CRITICAL STEP The release of the target nucleic acid into solution needs to be optimized for each
tissue type. In most cases, maceration of the tissue in cell lysis buffer can be accomplished in a
single step. For example, some tissues, such as plant leaves, can often be macerated by shaking in a
tube with extraction buffer and ball bearings for 10 s.

Nucleic acid purification using the dipsticks ● Timing <30 s
19 Capture nucleic acids by dipping the dipstick into the sample until the nucleic acid binding zone is

completely soaked (~5 s) (Fig. 2a, Supplementary Video 1).
20 Gently dip the dipstick into 800 µl wash buffer five times (~5 s total).

c CRITICAL STEP After completion of the wash step, wipe the dipstick on the edge of the wash tube
to ensure there are no large droplets of wash buffer remaining on the dipstick (Fig. 2b,
Supplementary Video 1).

21 Dip the dipstick into 20–50 µl DNA amplification reaction mix 15 times (~10 s total) (Fig. 2c,
Supplementary Video 1).

c CRITICAL STEP Maximize the elution of nucleic acids from the dipstick by encouraging liquid
movement through the nucleic acid binding zone of the dipstick by pushing the dipstick into the
bottom of the tube with each dip, causing the cellulose to bend and compress.
? TROUBLESHOOTING

22 After elution, wipe the dipstick on the edge of the amplification tube to ensure there are no large
droplets of DNA amplification reaction mix remaining on the dipstick.

DNA amplification ● Timing 30–120 min
23 Perform the DNA amplification reaction per standard protocol5 (30–60 min, isothermal

amplification; 1–2 h, PCR).
? TROUBLESHOOTING

Troubleshooting

Troubleshooting advice can be found in Table 2.

Table 2 | Troubleshooting table

Step Problem Possible reason Solution

4 Wax does not wick through the
paper smoothly

Wax is too cold The wax should be poured back into the glass flask and reheated
before reusing it

5 Wax does not form a straight
edge along the top of the
filter paper

Wax is too cold or the dipstick
blank was not given sufficient
time to form a straight edge

Use hot wax that wicks quickly through the paper. When
approximately two-thirds of the filter paper is submerged in the wax,
slow down and allow the wax to wick up through the filter paper by
capillary action

14 Dipstick blanks do not move
easily through the pasta maker

Dipstick blanks have excessive
amounts of wax on their surface

Hold a razor blade perpendicular to the dipstick blank and gently
scape across the large deposit of wax to reduce the amount of wax

Dipstick blanks twist while
moving through the pasta maker

Uneven pressure applied to the
dipstick blank

Gently pulling back on either corner of the dipstick blank as it is pulled
through the pasta maker can be used to prevent it from twisting and
creating dipsticks with curved handles

Dipstick blank will not move
through the pasta maker

Cutting wheels slipping on
the wax

Clean the pasta maker cutting wheels with paper towel soaked in
ethanol to help remove the wax buildup. Alternatively, use a razor
blade to make a series of shallow score marks across the top of both
cutting wheels, approximately 1.5 mm apart, to help them grip the
dipstick blank. Help the dipstick blank through the pasta maker by
gently pushing the blank from the top while turning the handle

16 The colored paper does not
easily peel off the dipsticks

The colored paper is strongly
attached to the wax of the
dipsticks

Ensure that only a small (~5-mm) section of the waxed portion of the
dipstick blanks beyond the unwaxed portion is inserted between the
colored paper sheets

The pasta maker is not cutting
the dipsticks

The blades of the pasta machine
are becoming blunt

Clean the pasta maker cutting wheels with a paper towel soaked in
ethanol to help remove the wax. Alternatively, a new pasta maker
might be needed

Table continued
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Timing

Steps 1–9, production of dipstick blanks: 20 min
Steps 10–16, production of dipsticks from the blanks: 2 min
Step 17, reagent preparation: 10 min
Step 18, sample preparation and cell lysis: 10 s to 30 min
Steps 19–22, nucleic acid purification using the dipsticks: <30 s
Step 23, DNA amplification: 30–120 min

Anticipated results

We added 1, 5, 10, or 50 µl of an overnight P. syringae culture to 500 µl of extraction buffer in order
to lyse the cells and release their DNA into solution (Supplementary Methods). The concentration of
the DNA in each sample was determined using a double-stranded DNA–specific fluorometric assay
(QuantiFluor ONE dsDNA System, https://www.promega.com.au/-/media/files/resources/protcards/
quantifluor-one-dsdna-system-quick-protocol.pdf?la=en). As expected, the concentration of DNA in
each of the samples was proportional to the amount of culture added (Fig. 5a). The amount of DNA
the dipsticks purified from each sample strongly correlated with the concentration of DNA in each
sample (r2 = 0.99 with Pearson correlation coefficient r = 0.99; P < 0.05) (Fig. 5b). These results are
consistent with our previous findings that revealed that the dipsticks do not concentrate the nucleic
acids within a sample but instead reflect the target concentration in the extract5. Furthermore, the low
variation in total amount of DNA obtained by dipstick purification from each sample reveals that the
dipstick methodology is highly repeatable (Fig. 5b).

Dipstick-purified DNA from these samples was eluted directly into 25-µl qPCR reactions with
primers designed against the P. syringae genome. Four reactions—using DNA from four separate
dipstick purifications—were used for each sample. The analysis revealed correlations between the
qPCR quantification values (2−Cq) (Cq, quantification cycle) and both the concentration of DNA in
each sample (r2 = 0.96, with Pearson correlation coefficient r = 0.97; P < 0.05) and the amount of
dipstick-purified DNA (r2 = 0.91, with Pearson correlation coefficient r = 0.96; P < 0.05) (Fig. 5c).
However, we observed that one of the four DNA purification repeats from the sample containing
50 µl of culture failed to produce a quantifiable amplicon. By contrast, all the extractions from the
other culture samples (four out of four repeats) produced the expected amplicon. This sample was
noticeably more viscous than the other samples, probably because of its high concentration of
genomic DNA, and was intentionally added to this experiment to reinforce the need to optimize the
sample to buffer ratio for the desired assay. The presence of high quantities of contaminants or
nucleic acids because of sample overloading is the most common cause of dipstick purification failure.
The experiment shown here demonstrates that reducing the sample to lysis buffer ratio can suc-
cessfully overcome overloading of the dipsticks and ensure reliable detection of the target organism.

In summary, we have found that our system is a practical solution that supports high-throughput nucleic
acid–based diagnostic research. The dipsticks are cheap and easy to manufacture to a consistent size with
easily accessible materials (filter paper, wax, and a pasta maker), and the dipstick purification method is fast,
with minimal handling steps, enabling large numbers of samples to be processed within a short time frame.

Table 2 (continued)

Step Problem Possible reason Solution

21 Visible contaminants (e.g.,
particulates or coloration) can
be seen in the amplification
reaction

Sample has a high
contaminant load

Use a larger extraction buffer to tissue ratio. In addition, increase the
number of dips of the dipstick into the wash buffer to 10

23 Amplification reaction fails to
amplify, despite presence of
template in the sample

Inhibitors carried over into the
amplification reaction

Increase the extraction buffer to tissue ratio to reduce the
concentration of inhibitory compounds. In addition, increase the
number of dips of the dipstick in the wash buffer to 10. Change the
composition or the chemical concentrations of the extraction buffer to
prevent chemical carryover from the buffer interfering with the DNA
amplification reaction

Amplification reaction
amplifies poorly

Dilution of the DNA
amplification reaction with
wash buffer

Increase the amount of the DNA amplification reaction to at least
20 µl. After dipping into the wash buffer, wipe the dipstick on the side
of the tube to minimize reagent carryover
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Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
Raw data for the dsDNA quantification and qPCR results shown in Fig. 5 are provided as
Source Data.
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Fig. 5 | Purification and detection of P. syringae. Different amounts of P. syringae culture (1–50 µl) were added to 500 µl of extraction buffer. a, The
concentration of DNA in the initial samples was determined by fluorometric assay in triplicate (n = 3). b, Dipsticks were used to purify DNA from each
of the samples in five replicate purifications (n = 5), which were eluted in 1× PCR buffer. The total amount of DNA in each eluate was calculated from
fluorometric DNA assay data. c, Dipsticks were used to purify the DNA from the same samples and elute it directly into a qPCR reaction with primers
designed against the P. syringae genome. Purifications were performed in quadruplicate (n = 4) and qPCR quantification values (2−Cq) were calculated.
All bar graphs represent mean ± SE; individual points represent raw data values.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Microsoft excel 2003 was used to collect the data. No custom code was used.

Data analysis GraphPad Prism software 8 was used to statistically analyse the data. No custom code was used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Provide your data availability statement here.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size n=1. Only 1 sample of each P. Syringae dilution was assayed in this publication

Data exclusions no data was excluded

Replication I have personally been using the dipstick nucleic acid purification method detailed in this manuscript for 3 years on numerous sample types. 
Some of this work has been published.

Randomization Randomisation of samples is not relevant to this study. The DNA purifications made from a single set of samples  in this manuscript were used 
only to demonstrate a trend that might be expected when using the dipsticks in samples with different concentrations of nucleic acids. 

Blinding Blinding is not relevant to this study as the subject of the experiment could not be influenced by unconscious experimental bias and 
experimental outcomes are not subjective and also not influenced by unconscious experimental bias.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging
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