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A dual paper-based nucleic acid extraction
method from blood in under ten minutes for
point-of-care diagnostics†

Kenny Malpartida-Cardenas, a,b Jake Baum,c,d Aubrey Cunnington,a

Pantelis Georgioub and Jesus Rodriguez-Manzano*a

Nucleic acid extraction (NAE) plays a crucial role for diagnostic testing procedures. For decades, dried

blood spots (DBS) have been used for serology, drug monitoring, and molecular studies. However,

extracting nucleic acids from DBS remains a significant challenge, especially when attempting to

implement these applications to the point-of-care (POC). To address this issue, we have developed a

paper-based NAE method using cellulose filter papers (DBSFP) that operates without the need for

electricity (at room temperature). Our method allows for NAE in less than 7 min, and it involves grade

3 filter paper pre-treated with 8% (v/v) igepal surfactant, 1 min washing step with 1× PBS, and 5 min

incubation at room temperature in 1× TE buffer. The performance of the methodology was assessed

with loop-mediated isothermal amplification (LAMP), targeting the human reference gene beta-actin

and the kelch 13 gene from P. falciparum. The developed method was evaluated against FTA cards

and magnetic bead-based purification, using time-to-positive (min) for comparative analysis.

Furthermore, we optimised our approach to take advantage of the dual functionality of the paper-

based extraction, allowing for elution (eluted disk) as well as direct placement of the disk in the LAMP

reaction (in situ disk). This flexibility extends to eukaryotic cells, bacterial cells, and viral particles. We

successfully validated the method for RNA/DNA detection and demonstrated its compatibility with

whole blood stored in anticoagulants. Additionally, we studied the compatibility of DBSFP with colori-

metric and lateral flow detection, showcasing its potential for POC applications. Across various tested

matrices, targets, and experimental conditions, our results were comparable to those obtained using

gold standard methods, highlighting the versatility of our methodology. In summary, this manuscript

presents a cost-effective solution for NAE from DBS, enabling molecular testing in virtually any POC

setting. When combined with LAMP, our approach provides sample-to-result detection in under

35 minutes.

Introduction

Dried blood spot (DBS) technology has been widely used for
sample collection and diagnostic purposes.1–3 One of the most
significant advantages of DBS is that whole blood can be safely
stored and shipped at room temperature (RT) after simply

spotting a few microliters onto cellulose filter paper
(DBSFP).4–6 Several DBSFPs are commercially available for the
collection of whole blood such as FTA Classic cards, Whatman
903 Protein Saver cards or most recently, FTA Elute cards
(QIAGEN, Whatman, Cytiva); all of them allowing for cell lysis
and the preservation of the genetic material for a long period
of time without the need for cold chain storage. However, they
are expensive (£3–5 per single card) and commonly treated
with non-disclosed proprietary compounds (Table S1†).
Alternatively, filter papers which have not been specifically
designed for blood collection have been tested for nucleic acid
extraction (NAE). Among others, Fusion 5, nitrocellulose, filter
paper grade 1 or filter paper grade 3 have demonstrated their
potential for nucleic acid preservation and extraction.5,7

Nevertheless, current strategies for NAE from DBSFP still rely
on: (i) silica-based spin columns (e.g., QIAamp DNA Blood
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Mini kit, or Maxwell RSC DNA FFPE kit),8,9 (ii) magnetic
beads,10 (iii) long incubations at high temperatures (e.g.,
95 °C),11,12 or (iv) long protocols with hazardous
chemicals.13,14 Although simplifications towards point-of-care
(POC) applications have been developed, they have not been
applied yet to whole blood samples15,16 or have only been
directly used in combination with PCR;7,17 therefore limiting
upstream and/or downstream analysis to laboratory-based set-
tings. The high demand of rapid testing at the POC is creating
a need for the development of NAE methods from DBSFPs that
must be: (i) compatible with isothermal chemistries such as
loop-mediated isothermal amplification (LAMP) to reduce the
hardware complexity needed to perform nucleic acid amplifi-
cation,18 (ii) independent of laboratory equipment to be acces-
sible in limited-resource settings, (iii) affordable and compati-
ble with broadly available molecular reagents to reduce the
cost and increase scale-up capabilities, and (iv) stable at RT
conditions to avoid the use of cold-chain storage.19 In this
work, addressing aforementioned requirements, we report a
fast (under 7 min) paper-based NAE method from blood which
is electricity-free, performed at RT and relies on cellulose filter
paper pre-treated with the surfactant igepal. The performance
of the method was evaluated using LAMP and was further opti-
mised to accommodate both elution (eluted disk) as well as
direct placement of the disk in the LAMP reaction (in situ disk).
The developed method allows cellular and cell-free RNA/DNA
purification and was compatible with whole blood stored in
anticoagulants. In addition, end-point colorimetric and lateral
flow detection of amplified products was performed to show
its applicability to the POC, showing a sample-to-result turn-
around time under 35 min. The experimental design and opti-
mised NAE protocol are depicted in Fig. 1.

Materials and methods
Samples and controls

Fresh and healthy whole blood stored in K2EDTA, or lithium
heparin (LiHep) was purchased from Cambridge Bioscience.
Blood was commercially available and collected under a com-
prehensive informed consent that permits the use of blood for
research applications, therefore no further ethics were
required. Then, it was dried onto filter papers by pipetting
2 µL each time to standardise the collection process and
compare the filter papers without the influence of their
physico-chemical properties at the time of generating the
DBSFP. Human Genomic DNA (G1521, Promega) was used as
positive control and synthetic DNA was used to validate the
LAMP assay performance. A gBlock was purchased from
Integrated DNA Technologies (IDT), resuspended in 1× TE
buffer and quantified (copies per µL) using a Qubit fluorom-
eter instrument; sequence is shown in Table S2.†

LAMP reaction conditions

(i) Fluorescent detection. LAMP reactions were carried out
at a final volume of 10 µL per reaction. Each mix contained the
following: 1 µL of 10× custom isothermal buffer (pH 8.5–9),
0.5 µL of MgSO4 (100 mM stock), 0.56 µL of dNTPs (25 mM
stock), 0.6 µL of BSA (20 mg mL−1 stock), 1 µL of 20× LAMP
primer mix (F3/B3 5 µM, LF/LB 20 µM and FIP/BIP 40 µM),
0.25 µL of Syto9 dye (20 µM stock), 0.25 µL of NaOH (0.2 M
stock), 0.04 µL of Bst 2.0 WarmStart DNA polymerase (120 kU
mL−1 stock), 0.3 µL of WarmStart RTx Reverse Transcriptase
(15 kU mL−1 stock), 4 µL sample, and enough nuclease-free
water (Invitrogen) to bring the volume to 10 µL. In the case of
the eluted disk method, 4 µL of elution from DBSFP and

Fig. 1 Experimental design used in this study. (A) Workflow for optimisation of NAE from DBSFP. (B) Optimised DBSFP protocol.
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enough nuclease-free water (Invitrogen) were used to bring the
final volume to 10 µL. For the in situ disk method, reactions
were carried out at a final volume of 20 µL (2 × 10 µL reaction)
adding enough nuclease-free water and immersing the disk(s)
into the reaction; disk(s) still wet after the incubation during
the elution step, without requiring any drying before placing it
(them) into the reaction. Reactions were loaded into 96-well
plates and were performed at 63 °C during 35 min using a
LightCycler 96 Real-Time System (LC96) (Roche Diagnostics) or
a CFX Real-Time PCR System (Bio-Rad). One melting cycle was
performed at 0.1 °C s−1 from 63 °C up to 97 °C for validation
of the specificity of the amplified products. Non-template
control (NTC) was included.

(ii) Colorimetric detection. LAMP reactions were per-
formed at a final volume of 20 µL using the WarmStart
Colorimetric LAMP 2× Master Mix (10 µL), 20× LAMP primer
mix (2 µL), 4 µL of the elution and enough nuclease-free water
to reach a final volume of 20 µL. Amplification reactions were
carried out in a portable thermal block (N2400-4020 and
N2400-4021, Starlab) during 35 min at 63 °C (checking at
20 min).

LAMP lateral flow detection

PCRD lateral flow tests (Abingdon Healthcare) were used fol-
lowing manufacturer’s instructions for the detection of ampli-
fied products in lateral flow format. Briefly, 10 µL of 10×
diluted amplified product was mixed with 140 µL of the pro-
vided buffer and the strip was inserted in the solution for
10 minutes. LAMP assays were modified to include labelled
oligos, LF-DIG or LF-FAM and FIP-Biotin. The 10× LAMP
primer mix consisted of F3/B3 2.5 µM, LB 10 µM, LF 3 µM,
LF-DIG/FAM 7 µM, FIP 6 µM, FIP-Biotin 14 µM, and BIP
20 µM.

Analytical specificity of the LAMP-ACTB assay

Analytical specificity of the amplified products was evaluated
by melting curve analysis. To further demonstrate the speci-
ficity among the proposed eluted disk and in situ disk
methods, restriction digestion of the LAMP products was per-
formed using the MseI enzyme (NEB, UK) which performs a
single cut at T/TAA position. The restriction was performed for
15 min at 37 °C, using the rCutSmart buffer provided by the
manufacturer. Enzyme was deactivated following manufac-
turer’s protocol by incubating for 20 min at 65 °C. The
digested products were analysed by electrophoresis on a 1.5%
agarose gel stained with SYBR Safe DNA Gel Stain (InvitroGen).
The experiment was run for 1 h at 145 V and the gel was visual-
ized under UV light using a BioSpectrum Imaging System
(Ultra-Violet Products Ltd). The Quick-Load 1 kb Plus DNA
Ladder (NEB, UK) was used as reference.

Detergents and pre-treatment of filter papers

Detergents used in this study were purchased from Sigma-
Aldrich and included: sodium dodecyl sulfate (L3771-25G),
CHAPS (C9426-1G), Triton X-100 (T8787-100ML), Tween 20
(P9416-50ML) and igepal (I8896-50ML). Detergents were

diluted in nuclease-free water at final concentrations of 2%,
4%, 6%, 8% and 10% w/v or v/v. The evaluated filter papers
were spotted with 150 µL of each solution covering a circular
surface area of 3 cm diameter, and were left to dry overnight at
RT. Filter papers used in this work included: FTA Classic cards
(Classic), Grade 3 Qualitative Filter Paper Standard Grade
(Grade3), Fusion 5, 903 Protein Saver cards (Protein), and FTA
Elute cards (FTA elute).

Experimental conditions to optimise the paper-based method
for nucleic acid extraction

NAE was performed as follows: (i) whole blood was spotted on
the pre-treated or untreated filter paper and was left to dry
overnight (following standard practice20); (ii) 1, 2 or 3 disks
with a diameter of 3 mm each were punched using the Harris
Core puncher from the UniCore Punch kit 3.00 mm; disks
were deposited into a 1.5 mL or 2.0 mL Eppendorf tube and
the puncher was rinsed with 70% ethanol after every use; (iii)
disk(s) washing was performed with 1× PBS by shaking, vortex
or passively (not disturbed). The three washing types were
assessed at varying conditions including number of washes (1,
2 or 3), time per wash (20 s, 30 s or 60 s), and volume of 1×
PBS (400 µL, 600 µL, or 1500 µL); (iv) after discarding the PBS
from the washing step, nucleic acid elution was performed in
1× TE buffer at different volumes (40 µL, 80 µL, or 150 µL),
incubation times (3, 5 or 8 min), and at varying temperatures
(RT, 63 °C, or 95 °C); (v) lastly, for the eluted disk method, 4 µL
of the elution was added into the LAMP reaction (final volume
of 10 µL), and for the in situ disk method, 1, 2 or 3 disks were
added to a LAMP reaction with final volume of 20 µL to com-
pletely cover the disk in solution (disks still being wet when
transferred). Higher volume of blood and therefore, disks with
a higher diameter could be used. These modifications may
require a proportional volume of 1× PBS for washing.

Magnetic bead-based nucleic acid extraction from whole blood

Magnetic bead-based extraction was performed using the
Dynabeads DNA DIRECT Blood kit from Invitrogen (Life
Technologies) following the manufacturer’s instructions. Input
sample volume was 100 µL.

Statistical analysis

Time-to-positive (TTP) data is presented as mean TTP ± stan-
dard deviation; p-values were calculated by Welch’s unequal
variance two sample t-test or one-way ANOVA with Fisher LSD
means comparison in Origin 2019 (v9.6). A p-value equal to
0.05 was considered as the threshold for statistical
significance.

Results and discussion
LAMP assay for detection of the house-keeping gene beta-actin

A novel LAMP assay, named LAMP-ACTB, was designed target-
ing the human house-keeping gene ACTB to detect both
mRNA and DNA (Fig. 2A). Details of assay design in Table S3†
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and primer sequences shown in Fig. 2C. The ACTB gene is
highly expressed, particularly in blood, and widely used as
reference gene.21,22 Analytical sensitivity achieved a limit of
detection of 100 copies per reaction within 10 min. The stan-
dard curve is shown in Fig. 2B, with a coefficient of determi-
nation R2 = 0.96.

Evaluation of surfactants for enhanced lysis

Surfactants are the main reagent that determine the lysis
strength of a given lysis buffer.23 Therefore, surfactants with
different physic–chemical properties were selected to evaluate
their lysis effect on DBSFP. Their properties and applications
are summarised in Table S4.† The surfactants were applied on
FTA Classic cards at concentrations ranging from 0% to 10%
v/v or w/v. Once dried, whole blood in K2EDTA was spotted.
Nucleic acid extraction was performed using the eluted disk
method including a washing step (3 washes of 20 s with
400 µL of 1× PBS) and incubation at RT, 63 °C or 95 °C during
8 min. Elutions were tested with the LAMP-ACTB assay target-
ing both DNA and RNA. Results obtained with the elutions
from incubation at 63 °C where inconsistent and mostly nega-
tive (Fig. S1†). Nucleic acid amplification was comparable
between incubation at RT and at 95 °C (p-value > 0.05), all
with TTP values below 15 min. Among the different surfac-
tants, igepal showed a linear trend as the concentration was
increased (Fig. 3A and Fig. S2A†). To further evaluate the
impact that detergent residues could have in the performance
of LAMP, a titration of igepal directly in the reaction was
carried out (Fig. S2B†). A high concentration of free igepal
(>1.5%) in the reaction led to a decrease in the performance.
Therefore, to minimise the risk of carry-over, igepal at 8%
(p-value = 0.04, compared to 0%) was the condition selected
for subsequent experiments instead of igepal at 10% (igepal at

8% and igepal at 10% were not statistically different). Results
of all tested surfactants are shown in Fig. S3.†

Comparison of filter papers for nucleic acid extraction

Properties of the filter papers evaluated in this work are sum-
marised in Table S1,† and photographs of the dried blood
spots are shown in Fig. S4A and B.† Typically, FTA Classic
cards are washed several times with proprietary FTA purifi-
cation reagent and 1× TE buffer (∼10 min) and a drying step at
55 °C (∼15 min) is required prior to the use of the disks in
molecular-based amplification; or in the case of FTA Elute
cards, several washing steps with proprietary FTA purification
reagent (∼10 min) and incubation at 95 °C (∼30 min) is
required before the elution is used for downstream molecular
applications.12,36 All the filter papers will be evaluated with the
eluted disk method. Comparison between the recommended
protocol for FTA Elute cards (30 min incubation at 95 °C) and
the eluted disk method (8 min incubation at 95 °C) is shown in
Fig. S4C† to demonstrate that the benefit of reducing the incu-
bation time did not have a negative effect in the NAE.
Untreated and pre-treated filter papers with igepal at 8% (I8)
were evaluated. NAE was performed from whole blood in
K2EDTA using the eluted disk method including a washing step
(3 washes of 20 s with 400 µL of PBS 1×) and incubation at RT
or 95 °C during 8 min. Elutions were tested with the
LAMP-ACTB assay. NAE from untreated filter papers
(Fig. S4D†) resulted in slower TTP values compared to pre-
treated filter papers. Comparison between pre-treated and
untreated filter papers eluted at RT or 95 °C are shown in
Fig. S4E and F† respectively, where those pre-treated showed
faster TTP values. Results obtained from pre-treated filter
papers (Fig. 3B) showed faster TTP values after incubation at
RT compared to 95 °C in the case of Classic (p-value < 0.001),

Fig. 2 LAMP assay for the detection of the human house-keeping gene beta-actin. (A) DNA and mRNA alignment showing the primer regions. (B)
Standard curve with synthetic DNA dilutions ranging from 10 to 107 copies per reaction. (C) LAMP-ACTB primer sequences. NTCs were negative
during the 35 cycles run, and non-specific products were not observed.
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Grade3 (p-value < 0.0001) and Protein filter papers (p-value <
0.05). In addition, Classic and Grade3 filter papers at RT were
significantly faster compared to the rest (p-value < 0.05), with
TTP values of 6.90 ± 0.16 min and 6.87 ± 0.43 min, respect-
ively. Grade3 filter paper was selected for subsequent experi-
ments, and FTA Classic cards as reference.

Optimisation of the paper-based nucleic acid extraction

Optimisation of nucleic acid extraction from DBSFP using
whole blood in K2EDTA and the eluted disk method was
carried out using pre-treated Classic and Grade3 filter papers
to evaluate the effect of: (i) number of disks (D1, D2, D3); (ii)
incubation time (3, 5, 8 min); (iii) volume of the elution (40,
80, 150 µL); and (iv) elution buffer (TE, water). Incubation
temperatures at RT and 95 °C were tested across all the con-
ditions, except for (iii) and (iv) which were only tested at RT.
Across all the parameters assessed incubation during 5 min at
RT in 80 µL of 1× TE, and the use of 3 disks were selected
(Fig. S5A–C and F†). Incubation at 95 °C and the use of FTA
Classic cards were performed as reference (Fig. S5D and E†),
showing TTP values comparable to incubation at RT con-
ditions and the use of Grade3 filter paper. Recovery of NAE
with the eluted disk method was assessed by spiking synthetic
DNA of P. falciparum in three scenarios: (i) deposition of syn-
thetic DNA in untreated Grade3 filter, (ii) deposition of syn-

thetic DNA in Grade3 filter treated with I8, (iii) deposition of
whole blood spiked with synthetic DNA in Grade3 filter treated
with I8. Results are shown in Fig. 3C–E where extracted DNA is
compared to spiked DNA in the reactions. P. falciparum-
specific LAMP assay24 is detailed in Table S5.† From the data
points from the serial dilutions showing positive results, NAE
recovery ranged between 0.03–11.2%, 0.31–64.56% and
0.28–480%, respectively in scenarios (i) to (iii) respectively.

Duality of the paper-based method

A second method was developed, named in situ disk method,
which consisted of directly placing the eluted disks into the
amplification reaction. Firstly, the in situ disk method was eval-
uated at different conditions including number of disks, incu-
bation time, and elution volume using whole blood in
K2EDTA. No significant differences were observed among them
as shown in Fig. S5G–I.† Secondly, the washing step was evalu-
ated at various conditions, including: (i) no wash (W1), (ii) the
use of a vortex (W2 to W4), (iii) shaking (W5 and W6), (iv) and
passive washing (W7 and W8). More details in Table S6.†
Lower TTP values were obtained with W4 and W5 which con-
sisted of 3 washes using vortex and 1 wash by shaking, respect-
ively. Between them, W5 was selected for subsequent experi-
ments (Fig. 4A). Thirdly, disks incubated at the three different
temperatures (RT, 63 °C and 95 °C) were tested. Contrary to

Fig. 3 Optimisation of NAE from DBSFP with eluted disk method. (A) Evaluation of igepal for DBSFP lysis with the eluted disk method. TTP values
using the LAMP-ACTB assay plotted against the different detergent concentrations. The “0” denotes no detergent addition and NEC denotes nega-
tive extraction control which consisted of disks without dried blood. (B) TTP values from elutions after incubation at RT or 95 °C using different filter
papers and the eluted disk method. (C) TTP values of recovery of spiked synthetic DNA of P. falciparum in untreated Grade3 filter. (D) TTP values of
recovery of spiked synthetic DNA of P. falciparum in Grade3 filter treated with igepal 8% (I8). (E) TTP values of recovery of whole blood spiked with
synthetic DNA of P. falciparum in Grade3 filter treated with I8.
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the eluted disk method, nucleic acid amplification was detected
with the disks after incubation at the three conditions. TTP
values were significantly lower at RT and 95 °C compared to
63 °C (Fig. 4B). Average TTP values were 5.00 ± 0.51 min, 10.45 ±
1.15 min and 5.27 ± 0.96 min for RT, 63 °C, and 95 °C, respect-
ively. As reference, the absence of an incubation step was also
evaluated. Results showed a higher variability, and TTP values
were significantly higher (8.71 ± 2.65 min) than those obtained
at RT or 95 °C. Also, the in situ disk method was performed with
the different filter papers (Fig. S6†) and results agreed with
those obtained in Fig. 3B. In order validate the specificity of the
obtained amplification products, restriction analysis was per-
formed demonstrating specific amplification with both, the
eluted disk and in situ diskmethods (Fig. 4C).

Detection of RNA and DNA

Whole blood stored in anticoagulants were screened for RNA
and DNA purification from DBSFP with the developed
methods. Elutions (eluted disk method, Fig. 4D) from whole
blood stored in K2EDTA spotted on Grade3 filter paper
reported an average TTP value of 6.99 ± 0.45 min and 18.76 ±

1.34 min with and without the addition of the reverse tran-
scriptase enzyme, respectively. Elutions (eluted disk method,
Fig. 4D) from whole blood stored in LiHep reported TTP values
of 7.62 ± 0.60 min and 7.50 ± 0.63 min with and without the
reverse transcriptase with the Grade3 filter paper. NAE with
the eluted disk method from blood stored in K2EDTA allowed
RNA discrimination. However, this was not the case for whole
blood stored in LiHep. To further investigate the role of the
anticoagulants in the NAE recovery, an additional experiment
was performed at different temperatures during the elution
step (Fig. S1†). Contrary to K2EDTA, whole blood stored in
LiHep showed comparable TTP values across all the tested
temperatures (RT, 40, 63, 80 and 95 °C). LiHep may enhance
the elution of DNA molecules such that the reverse transcrip-
tase effect is negligible, which could be due to the negative
charge of LiHep and its interaction with the DNA molecules in
the matrix. Furthermore, this may explain a resilient behaviour
to the different incubation temperatures during the elution
step. Several studies have shown lower recovery of RNA from
whole blood stored in LiHep compared to other anticoagulants
such as K2EDTA.

25–27 Nevertheless, further research is needed

Fig. 4 Duality of the DBSFP. (A) Optimisation of the washing step in eluted disk and in situ disk methods. Further details in Table S6.† (B) Boxplot
showing the effect of the incubation step and its temperature for the in situ disk method. “No” denotes the absence of incubation step after
washing. Each dot represents a sample, n = 9; (C) restriction analysis and gel electrophoresis of amplified products with the RE MseI showing bands
at 152 bp and 51 bp. Further details in Table S6.† (D) Boxplot showing RNA and DNA detection from whole blood stored in anticoagulants using the
eluted disk method. (E) Boxplot showing RNA and DNA detection from whole blood in K2EDTA using the eluted disk and in situ disk method. (F)
Boxplot showing RNA and DNA detection from whole blood in K2EDTA using the eluted disk and magnetic extraction with the Dynabeads kit. Each
dot represents a sample, n = 6; horizontal lines in the boxes indicate medians; lower and upper edges of boxes indicate interquartile range and whis-
kers are <1 times the interquartile range.
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to fully understand the role of the anticoagulant in the preser-
vation of RNA and DNA, since they could also be part of the
pre-treatment of the DBSFP depending on the application and
target.

The eluted disk and in situ disk methods were compared
independently using whole blood stored in K2EDTA (Fig. 4E).
Both methods showed a faster detection when the reverse tran-
scriptase was incorporated in the reaction mix. A higher sig-
nificant difference (p-value < 0.0001) with and without the
reverse transcriptase was observed with the eluted disk method
indicating that DNA molecules may be trapped in the cellulose
and therefore it is harder to discriminate RNA from DNA using
the in situ disk method.

The eluted disk method was compared against a commer-
cially available magnetic bead-based NAE method (Dynabeads,
Invitrogen). Average TTP values of 5.99 ± 0.62 min and 6.34 ±
0.68 were obtained with eluted disk and magnetic bead-based
NAE methods (p-value > 0.05), respectively, in the presence of
reverse transcriptase. Significant difference was observed with
the eluted disk method with and without reverse transcriptase
(5.99 ± 0.62 min and 16.12 ± 2.08, respectively). On the con-
trary, no significant difference was observed with the magnetic
bead-based NAE method (6.34 ± 0.68 min and 6.52 ± 0.81,
respectively) as shown in Fig. 4F.

Colorimetric and lateral flow detection

Real-time, colorimetric and lateral flow detection was per-
formed with LAMP using extracted nucleic acids by the eluted
disk method. For objective colorimetric readout, an algorithm
was implemented in MATLAB based on the work reported by
Rodriguez-Manzano et al.28 The script was adjusted for the dis-
crimination between pink and yellow to obtain a binary
output, where white corresponded to amplification and black
to non-amplification. Workflow is shown in Fig. 5A and script
in Fig. S7.†

Results in Fig. 5B showed amplification of the ACTB gene
from extracted nucleic acids using the eluted disk method as a
colour change from pink to yellow, and as a binary output.
Same samples were extracted with the magnetic bead-based
method and colorimetric detection was performed; results are
sown in Fig. S8.† Lateral flow detection of the extracted nucleic
acids is shown in Fig. 5C, detected in the test line specific for
FAM after 10 min incubation. Lastly, spiked whole blood
stored in LiHep with synthetic DNA of P. falciparum at
different concentrations (7.5 × 106, 7.5 × 105, 7.5 × 104, 7.5 ×
103 copies per reaction) was tested with colorimetric and
lateral flow detection. Colorimetric detection of the four con-
centrations is shown in Fig. 5D, and lateral flow detection in

Fig. 5 Colorimetric and lateral flow detection. (A) Workflow for colorimetric image processing. Algorithm implemented in MATLAB from raw image
to a binary output. (B) Colorimetric detection of ACTB from extracted nucleic acids with the eluted disk method, and post-processed images.
Samples used included whole blood in K2EDTA (1–3) and whole blood in LiHep (4–6); non-template control (NTC); and positive control (CTRL),
purified human genomic DNA (Promega). (C) Lateral flow detection of ACTB gene from extracted nucleic acids with the eluted disk method. (D)
Colorimetric detection of P. falciparum DNA from extracted nucleic acids with the eluted disk method, and post-processed images. Samples
included spiked synthetic DNA of P. falciparum in whole blood at final concentration per reaction as follows: 7.5 × 106, 7.5 × 105, 7.5 × 104, 7.5 × 103

copies per reaction, and NTC. (E) Lateral flow detection of P. falciparum DNA and ACTB from extracted nucleic acids with the eluted disk method. C
– Control; F – FAM; D – DIG.
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Fig. 5E. Bands specific for FAM (ACTB gene) and DIG (P. falci-
parum) can be observed. LAMP amplification using only the
P. falciparum-specific assay is shown in Fig. S9†, where only
bands specific for DIG are visible. Sample-to-result was
obtained under 35 min with the colorimetric approach and
under 45 min with the lateral flow approach.

Conclusions

Molecular diagnostics from DBS envisioned to be used at the
POC are currently limited by the complex laboratory-based
methods for NAE4,29 or their application to PCR which require
high temperature incubation and thermal-cycling.7,17 To date,
a simplified and rapid protocol for NAE and its subsequent
downstream application for isothermal amplification has not
been reported. In this work, we have developed a paper-based
NAE method which consists of a pre-treatment of filter paper
with a mild surfactant (e.g. igepal30–32), spotting of sample, a
washing step (1 min) and incubation at RT conditions (5 min).
We have shown high yield recovery of spiked synthetic DNA
and RNA extraction without the need of equipment, long pro-
cedures or commercial kits.33–35 Leveraging on the duality of
paper-based matrices, the elution obtained from the incu-
bation step (eluted disk method) and the use of the disk itself
(in situ disk method) were successfully applied in combination
with LAMP for the lysis of eukaryotic cells, detection of the
human reference gene ACTB and detection of cell-free syn-
thetic DNA of P. falciparum (kelch 13 gene). This is the first
study that has explored the duality of DBSFP. We have demon-
strated the use of standard grade 3 filter paper (∼£0.10 per
card) for accurate NAE from blood, and the potential use of
more expensive (£3–5 per card) commercial filter papers (FTA
Classic cards, FTA Elute cards, 903 Protein Saver and Fusion 5)
with the developed eluted disk and in situ disk methods. The
lower sample input for NAE with our methodology (2 µL × 3
disks) compared to standard methods such as magnetic bead-
based extraction (100 µL) demonstrates that this method is
less invasive but equivalent in performance. In future work,
the applicability could be extended to the detection of blood-
stream pathogens such as virus, bacteria or parasites,37–39 and
also applications in genomics and transcriptomics involving
the detection of endogenous genes with RNA-specific assays.
Igepal has been previously described as a component in lysis
buffers for bacterial, viarl or eukaryotic cells, therefore we
anticipate that it could be compatible to lyse pathogenic
material.31,40,41 The use of DBSFP without the need of prior
cell or bacteria culture, will highly reduce the processing time
of samples and allow the detection of pathogens which cannot
be currently cultured. As proof-of-concept, we have successful
preliminary data of NAE of RNA from SARS-CoV-2 viral par-
ticles and DNA from Escherichia coli using the eluted disk
method and available LAMP assays42,43 (Fig. S10†). Given the
reported applicability of FTA cards for sample preservation
and NAE, we expect that the proposed methods could be com-
patible with other matrices such as buccal swabs, faecal swabs,

urine or saliva.44 Since we have also demonstrated a sample-to-
result proof-of-concept workflow through the combination of
the eluted disk method with colorimetric LAMP and lateral
flow detection, we envision that eluted disk and in situ disk
could be used at the POC once embedded in a portable diag-
nostic format.45 Furthermore, we anticipate that once inte-
grated they could be applied for sample archiving and improve
the current pipeline for paper-based POC diagnostics.
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