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ptamer-based sandwich assay
(ELASA) for detecting Plasmodium falciparum
lactate dehydrogenase, a malarial biomarker

Yeon-Jun Kim a and Jae-Won Choi *ab

Herein, we report a sensitive and selective enzyme-linked aptamer-based sandwich assay (ELASA) to detect

Plasmodium falciparum lactate dehydrogenase (PfLDH), which is an attractive biomarker for malaria

diagnosis and antimalarial medication. We performed the sandwich assay with a single aptamer

sequence, called 2008s, owing to the structural properties of the PfLDH tetramer instead of using

a conventional sandwich assay with two different aptamers (or antibodies) for capturing and probing

a target molecule. First, the biotinylated PfLDH aptamer was linked with immobilized streptavidin on

a microwell plate for binding flexibility, and then PfLDH was bound to the aptamer. Next, a horseradish

peroxidase-conjugated aptamer of the same sequence was used to analyze PfLDH quantitatively. Using

this approach, the limit of detection (LOD) of PfLDH with the naked eye was 100 ng mL−1, and the LOD

and limit of quantification from the absorbance measurements were 34.9 ng mL−1 and 95.5 ng mL−1,

respectively, based on PfLDH spiked blood samples. Our proposed method selectively binds PfLDH, not

human lactate dehydrogenase. Therefore, this method may be a valuable tool for diagnosing,

monitoring, and quarantining malaria cases easily and rapidly.
Introduction

Malaria is an infectious disease caused by parasitic protozoans of
the Plasmodium species, oen occurring in tropical or semi-
tropical regions and commonly transmitted to humans by female
mosquitos.1–3 Malaria symptoms appear within a few days of
being bitten by a mosquito, including fever, fatigue, sweating,
nausea, vomiting, diarrhea, and headache.3 Even though anti-
malarial medications can curemalaria, TheWorldMalaria Report
2021, published by the World Health Organization, reported over
241 million malaria patients and approximately 627 000 malaria-
related fatalities in 85 malaria-endemic countries.1 Therefore,
quick diagnosis with an accurate and straightforward platform is
essential for obtaining proper medical treatment.

Currently, a microscopic examination,4–6 polymerase chain
reaction (PCR),7–9 and a rapid diagnostic test (RDT)10–12 are
widely utilized for diagnosing malaria. A peripheral blood
smear test with a microscopic examination is the most accurate
method for conrming the malaria parasites.13 Although the
technique is old, it remains the most widely used due to its high
accuracy and positioning as a gold standard. However, it
requires sophisticated equipment, experienced experts, and
several days for high-accuracy analyses. Generally, a PCR assay
is employed to detect parasitic DNA with high sensitivity, but its
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complexity and cost are barriers for general use. PCR also
requires equipped laboratory facilities and has difficulties
detecting cases of plasmodial genotypic variants.7 RDT diag-
noses malaria quickly and easily, but its sensitivity and speci-
city are manufacturer-dependent, quantitative analysis is
impossible, and early diagnosis is difficult.

Enzyme-linked immunosorbent assay (ELISA) is the most
actively used format for target molecule detection in liquid or
wet samples because of its robust and accurate properties.14–16

ELISAs use antibodies and colorimetric substrates to identify
a specic antigen in a sample. Malaria diagnosis is based on
various protein biomarkers (or antigens), such as plasmodial
lactate dehydrogenase (LDH),10,11,16 histidine-rich protein
II,12,17,18 aldolase,19 and glutamate dehydrogenase.20 Among
these biomarkers, plasmodial LDH (pLDH) is an attractive
target for malaria diagnosis and antimalarial drug design since
it produces plasmodial ATP in human red blood cells and has
unique amino acids at the active site and a well-understood
three-dimensional structure.21–23 Some results have reported
successful ELISA-based malaria diagnosis using antibodies
against Plasmodium spp. LDH.16,24 However, the ELISA method
is an antibody-based detection format; thus, monoclonal or
polyclonal antibodies against a specic antigen are necessary.
In addition, this format requires sacricing laboratory animals,
such as mice and rabbits, and takes several months to produce
the same antibodies. Recently, mass antibody production has
trended toward a cell culture system using a bioreactor, elimi-
nating the need for animals. However, this is also not ideal
RSC Adv., 2022, 12, 29535–29542 | 29535
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since it requires many additional elements (e.g., medium,
antibiotics, and serum), takes time, and can be costly.

An aptamer is an oligonucleic acid that can specically bind
from small molecules such as metal ions and chemicals to large
molecules such as proteins. In recent, several aptamers capable
of binding to pLDH have been developed by the systematic
evolution of ligands by exponential enrichment (i.e., SELEX) for
diagnosing malaria.21,25,26 Aptamers can be used to develop
aptasensors for diagnosing malaria because they are easily
synthesizable and have high specicity and thermal stability.
Above all, unlike antibodies, aptamers can bemass-produced by
chemical synthesis without animals or bioreactors.

Of the four malaria-causing Plasmodium spp. (P. falciparum,
P. vivax, P. malariae, and P. ovale), P. falciparum triggers the
version of malaria that is most oen fatal and medically severe;
this species causes most malarial deaths.1,3 Several aptamers
specically bind to P. falciparum lactate dehydrogenase
(PfLDH), but the 2008s aptamer is used the most for detecting
PfLDH because it has excellent and stable binding.21,27–29 Herein,
we aimed to develop a simple yet effective aptamer-based PfLDH
detection method and report an enzyme-linked aptamer-based
sandwich assay (ELASA) for rapid and sensitive detection of
PfLDH using the 2008s aptamer.
Experimental
Reagents and materials

Streptavidin from Streptomyces avidinii, horseradish peroxidase
(HRP), lysozyme, imidazole, Tris powder, 1-uoro-2,4-
dinitrobenzene (FDNB), phenylmethylsulfonyl uoride
(PMSF), sodium bicarbonate, sodium carbonate, sodium
phosphate, sodium periodate, and sodium borohydride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ampicillin
and isopropyl b-D-1-thiogalactopyranoside (IPTG) were
purchased from LPS Solution (Daejeon, Republic of Korea). All
enzymes for plasmid construction were purchased from Enzy-
nomics (Daejeon, Republic of Korea). Pyridoxal phosphate and
phosphate buffered saline (pH 7.4) were obtained from
AMRESCO (Solon, OH, USA), and ethylene glycol was purchased
from Junsei Chemical (Tokyo, Japan). Bovine serum albumin
(BSA) was purchased from Roche (Basel, Switzerland). The
bicinchoninic acid (BCA) protein assay kit was purchased from
Thermo Fisher Scientic (Waltham, MA, USA). The 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate was purchased from
Kementec (Taastrup, Denmark). The single-stranded DNA
aptamer that specically binds to PfLDH called ‘2008s’ (5′-
CTGGGCGGTAGAACCATAGTGACCCAGCCGTCTAC-3′) was
synthesized by Integrated DNA Technologies (Singapore,
Republic of Singapore), and biotin or HRP was conjugated at 3′-
end of aptamer, respectively. Human LDH (hLDH) was
purchased from Abcam (Cambridge, UK).
PfLDH expression and purication

A recombinant PfLDH plasmid was constructed in pET-21a(+)
and transformed into the BL21(DE3) strain of Escherichia coli.
BL21(DE3) cells carrying pET-21a(+)-PfLDH plasmids were
29536 | RSC Adv., 2022, 12, 29535–29542
grown in lysogeny broth containing 50 mg mL−1 of ampicillin by
an OD600 of 0.6. Recombinant PfLDH proteins were induced
with 1 mM IPTG at 20 �C for 16 h. Cells were harvested by
centrifugation and then lysed using lysis buffer (20 mM Tris–Cl
[pH 7.9], 5 mM imidazole, 500 mM NaCl, 1 mM PMSF, and 10
mg g−1 [lysozyme/pellet]) by sonication. The lysates were
centrifuged at 9000 rpm for 30 min at 4 �C. Aer centrifugation,
the supernatant was loaded on a nickel–nitrilotriacetic acid (Ni–
NTA) resin-packed column. The column was washed with
washing buffer (20 mM Tris–Cl [pH 7.9], 40 mM imidazole,
500 mM NaCl, and 1 mM PMSF) and then eluted with elution
buffer (20 mM Tris–Cl [pH 7.9], 500 mM imidazole, and 500 mM
NaCl). The eluted PfLDH proteins were dialyzed into a dialysis
buffer containing 20mM sodium phosphate, 500mMNaCl, and
0.5 mM pyridoxal phosphate for 16 h at 4 �C. Finally, the PfLDH
concentration was conrmed by BCA protein assay kit.

Polyacrylamide gel electrophoresis (PAGE) of PfLDH and
hLDH

We performed PAGE to conrm the purication procedures of
PfLDH using a 12% polyacrylamide gel under reduced condi-
tions containing sodium dodecyl sulfate (SDS) and b-mercap-
toethanol (b-ME). PAGE was performed in both reduced and
native conditions to identify puried PfLDH and hLDH
proteins. In the reduced condition, 4� reducing sample buffer
containing 250 mM Tris–Cl (pH 6.8), 8% SDS, 40% glycerol, 8%
b-ME, and 0.02% bromophenol blue was used. Then, SDS-PAGE
was performed using a 15% polyacrylamide gel and 1� elec-
trophoresis buffer containing 0.01% SDS. In the native condi-
tion, 4� native sample buffer containing 250 mM Tris–Cl (pH
6.8), 40% glycerol, and 0.02% bromophenol blue was used.
Native PAGE was performed using a 10% polyacrylamide gel
without SDS and 1� electrophoresis buffer without SDS.

HRP conjugation with PfLDH

HRP (2.5 mg) was dissolved in 300 mM sodium carbonate buffer
(pH 8.1). Then, FDNB was added to the HRP solution and incu-
bated for 1 h at room temperature. Next, the solution was incu-
bated with 80 mM of sodium periodate for 1 h at room
temperature, and then 160 mM of ethylene glycol was added.
Aer 1 h, the activated HRP solution was dialyzed into a 10 mM
sodium bicarbonate buffer (pH 9.5) for 16 h at 4 �C. For PfLDH,
buffer exchange was performed by extensively dialyzing against
the 10 mM sodium bicarbonate buffer (pH 9.5). Finally, 1 mg of
PfLDH was mixed with the HRP solution for 2 h at room
temperature, and then this mixture was incubated with 5 mg
mL−1 of sodium borohydride for 2 h at 4 �C. The HRP–PfLDH
conjugates were puried via Ni–NTA resin and concentrated by
a centrifugal lter unit fromMerck Millipore (Billerica, MA, USA).
The concentration of HRP–PfLDH conjugates was determined by
a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientic).

Aptamer and PfLDH binding affinity measurements

A 1 mg mL−1 streptavidin solution was added to a 96-well
microwell plate and incubated at 37 �C for 1 h. Aer streptavidin
coating, all microwells were blocked with a blocking solution
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03796c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 3
:0

8:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
containing 5% BSA, 5% sucrose, and 0.05% Tween-20 in
phosphate-buffered saline (PBS) at 37 �C for 1 h. Then, the
blocking solution was removed from the microwells, and the
plate was dried at 37 �C for 1 h. Next, 10 nM of the biotin-
conjugated PfLDH aptamer was added to the streptavidin-
coated microwell plate and incubated at 37 �C for 1 h. At this
time, the aptamer was allowed to self-form a secondary structure
through the cooling process at room temperature aer denatur-
ation at 90 �C for 30 seconds for structuration prior to being
added into the microwell plate. Three different buffer conditions
were used to determine the best structuration (buffer A: PBS, pH
7.4, buffer B: 25 mM Tris–Cl (pH 7.5), 100 mM NaCl, and 20 mM
imidazole, and buffer C: 10 mM Tris–Cl (pH 7.4), 10 mM NaCl,
and 0.2mMMgCl2). Aer incubation, all microwells were washed
three times using 0.05%Tween-20 containing PBS (0.05% PBS-T).
Finally, different concentrations of HRP-conjugated PfLDH
(serially diluted from 2 mM) were added to the microwells and
incubated at 37 �C for 1 h. Finally, 100 mL of TMB substrate was
added per microwell aer washing for 15 min at room tempera-
ture to develop the colorimetric reaction. The reaction step was
stopped via a 0.5 N H2SO4 solution, and the absorbance was
measured at 450 nm using a Bio-Rad microplate reader
(Hercules, CA, USA). The binding affinity between PfLDH and the
aptamer was calculated from the extracted absorbances per
PfLDH concentration. A microwell plate coated only with BSA
without streptavidin was used as a negative control.
Aptamer and streptavidin binding affinity measurements

A 96-well plate was coated, blocked, and dried as described
above. Next, different concentrations of structured HRP-
conjugated PfLDH aptamer (serially diluted from 1 mM) were
added to the microwells and incubated at 37 �C for 1 h. Aer
incubation, all microwells were washed three times using 0.05%
PBS-T. The colorimetric reaction and spectrophotometric
measurements were performed as described above.
Fig. 1 Polyacrylamide gel electrophoresis for Plasmodium falciparum lac
proteins. (A) A gel image of each immobilized metal affinity chromatog
acrylamide gel under reduced conditions. PL, protein ladder; L, lysate of E
through fraction after initially loading the BL21(DE3) lysate onto a column
fraction from the IMAC procedure; E, the elution fraction from the IMAC
(right). Electrophoresis was performed on a 15% polyacrylamide gel under
hLDH (right). Electrophoresis was performed on a 10% polyacrylamide g

© 2022 The Author(s). Published by the Royal Society of Chemistry
Multiple sequence alignment of PfLDH and hLDH amino
acids

The homology of PfLDH and hLDH amino acids was analyzed
using the ‘Align’ mode in UniProt (https://www.uniprot.org/
align). The UniProt entry ID corresponding to this
experiment's PfLDH amino acids sequence was Q76NM3
(entry name: Q76NM3_PLAF7, gene name: PF3D7_1324900),
and the UniProt entry ID for hLDH was P00338 (entry name:
LDHA_HUMAN, gene name: LDHA_PIG19).

PfLDH and hLDH detection by ELASA

A 1 mM streptavidin solution was added to a 96-well microwell
plate and incubated at 37 �C for 1 h. The 96-well microwell plate
was blocked, and dried as described above. Then, 1 mM of
structured biotin-conjugated PfLDH aptamer was added to the
streptavidin-coated microwell plate and incubated at 37 �C for
1 h. Aer incubation, all microwells were washed three times
using washing buffer. Next, puried PfLDH in buffer, hLDH in
buffer, or spiked PfLDH in mouse blood of various concentra-
tions (0, 10−4, 10−3, 10−2, 10−1, 100, 101, and 102 mg mL−1) were
loaded into the wells then incubated at 37 �C for 1 h. Then, aer
washing, 1 mM of structured HRP-conjugated PfLDH aptamer
was added to the microwell plate and incubated at 37 �C for 1 h.
Aer washing, 100 mL of TMB substrate was added per micro-
well and then incubated at room temperature for 15 min. The
reaction step was stopped using a 0.5 N H2SO4 solution, and the
absorbance was measured at 450 nm using a microplate reader.

Results and discussion
PfLDH and hLDH conrmation by PAGE

Before examining PfLDH and the 2008s aptamer binding, we
conrmed that puried recombinant PfLDH was obtained by
reduced and native PAGE analyses (Fig. 1); we found that PfLDH
was selectively separated (Fig. 1(A)). PfLDH and hLDH were
tate dehydrogenase (PfLDH) and human lactate dehydrogenase (hLDH)
raphy (IMAC) fraction. Electrophoresis was performed on a 12% poly-
scherichia coli BL21(DE3) carrying plasmid pET-21a(+)-PfLDH; F, flow-
packed with nickel–nitrilotriacetic acid agarose beads; W, the washing
procedure. (B) Gel images of purified PfLDH (left) and purified hLDH
reduced conditions. (C) Gel images of purified PfLDH (left) and purified
el under native (non-reduced) conditions.

RSC Adv., 2022, 12, 29535–29542 | 29537
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highly puried in the reduced condition, as indicated by
a single band on 15% polyacrylamide gels at approximately 36
kDa (Fig. 1(B)). In the native condition on 10% polyacrylamide
gels, we observed bands above 140 kDa for both proteins, while
no bands were observed around 36 kDa (Fig. 1(C)).

The PfLDH and hLDHmolecular weights do not match in the
native condition due to differences in their isoelectric points
(pIs). The PfLDH and hLDH pIs are 7.26 and 8.64, respectively.
In native gels, it is natural that hLDH migrates less than PfLDH
in a resolving gel with a pH of 8.8. On the other hand, since the
protein ladder molecules are stored in a buffer containing
20 mM Tris–phosphate (pH 7.5), 2% SDS, 3.6 M urea, 0.2 mM
dithiothreitol, and 15% glycerol, they are located in appropriate
molecular weight. These results suggest that the PfLDH and
hLDH proteins used in this experiment were well-composed of
tetramers.
Optimizing the reaction conditions and binding affinity
measurements

Scheme 1 illustrates the proposed ELASA procedure for detect-
ing PfLDH. Prior to perform the ELASA, we examined the
binding affinity between PfLDH and the 2008s aptamer. The
2008s aptamer against PfLDH was adopted by Cheung et al.,
who performed a structural study that dened the PfLDH
binding site.21 Direct immobilization of the 2008s aptamer on
a microwell plate may interrupt PfLDH binding. Therefore,
biotin was conjugated at the 3′-end of the aptamer sequence for
exible binding with PfLDH. Also, the aptamer's primary
binding sequence is at the 5′-end, and thus biotin was conju-
gated at the 3′-end.

First, we coated the microwell plates with 1 mg mL−1 of
streptavidin, then bound 10 nM of structured biotinylated
PfLDH aptamer through biotin–streptavidin pairing (Fig. 2(A)).
Scheme 1 A schematic illustration of the enzyme-linked aptamer-base
drogenase (PfLDH). HRP, horseradish peroxidase; TMB, 3,3′,5,5′-tetrame

29538 | RSC Adv., 2022, 12, 29535–29542
Next, the HRP-conjugated PfLDH was serially diluted to
different concentrations (0 to 2 mM) and incubated with the
coated the 2008s aptamer. Here, we used three different buffer
conditions to determine the best reaction: buffer A: PBS, pH 7.4,
buffer B: 25 mM Tris–Cl (pH 7.5), 100 mM NaCl, and 20 mM
imidazole, and buffer C: 10 mM Tris–Cl (pH 7.4), 10 mM NaCl,
and 0.2 mM MgCl2. Each microwell was treated with TMB
substrate to trigger a color reaction based on the HRP-
conjugated PfLDH remaining in the microwell, which was
terminated with a 0.5 N H2SO4 solution. Finally, colorization
was monitored by the naked eye, and the absorbance was
measured at 450 nm using a microplate reader.

The dissociation constant (KD) was calculated by extracting
the absorbance from each PfLDH concentration using the
following equation:

Abs ¼ Absmin þ DAbs�
� ½PfLDH�
KD þ ½PfLDH�

�

Abs, DAbs, and [PfLDH] represent the measured absorbance,
total change in absorbance, and molar concentration of PfLDH,
respectively. Similar KD values were obtained from each reaction
buffer (Fig. 2(B–D)). The KD value of buffer A (PBS, pH 7.4) was
53.17 � 2.97 nM, and the R2 value was 0.9975, showing the least
variation (Fig. 2(B)). The KD values for buffers B and C were
33.81� 4.24 nM and 74.55 � 4.76 nM, respectively (Fig. 2(C and
D)), and the R2 values were 0.9873 and 0.9968, respectively.
These results indicate that any general buffer could be used for
binding assays with this aptamer. Moreover, our KD values
aligned with those reported by Cheung et al., determined by
isothermal titration calorimetry (KD ¼ 42 nM) and an electro-
phoretic mobility shi assay (KD ¼ 56 nM).21

HRP-conjugated PfLDH binding did not occur in the BSA-
coated microwells without streptavidin (white circles in
d sandwich assay for detecting Plasmodium falciparum lactate dehy-
thylbenzidine.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The principle and the binding affinity results between Plasmodium falciparum lactate dehydrogenase (PfLDH) and the 2008s aptamer. (A)
Schematic illustration of the experimental procedures for the dissociation constant (KD) analysis between PfLDH and the 2008s aptamer. (B–D)
PfLDH and the 2008s aptamer interaction binding curves using three different buffer conditions for the whole analysis procedures. Phosphate
buffered saline (pH 7.4) was used in (B), 25 mM Tris–Cl (pH 7.5), 100 mM NaCl, and 20 mM imidazole was used in (C), and 10 mM Tris (pH 7.4),
10 mM NaCl, and 0.2 mM MgCl2 was used in (D). The circles in (B) to (D) indicate streptavidin (SA, black circles) and bovine serum albumin (BSA,
white circles) coated on microplates.
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Fig. 2(B–D)), indicating that the absorbance increase with
increasing PfLDH concentrations resulted from specic binding
between PfLDH and the 2008s aptamer linked to streptavidin in
the wells. Also, we examined the reaction between the 2008s
aptamer and streptavidin as a negative control, which
conrmed that the absorbance did not increase with increasing
HRP-conjugated 2008s aptamer concentrations in the
streptavidin-immobilized microwells (Fig. 3). Therefore, PfLDH
and the 2008s aptamer bind specically in a microwell plate.
PfLDH aptamer sensitivity in the ELASA platform

Next, we performed a PfLDH detection experiment using the
ELASA method (Scheme 1). First, we saturated the microwells
with 1 mM of streptavidin for efficient PfLDH molecule capture
(i.e., the coating step). Then, 1 mM of biotinylated aptamer was
bound with the coated streptavidin through biotin–streptavidin
pairing. Next, 100 mg mL−1 of puried PfLDH was 10� serially
diluted and then added to the wells to calculate the quantiable
range. Then, 1 mM of HRP-conjugated 2008s aptamer was
© 2022 The Author(s). Published by the Royal Society of Chemistry
bound with the captured PfLDH in the microwells and subse-
quently treated with TMB substrate to trigger colorization
(terminated with 0.5 N H2SO4 solution). Finally, absorbance was
measured at 450 nm using a microplate reader.

We observed by the naked eye a signicant color change at
100 ng mL−1 of PfLDH. Furthermore, we determined the limit of
detection (LOD) and limit of quantication (LOQ) based on the
absorbances (Fig. 4). In general, the LOD is an absorbance value
that is 3� higher than that of the blank (negative control), and
the LOQ is the absorbance value 10� higher than that of the
blank.We calculated the LOD and LOQ in buffer as 21.3 ngmL−1

and 44.0 ng mL−1, respectively, using the following equation:

Abs ¼ Absmin þ Absmax � Absmin

1þ 10ðLog EC50�xÞ�H

Abs, EC50, and H represent the interested absorbance from the
PfLDH concentration at x, the half maximal effective PfLDH
concentration, and the hillslope, respectively. Usually, capture
and probemolecules bound to the targetmolecule are screened in
a sandwich assay, then the optimal pair is selected. Even though
RSC Adv., 2022, 12, 29535–29542 | 29539
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Fig. 3 Streptavidin and the 2008s aptamer binding. The x-axis
represents the horseradish peroxidase (HRP)-conjugated 2008s
aptamer concentration, and the y-axis represents the absorbance at
450 nm. A microwell plate was coated with 1 mg mL−1 of streptavidin,
and then incubated with various HRP-conjugated 2008s aptamer
concentrations (0 to 1000 nM).

Fig. 4 Plasmodium falciparum lactate dehydrogenase (PfLDH)
detection with the enzyme-linked aptamer-based sandwich assay
platform. The x-axis represents the PfLDH concentrations (0, 10−4,
10−3, 10−2, 10−1, 100, 101, and 102 mg mL−1), and the y-axis represents
the absorbance at 450 nm. The inset image shows the color devel-
opment after adding the color substrate but before adding the stop
solution.

Fig. 5 Human lactate dehydrogenase (hLDH) detection with the
enzyme-linked aptamer-based sandwich assay platform. The x-axis
represents the hLDH concentrations (0, 10−4, 10−3, 10−2, 10−1, 100,
101, and 102 mg mL−1), and the y-axis represents the absorbance at
450 nm. The inset image shows the color development after adding
the color substrate but before adding the stop solution.
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two different molecules optimized for capturing and probing the
target molecule are used, our proposed ELASA method is distinct
from conventional methods because the sandwich assay was
performed using a single aptamer sequence with dual binding
sites owing to the tetrameric characteristics of PfLDH.
PfLDH aptamer selectivity in the ELASA platform

The hLDH detection experiment was performed to examine the
selectivity of our ELASA method using the 2008s aptamer. All
29540 | RSC Adv., 2022, 12, 29535–29542
experimental conditions were adopted from the ELASA for
PfLDH detection, except that hLDH was used instead of PfLDH.
The hLDH was 10� serially diluted from 100 mg mL−1 and
measured by ELASA to conrm whether non-specic binding
between hLDH and the 2008s aptamer exists. hLDH did not
bind the 2008s aptamer, evidenced by similar absorbances
between the blank and the 100 mg mL−1 concentration (Fig. 5).

Moreover, multiple sequence alignment was performed on
PfLDH and hLDH amino acids using UniProt (Fig. 6). Of the 332
amino acid positions, 89 amino acids existed at the same
positions in aligned sequence (purple color in Fig. 6), and the
homology between PfLDH and hLDH was 26.8%. Furthermore,
we marked the primary binding site of the 2008s aptamer in
PfLDH based on the information based by Cheung et al.,21

which conrmed a difference in the amino acids sequence of
PfLDH and hLDH (yellow color in Fig. 6). A molecule of the
2008s aptamer binds to two monomers of PfLDH that form
a tetramer. Specically, the 2008s aptamer binds to Asp35,
Ile36, and Lys84 to Asp90 of PfLDH monomer, and binds to
Lys44 and His232 of another PfLDH monomer. This difference
contributes to the structural stability of the 2008s aptamer–
PfLDH complex, which has a different charge and polarity than
hLDH. Together, these results indicate that our ELASA selec-
tively captures only PfLDH, and thus it can be distinguished
from hLDH in P. falciparum-infected blood samples for malaria
diagnosis.

A quantitative analysis of PfLDH in a blood sample using the
ELASA platform

Finally, we performed an experiment to validate that PfLDH can
be selectively detected in the blood with high sensitivity. First,
we spiked mouse blood with PfLDH to nal concentrations of 0,
10−4, 10−3, 10−2, 10−1, 100, 101, and 102 mg mL−1 of PfLDH.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03796c


Fig. 6 A multiple sequence alignment of Plasmodium falciparum lactate dehydrogenase (PfLDH) and human lactate dehydrogenase (hLDH)
amino acids using the UniProt database. Each LDH amino acids sequence contains the original sequence without tag. Purple boxes indicate
identical amino acids, and yellow boxes indicate aptamer binding sites.
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Then, performed the ELASA as previously described using the
spiked samples.

We detected 100 ng mL−1 of PfLDH by the naked eye, which
aligned with the puried PfLDH sensitivity result. Furthermore,
the LOD and LOQ in matrix were 34.9 ng mL−1 and 95.5 ng
mL−1, respectively (Fig. 7). These results imply that PfLDH
detection is possible in blood samples from patients. The mean
pLDH concentration in the blood of malaria patients is 681.4 ng
mL−1 (range, 219.1–1803.1 ng mL−1).30 Moreover, since
Fig. 7 Plasmodium falciparum lactate dehydrogenase (PfLDH)
detection in a blood sample using the enzyme-linked aptamer-based
sandwich assay platform. Mouse blood spiked with different PfLDH
concentrations of 0, 10−4, 10−3, 10−2, 10−1, 100, 101, and 102 mg mL−1

(x-axis). The y-axis represents the absorbance at 450 nm. The inset
image shows the color development after adding the color substrate
but before adding the stop solution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
expression of this biomarker is drastically increased in all
asexual stages of erythrocytic cycle of P. falciparum parasite, it is
attractive for the diagnosis of malaria.31,32 Therefore, our ELASA
method has sufficient sensitivity and selectivity to diagnose
malaria from clinical samples with the naked eye or by
a spectrophotometer.
Conclusions

We developed a novel ELASA platform, similar to the sandwich
ELISA method, using a single-stranded DNA aptamer (called
2008s) that selectively binds PfLDH (a malarial biomarker).
Therefore, it enables robust, simple, and rapid PfLDH detec-
tion. Also, our method, using aptamer instead of antibodies,
does not require sacricing animals, saving time and costs
since monoclonal and polyclonal antibody preparations are not
required. Additionally, chemical synthesis makes mass
production of aptamers possible, and key raw materials for
production are readily available, unlike antibodies that require
laboratory animals and/or bioreactors.

Above all, our ELASA is distinct because this sandwich assay
uses a single aptamer sequence that can bind two sites owing to
the tetrameric characteristics of PfLDH. Therefore, less time is
required to screen capture and probe molecule pairs using the
ELASA method than a conventional sandwich assay. Moreover,
using ourmethod, 100 ngmL−1 of PfLDH can be detected with the
naked eye or by a spectrophotometer (LOD: 34.9 ng mL−1; LOQ:
95.5 ngmL−1 based on absorbancemeasurement), as indicated by
PfLDH spiked blood samples. Finally, our ELASA method was
selective for PfLDH and thus suitable for malaria diagnosis.

During the coronavirus disease 2019 crisis, eradicating
malaria has been especially difficult. However, the ELASA
RSC Adv., 2022, 12, 29535–29542 | 29541
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platform features make it an attractive option for clinical appli-
cation. Using this ELASA platform may improve P. falciparum
infection diagnosis and could be extended to other malaria
parasites.
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