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ABSTRACT Molecular genotyping holds tremendous potential to detect antimalarial
drug resistance (ADR) related to single nucleotide polymorphisms (SNPs). However, it
relies on the use of complicated procedures and expensive instruments. Thus, rapid
point-of-care testing (POCT) molecular tools are urgently needed for field survey and
clinical use. Herein, a POCT platform consisting of multiple-allele-specific PCR (AS-
PCR) and a gold nanoparticle (AuNP)-based lateral flow biosensor was designed and
developed for SNP detection of the Plasmodium falciparum dihydrofolate reductase
(pfdhfr) gene related to pyrimethamine resistance. The multiple-AS-PCR utilized 39
terminal artificial antepenultimate mismatch and double phosphorothioate-modified
allele-specific primers. The duplex PCR amplicons with 59 terminal labeled with biotin
and digoxin are recognized by streptavidin (SA)-AuNPs on the conjugate pad and
then captured by anti-digoxin antibody through immunoreactions on the test line to
produce a golden red line for detection. The system was applied to analyze SNPs in
Pfdhfr N51I, C59R, and S108N of 98 clinical isolates from uncomplicated P. falciparum
malaria patients. Compared with the results from nested PCR followed by Sanger
DNA sequencing, the sensitivity was 97.96% (96/98) for N51I, C59R, and S108N. For
specificity, the values were 100% (98/98), 95.92% (94/98), and 100% (98/98) for N51I,
C59R, and S108N, respectively. The limit of detection is approximately 200 fg/ml for
plasmid DNA as the template and 100 parasites/ml for blood filter paper. The estab-
lished platform not only offers a powerful tool for molecular surveillance of ADR but
also is easily extended to interrelated SNP profiles for infectious diseases and genetic
diseases.

KEYWORDS single nucleotide polymorphisms (SNPs), point-of-care testing (POCT),
allele-specific PCR, lateral flow biosensor, antimalarial drug resistance

Human malaria induced by Plasmodium species parasites, particularly Plasmodium
falciparum, is a serious public health problem. It is mainly prevalent in the tropics

and subtropics, particularly sub-Saharan Africa, as well as in Southeast Asia (SEA) and
South America. In 2019, there were an estimated 229 million new malaria cases, which
were responsible for approximately 409,000 deaths globally (1). Furthermore, pregnant
women and children less than 5 years old in sub-Saharan Africa were the primary vic-
tims. Currently, the prevalence of P. falciparum parasites with antimalarial drug resist-
ance (ADR) decreases antimalarial drug efficacy, and the emergence and transmission
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of ADR are recognized as potentially major obstacles for malaria control globally (2).
During the 1980s, chloroquine (CQ) was replaced by sulfadoxine-pyrimethamine (SP),
because widespread CQ resistance developed in sub-Saharan Africa. Subsequently, SP
was replaced by artemisinin-based combination therapy (ACTs) for to the same reason.
However, SP is still used for intermittent preventive treatment in infants (IPTi) and preg-
nant women (IPTp) in regions of malaria endemicity, according to WHO guidance (3).
Aimed at P. falciparum enzymes dihydropteroate synthase (Pfdhps) and dihydrofolate
reductase (Pfdhfr), SP acts as a synergistic inhibitor of folate in Plasmodium species par-
asites (4, 5). Studies in vitro and in vivo found that SP resistance (SPR) is primarily con-
ferred by amino acid mutations in Pfdhfr (N51I, C59R, S108N, and I164L) and Pfdhps
(S436A, A437G, K540E, A581G, and A613S) (6, 7). These mutations, particularly S108N
and A437G, are suggested to mediate a gradually increasing trend of SPR (8).
Compared with mutations of Pfdhps, a Pfdhfr triple mutant (N51I, C59R, and S108N)
has been documented more frequently in African regions where malaria is found (9).

Several PCR-based assays have been reported for single nucleotide polymorphism
(SNP) detection in SPR genes (7, 10–16). Although DNA sequencing of PCR amplicons is
considered the gold standard for SNP detection, it is expensive, time consuming, and
requires trained professionals to report the results (17). Besides, the advantage of
sequencing is to search for unknown SNPs rather than well-known SNPs. For other
techniques, the multistep procedures, high cost, and need for precise devices limit their
application (18, 19). The tremendous potential for SNPs in ADR genes of P. falciparum
demands instantaneous and effective screening tools to meet the necessities of a
point-of-care testing (POCT) strategy (20). Thus, it is necessary to develop a rapid, user-
friendly, and POCT molecular tool for the monitoring of drug-resistant P. falciparum
parasites. A lateral flow assay (LFA) can be a desirable choice because it saves time and
is inexpensive (21). As one of the indicators in LFA, gold nanoparticles (AuNPs) show
unique advantages for visualizing PCR products and enabling signal enhancement for
increased sensitivity of detection. AuNPs present remarkable stableness and compati-
bility, making them biocompatible with biomacromolecules (22). Furthermore, they
demonstrate potential serving as diagnostic or therapeutic agents in various medi-
cal applications. However, multiple-SNP detection using a combined allele-specific
PCR (AS-PCR) and AuNP-LFA for mutations (N51I, C59R, and S108N) of the pfdhfr
gene remains unclear.

In the present study, the combination of an AS-PCR and an AuNP-based lateral flow
biosensor was developed, which can be a field-deployable tool to allow multiple-SNP
screening (Fig. 1). The proposed protocol was performed for double-labeled products,
thereby enabling analysis by a gel or visual biosensor. The method could be deployed
in POCT, on-site screening, personalized medicine, and epidemiological surveillance.
The developed AS-PCR-LFA system was applied to screening the SNPs (N51I, C59R, and
S108N) in pfdhfr related to pyrimethamine resistance from clinical isolates. It will pro-
vide promising POCT in the detection of multiple-SNP-caused ADR and can easily be
extended to other SNP profiles for infectious diseases and genetic diseases.

RESULTS AND DISCUSSION
Principle of the AS-PCR-LFA system. The schematic of allele-specific PCR com-

bined with the AuNP-based lateral flow assay system is illustrated in Fig. 1. The PCR
amplification is performed in a thermal cycling instrument for 4 h, and the products are
then transferred to the LF strip for visual study. The principle of AS-PCR is shown in Fig.
1A. For each SNP, we set two pairs of allele-specific primers, which contain an antepe-
nultimate artificial mismatch base and double phosphorothioate modification at ante-
penultimate and penultimate bases. Aided by KOD DNA polymerase, the amplification
process of AS-PCR will proceed successfully when the wild-type (WT) tube includes the
WT primer and WT template, and the mutant (Mut) tube includes Mut primer and Mut
template. The amplification process will be blocked when the WT tube includes the WT
primer and Mut template, and the Mut tube includes the Mut primer and WT template.
As exhibited in Fig. 1B, genomic DNA (gDNA) is extracted from dried filter blood spots
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(DBS) followed by amplification through AS-PCR with specifically designed primers. The
two sets of primers are used to amplify target fragments in independent tubes (WT
tube and Mut tube) separately. Matched nucleotides in one tube will successfully
amplify, but amplification will be blocked by KOD DNA polymerase in the other tube,
which contains two mismatches; after amplification, both are added to the sample pad
of the strip.

The SNP genotyping by LFA is performed over a strip, which is composed of five
overlapping pads, i.e., sample pad, conjugate pad, nitrocellulose (NC) membrane, ab-
sorbent pad, and plastic cushion (Fig. 1C). As shown in Fig. 1C, the PCR products are
added to the sample pads of LFA after amplification, and allele-specific primers labeled
with biotin on the 59-end can be recognized and captured by streptavidin-immobilized
(SA)-AuNPs on the conjugate pad. Driven by capillary force, the PCR product-SA-AuNP
composites migrate along the strip and aggregate on the T line through conjugation
between T line-immobilized anti-digoxin monoclonal antibody (Ab) and the digoxin-
label on the 59 end of common primers, which make the T line a golden red band due
to the bathochromic effect of AuNPs. The rest of the SA-AuNPs keep moving and are
captured by biotin-bovine serum albumin (BSA) on the C line, which presents another
red band that confirms the efficacy of the lateral flow system (Fig. 1C). In the absence
of target PCR products, no red band is observed on the T line (Fig. 1D). The result can
be visually read according to the coloration of the T line. As shown in Fig. 1D, the SNP

FIG 1 Schematic illustration of the allele-specific PCR (AS-PCR) combined with lateral flow assay (LFA) system. (A) Principle of AS-PCR for every single
nuclear polymorphism. (B) Sample preparation and target amplification. (C) Structure of labeled lateral flow device. (D) Results were analyzed based on the
signal read-out by visual interpretation in LFA, agarose gel electrophoresis, and DNA sequencing.
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genotyping results can be visually interpreted by a lateral flow dipstick (LFD) in 15min
without the need for any devices. They also can be interpreted via agarose gel electro-
phoresis and DNA sequencing (Fig. 1D).

Construction of recombinant plasmids. The target sequences were amplified by
nested PCR and inserted into the pEASY-T1 cloning vector to generate the recombinant
plasmids, including pEASY-T1/Pfdhfr N51-C59-S108 (wild-type template) and pEASY-T1/
Pfdhfr 51I-59R-108N (mutation template). These two constructed recombinant plasmids
were confirmed by double digestion with restriction endonuclease BamHI and XhoI
(see Fig. S1A in the supplemental material). Then, two fragments of approximately
3,900 bp and 680bp were detected, in agreement with the bands for the vector and
the target sequence, respectively (Fig. S1A). Subsequently, the recombinant plasmids
were sequenced with M13F primer to be the same as the matching target sequences,
indicating successful establishment of the recombinant plasmids (Fig. S1B).

Primer screening. For primer screening, the primer candidates without 59-terminal
modification are listed in Table S1. Only one common primer was designed for Pfdhfr
N51I. For C59R and S108N, a common primer is used. For amplification of C59R, four
wild-type-specific primers and six mutation-specific primers with different mismatch
positions and phosphorothioate modifications were designed, synthesized, and
screened. According to the AS-PCR results (Fig. S2A), the primer named W1 only con-
tains a penultimate phosphorothioate modification that has a false positive for the
amplification using a mutation template. The primers (W2, W3, and W4) with the mis-
match at a penultimate or antepenultimate base show higher differentiation than the
primer (W1) without any mismatch. Furthermore, primers W2 and W4 contain the ante-
penultimate mismatch that has more specificity than primer W3 with a penultimate
mismatch. Comparing W2 and W4, the primer with double phosphorothioate modifica-
tion is more sensitive than the primer with a single modification (Fig. S2A). For screen-
ing the mutation-specific primers of C59R (Fig. S2A), the AS-PCR with wild-type and
mutation templates was carried out concurrently. Compared to M1 without any mis-
match, M2 with a penultimate mismatch can increase the primer specificity but reduces
the sensitivity. Comparing M2 and M3, the primer with double phosphorothioate modi-
fication can further increase specificity but decrease the sensitivity. Comparing M3 and
M4, the primer with a antepenultimate mismatch showed more amplification efficiency
than the primer with a penultimate mismatch (Fig. S2A). Traditionally, the incorporation
of mismatch nucleotides enhances allelic discrimination in AS-PCR (23), but it fails to
completely suppress nonspecific amplification. A previous study found a single 39-ter-
minal mismatch primer is not optimal for certain types of SNPs (24). Thus, we devel-
oped several strategies to discriminate DNA mismatches. To improve the specificity of
allele-specific primers, a modification of phosphorothioate was introduced at the 39 ter-
minus of an allele-specific primer; it can be against nonmatched alleles in the terms of
exo1 polymerase (25, 26). Based on this strategy, the SNPs can be distinguished
effectively.

Subsequently, a mutation-specific primer of Pfdhfr C59R with different base types at
the antepenultimate mismatch was considered and identified by AS-PCR. The results
showed there is no distinction among different mismatch base types, including T, C,
and G (Fig. S2B). This demonstrated that the base types are not a major concern com-
pared with the mismatch position. Similar to a previous study (27), an expected result
was that mismatch nucleotides placed in a antepenultimate position of specific primers
are more successful than a penultimate mismatch, because poor amplification was
detected when the mismatched base was close to the 39-terminal end. However, the
alteration of mismatch type at the antepenultimate position does not result in signifi-
cant distinction, in contrast to previously published AS-PCR protocol in which several
kinds of mismatches influence the level of SNP primer specificity in the presence of Taq
DNA polymerase (28). This effect might be attributed to exo1 polymerase that harbors
the 39 to 59 exonuclease activity to recognize fewer than 8 mismatched bases from the
39 end (29) and the position of additional mismatches near SNP sites (30, 31). The phos-
phorothioate modification primer possesses exonuclease resistance, which could
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inhibit mismatch amplification in the presence of exo1 polymerases (26). Taq DNA poly-
merase exhibits good amplification efficiencies, superior to most DNA polymerases, but
its low proofreading activity results in occasional mismatch extension during PCR per-
formance. In the present study, the advantage of using KOD DNA polymerase is that it
has similar proofreading activity to that of Pfu DNA polymerase but much better than
Taq DNA polymerase and an extension rate superior to that of Pfu DNA polymerase (32).
Thus, it is more accurate and time saving. The primers W4 and M4 for C59R wild-type
and mutation, respectively, were selected for developing the AS-PCR-LFA system.

Based on the aforementioned strategies, the mutation primers for Pfdhfr S108N and
N51I were also designed and tested. According to the results (Fig. S2C), the primers W3
and M3 for S108N were successfully selected. Ascribed to the success of C59R and
S108N, only one pair of allele-specific primers, named W and M, that bind to the puta-
tive SNP of N51I were designed and confirmed (see Table S1; Fig. S2D). According to
the results of electrophoresis in Fig. S2D, a reduced concentration of the plasmid
(pDNA) template was accompanied by a gradual decrease in the brightness of bands in a
concentration-dependent manner. The selected primers can distinguish the WT and Mut
for each SNP. This demonstrates that the predesigned strategy is accurate and meets the
demand of AS-PCR. Subsequently, all selected allele-specific primers were labeled with bio-
tin at the 59-terminal and renamed as listed in Table 1. Meanwhile, the common antisense
primers were modified with a 59 digoxin (Table 1). All the labeled primers were used to de-
velop the AS-PCR-LFA system for each SNP genotyping.

Development and optimization of the AS-PCR-LFA system. To assess the sensitiv-
ity and specificity of the selected allele-specific primers with 59-terminal modification,
AS-PCR-LFA was developed and assessed. The constructed recombinant plasmids were
diluted with different gradients and used as the template. In the 20-ml PCR system, the
final concentrations of plasmid were from 200pg/ml to 2 fg/ml. For evaluation of sensi-
tivity and specificity, all the allele-specific primers for the wild type and mutation were
detectable at 200 fg/ml in the gel and strip without cross-reaction (Fig. 2 and Fig. S3).
Furthermore, the wild-type primer for N51I and C59R and the mutation primer for C59R
were detectable at 20 fg/ml. However, the false positive was also detected with the
wild-type primer of C59R and mutation primers of N51I and C59R at a high concentra-
tion (200 pg/ml). This phenomenon illustrates that the template concentration should
be considered in a reasonable range for its optimal performance. Compared to the
results of agarose gel electrophoresis, the strip signals of the T line were weak. This might
be attributed to the loading amount. For the LFA, only 2ml PCR product is added com-
pared to 5ml for electrophoresis. If the loading amount is increased to the same amount
used for electrophoresis, the strip displays clearer bands.

Under high-purity conditions, the pDNA did not noticeably influence the amplifica-
tion process. However, the composition of the extracted gDNA from the blood filter pa-
per was complicated and contained various PCR inhibitors. All these may have affected
the amplification efficiency. To reduce nonspecific amplification, AuNPs were added to

TABLE 1 Selected and labeled primers for single nuclear polymorphisms detection in the
pfdhfr genea

Primer nameb Sequence and modification (59!39)c Descriptiond

Dig-Pfdhfr-N51I_Rev Dig-GCTTTCCCAGCTTGTTCTTCCC Common primer
Bio-Pfdhfr-N51_Fwd_WT (W') Bio-AGGAGTATTACCATGGAAATGT*A*A Allele-specific primer
Bio-Pfdhfr-51I_Fwd_Mut (M') Bio-AGGAGTATTACCATGGAAATGT*A*T
Dig-Pfdhfr-59_108_Fwd Dig-GATGGAACAAGTCTGCGACGT Common primer
Bio-Pfdhfr-C59_Rev4_WT (W4') Bio-TCATTCACATATGTTGTAACTGCT*C*A Allele-specific primer
Bio-Pfdhfr-59R_Rev4_Mut (M4') Bio-TCATTCACATATGTTGTAACTGCT*C*G
Bio-Pfdhfr-S108_Rev3_WT (W3') Bio-TTTTGGAATGCTTTCCCT*G*C Allele-specific primer
Bio-Pfdhfr-108N_Rev3_Mut (M3') Bio-TTTTGGAATGCTTTCCCT*G*T
aGene identifier PF3D7_0417200.
bBio, biotin; Dig, digoxin; Fwd, forward; Rev, reverse; WT, wild type; Mut, mutant.
cArtificial mismatches are in boldface font. *, the location of phosphorothioate modification.
dThe same common primer utilized in allele-specific amplification of C59R and S108N of Pfdhfr.
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the AS-PCR system and evaluated. In the study, Pfdhfr S108N was taken as an example
for illustration. The results show that reactions with 1 ng/ml AuNPs decrease the non-
specific amplification compared to that for the reaction without AuNPs (see Fig. S4).
Furthermore, the cycle number of AS-PCR at different parasite densities (parasitemia)
was also demonstrated by Pfdhfr S108N. For easy comparison, samples were divided
into three groups based on the parasitemia (parasites/ml) (Table S2). Thus, the optimal
cycle number for AS-PCR-LFA was determined. As shown in Fig. S5, the optimal num-
bers of cycles for the groups with middle and high parasitemia were 20 and 15, respec-
tively. However, nonspecific amplification was also found in these two groups at 25
cycles. This indicates that the suitable number of cycles for amplification is less than 25.
For the low-parasitemia group, 25 cycles were selected (Fig. S5).

Assessment of the AS-PCR-LFA system with clinical isolates. To evaluate the reli-
ability of the optimized AS-PCR-LFA system, the accuracy was further verified with clini-
cal samples. A final genotyping result of an allele was visually interpreted by golden-
red color development on the T lines of both strips (Fig. 3A). For the mutant allele, a
distinct red band was observable on the T line of the strip used only for the Mut tube
but not for the WT tube. In contrast, for the wild-type allele, the red band was detected
solely on the strip receiving the WT tube and not the Mut tube. However, the presence
of red bands on the T lines of both strips indicated a mixed type. Furthermore, the SNP
genotyping results detected by agarose gel electrophoresis (Fig. 3B) and DNA sequenc-
ing (Fig. 3C) are displayed as a comparison, which indicated the same accuracy of the
AS-PCR-LFA system as a golden standard of genotyping methods.

The three SNPs (N51I, C59R, and S108N) in 98 individuals were fully genotyped by
nested-PCR and sequencing and then tested by the AS-PCR-LFA (Table S2). In this
study, mixed types were detected for N51I and C59R. However, two samples with false
positives were also detected for C59R but not for N51I and S108N. The frequencies of
different mutant alleles are displayed in Table S3, and the frequencies of mutant alleles
in Pfdhfr provided with the AS-PCR-LFA system were in accordance with the results

FIG 2 Sensitivity and specificity evaluation of selected primers for pfdhfr gene with AS-PCR-LFA system through
visualized interpretation. The final concentrations of serial dilutions of plasmid pEASY-T1/Pfdhfr in the PCR
system (20ml) were from 200 pg/ml to 2 fg/ml. W and M on the sample lanes represent the wild-type and
mutation primer, respectively; C and T represent the control line and test line, respectively.
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from gel electrophoresis and nested PCR followed by sequencing. As shown in Table
S3, the sensitivity was 97.96% (96/98) for N51I, C59R, and S108N. For specificity, the val-
ues were 100% (98/98), 95.92% (94/98), and 100% (98/98) for N51I, C59R, and S108N,
respectively. The results demonstrate that the developed AS-PCR-LFA system is compa-
rable to the nested PCR followed by DNA sequencing for Pfdhfr genotyping. For evalua-
tion of false negatives, N51I and S108N were present at 2.04%. Regarding C59R, 4.08%
of samples appeared to result in false positives. The limit of detection (LOD) of the sys-
tem validated with clinical samples is 100 parasites/ml of blood filter paper. Two sam-
ples with low parasitemia (200 parasites/ml and 400 parasites/ml) were detected as neg-
ative for all three SNPs according to the results of agarose gel electrophoresis and LFA.
Of the 96 samples successfully genotyped for the pfdhfr gene by the AS-PCR-LFA sys-
tem, 90.63% (87/96) harbored the mutant allele N51I, while 1 sample (1.04%) had a
mixed type. For Pfdhfr C59R, 87.5% (84/96) of the samples had the mutant allele 59R,
and 4 (4.17%) had mixed genotypes. At codon 108, 95.83% (92/96) harbored the muta-
tion, and no mixed infection was found.

Compared to conventional PCR-based techniques, the proposed assay is a well-
suited platform to monitor multiple SNPs, opening a way to be deployable in clinical
analysis for treatment guidance. The limited resources in regions of malaria endemicity
increase the demand for a convenient tool for diagnosis. With AuNPs, genotyping
results can be provided both quantificationally and qualitatively by using visual inspec-
tion of colors on the T and C lines. For clinical sample examination, it should be noted
that nested PCR was employed, as one round of PCR was unable to amplify target
sequences within the A1T rich genome of P. falciparum (33). Furthermore, nested-PCR

FIG 3 Genotyping result (take partial samples as an example) provided by the AS-PCR-LFA system through visualized interpretation (A), agarose gel
electrophoresis (B), and DNA sequencing (reverse sequencing) (C).
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is the primary technique for molecular detection of Plasmodium parasite ADR genes (7,
9). Although pDNA was detectable at 200 fg/ml, clinical samples containing low parasite
density at 100 parasites/ml were identified effectively. This shows that the AS-PCR-LFA
system is efficient and accurate for clinical samples with different parasitemia, thus
offering an ideal molecular diagnostic tool in clinical practice. The established system
for drug-resistant SNP detection in Pfdhfr exhibits high specificity and sensitivity and
can be reconfigured for the genotypes of other genetic-related diseases.

In the present study, several shortcomings should not be neglected and need to be
improved in further study. First, the gDNA extraction method is still complex. Thus, a
simplified gDNA extraction method should be considered. Second, the amplification
with the PCR-based method takes at least 2 h. Several isothermal amplification meth-
ods, including loop-mediated isothermal amplification (LAMP) and recombinase poly-
merase amplification (RPA) could reduce the reaction time (34, 35). Last but not least,
the LOD in the present study can still be improved. The recently developed gene-edit-
ing technique CRISPR/Cas should be considered. Thus, if the platform combined the
above-mentioned techniques, a powerful tool would be established to support the mo-
lecular surveillance of ADR genes.

Conclusions. In summary, we presented the AS-PCR-LFA system to detect multiple
SNPs related to antimalarial pyrimethamine resistance. The study reports a multiple-
SNP detection system combining AS-PCR with AuNP-LFA for Pfdhfr N51I, C59R, and
S108N genotyping. The current data demonstrate that the established AS-PCR-LFA sys-
tem could potentially lead to multiple-SNP detection, opening a way to a near-to-
patient molecular test for treatment guidance. The system can be further employed for
the detection of other genes with multiple SNPs that are associated with ADR. It also
offers a potential platform for the development of SNP profiles for applications in infec-
tious diseases and genetic diseases.

MATERIALS ANDMETHODS
Materials and reagents. All chemicals were of analytical grade and purchased from local reputable

vendors. Buffers were prepared according to standard laboratory procedures. TIANamp blood spots DNA
kit and TIAN prep mini plasmid kit were ordered from Tiangen Biotech Co., Ltd. (Beijing, China). Green
PCR master mix was purchased from Hubei Jinmao Tech. Co., Ltd. (Wuhan, China). The pEASY-T1 Cloning
kit, isopropyl-b-D-thiogalactopyranoside (IPTG), and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal) were ordered from Beijing TransGen Co., Ltd. (Beijing, China). FastDigest BamHI and XhoI were
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). KOD-Plus-Neo and related PCR
reagents were ordered from TOYOBO Co., Ltd. (Shanghai, China). The 1-mg/ml 10-nm AuNPs were pur-
chased from Hualan Chemistry Science and Technology Co., Ltd. (Shanghai, China). The 0.4-mg/ml 35-
nm streptavidin-immobilized gold nanoparticles (SA-AuNPs) were obtained from Beijing Biosynthesis
Biotechnology Co., Ltd. (Beijing, China). Biotinylated bovine serum albumin (biotin-BSA; 2.5mg/ml) was
acquired from Solarbio (Beijing, China). A 1.3-mg/ml monoclonal antibody (Ab) against digoxin (Dig) was
purchased from Jackson ImmunoResearch Laboratories, Inc. (Baltimore, MD, USA). Bovine serum albumin
(BSA) was procured from Biosharp Life Sciences (Hefei, China). Glass fiber (RB65), nitrocellulose (NC)
membrane (CN140), absorbent paper (CH37), and plastic backing (SM31-35) were ordered from Shanghai
Kinbio Tech. Co., Ltd. (Shanghai, China).

P. falciparum isolate collection and genotyping. The initial diagnoses of P. falciparum infection in
patients were made by thick and thin smears stained with diluted Giemsa solution and later confirmed
by rapid diagnostic test (RDT) and quantitative PCR (qPCR) (7). Subsequently, blood samples were spot-
ted on filter paper for further use. Genomic DNA (gDNA) from P. falciparum isolates was extracted from
dried filter blood spots (DBS) using TIANamp blood spots DNA kit, according to the manufacturer’s
instructions. Briefly, approximately 130ml whole blood was used for gDNA extraction and eluted with
40ml elution buffer. The genotyping of the pfdhfr gene by nested-PCR with direct sequencing of PCR
products was performed according to previously published procedures (7, 13). This study was approved
by the ethics committees of the Hubei University of Medicine and Wuhan City Center for Disease
Prevention and Control. Informed consent was obtained from all participating individuals.

Plasmids construction and identification. To prepare reference DNA, amplified fragments contain-
ing wild-type or mutations of Pfdhfr N51I, C59R, and S108N were cloned into a pEASY-T1 Cloning vector
according to the kit instructions. The recombinant plasmids were extracted from transformed Escherichia
coli Trans1-T1 phage-resistant chemically competent cells using a TIAN prep mini plasmid kit. All plas-
mids were identified via restriction enzyme analysis and Sanger sequencing by Genewiz Biotechnology
Ltd. (Soochow, China). The concentration and quality of recombinant plasmids were determined using
Gene 5 (Thermo Fisher Scientific, Wilmington, DE, USA).

Design and screening of oligonucleotides. Wild-type, mutation, and mixed-type SNPs are named
here as WT, Mut, and Mix, respectively. To discriminate each allele, allele-specific primers corresponding
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to putative SNPs and a common antisense primer were designed manually and evaluated by using Oligo
7.0. The artificial mismatch was redesigned to increase the specificity of allele-specific mutation primers.
The DNA sequencing of pfdhfr gene (gene identifier [ID] PF3D7_0417200) was downloaded from
PlasmoDB (http://plasmodb.org/plasmo/) (7). Experiments were performed by using a Bio-Rad T100 ther-
mal cycler (Bio-Rad, Hercules, CA, USA).

For screening the targeted primers, concentrations of wild-type or mutation plasmid DNA (pDNA)
were used as the templates. The PCR system was performed at a 20ml final volume which contained
2.0ml of 10� buffer, 2ml of 2 mM deoxynucleoside triphosphates (dNTPs), 1.5ml of 25mM MgSO4, 0.35 U
of KOD-Plus-Neo, 1ml of 2mM common antisense primer, 1ml of 2mM allele-specific primer (Mut primer
in Mut tube and WT primer in WT tube), and 1ml pDNA. The reaction condition was as follows: 95°C for
3min, 30 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 20 s, and then 72°C for 5min. The 5-ml PCR
products were analyzed using 1.0% agarose gel electrophoresis at 120 V for 25min.

Establishment and optimization of the AS-PCR-LFA platform. A schematic diagram of the AS-PCR
and lateral flow strip is shown in Fig. 1. To assess the sensitivity of optimized primers used for the AS-
PCR-LFA platform, the selected primers were modified, including a 59 digoxin-labeled common antisense
primer and a 59 biotin-labeled specific primer for wild type and mutation, respectively (Table 1; Fig. 1B).
All labeled primers were synthesized by Genewiz. The AS-PCR system and conditions were optimized
with small-scale clinical samples before clinical application. The methods for the first round of PCR are
described in a previous study (7). The PCR products were stored at 4°C until use. The AS-PCR was per-
formed with a 20-ml final volume which contained 2.0ml of 10� buffer, 2ml of 2 mM of dNTPs, 1.5ml of
25mM MgSO4, 0.35 U of KOD-Plus-Neo, 1ml of 2mM commonly targeted primer, 1ml of 2mM allele-spe-
cific primer (Mut primer in Mut tube and WT primer in WT tube), 1ml amplified PCR product, 0 to 2.5ml
of 1 ng/ml AuNPs (size ,10 nm), and ultrapure H2O up to 20ml. The reaction condition was as follows: 95°
C for 3min, 15 to 25 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 20 s, and then 72°C for 10min.
Subsequently, the AS-PCR product was mixed with buffer and detected by LFA.

The dry-reagent test strip (width, 4mm) was fabricated from five components, including a sample
pad (16mm), a gold conjugate pad (8mm), an NC membrane (25mm), and an absorbent pad (17mm),
and these parts were fixed on plastic backing (60mm) with a 2-mm overlap (Fig. 1A). Briefly, biotin-BSA
and anti-Dig Ab were preimmobilized via an XYZ3010 dispensing platform in a control line (C line) and a
defined test line (T line), respectively, on a porous NC membrane. The sample pad and conjugate pad
were both made from glass fiber which was pretreated with suspending buffer containing 10mM phos-
phate buffer (pH 7.4), 1% BSA, 0.5% Tween 20, and 0.5% sucrose. Subsequently, the solution containing
SA-AuNPs was dispensed on the conjugate pad (Fig. 1A). Then, the strips were dried at 56°C for 4 h and
stored in a sealed aluminum foil bag at room temperature until use. On the lateral flow dipstick (LFD),
2ml of the PCR product was added into 70ml running buffer (pH 7.4), and the whole solution was then
loaded to the sample pad (Fig. 1C). The test results could be visualized within 15min and determined by
the presence of red lines.

Clinical application of the AS-PCR-LFA system. For the genotyping of clinical samples, a two-step
PCR was conducted. Each sample underwent two independent PCRs for SNP detection. PCR product
detection was dependent on color changes of the LFA. The reference DBS (confirmed by sequencing)
were used to validate the method (Fig. 1).
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