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Abstract 

Despite all efforts, malaria is still highly prevalent in tropical and developing countries. The 

“test, treat and track” policy of the World Health Organization (WHO) demands the 

development of affordable and highly sensitive malaria tests that discriminate between the two 

common malaria parasites, Plasmodium falciparum and Plasmodium vivax, to guide 

appropriate treatments. In response, we developed a flexible and disposable multielectrode 

array utilized as electrochemical malaria aptasensor. This multi-target aptasensor was modified 

by four different aptamer receptors, discriminating between P. falciparum and P. vivax 

infections via Plasmodium lactate dehydrogenase, expressed by both species, and histidine-rich 

protein 2, exclusively expressed by P. falciparum. The multi-target aptasensor detection was 

tested in blood samples spiked with target proteins, whole human blood spiked with P. 

falciparum, and P. falciparum in vitro cultures. A rigorous analysis revealed sensitivities of 

>75.0% for 0.001% parasitemia (50 parasites/µL) and a logic gate-based discrimination of 
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Plasmodium infections, overcoming WHO standards. A cost analysis further substantiated the 

applicability of this multi-target aptasensor as a disposable point-of-care test for remote areas 

dealing with prevalent malaria parasite infections. 
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1. Introduction 

Malaria, a vector-borne disease caused by Plasmodium parasites, is one of the oldest infectious 

diseases and continues to cause hundreds of thousands of deaths annually [1]. Tropical and 

developing countries are most affected by this parasitic disease due to their poor healthcare 

infrastructure, leading to difficulties in controlling and preventing malaria. With early 

treatment, Plasmodium infections can be completely cured [2, 3]. Therefore, the World Health 

Organization (WHO) strongly advocates its policy of "test, treat and track" for improving the 

quality of care and surveillance of malaria prevalence. Furthermore, WHO recommends that all 

suspected malaria cases should be confirmed by diagnostic testing before treatment is 

administered to prevent parasite resistance development [4]. It is, therefore, crucial to confirm 

and discriminate between the two main malaria parasite species, Plasmodium falciparum and 

Plasmodium vivax, for correctly guiding treatment options and the rational use of antimalarial 

medicines [3, 5]. In Africa, more than 90% of all malaria cases are due to P. falciparum, while 

in South-East Asia and the Americas, both P. falciparum and P. vivax infections are almost 

equally prevalent. P. falciparum is potentially deadly if not treated promptly and effectively [2, 

3], whereas P. vivax is less virulent, but can cause relapse by dormant forms residing in the 

liver that requires specific treatment [1]. 

Many commercially available rapid diagnostic tests (RDTs) are on the market for the detection 

of malaria parasites. Their detection is based on monoclonal antibodies serving as receptor 

molecules specifically binding to a Plasmodium antigen. Unfortunately, such commercial 

RDTs still lack analytical sensitivity, and the majority of WHO recommended RDTs can detect 

only P. falciparum, with a few tests also targeting P. vivax [6-10]. Besides, the receptor 

antibodies have reduced thermostability at higher temperatures, considerable production costs, 

and have limited potential for chemical modifications to directly adapt towards other diagnostic 

platform technologies. In this regard, more robust detection molecules like aptamers are 

promising alternatives to improving malaria diagnosis [11]. An aptamer, a short single-stranded 

oligonucleotide sequence, binds to a target analyte with high specificity. Compared to 

antibodies, aptamers are thermostable, small, affordable, easily synthesized, and readily 

chemically modified. Hence, aptamers can overcome the difficulties associated with antibody-

based tests [6]. Several detection technologies applying different transducers, ranging from 

optical to electrochemical, have been proposed by implementing aptamers as receptor 

molecules [6, 8, 12-16]. 



The reported aptamer-based detection systems mainly sense protein biomarkers since they are 

upregulated for the demanding metabolic rate of the infecting Plasmodium parasites. One of 

the main proteins for malaria diagnosis is the essential energy-converting enzyme Plasmodium 

lactate dehydrogenase (PLDH), expressed by all malaria parasite species [8, 17, 18]. Another 

commonly used biomarker is P. falciparum histidine-rich protein 2 (PfHRP-2 or HRP-2), which 

is an abundant protein exclusively expressed by P. falciparum parasites. It is present in red 

blood cells, serum, cerebrospinal fluid, and urine of P. falciparum-infected patients [7, 17]. 

Concentration levels of both antigens correlate with parasitemia and can thus reflect parasite 

levels [8, 17, 18]. A combination of receptors in a diagnostic device simultaneously targeting 

these two main malaria biomarkers could be of great advantage in discriminating between P. 

falciparum and P. vivax parasites. 

Among the different implemented detection techniques, electrochemical sensors have 

demonstrated their strengths regarding high sensitivity, straightforward operation and detection, 

device miniaturization, integration in microsystems, and thus point-of-care applications [12]. A 

promising electrochemical sensor platform is multielectrode array (MEA), which combines the 

advantages of integrating multiple, individually addressable sensor electrodes on a small lateral 

footprint, with fast electrode kinetics, and low-noise recording capabilities [19]. For some 

decades, the MEA approach has been mainly used to detect physiological activity in cellular 

networks [20-24] and nanoparticle impact detection [19, 25]. Recently, MEAs are increasingly 

used for multi-target electrochemical biosensing [26-31]. The fabrication of a multi-target 

biosensor has been realized on rigid substrates like quartz or silicon by immobilizing, on the 

same electrode, two different labeled aptamers with two different redox reporters [27]. Another 

approach was implementing electrochemical lithography to remove some previously 

immobilized aptamers and subsequent immobilization of a second receptor [31]. The 

commonly implemented method for different receptor immobilization is by drop-casting on 

flexible substrates, which usually requires big fabricated electrodes to avoid cross-

contamination of drops [26, 28, 29]. The manufacturing of MEAs on soft polymer substrates 

promises lower fabrication costs, and flexibility compliant to the mechanical tension of the 

biological matter [32-34]. It also realizes the ease of a multi-target biosensor by allowing 

individually addressable set of electrodes to be incubated in different solutions, a characteristic 

that has not been exploited so far. 

Here, we report a flexible multielectrode array (flex-MEA) and multi-target electrochemical 

malaria aptamer-based biosensor (aptasensor). The polymer-based flex-MEA facilitates the 



immobilization of different aptamers by multiple, individually addressable electrodes, 

providing the possibility to discriminate between the P. falciparum and P. vivax infection. Here, 

Plasmodium detection is achieved by immobilizing four distinct and specific aptamers on 

separate electrodes on the same sensor chip: i) the 2008s aptamer, previously electrochemically 

characterized for its binding to P. falciparum lactate dehydrogenase (PfLDH) [15, 16, 35]; ii) 

the pL1 aptamer, which binds to both PfLDH and P. vivax LDH (PvLDH) [36]; iii) the LDHp11 

aptamer, highly and exclusively selective for PfLDH [37]; and iv) the 2106s aptamer, which 

selectively detects HRP-2 protein [38, 39]. The combination of different output signals from 

the different receptors immobilized on separate electrodes can be operated as logic gates for 

specific parasite detection. This flex-MEA multi-target aptasensor was first characterized using 

blood samples spiked with recombinant Plasmodia proteins. Then, it was challenged with P. 

falciparum parasitized blood, where the flex-MEA multi-target aptasensor also confirmed its 

highly sensitive, specific, and selective performance. 

 

2. Experimental section 

2.1. Materials and reagents 

All Plasmodia antigen-binding single-stranded DNA (ssDNA) aptamer sequences and control 

random ssDNA sequences were synthesized by Friz Biochem GmbH (Neuried, Germany), 

which are shown in Table S4. The recombinant Plasmodium falciparum lactate dehydrogenase 

(PfLDH), Plasmodium vivax lactate dehydrogenase (PvLDH), Plasmodium falciparum 

histidine-rich protein 2 (HRP-2), and human lactate dehydrogenase (hLDH) were obtained from 

bacterial expression [11]. Monofunctional methoxy- polyethylene glycol thiol (PEG, 2kDa) 

was purchased from Creative PEGWorks (New York, USA). 25 mM Tris-HCl buffer (NaCl 0.1 

M, Tris 25 mM, HCl 25 mM, pH 7.5), lysis buffer (25 mM Tris-HCl buffer with 0.5% Triton 

X-100), high salt concentration phosphate-buffered saline (PBS, 10 mM sodium phosphate with 

1 M NaCl and 1 mM Mg2+, pH 7.5), 0.1 M NaOH solution, and 0.05 M H2SO4 solution were 

prepared. All aqueous solutions were prepared using ultra-pure deionized water (18.2 MΩ cm, 

Milli-Q, Millipore, Merck, Darmstadt, Germany). Tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP), potassium ferricyanide (K3[Fe(CN)6]), potassium ferrocyanide 

(K4[Fe(CN)6]) trihydrate were purchased from Sigma-Aldrich Chemie GmbH (Germany). 

Ethanol and isopropanol were purchased from Merck (Darmstadt, Germany).  



 

2.2. Flexible multielectrode array fabrication and cleaning 

Flexible multielectrode arrays (flex-MEAs) were produced in an ISO 1-3 cleanroom on a 

polyethylene terephthalate (PET, DuPont Teijin Films Ltd) foil with a thickness of 100 µm and 

a diameter of 100 mm used as flexible substrate. Before the deposition of the metals, a rigorous 

substrate cleaning utilizing acetone and isopropanol was performed for the removal of dust 

particles (Fig. S1a and b). A physical vapor deposition (PVD) process was performed to obtain 

a 5 nm titanium (Ti) adhesion layer and the 50 nm gold for the electrode’s fabrication (Pfeiffer 

PLS 570, Pfeiffer Vacuum, Asslar, Germany). The feedlines and the 20 patterned electrodes 

were defined firstly via standard photolithography using the Mask aligner (MA4, Süss 

MicroTec). Afterwards, a wet chemical etching procedure was performed to remove the excess 

of gold using gold etchant (TechniEtch ACl2, Microchemicals, Ulm, Germany), followed by 

an additional wet chemical etching step to remove also the Ti by means of a titanium etchant 

(TechniEtch TC, Ulm, Germany). The photoresist layer was stripped by immersing the PET 

substrate with the patterned electrodes in acetone for 10 min, followed by isopropanol and DI-

water rinsing. 

For the deposition of a Parylene-C passivation layer, the polymer tape ELEP HOLDER BT-

150E (Nitto, Japan) was used to fabricate a stencil utilizing a laser cutting machine (Glowforge 

basic, Seattle, USA). Then the stencil was adhered to the PET substrate with the patterned 

electrodes. Afterwards, the deposition of Parylene-C was performed by low-pressure chemical 

vapor deposition (LPCVD) with the following parameters: Vacuum PLA1 20, SP 25, and 

Vaporizor PhA1 160 (SCS Labcoater (PDS 2010), KISCO, Indianapolis, USA). Finally, the 

stencil was peeled off carefully from the PET substrate (See Fig. S1c). The obtained flexible 

polymer chips had a size of 10.5 mm × 21.5 mm, with 20 individually addressable electrodes 

(Fig. S1d). 

For final cleaning before usage, the new flex-MEA chips were immersed in acetone, and 

isopropanol for 5 minutes each, followed by Milli-Q water rinsing and drying in a nitrogen 

flow. The chemically cleaned electrodes were connected to a printed circuit board (PCB, Würth 

Electronic GmbH & Co. KG) with a zero insertion force (ZIF) connector that allowed the enlace 

to the potentiostat (Fig. S1d). The electrochemical cleaning of the flex-MEA chip was 

performed by cyclic voltammetry (CV) first in 0.1 M NaOH with a potential range from −1.35 

V to −0.35 V during 10 scans at 2 V s−1, and subsequently scanning in 0.05 M H2SO4 with a 



potential range from 0 V to 1.5 V during 20 scans at 1 V s−1 (Zhang et al. 2020). The 

electrochemical surface area (ESA) was determined by CV in 0.05 M H2SO4 in a potential range 

from 0 V to 1.5 V at 0.1 V s−1 [40]. 

 

2.3. flex-MEA multi-target aptasensor biofunctionalization  

The optimized concentrations of the ssDNA aptamers were 0.5 µM for 2008s, pL1, and 2106s, 

and 0.03 µM for LDHp11 (Fig. S3). All aptamers were incubated separately with 10 mM TCEP 

solution for 1 h at room temperature to break the disulfide-protecting bond and permit the 

immobilization of the aptamer-thiol /gold self-assembled monolayer. After the specified time, 

the solutions were resuspended in 10 mM high salt concentration PBS buffer to a final volume 

of 1 mL. The flex-MEA was partially cut in four parallel stripe-like sections by scissors before 

the incubation with the aptamer solutions (Fig. 1a), maintaining the electrodes and feedlines 

unaffected as corroborated by their calculated electroactive surface area (ESA, Fig. S2 and 

Table S1). This partially cut flex-MEA facilitated the incubation of separate sets of electrodes 

individually with the four different aptamer solutions stored in separate vials for the final 

generation of the multi-target aptasensor. The individual immobilization approach ensured that 

every type of aptamer was tethered to a separate set of electrodes and that every electrode is 

functionalized only with on kind of receptor. The electrodes were incubated overnight in the 

dark with the respective aptamer solution. The aptamer-modified flex-MEAs were then rinsed 

with Tris buffer and consecutively with Milli-Q water to remove unspecific adsorbed 

molecules. Subsequently, the flex-MEAs were immersed in a 5 mg/mL PEG solution for 7 h. 

The PEG was used as a blocking molecule to avoid biofouling from other molecules present in 

the blood samples [15]. Finally, the flex-MEA aptasensor was rinsed with Tris buffer to remove 

excess unspecific adsorbed PEG molecules. 

 

2.4. flex-MEA electrochemical multi-target aptasensor detection in blood samples 

The functionality of the flex-MEA aptasensor was tested using positive control samples, which 

were blood spiked with the respective recombinant target proteins, either PfLDH, PvLDH, or 

HRP-2. Therefore, the aptasensor was immersed in 2 mL blood samples diluted 1:100 in 25 mM 

Tris buffer containing the respective spike protein at concentrations between 100 fM to 100 nM 

for 45 min. After rinsing, the aptasensor was subsequently immersed in 5 mM [Fe(CN)6]
3-/4- in 



Tris buffer solution to record differential pulse voltammetry (DPV) curves. In the same way, 

the control test with hLDH was performed. 

P. falciparum strain 3D7 cultures (BEI Resources) were propagated in vitro in O+ erythrocytes 

at haematocrit of 2.5% (Tübingen University Hospital´s blood bank) and medium as described 

earlier [41]. In vitro cultures containing mixed parasite life cycle stages were used for the 

assays. For pure P. falciparum parasite in vitro cultures, the parasitemia was adjusted 

accordingly with infected red blood cells. For samples mimicking a malaria patient, human 

whole blood samples were spiked with P. falciparum cultures to achieve also the required 

parasitemia with infected red blood cells. Uninfected red blood cells in medium and in whole 

blood samples were used as respective negative controls. On the day of the assay performance, 

samples were thawed at room temperature and mixed 1:1 with lysis buffer. After 15 min 

incubation with the buffer, the resulting lysed parasitized blood was diluted 1:100 in Tris buffer. 

The multi-target aptasensor detection was performed in the same way as previously described 

by DPV measurements of spiked blood. 

The DPV measurements were carried out with a multichannel CHI1030B potentiostat (Austin, 

USA) with a three-electrode system. Thus, a platinum wire was utilized as the counter electrode 

(CE), an Ag/AgCl electrode (DriRef2, WPI, Germany) as the reference electrode (RE), and the 

flex-MEA multi-target aptasensor was operated as the working electrode (WE). DPV 

measurements were carried out at a potential range lasting from 0 to 0.7 V with a step potential 

of 0.005 V, modulation amplitude of 0.025 V, an equilibration time of 2 s, a pulse width of 0.05 

s, and a sampling width of 0.025 s. 

 

3. Results and Discussion 

3.1. flex-MEA mechanical characterization showed its robustness 

Gold multielectrode array chips, which possess 20 individually addressable gold electrodes 

(550 µm x 550 µm), were fabricated on a flexible polyethylene terephthalate (PET) substrate 

with a calculated surface roughness of 1.41±0.27 nm (Fig. S1b). The implemented flexible PET 

polymer substrate allowed to partially divide the flex-MEA chip into four sets of electrodes 

(Fig. 1a). The flex-MEA robustness was evaluated by a mechanical bending test, demonstrating 

that they withstand multiple bending cycles without apparent electrochemical performance 

changes. To perform the mechanical bending, the flex-MEA was fixed to the top and bottom 



clamps of a tailor-made linear translation stage (Fig. 1b). Only the upper clamp was moved 

downwards with a speed of 150 mm/min and retracted back to its original position, counting 

this movement as a full bending cycle. After finalizing a set of specified bending cycles (5, 25, 

75, 175, 425, 925, and 1925), the electrochemical performance of the electrodes was evaluated. 

As shown in Fig. 1c, the cyclic voltammogram recorded in 5 mM [Fe(CN6)]
3-/4- solution 

remained almost unaltered with less than 5 % peak current deviation. The calculated 

electroactive surface area (ESA, Fig. S2 and Table S1) confirmed the sensor stability with a 

calculated value quite close to its original 100 % even after 925 bending repetitions (Fig. 1d). 

After 1925 bending cycles, a slight increment of the area was observed (106.3 ± 1.8 %), which 

might be associated to the formation of minor cracks or a slight delamination of the dielectric 

cover exposing additional parts of the electrode leads to the electrolyte. However, with this high 

number of withstood bending cycles, the flex-MEA electrodes proved to be very resistant to 

harsh continuous mechanical distortions. 

The implemented simple stencil passivation with Parylene-C polymer (Fig. S1c) gives an extra 

advantage in the production cost over the commonly used cleanroom-based lithographic 

passivation, which required the utilization of several additional processing steps and reagents 

(Table S2). The cost of the stencil passivation process was 58 % lower in comparison to the 

lithographic passivation, in addition to the lower price of the flexible PET substrate over silicon 

or quartz (Table S3). 

<Fig. 1 here> 

3.2. Performance in blood with spiked target proteins 

The partially divided four sets of electrodes of the flex-MEA chip allows incubating individual 

sets of electrodes with different aptamer solutions to realize a label-free, multi-target analyte 

detection of PfLDH and HRP-2 malaria biomarkers (Fig. 2). The sequences of the used 

aptamers are shown in Table S4.  

<Fig. 2 here> 

Calibration curves were recorded for all 4 aptamer receptors to quantify the detection capability 

of each aptasensor from multiple electrodes located on several flex-MEA chips. Therefore, the 

chips were incubated for 45 min in the analyte solution containing the biomarker at a given 

concentration. This incubation time was chosen since the signal reached a stable plateau after 

this time (Fig. S4) facilitating a stable quantitative detection. A qualitative detection would be 



possible by our multi-target aptasensor already after 10 to 15 min similar to other reported 

qualitative detection methods (see Table S5). Compared to other quantitative assays such as 

ELISA or ELONA, our biosensor showed a faster detection performance. 

The current change (∆𝐼) induced by the aptamer-protein binding was determined in the redox 

probe solution by means of DPV measurements (Fig. 2). The obtained calibration curves were 

fitted by a Langmuir-Freundlich adsorption isotherm formula (equation 1) [42] to quantitatively 

characterize the analyte binding of the different aptamers (Fig. 3),  

∆𝐼

𝐼0
=

(
∆𝐼

𝐼0
)

𝑚𝑎𝑥
·𝑘𝑒𝑞∙𝑐𝑛

1+𝑘𝑒𝑞∙𝑐𝑛       (1) 

where 𝐼0 stands for the peak current measured before protein administration and ∆𝐼 the change 

of peak current after the addition of protein (Fig. 2). (∆𝐼 𝐼0⁄ )𝑚𝑎𝑥 is the maximum possible signal 

obtained, 𝑘𝑒𝑞 the equilibrium constant,  𝑐 the protein concentration, and 𝑛 the homogeneity 

coefficient with a value between 0 and 1. The calculated limit of detection (LOD), obtained as 

three times the standard deviation of the normalized electrochemical signal from the blank, and 

other obtained performance factors are summarized in Table 1 for each aptamer. The aptamer 

surface densities were optimized in advance to get higher signals for detection of the respective 

analytes (Fig. S3). 

The 2008s aptamer (Fig. 3a, Table 1), which targets PfLDH, had a calculated LOD value of 

7.25 fM. The maximum signal obtained (∆𝐼 𝐼0⁄ )𝑚𝑎𝑥 from the fitting to the experimental data 

was 12.1, correlating with the observed saturation reached at 100 nM PfLDH. Thus, the 

aptasensor showed a semi-logarithmic dynamic detection range lasting from 7.25 fM to 10 nM. 

This flex-MEA aptasensor demonstrated an improved LOD of two orders of magnitude 

compared with a previously reported impedimetric system utilizing 2008s aptamers on a single 

gold rod electrode tested in human serum samples [15]. Interestingly, a cross-selectivity of 

2008s aptamer towards PvLDH and HRP-2 was observed (Fig. 4a), likely due to sequence 

similarity with PfLDH and reported binding to the histidine tag [11], respectively. Another 

employed aptamer was pL1 (Fig. 3b), which targets PfLDH and PvLDH [36]. The 

corresponding aptasensor possessed a LOD of 22.3 fM and a similar sensitivity as the 2008s 

aptamer (2.1 ± 0.2 /decade) (Table 1). The (∆𝐼 𝐼0⁄ )𝑚𝑎𝑥 was 15.0, which was close to the highest 

(100 nM) PfLDH concentration tested. The semi-logarithmic dynamic detection range for this 

aptasensor lasted from 22.3 fM to 100 nM. Although this aptamer is reported to target also 

PvLDH, in the cross-selectivity results, there was a smaller signal response for this protein 



(LOD = 138 pM) (Fig. 4b). This might be due to the different pH conditions (8.0) used in the 

previously published assay. It is well established that differences in experimental conditions 

such as pH can influence the kinetics of aptamer-target binding [36, 37]. In this work, 

physiological pH conditions (7.5) were chosen to be compatible with real blood samples. 

Furthermore, we reported recently that the backfill molecule can affect the detection limit and 

the dynamic detection range [15]. Although different backfill molecules where used here (PEG) 

in comparison with previous studies (mainly mercapto hexanol), it remains generally unknown 

how the backfill influences the cross-selectivity of electrochemical aptamer sensors. 

Interestingly, a cross-selectivity for HRP-2 was also observed (Fig. 4b). Also here, the high 

density of histidines in the protein sequence and the affinity tag of these biomarkers (PfLDH, 

PvLDH and HRP-2) may cause this cross-selectivity. 

<Fig. 3 here> 

The third characterized receptor was the LDHp11 aptamer (Fig. 3c), which was reported to 

target exclusively PfLDH [37]. Our study corroborated such specific detection for PfLDH over 

PvLDH and HRP-2 proteins (Fig. 4c). The calculated LOD = 1.80 fM was higher compared 

with the previous aptasensors, but with similar sensitivity S = 2.5 ± 0.1 / decade and with a 

(∆𝐼 𝐼0⁄ )𝑚𝑎𝑥= 17.2, close to the highest (100 nM) PfLDH concentration tested. For this 

aptasensor, the semi-logarithmic concentration-range lasted from 1.80 fM to 100 nM.  

In general, the LODs and dynamic detection ranges of the three aptamers targeting PfLDH 

(2008s, pL1, and LDHp11) complemented each other and possessed excellent sensitivity 

similar to other reported state-of-the-art sensors [6, 12]. Noteworthy, the utilization of several 

aptamers with different binding affinities (Table S6) that target different epitopes of the same 

LDH protein forming different secondary structures [11, 36, 37] contributes to higher reliability 

of the analysis of patient samples. Furthermore, the different PfLDH receptors possessed 

different selectivity for PvLDH. The latter two aspects can be utilized to logic gate operations 

to better evaluate the sample composition, as explain below.  

<Table 1 here> 

The fourth characterized receptor was the 2106s aptamer (Fig. 3d), which forms a stem-loop 

secondary structure (Fig. S5) binding to HRP-2 protein, exclusively expressed by P. falciparum 

parasites [38]. HRP-2 was detected at a low LOD of 0.15 pM, and with a high sensitivity (see 

Table 1). The maximum calculated signal (∆𝐼 𝐼0⁄ )𝑚𝑎𝑥 was 21.9, which was even beyond the 



here tested concentration range (100 nM). This aptasensor demonstrated excellent detection 

performance similar to previously reported electrochemical aptasensors targeting HRP-2 [6, 8, 

12, 39]. The cross-selectivity to PfLDH and PvLDH was lower as compared with its target (Fig. 

4d). All aptamers were checked for their binding capability towards the human lactate 

dehydrogenase (hLDH), which is intrinsically present in human blood samples (Fig. 4). The 

flex-MEA multi-target aptasensor showed a smaller unspecific signal for hLDH than its specific 

targets for all receptor aptamers. In order to take advantage of the different specific (single 

target detection) and selective (several targets) signal outputs from different receptors [43], the 

combination of the different outputs can be processed as logic gates [44, 45]. As shown in Table 

S7, a detection via a single aptasensor could lead to unclear sensor outputs due to the cross-

selectivity for certain sample compositions containing several target biomarkers. Despite of the 

observed cross-selectivity, the detection of specific parasitemia infections can be achieved by 

combining the signal outputs from different aptamers operated as logic gates. These logic gates 

facilitates an unambiguous detection of malaria infections, discriminating between these two 

main malaria parasites, confirming the result by averaging over several redundant sensor signals 

and discarding the possibility of a false-positive result. An example of such logic gate operation 

for the specific confirmation of Plasmodium falciparum infection is shown in Table 2 and 3.  

<Table 2 here> 

<Table 3 here> 

As shown in the example of Table 2, the sensor signal from LDHp11 and 2106s aptasensors are 

used as inputs of an AND gate, which computes a positive (1) signal output (indicating a P. 

falciparum infection) only in the presence of both specific biomarkers (PfLDH and HRP-2), 

(Table 3). The gate input (sensor signal) is considered as being 0 or 1 if the measured current 

is below or above the LOD threshold, respectively (Fig. 3). Therefore, in this specific case the 

combination of LDHp11 and 2106s aptasensors detect and confirm P. falciparum infections via 

redundant PfLDH and HRP-2 biomarker signals. Two additional examples of logic gates are 

provided in the SI, one in Table S9 for the specific detection of Plasmodium vivax by a 

combination of output signals from 2008s, LDHp11 and 2106s aptamers (Table S8), and the 

second in Table S11 for redundant signal detection by a combination of output signals from 

2008s and pL1 aptamers (Table S10), discarding with this last example the possibility of a 

false-positive result. Noteworthy, this is just a small selection among all possible and potentially 

useful logic gates that could be realized out of the four aptasensors integrated on the flex-MEA 

chip.  



A recent study reported by Jimenez et al. calculated the analytical sensitivity of the classified 

best-in-class malaria RDTs according to WHO by a comparison of quantitative ELISA tests 

[9]. In that work, the reported detection limits were 25 ng/mL (178 pM) and 0.8 ng/mL (26 pM) 

for pLDH and HRP-2, respectively. Those values are five and two orders of magnitude higher 

than the detection limits reported here for this flex-MEA multi-target aptasensor for PfLDH 

and HRP-2, respectively. The short-term stability of the multi-target aptasensor was tested and 

demonstrated over a monitored time from 45 min to 7.5 h (Fig. S6a). Only small non-systematic 

signal alterations (< 10.0 %) were registered for all tested aptamer receptors during this period. 

However, for a long-term storage (> 1 day) in Tris buffer at 4 °C, a considerable degradation 

of the signal was observed (Fig. S6b), similar as previously reported for the 2008s aptamer [15]. 

However, this can be overcome by implementing aptamers with multiple anchoring thiol 

groups, which can help to reduce the surface diffusion of adsorbed molecules and thus enhance 

the long-term stability of this multi-target aptasensor [46]. 

<Fig. 4 here> 

3.3. Performance in P. falciparum blood samples 

The flex-MEA multi-target aptasensor was tested with two types of parasite samples: P. 

falciparum in vitro cultures maintained in concentrated erythrocytes and medium (Fig. 5), and 

human whole blood samples spiked with P. falciparum in vitro cultures to mimic a malaria 

patient sample (Fig. S7). Both samples were tested at varying parasite densities at levels found 

in infected individuals. In contrast to in vitro P. falciparum cultures kept in erythrocytes, spiked 

whole blood samples also have leucocytes, platelets, and plasma, potentially interfering with 

aptamer binding. In both cases, flex-MEA arrays were incubated in lysed P. falciparum 

parasites of all life cycle stages at parasitemia of 0.0001 %, 0.001 %, 0.01 %, 0.1 %, 1 %, and 

5 % (<50 – 270000 parasites/µL) [47]. Uninfected erythrocytes (uRBC) were used as the 

negative control.  

The signal response for every single aptasensor (spheres with the same color) of the flex-MEA 

was considered positive (threshold value), when it was higher than the mean value of the control 

response + 3σ (Fig. 5). The sensitivity of parasitemia detection for each aptasensor was 

calculated as the number of positive signal responses among the total number of positive 

samples. The specificity was determined as the number of negative signals among the total 

number of negative control samples. For the P. falciparum parasite cultures, the 2008s aptamer 

(threshold value of (ΔI/I0) = 60.0) had a sensitivity of 83.3 % for a parasitemia of 0.001 % (Fig. 



5a and Table S13). For the pL1 aptamer (threshold value of (ΔI/I0) = 56.6), the sensitivity was 

80.0 % for 0.001 % parasitemia (Fig. 5b). The LDHp11 (threshold value of (ΔI/I0) = 139.3) 

showed a sensitivity of 80.0 % for 0.0001% parasitemia (Fig. 5c). The 2106s aptamer (threshold 

value of (ΔI/I0) = 66.0) demonstrated 83.3 % sensitivity also for 0.001 % parasitemia (Fig. 5d). 

We determined a limit of detection of 0.001 % parasitemia (50 parasites/µL) for 2008s, pL1, 

and 2106s, while it was 0.0001 % parasitemia (<50 parasites/µL) for LDHp11. For parasite-

infected whole blood samples, the detection limit (>75.0 %) was estimated to 0.01 % 

parasitemia (500 parasites/µL) with 93.3 %, 100 %, and 100 % of sensitivities, respectively for 

the 2008s, pL1 and 2106s aptamers (Fig. S7a, c, d and Table S12). For the LDHp11 aptamer, a 

higher detection limit of 0.1 % parasitemia (5000 parasites/µL) was obtained with 100 % 

sensitivity (Fig. S7b and Table S12). Thus, this developed flex-MEA multi-target aptasensor 

fulfills and even overcomes the WHO required detection limit of RDTs of minimum detection 

of 75.0 % at 200 parasites/µL [10], for simultaneous detection of the biomarker via different 

aptamers detecting varying epitopes of this target protein. The flex-MEA aptasensor is 

potentially more sensitive than current RDTs whoever, this needs to be proofed by patient 

samples in the future [47, 48]. The sensitivities here found with both kinds of samples (>90.0 

% for 0.01% parasitemia) were even higher than sensitivities reported for commercial RDTs 

(<90.0 %) with the same percentage of parasitemia for PfLDH detection [47, 48]. In the case 

of HRP-2 detection with commercial RDTs, high sensitivities (≈98.0 %) are reported for the 

same percentage of parasitemia, similar to our detections with 100 % sensitivity [7, 48]. The 

higher reported half-life stability of HRP-2 compared to PLDH is an important contributor [7]. 

Since both biomarkers are detected simultaneously, the higher sensitivity for HRP-2 improves 

the overall clinical assessment of the malaria parasite infection by this test. 

<Fig. 5 here> 

In the strict sense, the specificities obtained for P. falciparum parasite cultures of 83.3 % 

(2008s), 70.0 % (pL1), 100 % (LDHp11), and 83.3 % (2106s) were higher than those of spiked 

parasite whole blood samples (≈75.0 % for pL1 and LDHp11, 80.0 % and 85.7 % for 2008 and 

2106s) (Table S12 and Table S13). Overall, the specificities of our aptasensors were similar to 

those of ELISA tests (88.0 %) [2]. Additionally, control experiments demonstrated that specific 

aptamer sequences obtained higher signals than random ssDNA sequences in both parasitized 

whole blood and cultured P. falciparum samples (Fig. S7 and S8). Even an extra control with 

receptor-free electrode surfaces blocked only with PEG-molecules was performed, with only 

minor fouling effects (<20.0 % current change) in blood samples (Fig. S9). A thermal treatment 



revealed a high stability of the sensor for temperatures as higher as 45 °C with less than 20 % 

signal loss for all the different aptamers (Fig. S10). Only for treatments with a temperature of 

60 °C, a notorious signal degradation was observed. However, temperatures in the tropical 

countries hardly exceed 50 °C, therefore the conservation of the sensor performance at 45 °C 

demonstrated the robustness of this multi-target aptasensor withstanding expected 

environmental high-temperature conditions. 

A cost analysis of the flex-MEA multi-target aptasensor used for a point-of-care detection was 

estimated and compared with reported prices for commercial RDTs, and other reported 

developed technologies. As shown in Table S14, the price per test of this fabricated flex-MEA 

multi-target aptasensor is around the price for the commercial qualitative RDTs and cheaper for 

some of the other proposed technologies. The electronic module, which is the costly part of this 

sensor, needs to be purchased one time, and it can be used subsequently for a large number of 

tests. Thus, the investment of 25 USD can be shared among all those tests making them more 

affordable.  

 

4. Conclusions 

A gold multielectrode array chip was fabricated on a flexible PET substrate (flex-MEA) capable 

of enduring more than 1000 bending cycles without changing its electrochemical performance. 

The flexible PET substrate allowed to partially separate the MEA chip into four sets of 

electrodes to facilitate the immobilization of four different aptamer receptors: 2008s, pL1, 

LDHp11, and 2106s for simultaneous multi-target detection. The first three aptamers target 

PfLDH and the last one HRP-2, both main malaria biomarkers. The excellent detection 

performance of this multi-target aptasensor was demonstrated by spiking the protein analytes 

PfLDH and HRP-2 in blood samples. For both, the obtained detection was highly sensitive in a 

broad range lasting from 1.80 fM to 100 nM and 0.15 pM to 100 nM, respectively. These 

detection limits were five and two orders of magnitude smaller for pLDH and HRP-2 detection, 

respectively, than for the reported commercial best-in-class malaria RDTs. In addition, we 

observed a noticeable cross-selectivity of the 2008s aptamer for PfLDH, PvLDH, and HRP-2, 

which has not been reported previously for electrochemical aptasensors. The signal from 

different electrodes with varying aptamer receptors can be used to perform logic gate operations 

which help to discriminate between specific parasite infections. The flex-MEA multi-target 

aptasensors were finally challenged by blood samples with spiked P. falciparum parasites in 



whole blood and P. falciparum parasite in vitro cultures with different percentages of 

parasitemia. The sensitivities obtained for different aptamers outperformed the World Health 

Organization requirements with values higher than >75.0 % for as low as 50 parasites/µL (0.001 

% parasitemia). The specificities obtained were in a similar range as quantitative ELISA tests 

but with a faster detection time. 

To our knowledge, this flex-MEA multi-target aptasensor is the first RDT combining the signal 

from four different aptamer receptors for malaria parasite detection to provide quantitative 

signals, high signal redundancy and test reliability together with excellent detection 

performance in P. falciparum samples at low parasite densities. Due to its low fabrication cost 

and high reliability, we anticipate that our RDT will be a useful diagnostic tool that could 

improve the diagnosis, disease management, surveillance, and treatment of malaria, particularly 

in remote and developing areas of the world. Furthermore, it could be expected that the concept 

of simultaneous detection of multiple biomarkers of the same disease can be easily extended to 

other illnesses. The partial separation of the polymer-based chip facilitates the convenient 

immobilization of multiple receptors (not restricted to aptamers) on different (sets of) electrodes 

of the array without mixing of the receptors, avoiding interfering signals. The low production 

costs keep the quantitative, multi-receptor approach affordable. The utilization of several 

receptors that target different epitopes of the same biomarker or the detection of different 

biomarkers of the same disease contributes to the enhanced reliability of the analysis. 

Furthermore, the capability to detect several biomarkers permits to distinguish different related 

pathogens with similar symptoms.  
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Figures  

 

Fig. 1. flex-MEA mechanical and electrochemical characterization. a) Schematic representation of the 

flexible MEA chip, which allows partially divide it into sets of electrodes. b) Mechanical bending test 

for flex-MEA. c) Characterization of the electrodes before (0 Bs) and after several bending repetitions 

(5, 25, 75, 175, 425, 925, and 1925 Bs) by cyclic voltammetry in 5 mM [Fe(CN)6]3−/4− solution at pH 

7.5. d) Normalized calculated electrochemical surface area (ESA) after the respective bending cycles. 

  



 

Fig. 2. flex-MEA multi-target biofunctionalization and target detection. Schematic representation of the 

flex-MEA biofunctionalized with the four different aptamers: 2008s (green), pL1 (purple), LDHp11 

(red), and 2106s (blue), and the electrochemical setup used for the biosensor characterization. The plot 

depicts the peak current change (∆𝐼) between the voltammograms before and after target detection 

obtained from DPV measurements. 

  



 

Fig. 3. Schematic representation and calibration curves with spiked target analytes in blood samples. 

The PfLDH target protein was detected by a) 2008s aptamer, b) pL1 aptamer, and c) LDHp11 aptamer. 

The HRP-2 protein was detected by d) 2106s aptamer. Each plot depicts the normalized percentual 

signal as function of the protein concentration. All proteins were tested in the concentration range 

from 100 fM to 100 nM. The dashed line indicates the respective LOD. The experimental data were 

fitted by a Langmuir-Freundlich adsorption isotherm (equation 1). All experiments were repeated with 

three different fabricated flex-MEA multi-target aptasensors with different generated sets of electrodes 

with an n > 6 electrodes for each aptamer. 

  



 

Fig. 4. Tests of the cross-selectivity of aptamers versus target proteins. Aptasensors a) 2008s, b) pL1, c) 

LDHp11, and d) 2106s were tested for binding to individual blood samples spiked with PfLDH, PvLDH, 

HRP-2, or control human LDH (hLDH). The grey dashed line represents the limit of detection. All 

experiments were repeated with three different fabricated flex-MEA multi-target aptasensors. 

  



 

Fig. 5. Schematic representation and detection of specific biomarkers in samples of Plasmodium 

falciparum parasite culture. a) 2008 aptamer (green), b) pL1 aptamer (purple), c) LDHp11 aptamer (red) 

and d) 2106s aptamer (blue). The circles with the same color were measured by the same aptasensor 

with different percentages of parasitemia. The % represents the percent of parasitemia. All experiments 

were repeated with three different fabricated flex-MEA multi-target aptasensors with different generated 

sets of electrodes with an n > 6 electrodes for each aptamer. 

 


