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Abstract

Better approaches are critically needed for in situ point-of-care diagnostic biosensors that
enable primary care physicians, or even individual patients, to directly analyze biological fluids
without complicated sample pretreatments. Additional purification steps consume time,
consume reagents, often require other equipment, and can introduce false-negative results.
Biosensors have been modified with blocking molecules to reduce biofouling; however, the
effectiveness relies on their chemical composition and morphology. Here, we used a
polyethylene glycol film to suppress unspecific binding from human serum on an
electrochemical malaria aptasensor. A detailed study of the variation of the chemical and
morphological composition of the aptamer/polyethylene glycol mixed monolayer as a function
of incubation time was conducted. Higher resistance to matrix biofouling was found for
polyethylene glycol than for hydrophobic alkanethiol films. The best sensor performance was
observed for intermediate polyethylene glycol immobilization times. With prolonged
incubation, phase separation of aptamer, and polyethylene glycol molecules locally increased
the aptamer density and thereby diminished the analyte binding capability. Remarkably,
polyethylene glycols do not affect the aptasensor sensitivity but enhance the complex matrix
tolerance, the dynamic range, and the limit of detection. Careful tuning of the blocking molecule

immobilization is crucial to achieving high aptasensor performance and biofouling resistance.
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1. Introduction

Malaria continued to have a high statistical incidence rate, with an estimated 228 million cases
worldwide in 2018. Therefore, malaria is still considered a major public health challenge and a
leading cause of morbidity and mortality, mainly in tropical and developing countries [1]. When
detected on time, an infected person can be treated and cured. Thus, the World Health
Organization (WHO) has expressed the need for developing highly sensitive, discriminatory,
and affordable rapid diagnostic test (RDT). Currently implemented RDTs use antibodies as
molecules for biomarker recognition. RDTs generally have been a positive development for
malaria management, but RDTs using antibodies do have some drawbacks. Drawbacks include
thermal instability and high production costs, which can be significant issues. Aptamers are
gaining importance as potential alternatives to antibodies, since they are less prone to
denaturation, possess low synthesis costs, and can be easily tagged by labels or anchor groups.
A single-stranded DNA (ssDNA) aptamer receptor (2008s aptamer) was recently developed for
the detection of malaria, which specifically recognizes Plasmodium falciparum lactate
dehydrogenase (PfLDH) [2]. PfLDH is one of the main malaria biomarkers since it is present

in all blood stages and is highly expressed for the metabolism of Plasmodium parasites [3,4].

A promising strategy to determine the parasitemia quantitatively is to link the aptamer receptors
to electrochemical transducers. The resulting electrochemical sSDNA aptamer-based sensors
(E-AB) complement the high affinity and specificity of the receptors with a highly sensitive
and easy signal readout system, making them attractive for diagnostic applications. However,
E-AB development is still in its infancy hampering clinical applications, while well-established
protocols already exist for immunoassays based on colorimetric detection.

During aptasensor development, calibration and characterization measurements are commonly
performed in a buffer medium or as ex situ measurements, due to fouling effects occurring in
complex matrices like human serum or blood. The so call ex situ measurements are performed
by incubating the biosensor in fully lysed blood or human serum without the need for dilution
steps since the final measurement is conducted in a buffer medium, in this way avoiding the
interference of matrix components during the detection measurement [5-9]. However,
problems emerge when tests are performed in situ. In situ measurements, as their name
suggests, are conduct within the complex medium (human serum or blood). Here, the
interference of serum-born components may affect the selectivity and sensitivity of the sensor

and thereby the reliability of quantitative signals by non-specific binding or screening real target



detection. To avoid such interference is commonly implemented a dilution of the concentrated
sample [10-13]. In many cases, corresponding to the size of the target analyte, a high dilution
of the complex matrix is required. Much recent research has focused on the implementation of
E-AB sensors as point-of-care diagnostic tools [14-19]. The point-of-care implementation
needs to be able to detect the biomarker directly in the biological fluid, a fact that requires the

implementation of in situ detection.

A promising approach to suppress biofouling, on in situ measurements, is to cover the
transducer with matrix repelling coatings. These blocking materials or molecular films fill
spaces between the receptors without affecting their analyte binding capabilities. Numerous
antifouling compounds have been proposed, such as zwitterionic molecules [20], peptides [21],
alkanethiols [22,23], and polyethylene glycols [24]. They can generally be classified into
hydrophobic and hydrophilic materials. Hydrophobicity can be beneficial for suppressing cell
adhesion and increasing the charge transfer resistance during impedimetric sensing. 1-
undecanethiol (UDT) is a commonly used hydrophobic blocking substance, which, however,
shows unspecific interaction to hydrophobic domains of proteins [23,25]. 6-mercapto-1-
hexanol (MCH) is less hydrophobic but is also widely employed as a blocking molecule due to
its short length, which leaves aptamer/target interactions unaltered [13,23,26,27]. However,
testing in biological fluids such as human serum often challenges the blocking capability of
MCH [13,28]. To reduce unspecific adsorption, in many cases, the analyte sample is diluted,

which increases the risk of false-negative testing results.

Among hydrophilic materials, polyethylene glycol (PEG) has been widely used in biomedical
devices as antifouling coating since it possesses low interfacial energy in an aqueous medium.
Consequently, proteins or cells closer to this material face thermodynamically unfavorable
interactions that lead to their repulsion [29-31]. Owing to these antifouling properties, PEG has
been used as a surface coating for a variety of sensor materials such as quartz, silicon dioxide,
gold, silver, or graphene [32—38]. Recently, the implementation of polyethylene glycol has also
gained attention as a blocking molecule for E-AB sensors [38-43]. However, a detailed study
on the optimization of the composition of the ssDNA aptamer/PEG receptor layer and their

morphology has not been reported so far.

We have previously developed an aptamer-based impedance electrochemical biosensor for
malaria [13] using the 2008s PfLDH aptamer [2] and MCH as a blocking molecule. However,

challenges for this system to perform the detection of the biomarker directly in biological fluids
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were faced, and it was only possible to measure in serum that was less diluted than 50% (10%
serum). In this paper, it was investigated how PEG blocking allowed the sensor to function in
highly concentrated biological fluids and investigated the impact of the receptor layer
composition on the sensor performance with a special emphasis on the PEG incubation time
(Scheme 1).

<Scheme 1 here>

2. Experimental
2.1 Reagents

Malaria 2008s aptamer (5"-HO-(CH2)6-S-S-(CH2)6-O- CTG GGC GGT AGA ACC ATAGTG
ACC CAG CCG TCT AC-3") was synthesized by Friz Biochem GmbH (Neuried, Germany).
The recombinant Plasmodium falciparum lactate dehydrogenase (PfLDH) and human lactate
dehydrogenase B (hLDHB) were obtained from bacterial expression [2]. Monofunctional
methoxy- polyethylene glycol thiol (PEG, 2kDa) was purchased from Creative PEGWorks
(New York, USA). 25 mM Tris-HCI buffer (NaCl 0.1 M, Tris 25 mM, HCI 25 mM, pH 7.5)
and high salt concentration phosphate-buffered saline (PBS, 10 mM sodium phosphate with 1
M NaCl and 1 mM Mg?, pH 7.5) were prepared. Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP), potassium ferricyanide (Ks[Fe(CN)e]), potassium ferrocyanide
(Ks[Fe(CN)s]) trihydrate, human serum albumin (HSA), and human serum from human male
AB plasma were purchased from Sigma-Aldrich Chemie GmbH (Germany). Bovine serum
albumin (BSA) was obtained from Gibco (Germany). Ethanol and isopropanol were purchased
from Merck (Darmstadt, Germany). All aqueous solutions were prepared using ultra-pure
deionized water (18.2 MQ cm, Milli-Q, Millipore, Merck, Darmstadt, Germany).

2.2 Gold rod electrode cleaning

Gold rod electrodes (2 mm in diameter) were intensively cleaned before aptamer modification;
a detailed description can be found elsewhere [27]. Briefly, the gold electrodes were
consecutively polished with aqueous slurries of alumina powder of 0.30 and 0.05 pm on a micro
cloth. Afterward, the electrodes were sonicated in ethanol, isopropanol, and Milli-Q water for

5 min each and dried in a nitrogen stream. Finally, they were activated with electrochemical



cleaning by performing cyclic voltammetry (CV) with Autolab potentiostat/galvanostat
PGSTAT302 (Eco Chemie, Netherlands) in a solution of 0.5 M NaOH with a scan range from
—1.35 V to —0.35 V, 500 scans at a scan rate of 2 V/s and consecutively 0.5 M H2SO4 with a
scan range from —0.35 V to 1.5 V, 150 scans at a scan rate of 1 V/s. The electrode area was
determined by a CV in 50 mM HSO;4 solution with a scan range from —0.35 V to 1.5 V at a
scan rate of 0.1 V/s [44].

2.3 Stepwise preparation of the aptamer/PEG receptor layer

The 2008s aptamer concentration was determined by measuring the absorbance at 260 nm with
the UV/VIis/NIR spectrometer Lambda 900 (Perkin Elmer, USA). A concentration of 0.5 uM
aptamer was used in all the experiments for the immobilization, otherwise specified. The
aptamer was always treated with 10 mM TCEP for 1 h at room temperature to reduce the
disulfide-protecting bond before incubation, enabling the direct binding of the thiol group of
the aptamer to the gold surface. After the pre-treatment, the 2008s aptamer was diluted in 10
mM high salt concentration PBS buffer to a final volume of 250 uL. Then, the cleaned gold
electrode was incubated by immersing it in the aptamer solution overnight. Afterward, the
aptamer-modified electrode was rinsed with Tris buffer and consecutively with Milli-Q water
to remove excess aptamer molecules. Subsequently, the gold electrode was incubated with an
aqueous solution containing 5 mg/mL PEG for the indicated time. Last, a rinsing step with Tris
buffer was performed to remove non-covalently bound blocking molecules. Once the
aptasensor was ready, the different PFLDH protein concentrations were detected. In the same
way, the control proteins (BSA, HSA, and hLDH) used for the selectivity test were investigated

with a concentration of 50 nM prepared similarly to the PFLDH protein sample.

2.4 In situ and ex situ PfLDH detection

The impedance measurements were recorded at 45 min after addition of the respective
concentration of PfLDH (7.14 uM stock solution) in 1 mL volume of 1:1 ratio human serum to
25 mM Tris-HCI buffer solution at 7.5 pH containing 5 mM [Fe(CN)s]*"* for in situ
measurements. For ex situ measurements, the sensor was incubated for 45 min in whole human

serum with the correspondingly added PfLDH concentration, posteriorly rinse with buffer, and



measured in 5 mM [Fe(CN)s]*"* in 25 mM Tris-HCI buffer solution. In either case, the external
standard addition method was used.

2.5 Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy (EIS) measurements were performed with an Autolab
potentiostat/galvanostat PGSTAT302 (Eco Chemie, Netherlands) consisting of a three-
electrode system. Therefore, a platinum wire was utilized as the counter electrode (CE), an
Ag/AgCl electrode (DriRef2, WPI Germany) as the reference electrode (RE), and the gold rod
electrode with the immobilized aptamer/PEG mixed monolayer as the working electrode (WE).
All potentials in this work are noted with respect to a saturated Ag/AgCl reference electrode. A
potential bias of 0.22 V was applied to the electrode superimposed by an alternating voltage in
a frequency range from 10 kHz to 1 Hz with an amplitude of 0.01 V. The NOVA 2.1 software
was used for fitting EIS data according to the electrical equivalent circuit in order to obtain the

fit-component parameter values.

2.6 QCM-D measurements

The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) equipped with a
fluidic system from Q-sense Biolin Scientific (Vé&stra Frolunda, Schweden) was used to analyze
the mass change and the associated viscoelastic properties of the system after each
immobilization step [45]. Firstly, the QCM-D components and gold sensors were cleaned
according to recommendations from the supplier. The QCM gold chips were cleaned in an
oxygen plasma oven for 3 min at 50% power and 0.5 mbar. Later, they were left in ethanol for
30 min to reduce back the gold oxide formed. Once everything was cleaned, the cell was
mounted, and the sensor was placed on the module. The buffer solution was pumped through
the cell and left running until stabilization of the sensor signal was achieved (frequency shift
below 0.2 Hz in 10 min). Subsequently, the experiment was started by consecutively flushing
molecule solutions and posterior rinsing Tris buffer through the QCM-D fluidic cell.

2.7 XPS analysis



The chemical sample analysis for corroboration of aptamer and PEG immobilization by X-ray
photoelectron spectroscopy (XPS) was conducted with the instrument Phi5000 Versa Probe 11
(ULVAC-Phi Inc., USA). The source used was the monochromatic Al K-alpha line (hv = 1.486
keV), with the following power: 50 W at 15 kV, 200 um spot size, 187.5 eV pass energy, 0.8
eV step, 100 ms/step.

2.8 AFM analysis

Atomic force microscopy (AFM) imaging was performed using a Nanoscope Multimode 8
microscope (Bruker, Netherlands) equipped with a piezoelectric E-series scanner and
aluminum-coated Si cantilever from Bruker (RTESPA-150) with a resonant frequency of 150
kHz and spring constant 5 N/m. The images were acquired in tapping mode with the following
parameters: scan rate 1 Hz, scan size 0.5 pum, and aspect ratio 1:1. The (111) plane of a gold
single crystal disk was used as a model electrode surface. The activation and cleaning of the
single crystal were done by thoroughly rinsing it in ethanol, isopropanol, and Milli-Q water.
After drying, the crystal was annealed for 10 min in a hydrogen flame (orange glowing) and
cooled down to room temperature in an argon stream. The subsequent aptamer modification

and PEG blocking were done, as described in section 2.3.

3. Results and discussion

The detection of biomarkers by E-AB aptasensors in biological fluids like human serum or
blood remains a challenge due to undesired non-specific adsorption of matrix species on the
surface of the transducer [28,46,47]. Here we present the detection of PfLDH in human serum
by the implementation and optimization of a polyethylene glycol (PEG) monolayer as a

blocking coating.

3.1 Reduction of non-specific adsorption

In our previous report, noticeable non-specific binding of PFLDH was observed in human serum
on a receptor-free gold surface covered only with MCH blocking molecules, which caused an
appreciated semicircular impedance increment of 33.9+2.4 % in the Nyquist plot representation,
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(Fig. 1a) [13]. The Nyquist plot displays the real versus the imaginary part of the impedance,
showing the characteristic formation of a semicircle at higher frequencies (charge transfer
control processes) and a straight line at low frequencies (diffusion control processes). The
electrical equivalent circuit elements used to fit the impedance measurements are shown in
equivalent Randles circuit at the limit of high-frequency [48], inset Fig.1la. The equivalent
circuit model used here comprises a resistor for the intrinsic electrolyte resistance (Rs) in series
with a parallel constant phase element (CPE), and a charge transfer resistance (Rct). The Rt is
the main element used here to calculate the percentage change of the charge transfer resistance
by PfLDH detection [13].

A distinctly smaller non-specific binding corresponding to only 8.8+1.2 % impedance change
was observed in this study for a PEG-modified receptor-free sensor surface after exposure to
50 nM PfLDH in human serum (Fig. 1b). The mechanism behind the protein repulsion by PEG
has been reported to be a consequence of the low gain of adhesion enthalpy and the associated
loss of entropy due to steric repulsion during the interaction process. That means that the steric
repulsion is related to restrictions of configurational freedom and concomitant desolvation of
PEG when the protein tries to attach to the surface, making it a thermodynamically unfavorable
interaction [29,30,49,50]. Noteworthy, also recent publications have demonstrated PEG
antifouling capabilities for aptamer/PEGylated surfaces in complex matrices like serum or
blood [40,42,43]. However, systematic studies on the correlation of ssSDNA aptamer/PEG-film
composition and antifouling properties for enhanced target detection, to the best of our
knowledge, have not been reported so far. Zhang et al. reported that an increase in the
concentration of a zwitterion-bifunctionalized poly (ethylene glycol) decreases the signal of the
ATP analyte [43]. What remains unknown so far is how the signal changes for low and high
PEG surface density, how the morphology of the mixed aptamer/PEG monolayer alters for
different incubation times of thiolated PEG molecules, and how these changes influence the

sensor performance.

<Fig. 1 here>

3.2 Physicochemical characterization methods for stepwise aptasensor fabrication with
different PEG blocking times



3.2.1 Monitoring stepwise molecule adsorption by QCM

Firstly, the stepwise immobilization of aptamer, PEG, and PfLDH detection was monitored by
Quartz Crystal Microbalance with Dissipation (QCM-D). This method facilitated the
determination of changes in mass and the viscoelastic properties of the mixed receptor layer
during its assembling. The QCM-D sensor oscillates to its resonance frequency driven by an
alternating voltage applied to the sensor. The frequency decreases, and the dissipation changes
when a molecular film binds to the sensor surface due to the added mass of the molecules and
the energy dissipation associated with the molecule’s softness, respectively [51]. For thin and
rigid films, the frequency change is proportional to the mass increase, which can be calculated

with the Sauerbrey equation [45]:

_2f¢
Af = YW Am 1)
fo? stands for the resonant frequency of the fundamental mode (Hz), Af is the frequency change,
Am is the mass change, A is the area of the piezoelectrically active crystal, p, is the density of
quartz (p,= 2.648 g/cm?®), and g is the shear modulus of the quartz for AT-cut crystal (Ug =
2.947x10™ g/cm s?).

The application of 0.5 uM aptamer to a bare Au sensor and subsequent Tris rinsing caused a
decrement in the frequency (Af = 21.1 Hz) associated with the immobilization of the aptamer
receptor, Fig. 2a, and b. The corresponding calculated mass was 2.50 ng/mm? corroborating the
aptamer film formation [52]. The increase in the dissipation (AD = 1.55 ppm) is correlated with
the soft and elastic nature of sSSDNA aptamers and corroborated by elastic modulus (E) and
viscosity (u) reported in the literature, Table S1 [53,54]. After the addition of PEG blocking
molecules (7 h incubation) and rinsing with Tris buffer, a further frequency shift of 2.9 Hz was
observed due to the binding of these molecules to the aptamer-free electrode spaces (Fig 2c).
The associated mass change was 0.16 ng/mm?. The relatively small change of the frequency
after PEG addition in comparison to aptamer incubation indicates that aptamer receptors already
occupied the majority of the sensor surface. The dissipation increase (0.34 ppm) is correlated
to the soft and hydrated nature of the PEG in agreement with previously reported values for
elastic modulus and viscosity [55,56]. According to the QCM-D experiments, there was no
significant frequency and dissipation change for different PEG incubation times, suggesting
that the PEG density did not change noticeably during extended incubation (Fig. S1). Also, E

and p for 2 and 16 h did not indicate any significant change for different PEG incubation times,
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Table S1. Only for 16 h PEG incubation, a minor thickness increment was observed. Further
frequency changes of Af = 0.7 Hz (0.12 ng/mm?) and 4.8 Hz (0.84 ng/mm?) were registered
after the addition of 10 nM and 50 nM of PfLDH, respectively, as well as a slight dissipation
change of AD = 0.07 and 0.41 ppm, which are assigned to the protein binding via aptamer
receptors, Fig. 2d. The small mass change associated with the protein detection might be related
to the fact that the proteins are not directly bound to the electrode surface but via the aptamer,

which limits the detection capabilities of this method [51].

<Fig. 2 here>

3.2.2 XPS investigations

The chemical composition of the bare gold electrode, the electrode after modification with
aptamer, and the complete aptamer/PEG receptor layer were investigated by Xx-ray
photoelectron spectroscopy (XPS). Fig. 3 shows the survey spectra of the different samples,
which are mainly dominated by the peaks of the Au substrate. Compared with the bare gold
(blue spectrum), a decrement of the gold signal (Au 4f) was observed after aptamer and PEG
adsorption due to the formation of a mixed SAM on top of Au. An increment of the carbon (C
1s) content, the appearance of oxygen (O 1s), nitrogen (N 1s), and phosphorus (P 2p) peaks
confirmed the aptamer immobilization since those are the main elements of ssDNA (red
spectrum). Further increments of carbon and oxygen were observed together with a decrease of
Au 4f, and N 1s after the long-chain PEG (2 kDa) was immobilized. The sulfur (S 2p) peak was
caused by the thiol-terminal group that anchors aptamer and PEG to the gold surface [50,57].
The height of this peak was relatively small since each molecule possesses one sulfur atom,
which was buried by the entire chain of the molecule. The extension of the PEG immobilization
time did not lead to an apparent change of the C1s or O1s signals similar to QCM-D data
indicating that the coverage increase was beyond the accuracy of used measurement methods,
Table. S2.

Contact angle experiments corroborated the immobilization of aptamer and PEG molecules via
decreasing contact angles from 84.2° for the bare gold to 27.6° for only PEG and approximately
16.0° for aptamer alone as well as aptamer/PEG mixed monolayers. These contact angle

variations indicate enhanced hydrophilicity for the surface after aptamer, PEG, and
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aptamer/PEG layer formation (Fig. S2). An analysis of the contact angle was also done for
different PEG immobilization times. The contact angle remained similar or slightly smaller than
those of the PEG-free aptamer electrode and distinctly smaller than those of PEG/AUE, which
confirms the dominating influence of the aptamer on the composition and surface energy of the

mixed aptamer/PEG receptor layer (Table S3).

<Fig. 3 here>

3.2.3 AFM investigations

The topographical characterization of the surface morphology after aptamer immobilization and
different PEG incubation times was performed by AFM analysis. The preparation started from
an atomically flat gold (111) single crystal surface, which had an RMS surface roughness of
0.07£0.01 nm, Fig 4a, and b. After aptamer immobilization, the overall surface roughness
increased to 0.20+0.02 nm. Spherical objects were homogeneously distributed over the surface
and possessed a topographical height of 0.83+0.10 nm, Fig 4c, and d. It can be assumed that
the aptamer molecules adsorbed to the surface in islands and did not form a dense monolayer.
This assumption is based on the one hand on our AFM data since a dense monolayer would
result in smaller surface roughness [58]. On the other hand, the aptamer surface density was
calculated by chronocoulometry, which was (1.29+0.01)x10'?> molecules/cm? and
corresponded to a low-density coverage, according to Zhang et al. [59]. After the incubation of
PEG for 2h, the roughness further increased to 0.32+0.03nm with feature heights of 1.07+0.16
nm, suggesting that also these molecules bind to the gold surface (Fig. 4e and f). However,
aptamer and blocking molecules did not form a homogeneously mixed monolayer but

seemingly separated into domains, which appeared as elevated islands in the AFM images.

Systematic analysis of the surface roughness, island height, and island diameter for two
different aptamer concentrations showed in both cases for different PEG incubation times an
increase in all, roughness, island height, and island diameter, Table S4. Noteworthy, the
increase in these parameters was more significant for high aptamer densities. In particular, the
number of high islands was less for 2 h PEG incubation as compared with 7 h for both aptamer
densities. That, together with the increase in surface roughness, indicated that the aptamer

molecules tethered to the electrode surface initially not only via thiol-gold bonds but also via
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weak nitrogen-gold interactions [57,60]. After the addition of PEG, these molecules bound to
free gold areas and pushed aptamer molecules upright that were previously lying on the surface.
This event was seemingly not so significant for short PEG immobilization times (2 h) (Fig. 4e)
but increased after 7 h and 16 h PEG incubation, which lifts ssDNA aptamers and increased the
number of high islands (Fig 4g). Although the PEG surface coverage did not change
significantly for 7 and 16 h, as corroborated by QCM-D and XPS measurements, there was a
distinct surface rearrangement between aptamer and PEG for different incubation times. For 16
h incubation, a distinct increase in the island diameter was observed, indicating that a ripening
process occurred where the aptamer islands merged to connected domains resulting in phase-
separated arrangements (Fig. 4i). The island formation indicates that short sSDNA and PEG
molecules were subjected to phase separation and instead behaved like ssDNA/alkanethiol
SAM [61-63]. The different alkyl chain length connected to the respective thiol group of
ssDNA and PEG might contribute to this observation.

<Fig. 4 here>

3.3 PEG blocking time optimization

The composition of the mixed receptor layer is crucial for sensor performance. On the one hand,
the aptamer receptor (here 2008s) requires a particular space on the transducer surface for 3-D
conformational adaptation when binding with its target (PfLDH). On the other hand, those
electrode surface areas that are not covered by aptamers should be blocked by PEG to reduce
the non-specific binding of components present in human serum. Therefore, impedance
measurements for the detection of PfLDH at different incubation times of PEG were performed
to identify the optimal blocking conditions (Fig 5). At short PEG incubation time (< 5 h), the
target detection signal, which represents the change of the charge transfer resistance induced
by target binding divided by initial charge transfer resistance, ARct/Rcto, was low due to the low
density of the blocking molecules. The ssDNA molecules partially interacted with the Au
electrode surface, which competed with the analyte binding, corroborated by AFM analysis
(Fig 4e). With increasing incubation times, the detection signal rose, since ssSDNA/Au
interactions were cleaved by PEG binding until the PFLDH signal reached its maximum at 7

hours. Besides, a shorter PEG molecule (400 Da) was also tested at 7 h incubation time for
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PfLDH detection in human serum. A lower antifouling capability was observed as compared to
the longer PEG (2 kDa) blocking molecule (Fig. S3).

Interestingly, as the incubation time increased (> 9 h), a highly compact PEG monolayer was
obtained, which led to a decrement of the signal by inhibiting the interaction between the
aptamer and its target, also corroborated by AFM analysis (Fig 4i). Both high aptamer and PEG
densities may contribute to his observation. As mentioned before, aptamer requires
conformational freedom to adapt to its target. If their densities are too high, the analyte binding
capability vanishes. Furthermore, it has been reported that densely packed PEGylated surfaces
with brush-like configuration do not effectively prevent protein adsorption. Only, less packed
crystalline helical amorphous forms, mushroom configuration, are resistant to adsorption of
proteins. The different configurations are correlated with the incubation time. Densely packed
assemblies were reported for times exceeding overnight incubation, while short incubation
times (<2 h) were not enough to immobilize PEG for effectively avoiding protein adsorption
[30,50,64]. The phase separation observed in the AFM study (Fig. 4i) was companied by an
increase of molecule packing within its respective domain. These effects could explain the
signal reduction for the impedance measurements since the phase separation, which enhances
the island formation, increases the local aptamer density making them not accessible for the
interaction with the target PfFLDH.

<Fig. 5 here>

3.4 Concentration dependence of sensor signal

The sensitivity is doubtless, an important parameter for biosensors, which should cover the
entire pathologically relevant concentration range, including healthy and disease-related
biomarker levels. A calibration curve was recorded to determining the lowest confidence
detection value by calculating the limit of detection (LOD), the dynamic range of detection, and
sensor sensitivity. The obtained equation from the logarithmic presentation of the PfLDH
concentration versus relative charge transfer resistance change for the aptamer/MCH modified
sensor was ARc/Rco (%) = 8.3 IgC + 16.0 with a correlation coefficient of 0.99. The following
equation was used to calculate the limit of detection: LOD = ks/m, where k is the constant of

random error (3 is the typical value used as the signal-to-noise ratio), s the standard deviation
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of the blank, and m the slope of the calibration curve [13]. Such aptamer/MCH modified sensor
showed a LOD of 1.3+0.1 pM and a dynamic detection range from 10.0 pM to 10.0 nM in 10%
HS (Fig 6a). It is worthy of mentioning that it was only possible to detect the target protein in
human serum after dilution to 10 %. In serum concentration of 50 % or higher, no detectable
signal change was observed (data not included). The sensitivity (S) of the sensor can be
extracted from the slope of the semi-logarithmic equation being S = 8.3+0.1 /nM. The obtained
equation for the aptamer/PEG receptor layer was ARc/Reto (%) = 7.9 1gC + 33.9 with a
correlation coefficient of 1.00. This aptamer/PEG sensor exhibited a lower LOD of 0.8 pM and
a wider dynamic concentration range that goes from 2.3 pM to 100.0 nM in significantly higher
serum concentration (50% HS), Fig 6b. The Nyquist plot with the different PfLDH
concentrations tested is shown in Fig S4a. Interestingly, the sensor sensitivity was not
considerably affected (S = 7.9£0.1 /nM), indicating that the analyte binding capability of the
receptor remains unaltered by choice of the blocking molecule. The implementation of PEG as
blocking molecule significative enhanced the tolerance for the detection of spiked PfLDH in
highly concentrated human serum. Plus, it allowed de detection of PfLDH in a wide range of
concentrations, covering the clinical relevant range of detection. The reported clinical
concentration of PfLDH is found between few pM to hundreds of nM, which correlates with

the percentage of the parasitemia infection [3,65,66].

<Fig. 6 here>

The ex situ detection for the PEG containing sensor was also tested, and the obtained equation,
in this case, was ARc/Reto (%) = 7.2 1gC + 51.1 with a correlation coefficient of 0.98. The
calculated LOD was similar to the Aptamer/MCH sensor (1.5 pM), although the aptasensor was
incubated in whole human serum, and subsequently measured in Tris buffer. The dynamic
detection range (4.5 pM to 100.0 nM) and the sensitivity (S = 7.2 /nM) were similar to in situ
experiments, Fig 6¢. That also indicates that the sensor’s sensitivity is mainly independent of
the implementation of the measurement (in situ or ex situ), but rather, the blocking molecule

enhances the matrix tolerance, the LOD, and the detectable dynamic detection range.

Table 1 summarizes the aptasensor parameters of PfLDH detection, including literature and the
present work for in situ and ex situ detection. Compared with previously reported
characteristics, the new aptasensor presented here with PEG as a blocking molecule possessed
the lowest LOD and the most extensive dynamic range of detection for in situ measurements.

Also, this new aptasensor allowed PfLDH detection in less diluted (50%) human serum while

15



previous works, including our own, using MCH as blocking molecule facilitated the detection
only in high diluted serum (10%). In the case of ex situ measurements, our easy to operate
electrochemical aptasensor exhibited similar performance to state-of-the-art optical biosensors

in whole human serum.

<Table 1 here>

3.5 Sensor selectivity

The blocking film has an impact also on the selectivity, which is an important parameter not
only for clinical but also for point-of-care detection since elaborated pretreatments cannot be
applied for that application. Therefore, the aptasensor response was also challenged versus other
serum components such as human serum albumin (HSA) and human lactate dehydrogenase B
(hLDHB). HSA is the most abundant protein in human blood plasma, while hLDHB is the
human analog of the analyte with many structural correlations to PfLDH. Both can considerably
interfere with the detection of PfLDH. For these experiments, the control proteins were spiked
independently in the corresponding 50% human serum sample. Our malaria aptasensor
exhibited a more significant impedance change for PFLDH compared to those compounds.
Bovine serum albumin (BSA), HSA, and hLDHB caused only a marginally impedance change,
although they were added at comparable high concentrations of PfLDH (Fig 7). In Figure S4b,
the Nyquist plot is shown with the marginal unspecific detection of the control protein BSA.
The selectivity versus human LDH was established already during the SELEX process by a
counter target selection of the aptamer, indicating that the PEG blocking does not impair the
selectivity of the aptamer receptor [2]. Furthermore, the long-term repulsion of serum protein
was evaluated by impedance measurements at different incubation times in human serum. Only
nonsystematic variations of the charge transfer resistance over time were observed,
demonstrating the short-term stability of the PEG-modified aptasensor (Fig. S5a). However, at
the long-term storage of the aptasensor, a considerable degradation of the signal was detected
(Fig S5b). This observation might be associated with continuous phase separation of the PEG
and aptamer molecules since a single thiol anchoring group might not be enough to prevent
molecule segregation effectively in the long term. The possible implementation of aptamer

molecules with multiple anchoring thiol groups might help to avoid this phenomenon [69].
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<Fig. 7 here>

4. Conclusion

In this work, we report on the reduction of non-specific adsorption and enhancement of PfLDH
detection, based on impedance measurements, in a complex matrix such as human serum by
optimizing the incubation of PEG blocking molecules. Impedance investigations, together with
AFM characterization, XPS, and QCM-D analysis, suggested that the overall density of PEG
did not distinctly change for different incubation times, but the morphology of the mixed
receptor layer did. In fact, the incubation time significantly influences the aptamer/PEG system
by cleaving weak bonds between ssDNA chains and Au, lifting the aptamer molecules driven
by the covalent adsorption of PEG molecules. This liberation of the receptor strands enhanced
the target binding capability of the sensor for short incubation times. However, after 9 hours of
incubation and longer, declining sensor signals were observed, which can be assigned to a phase
separation between aptamer and PEG molecules. AFM investigations suggest that the phase
separation locally increased the aptamer density and thereby degrades their binding capability
to PfLDH due to a restricted conformational degree of freedom. Comparing the calibration
curves of aptasensors using hydrophobic MCH or hydrophilic PEG revealed that the blocking
molecule had no impact on the sensor sensitivity but strongly enhances the matrix tolerance,
the dynamic range, and the limit of detection. Our PEG/aptamer receptor system worked
reliably in 50% diluted and full serum for in situ and ex situ detection, respectively, and reached
its optimal working conditions after 7 h PEG incubation time. That represents a remarkable
improvement towards the desired in situ detection for point-of-care testing. Further work is
conducted in our laboratory to implement multi-thiol anchoring groups that might prevent phase
separation at long incubation times and enhance the target detection in full blood or human

serum samples.
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Highlights

PEG blocking enhances malaria biomarker PfLDH detection in human serum.
Morphological composition of aptamer/PEG monolayer depends on PEG incubation
time.

Long PEG incubation times leads to phase separation of aptamer and PEG molecules.
PfLDH detection in full human serum with LOD of 1.49 pM.

Type of blocking molecule has no influence of sensor sensitivity.

Figure captions

Scheme 1. Schematic illustration of varying aptamer/PEG morphologies on a gold surface at

Fig. 1.

Fig. 2.

different PEG incubation times for optimized PfLDH detection in human serum.

EIS Nyquist plots of Au electrodes demonstrating the non-specific adsorption on a
receptor-free surface covered with a) MCH (red spheres) and b) PEG (red spheres)
tested with 50 nM PfLDH (black spheres) in human serum. The inset shows the
electrical equivalent Randles circuit at the limit of high-frequency used to fit with the
experimental data. The components of the electrical equivalent circuit are: solution
resistance, Rs; double layer capacitance represented by a constant phase element, CPE;

and charge transfer resistance, Rqt.

a) Complete QCM-D plot for aptamer and PEG immobilization and PfLDH detection.
Frequency (Af) and dissipation (AD) change after b) aptamer immobilization, ¢) PEG
blocking, and d) 10 and 50 nM PfLDH detection, respectively.

Fig. 3. XPS analysis of a bare gold chip (blue line), gold chip modified with aptamer (red line),

Fig. 4.

and aptamer/PEG modified gold chip (black line). Gold (Au 4f) and traces of carbon (C
1s) photoelectron peaks at 84 and 285 eV, respectively, for a bare gold electrode. After
immobilization of aptamer/ and PEG, the appearance of the oxygen (O 1s, 533 eV),
nitrogen (N 1s, 400 eV), phosphorous (P 2p, 134 eV) and sulfur (S 2p, 164 eV) peaks

were evident.

Tapping mode AFM image and line cross section for a bare single crystal gold (111)
surface (a, b), after aptamer immaobilization (c, d), and additional PEG binding for 2 h
(e, f), 7h PEG (g, h); and 16 h PEG (i, j). The bottom schematics depict the change of

24



the composition of the mixed aptamer/PEG receptor layer for the corresponding
preparation conditions. The color scale of a) goes from -1.2 nm to 1.2 nm; the color

scales from c¢) — i) go from -2 to 2 nm.

Fig. 5. Optimization time of PEG blocking with 10 nM PfLDH detection. The experiments have
been repeated three times with different sensor devices.

Fig. 6. Calibration curves of PfLDH detection in human serum by using a) MCH or b) PEG
blocking molecules in in situ measurement, and ¢) PEG blocking molecule in ex situ
measurement. The experiments have been repeated three times with different sensor

devices.

Fig. 7. Selectivity of PfLDH detection vs. analogous proteins in human serum at 50 nM
concentration for all proteins. The experiments have been repeated three times with

different sensor devices.
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Scheme 1 (two column)
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Fig. 1 (two column)
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Fig. 2 (two column)
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Fig. 3 (1.5 column)
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Fig. 4 (two column)
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Fig. 5 (single column)
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Fig. 6 (two column)
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Fig. 7 (single column)
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