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ABSTRACT

An electrical immuno-sandwich assay utilizing an electrokinetic-based streaming current method for signal
transduction is proposed. The method records the changes in streaming current, first when a target molecule
binds to the capture probes immobilized on the inner surface of a silica micro-capillary, and then when the
detection probes interact with the bound target molecules on the surface. The difference in signals in these two
steps constitute the response of the assay, which offers better target selectivity and a linear concentration
dependent response for a target concentration within the range 0.2-100 nM. The proof of concept is demon-
strated by detecting different concentrations of Inmunoglobulin G (IgG) in both phosphate buffered saline (PBS)
and spiked in E. coli cell lysate. A superior target specificity for the sandwich assay compared to the corre-
sponding direct assay is demonstrated along with a limit of detection of 90 pM in PBS. The prospect of improving
the detection sensitivity was theoretically analysed, which indicated that the charge contrast between the target
and the detection probe plays a crucial role in determining the signal. This aspect was then experimentally
validated by modulating the zeta potential of the detection probe by conjugating negatively charged DNA oli-
gonucleotides. The length of the conjugated DNA was varied from 5 to 30 nucleotides, altering the zeta potential
of the detection probe from —9.3 £+ 0.8 mV to —20.1 + 0.9 mV. The measurements showed a clear and consistent
enhancement of detection signal as a function of DNA lengths. The results presented here conclusively
demonstrate the role of electric charge in detection sensitivity as well as the prospect for further improvement.
The study therefore is a step forward in developing highly selective and sensitive electrokinetic assays for
possible application in clinical investigations.

1. Introduction

electrokinetic principles also suffer from Coulomb screening, limiting
their application in high salinity buffers (Jaafar et al., 2009). The hy-

Electrokinetic methods such as streaming current/potential have
been explored for the purpose of bio-recognition because they are sen-
sitive, label-free and inexpensive methods that do not require a large
sample volume (Wasilewska and Adamczyk, 2011; Wu et al., 2012). The
methods have been utilized for detection of a wide variety of biological
targets ranging from antibodies and various other proteins, (Dev et al.,
2016), DNA (Li et al., 2018) and extracellular vesicles (Cavallaro et al.,
2019) to non-biological targets (Sadlej et al., 2009). The key aspect of
these methods is exploiting the changes in the electrostatic and hydro-
dynamic environment at the solid-liquid interface when target mole-
cules bind to the surface. Like other charge-based sensors, the

drodynamic influence, on the other hand, offers the benefit to detect
particles having insignificant or no charge contrast with the substrate
(Adamczyk et al., 2010; Michelmore and Hayes, 2000). Previous theo-
retical and experimental investigations (Adamczyk et al., 2010; Sadlej
et al., 2009; Sahu et al., 2020) have extensively studied electrokinetic
phenomena, in particular the hydrodynamic and the electrostatic in-
fluence of particle adsorption on the inner surface of a microchannel,
revealing a complex dependence of the electrokinetic signals on these
parameters. Using a set of engineered molecules and the theoretical
model proposed by Adamczyk et al. (2010), we have shown in our
previous study (Sahu et al., 2020) that the size and the charge
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parameters of adsorbing particles may either counteract or assist in
electrokinetic sensing leading to a very large difference in the limit of
detection. The results offer important insight on how to design a sensi-
tive electrokinetic assay. However, for any practical biosensor, the issues
of specificity and selectivity are also extremely important. Particularly,
in case of immunoassays, it is well-known that the detection of a target
molecule often suffers from a low selectivity due to various non-specific
interactions and cross-reactivity (Afsahi et al., 2018; Juncker et al.,
2014; Lichtenberg et al., 2019; Pei et al., 2013) of the affinity probes
with non-target molecules. This is of particular concern when the target
is to be detected from a complex medium e.g. plasma or serum. Among
the available strategies to mitigate such problems, sandwich immuno-
assay is widely used in various well-established sensing platforms (Kim
and Lee, 2017; Shui et al., 2018; Sun et al., 2019). In this strategy, a
target is detected by two affinity probes each directed against different
epitopes of the target, and thereby significantly minimizing the re-
sponses arising from non-specific and/or cross-reactive interactions with
non-target entities. While sandwich assays are an extremely well known
and widely used setup for detection of biomolecules, they are usually
accompanied by the use of labels (reporter groups) for amplifying the
detectable signal (Pei et al., 2013). The labels usually range from en-
zymes (Tang and Ren, 2008), nano-particles (Su et al., 2010) to fluo-
rescence tags (Cui et al., 2007) conjugated to the detection antibodies
and have been mainly validated by various standard methods e.g. sur-
face plasmon resonance (SPR), quartz crystal microbalance, chemi- and
electrochemi-luminescence, etc. (Pei et al., 2013). However, the appli-
cation of sandwich assays in label-free approaches, particularly in
electrical sensors, has been very limited.

In this article, we show that an electrical sandwich immunoassay can
be realized by using the streaming current method for specific biomol-
ecule detection. The proof of principle is demonstrated by using the
immunoglobulin-binding Z-domain, derived from the B domain of
staphylococcal protein A, and the therapeutic monoclonal antibody
trastuzumab (IgG) as a model affinity pair. In the assay, trastuzumab is
used as a target molecule while the Z-domain is used both as capture
probe and the detection probe, targeting two binding sites in the Fc
region of the antibody. We show that the proposed assay can detect the
target both in phosphate buffered saline (PBS) as well as in a complex
medium (E. coli cell lysate) with a higher specificity compared to the
direct assay. Furthermore, by conjugating single-stranded DNA oligo-
nucleotides to the detection probe, we modulated their zeta potential
and used them to demonstrate that a better detection sensitivity can be
achieved. Experiments performed with various lengths of DNA show
that the sensitivity increases with the length of DNA, indicating the in-
fluence of the charge of the DNA-conjugated probes. The limit of
detection for the sandwich assay as obtained from calibration curves was
~140 pM and ~90 pM for Z-domain and 15 nt DNA-conjugated Z-
domain, respectively, demonstrating an increase in sensitivity when
using a charge-optimized detection probe.

2. Materials

Ultra-pure water was obtained from the Milli-Q synthesis water pu-
rification system (Merck Millipore, Germany). Phosphate buffered saline
solution (1x PBS) composed of 137 mM NaCl, 2.7 mM KCl and 10 mM
phosphate buffer with a pH of 7.4 was obtained from VWR. Micro-
capillaries made of silica, and with a diameter of 25 pm were obtained
from RISE Acreo AB. As model IgG, we used trastuzumab (Herceptin®,
Roche). All other chemicals were purchased from Sigma-Aldrich unless
stated otherwise.

3. Methods
3.1. Preparation of DNA-conjugated Z-domain

The unmodified Z-domain was expressed and purified from E. coli
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cultures similarly as published (Altai et al., 2017). The Z-domain was
then modified with the three different DNA oligonucleotides via Sortase
A-mediated coupling using Sortase A3* (P94S, D196N, K196T), using a
previously described protocol (Altai et al., 2017; Stiller et al., 2019). The
preparation details of the DNA-conjugated Z-domain along with the
sequence of amino acids (Z-domain) and oligonucleotides (DNA-conju-
gate) used in this study are presented in the supplementary information.
Both unmodified Z-domain and Z-DNA-conjugates were diluted to 50
uM in 1x PBS, aliquoted a 20 pL and stored at —20 °C until further use.

3.2. Capillary functionalization

The inner surface of each capillary was functionalised using the
protocol outlined in our earlier work (Dev et al., 2016). The surface was
first cleaned with a TL1 mixture (5:1:1 mixture of Milli-Q water, 30%
H30, and 25% NH4OH) at 88 °C for 10 min. This process also activated
the hydroxyl groups on the surface for silanisation carried out in the
subsequent step, with 5% w/v APTES in 95% ethanol. This was followed
by incubation of 1% glutaraldehyde (GA) in 1 x PBS solution for 1 h that
serves as a linker molecule. Thereafter, a 5 uM solution of Z-domain (the
capture probe) was flowed through the capillary for 1 h for its immo-
bilization on the GA surface. The unreacted aldehyde groups were
subsequently deactivated by flowing Tris-ethanolamine (0.1 M Tris
buffer and 50 mM ethanolamine, pH 9.0) blocking solution for 30 min.
To further block non-specific interactions, this was followed by a
treatment with 0.05% w/v casein solution for 30 min, for both the
capillary surface and the inner walls of all connecting tubes and the
hollow Pt electrodes. The capillaries were then stored under nitrogen
atmosphere at +4°C until measurement. The length of the capillaries
used in the experiments was ~4.5 cm.

3.3. Fluidic and electrical measurements

Details about our measurement setup is given in our earlier work
(Dev et al., 2016) and are summarized in Fig. 1a. In brief, a commercial
Elveflow pressure regulator (OB1) was used for creating periodic pres-
sure pulses in the liquid flowing through the capillary. For the genera-
tion of a continuous train of rectangular pulses, the lower value was set
at 1.5 bar and the upper value at 3 bar. The flow rate in the capillary was
measured via a flow sensor (Elveflow, MSF3). The streaming current (L)
generated as a result of the pressure driven flow was measured using a
sensitive sourcemeter (Keithley 2636A) with the help of hollow Pt tube
electrodes connected at the inlet and the outlet of the capillary. The
measured values of the pressure and streaming current were used to
estimate the apparent zeta potential (") (Dev et al., 2016). The ¢ of the
surface was measured by flowing 0.1 x PBS buffer, hereafter referred to
as baseline measurements. This was done before and after each injection
of the sample plug containing target or detection probes. The sample
injection was carried out in 1x PBS to better mimic the physiological
conditions.

Fig. 1b shows the measurement sequence. Each measurement started
with the recoding of the 1% baseline. Thereafter, the target was injected
at a fixed applied pressure of 1.5 bar. The rate of target conjugation to
the capture probe was monitored by following the changes in I;. As the
interaction between the target and the probes is a dynamic one, the
injection was carried out until I; attained an equilibrium value. At this
point, the sample injection was replaced by the PBS buffer injection and
the 2™ baseline was measured. Switching from sample injection to the
measurement buffer drives the dynamic reaction in the reverse direction
(dissociation of the target-probe pair). Hence, the duration of the second
baseline was fixed to be 20 min for each measurement. This was fol-
lowed by the injection of the detection probe at a fixed concentration of
200 nM. Finally, the third baseline was measured. This phase involves
two overlapping dissociation processes, the target from the capture
probe and the detection probe from the target. Therefore, a fixed point
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Fig. 1. Schematic representation of (a) the experimental setup and (b) the sequence of a multistep measurement for the sandwich assay, starting with the recording
of the 1% baseline, followed by the injection of the target until an equilibrium is reached. Thereafter, the 2" baseline is recorded for a fixed duration. After the
injection of the detection probe, the recording of the 3™ baseline follows. The signal of the sandwich assay is the difference indicated by the double-arrow. Panel (c)
shows (top) a schematic of a sandwich assay, depicting the target, along with the capture and detection probes (not drawn to scale) and (bottom) the detection probe
and its charge modification with the conjugation of DNA oligonucleotide of different lengths.

was chosen at 20 min past the commencement of the 3" baseline. The
signal was calculated as the difference between this point and the end
point of the 2nd baseline, as indicated by the double-arrow in Fig. 1b, i.e.
the signal, AS" = ¢; — {; where ; refers to the zeta potential at the 3rd

baseline and ¢; refers to that of the 274 baseline.

3.4. The model system: two Z-domains as probes binding to the target
trastuzumab

For the proof of concept study presented here, we utilized the
trastuzumab-Z-domain affinity pair (Fig. 1c, top). The trastuzumab (T)
molecule is symmetrical with two identical binding sites for the Z-
domain in the Fc region (Ultsch et al., 2017). This offers the benefit of
simplicity as the same molecule can be used both as capture and
detection probe. The selection was further motivated by the fact that the
pair has a reasonably good charge contrast as required for a sensitive
electrokinetic assay (Adamczyk et al., 2010; Sahu et al., 2020). At the
measurement pH of 7.4, the Z-domain has a negative zeta potential of
—7.1 £ 0.8 mV and trastuzumab has a positive zeta potential of 21.4 +
0.3 mV (Table 1). To study the influence of electric charges, the zeta
potential of the detection probe was modified by conjugating DNA oli-
gonucleotides of different lengths, hereafter referred to as Z-DNAy,
where X represents the number of nucleotides in the conjugated DNA
strand (Fig. 1c, bottom). The zeta potential of all the different molecules
used in this study (Table 1) was measured by electrophoretic light
scattering (details in the supplementary information). As expected, the
magnitude of (, increases with the length of the DNA-conjugate,
therefore, validates that the conjugation steps were successful. The pu-
rity of the probes was also measured using high performance liquid
chromatography (HPLC) and the data are presented in Fig. S2 (supple-
mentary information).

Table 1
Details of the targets and probes used along with their {, measurements using
electrophoretic light scattering (ELS).

Symbol Protein Conjugation {p (mV)
T Trastuzumab - 21.4+0.3
Z Z-domain - —7.14+0.8
Z-DNAs Z-domain 5 nt DNA —9.3+0.8
Z-DNA;5 Z-domain 15 nt DNA —12.9+0.5
Z-DNA3, Z-domain 30 nt DNA —20.1+0.9

3.5. Measurement of interaction affinity between T and various detection
probes

The affinity of different Z-DNA conjugates towards trastuzumab and
the kinetics of binding were analysed by SPR-based biosensor experi-
ments using a Biacore 8K system. T was immobilized on a Series S Sensor
Chip CM5 (GE Healthcare) with an immobilization level of 2584 RU. See
supplementary information for further details. Five different concen-
trations of the analytes were prepared for the sensorgrams; 80, 40, 20,
10, 5 nM for Z-DNAg3,, 15, 7.5, 3.75, 1.88, 0.94 nM for Z-DNAs_and 42.5,
21.3,10.6, 5.3, 2.7 nM for Z. The dissociation constant (Kp) values were
calculated in the Biacore Insight Evaluation software using Langmuir 1:1
binding model.

4. Results

Examplary experimental data corresponding to the schematic mea-
surement sequence (Fig. 1b) are presented in Fig. 2a. The surface with
immobilized Z-domain as capture probe showed an apparent zeta po-
tential (¢;) of —32.5 + 0.3 mV. Upon the binding of the positively
charged T molecules (100 nM), the apparent zeta potential ({,) became
less negative, reaching a value of —15.1 + 0.8 mV. This step constitutes
the signal (A{" = ¢, —(;) of the direct assay. The third baseline,
measured after binding the detection probes to the target, again showed
a negative shift of the baseline due to the lowering of ¢, i
(C; < C; < C; < 0). This step constitutes the signal (AC* = C; —{;) of the
sandwich assay.

4.1. Direct vs sandwich assay using unmodified Z-domain as capture and
detection probes

Fig. 2b and c shows the responses, presented in bar plots, obtained
for different T concentrations, which were measured using both direct
and sandwich assay, respectively, with unmodified Z-domain as the
capture and detection probes. In each case, the injection of the target
was continued until an equilibrium was reached: 3 h for 200 pM, 2 h for
1 nM, 1 h for 10 nM, 30 min for 100 nM and 15 min for 1 uM. As seen, the
signal was found to increase with the concentration in all cases, before
saturating around 100 nM. However, compared to the direct assay, the
response of the sandwich assay was opposite and also significantly
weaker. For example, while the injection of 1 nM of T results in 8.9 + 0.9
mV signal in case of the direct assay, for the sandwich assay with Z as the
detection probe, it is only —1.24+0.2 mV. This might indicate, that the
limit of detection for the sandwich assay could be worse in the case of
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Fig. 2. Comparison of the direct and the sandwich assay: panel (a) shows an exemplary experimental data corresponding to the measurement sequence illustrated in
Fig. 1b, for 100 nM T. The binding of positively charged target raises the zeta potential in the 2" baseline, while the binding of the negatively charged detection
probe lowers the zeta potential in the 3¢ baseline. Moreover, the direct assay response (difference between the 1t and 2*¢ baselines) is markedly higher than the
sandwich assay response (difference between the 2" and 3" baselines). Concentration dependent responses obtained from a (b) direct assay and a (¢) sandwich assay
are shown as bar plots. The negative controls are shown as bar plots in (b) and dotted line in (c). Simulations comparing the signals from the direct assay with the
sandwich assay are shown in (d) and demonstrate the possibility of signal enhancement by modulating the charge of the detection probe.

the unmodified Z as detection probe as compared to the direct assay
case. However, not only the absolute signal strength, but also the
background signal of each assay type needs to be taken into account for a
comparison. Therefore, the negative control measurements for each of
the assays are also presented as bar plots in Fig. 2b and as a dotted line in
Fig. 2c. For the direct assay, the negative control was measured by
injecting the target in an identically prepared capillary but without any
immobilized capture probes. For the sandwich assay, the negative con-
trol measured the interaction between the detection probe and immo-
bilized capture probe, however, without any target molecule (dotted
line in Fig. 2¢). It can be seen that the negative control for the sandwich
assay produces much weaker response in comparison to the direct assay
case. The negative control response from the direct assay corresponding
to e.g. 100 nM T injection was found to be 1.5 mV which is 17% of the
signal for the same concentration. In comparison, the negative controls
for the sandwich assay with Z as detection probe only produce 7.3% of
the signal for the same concentration of T. As the lower background
signal in the sandwich assay only partially counteracts its lower signal
strength, we decided to investigate possible improvements for the
detection limit of the sandwich assay by altering the zeta potential of the
detection probe through conjugation with negatively charged DNA oli-
gonucleotides utilizing theoretical predictions followed by experimental
verification.

4.2. Simulation results

Simulations were performed to understand if the strong differences
in signals, both in magnitude and sign, as obtained from the two

different assays, can be explained by the available theoretical models.
For this purpose, the model developed by Adamczyk and others
(Adamczyk et al., 2010) was used, under some assumptions and ap-
proximations (see the supplementary information for details). The same
model was previously utilized to explain the effect of molecular size and
zeta potential of various targets on the electrokinetic signal (Sahu et al.,
2020). According to this model, the signal (A can be expressed in
terms of the initial zeta potential ({ :) of the surface (before the injection
of target particle/molecules) and the zeta potential of the injected par-
ticles/molecules (¢p) by the relation

AC = —g (1) 44, (1) @

The parameters C; and C, describe the effect on A" induced by the
changes in macroscopic flow and electrical charge density, respectively,
when target molecules bind to the surface. The fraction of the surface
covered by these bound molecules is given by 6. To simulate the
response of a direct assay, the value of Z,’l was taken to be the same as the
first baseline (—32.5 mV, Fig. 2a), whereas, for the simulation of sand-
wich assay, the second baseline obtained after 100 nM of T injection
(—15.0 mV) was considered. ¢, for different molecules used in this study
were experimentally measured as presented in Table 1. Fig. 2d presents
a set of simulated plots showing the electrokinetic signal as a function of
the surface coverage for the two different assays. It is clear that the
theoretical model also predicts a strong and positive signal for the direct
assay (blue curve) and a significantly weaker and negative response for
the sandwich assay (the remaining curves). However, as the zeta po-
tential of the detection probe becomes more negative e.g., when DNA-
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conjugated Z is used, the response of the sandwich assay increases. The
response continues to increase with increasing length of the DNA.

4.3. Effect of zeta potential of the detection probe

To investigate if the charge dependence of the detection probe as
predicted by the simulation (Fig. 2d) can be experimentally obtained, we
modified the zeta potential of Z by conjugating it with 15 nt long DNA.
The response of the sandwich assay for different concentration of T
obtained with Z-DNA; 5 as detection probe is presented in Fig. 3a. The Z-
DNA;5 molecules are more negatively charged at the measurement pH
condition with a zeta potential of —9.3 + 0.8 mV compared to Z (-7.3 +
0.8 mV). A clear signal enhancement was seen when Z-DNA;5 was used
instead of Z as the detection probe. The enhancement was found to be
more than 20% for the entire investigated concentration range. The
response obtained from a negative control measurement for this case is
indicated with a dotted line in Fig. 3a. Calibration curves for the sand-
wich assays obtained with Z and Z-DNA;5 as detection probes, respec-
tively, are presented in Fig. S4. The limit of detection (LOD) was
estimated to be “140 pM for Z and ~90 pM for Z-DNA;5 (details in the
supplementary information).

To investigate this charge dependence of the sandwich assay signal
even further, we used detection probes with various lengths of DNA
conjugated to Z. Fig. 3b shows bar plots of the signal for the sandwich
assay when 100 nM of T is used as the target and Z-DNAs, Z-DNA;5 and
Z-DNA3 were used as detection probes. It can be seen that the signal
proportionally increases when the length of the DNA increases from 5 to
30 nucleotides. The signal obtained with Z-DNAgg shows an increase of
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more than 300% than that obtained with Z-DNAjs for the same target
concentration. This clearly indicates the possible influence of a stronger
charge contrast between the target and the detection probe. For easier
comparison, the signal obtained with Z as detection probe for the same
concentration of T is also presented in Fig. 3b. It can be seen that with Z-
DNAg3y, the signal roughly doubles than that obtained with Z. However,
a comparison of signal obtained with Z and Z-DNAs shows a clear
exception to this pattern where the signal obtained with Z-DNAg is
weaker despite it being more negatively charged compared to Z. It is
expected that a difference in affinity between the target and the detec-
tion probe due to the presence of DNA oligonucleotides may also pro-
duce different responses. To investigate how the conjugation of DNA
oligonucleotides to Z alters its affinity to T, the affinity constants of
different detection probes used in this study were measured using a
commercial SPR system (Biacore 8K, details in the supplementary in-
formation). For this purpose, Z, Z-DNAs and Z-DNAgo were used as
analytes in a setup where T was immobilized as a ligand on the surface of
a CM5 chip and the analytes were allowed to flow over the chip. A
representative SPR sensorgram showing the interaction of T and Z for
different concentrations of T is presented in Fig. 3c. Similar SPR sen-
sorgrams obtained for the T-Z-DNAs and T- Z-DNAg( interaction pairs
are presented in the supplementary material (Fig. S3). The equilibrium
dissociation constant (Kp) for Z, Z-DNAs and Z-DNA3o were calculated to
be 0.89, 1.12 and 3.76 nM, respectively (inset of Fig. 3c). It can be seen
that the interaction affinity slightly decreases, i.e. the Kp slightly in-
creases, as DNA oligonucleotides are conjugated to Z. The Kp also
increased as the length of the conjugated DNA was increased from 5 nt to
30 nt.
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Fig. 3. Impact of DNA-conjugation upon the signal: (a) T concentration dependent signal for the sandwich assay step when Z-DNA;s is used as the detection probe,
with each signal enhanced at least 20% compared to using Z as the detection probe. The negative control is represented by the dotted line. (b) Comparison of the
signals when different lengths of the DNA-conjugated Z are used as detection probe for 100 nM T. (c) SPR sensorgram for Z binding to a T surface along with affinity
comparison between various detection probes (inset). (d) Response and various negative controls for detection of T from E. coli cell lysate diluted 100 times with 1x
PBS. Negative controls involved injecting the lysate (C;) and lysate spiked with T (C;+T) on a surface with no immobilized capture probes, and injecting the lysate
(C») and then the detection probe Z-DNA3, (C2+Z-DNA3p) on a surface immobilized with capture probes.
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4.4. Detection of trastuzumab from a complex medium

As mentioned earlier, one of the major advantages of using a sand-
wich assay is the increased specificity of detection. To demonstrate this,
we performed the detection of the target trastuzumab from a complex
medium (Fig. 3d). E. coli cell lysate was chosen for this purpose as the
bacterial lysate has an abundance of various kinds of proteins (Ishihama
et al., 2008). Apart from being a suitable medium to test the specificity
of our technique, it has an additional benefit of preventing aggregates
from forming (Ishihama et al., 2008). The lysate was diluted 100 times
with 1x PBS, mainly to reduce the viscosity. T was then spiked to it so
that its final concentration was 100 nM. The response signal and
negative controls were recorded for both the direct and sandwich assay
steps. The responses as presented in Fig. 3d show a signal of about 18.7
+ 0.9 mV when measured with the direct assay, and a response of only
—4.3 + 0.3 mV when measured with sandwich assay with Z-DNAgg as
the detection probe. Among the negative controls, C; involved the
capillary functionalization similar to other cases, but with no immobi-
lization of capture probes, followed by the injection of the lysate alone,
generating a response of 2.3 mV. When the injection involved spiking T
to the lysate (C; + T), the response was 3.6 mV. Alternatively, injecting
the non-spiked lysate over a Z immobilized surface (C;) induced a
response of 2.7 mV. However, following the steps in C; with the injec-
tion of Z-DNAg, induced the smallest sensor response among all the
negative controls: —0.3 mV (Cz+ Z-DNAgg). We define the specificity
ratio (SR) as the ratio of the sensor response after target injection to the
sensor response after the negative control. With respect to the direct
assay step, the SR for C;, C; + T, and C; are 5.2, 8.1 and 6.9 respectively.
On the other hand, with respect to the sandwich assay step, the SR for
Cy+ Z-DNAgg is 14.3, which is a significant improvement of the SR
indicating that this assay type is more specific than the direct assay.

5. Discussion

For a sensitive electrokinetic assay, a strong charge contrast between
the detection/capture probe and the target molecule is necessary. Given
that the probe molecules in our case are smaller in size than the target,
the above criterion becomes even more essential in an electrokinetic
sandwich assay (Sahu et al., 2020). The influence of molecular charge on
the measured signal is clearly visible in Fig. 2a. The surface with
immobilized Z was initially negative with an apparent zeta potential of
—32.5 mV. When positively charged T bound to the immobilized Z, the
surface zeta potential increased. For the measurement of the 2" base-
line, the sample injection was replaced with PBS buffer injection. This is
expected to result in a dissociation of the bound T as well as the removal
of excess unbound T from the surface leading to a time dependent
decrease in the apparent zeta potential, which is visible in the ond
baseline. This process also happens for the negatively charged detection
probe (Z; in the 3" baseline, resulting in the measured apparent zeta
potential drifting towards a more positive value. The influence of mo-
lecular charge becomes even more apparent in the results obtained with
Z conjugated to DNA oligonucleotides with different lengths (Fig. 3b).
This is in good agreement with the simulated results (Fig. 2d). Such a
charge dependence of electrokinetic signal has been reported multiple
times (Michelmore and Hayes, 2000; Sadlej et al., 2009; Zembala et al.,
2001), however, has not been exploited before in an immunoassay. The
comparison of interaction affinities for the different probe-target com-
binations (Fig. 3c) shows that the value of Kp tends to increase as a result
of DNA conjugation to Z. Therefore, the increase in sensitivity as
observed with Z-DNA;5 and Z-DNAg as detection probes does not arise
due to an increase in affinity. It is rather the opposite i.e. the affinity of
Z-DNAx molecules to T is slightly weaker as compared to Z. The increase
of Kp values with the length of the DNA oligonucleotides present on the
Z domain suggests that the DNA strand somewhat sterically interferes
with the binding of the Z domain to the IgG heavy chain. However, the
difference is also not large enough to fully explain the anomalous
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behaviour that was obtained with Z-DNAs as detection probe. Never-
theless, the enhancement in signal with Z-DNA;5 and Z-DNAg, despite
having weaker affinity to T clearly establishes the proposed principle of
signal enhancement by adjusting the charge contrast between target and
detection probe. In principle, it could be possible to conjugate a very
long DNA strand to the detection probe to further increase the signal,
perhaps even exceeding the sensitivity as obtained from the direct assay
case. This aspect together with the inconsistent behaviour as obtained
with Z-DNA5 as capture probe can be investigated in a follow up study.
In addition to molecular charge, the size of molecules also plays an
important role. This is evident from the large differences in the signals
obtained from the direct and the sandwich assay (Fig. 2b and c). The
direct assay shows several times stronger signal than the sandwich assay
for all T concentrations studied partly because of the difference in size
between T and Z molecule. Estimated hydrodynamic radii of Z and T
molecules are 0.6 and 1.5 nm respectively. The influence of molecular
size has also been investigated earlier (Sahu et al., 2020) and is mainly
attributed to the impedance caused by the molecule to the flow of ions in
electric double layer (Adamczyk et al., 2010). This behaviour is also very
consistent with the theoretical predictions (Fig. 2d).

The benefit of sandwich assays as compared to direct assays is well-
documented (Juncker et al., 2014; Pei et al., 2013). The method is
considered to be a gold standard for highly selective detection of a target
molecule, particularly from a complex medium containing various other
non-target molecules that also possess a certain degree of binding to the
same capture probe used for the given target. This is because the
probability of two simultaneously spurious bindings is less likely than
one such binding (Juncker et al., 2014). A systematic investigation
against a panel of various probe-target combinations is normally done to
validate a sandwich assay for a given target. This is, however, beyond
the scope of the present study. The focus of this work instead is to
demonstrate the proof of concept of a label free, electrokinetic sandwich
assay that uses electrical means for signal transduction. We do observe
however an improvement in SR both when the target medium is clean
PBS and when it is the lysate. As presented in Fig. 3d, the sensor response
to adsorption/cross reaction of the vast array of proteins present in the
lysate is relatively less in the sandwich assay version and the SR im-
proves by several times for the sandwich assay in comparison to the
direct assay. On the other hand, the sandwich assay step in case of the
lysate shows a signal 48% lower than the case when the medium is
purely 1x PBS (Fig. 2d). This is most likely due to the numerous proteins
present in the lysate and their non-specific adsorption. The issue of
selectivity becomes significantly important as the sensitivity of the
sensor and complexity of the sample increases (Wu et al., 2019). For
ultra-sensitive biosensors, the chance of false positives is much higher.
Hence, finding a compromise between sensitivity and selectivity is
imperative for practical application of any sensing technique. The re-
sults presented here clearly demonstrate the possibility of improving
both the selectivity and the sensitivity of an electrokinetic assay and will
certainly facilitate its application in clinical settings.

6. Conclusions

In summary, we show a label-free and electrical sandwich immu-
noassay that uses electrokinetic streaming current method for the signal
transduction. The method exploits the charge contrast between the an-
alyte and the detection probe for the generation of sensor response. The
proof of principle is demonstrated using IgG as a model analyte and Z-
domain as both the capture and the detection probes. The results show a
better detection specificity both for simple and complex sample media.
Simulations showed a clear prospect for further improvement of the
detection sensitivity if the charge contrast between the target and the
detection probes can be enhanced. This is then experimentally validated
by using DNA-conjugated Z-domain with different lengths of DNA. The
results demonstrate that the sensitivity can be increased with increasing
length of DNA and the signal enhancement can reach up to ~100% with
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just a 30 nt long DNA.
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