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We developed a biosensing system for serological detection of viruses based on the impedance variation between
gold microelectrodes upon the capture of the target antibodies hybridized with nanobeads for signal amplifi-
cation. The microfluidic platform core features a Differential Impedance Sensing (DIS) architecture between a
reference and an active sensor able to reach nanoparticle resolution of few tens. The biosensor, functionalized
with a copoly layer housing a synthetic peptide probe, has shown a limit of detection (LOD) below 100 pg/mL
using a model IgG antibody spiked in a buffer. The biosensor was also tested with human serum samples for
quantitative counts of anti-Dengue Virus antibodies, reaching a sensitivity that outperforms commercial ELISA

kit. The system is perfectly suited to be easily reconfigured for novel probes by simply modifying the preparation
of the biosensor chip surface, thus addressing a wide range of pathogens and diseases with clinically relevant
concentrations for rapid immunoassays in a point of care setting.

1. Introduction

In a world where the movement of people has reached its high for
leisure, migratory and working reasons, new infections may arise and
quickly spread throughout. Dengue, Chikungunya, Zika and respiratory
viruses such as coronaviruses are unfortunately taking the stage of
public concern (Bhatt et al., 2013; Guzman et al., 2010; Herrada et al.,
2018; Merkoci et al., 2021; Messina et al., 2019). Consequentially,
serological assays are being widely studied and used for infection
screening as relatively cheap and easy to operate approaches compared
to infected cell culture or nucleic acid based methods. In addition, to be
relevant for early diagnosis, specific antibody detection is important for
epidemiological surveillance and for the evaluation of the risk of severe
pathologies, especially in the frame of vaccination campaigns. In this
context, the availability of simple and inexpensive point-of-care plat-
forms would spread the use of serological tests even in low-resource
settings where the actual numbers of cases are still underreported
(Ozer et al., 2020). The current gold standard for antibody detection

* Corresponding author.
E-mail address: paola.piedimonte@polimi.it (P. Piedimonte).

https://doi.org/10.1016/j.bios.2022.113996

relies on enzyme-linked immune-sorbent assay (ELISA) (Alcon et al.,
2002; Lequin, 2005). However, this test is time and reagent-consuming
and does not have multiplex capability, thus not allowing the detection
of several targets at the same time (Desmet et al., 2013). Furthermore,
the fluorescence based detection represents a limit in terms of digital
count and single molecule detection (Cohen and Walt, 2019). Alterna-
tively, a large number of biosensors concepts have been developed to
measure the presence of analytes by combining the sensitivity of bio-
molecular recognition elements with a physical transduction mechanism
like Surface plasmon resonance-based technologies (SPR) (Austin
Suthanthiraraj and Sen, 2019; Singh, 2016; Wijaya et al., 2011), Elec-
trochemical sensing (ES) (Chowdhury et al., 2019; Tancharoen et al.,
2019) and Electrochemical Impedance Spectroscopy (EIS) (Lisdat and
Schafer, 2008; Ohno et al., 2013). Their advantages include a high
sensitivity and specificity provided by the biocatalytic or biorecognition
sensing elements resulting in time-effective, low-cost, and easy-to-use
analytical tools. Some of them are particularly suitable for miniaturi-
zation and portability thanks to the increase of the electronic content in
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their operation and to the detection of the signal based on the interac-
tion of the biological recognition element with the analyte. These de-
vices indeed depend on the evaluation of currents and/or voltages to
detect binding (Nadzirah et al., 2015) or on the electrical property
changes (complex impedance, resistance, or capacitance) of electrodes
(Berggren et al., 2001; Qureshi et al., 2010).

Here we present a biosensor system that merges a sophisticated
biochemistry recognition mechanism into an advanced miniaturized
platform based on Differential Impedance Sensing (DIS). The system is
based on measuring the impedance variation between interdigitated
microelectrodes upon the capture of the target antibodies on the surface
of an insulating borosilicate chip. Differently from Electrochemical
biosensors as faradaic EIS (Orazem and Tribollet, 2008) that targets
electron transfer at the electrode-electrolyte interface to provide infor-
mation about the nature and rate of probe-target binding, here we
amplify the impedance signal at a single frequency by hybridizing the
probe-target compound with a functionalized polystyrene bead.
Compared to faradaic EIS, DIS does not require measurements and data
fitting over a wide range of frequencies nor the use of a potentially
hazardous redox couple for measuring a charge transfer, thus easing the
experimental protocol perspective. Mainly, DIS measures the impedance
at a relatively high frequency to sense the perturbation provided by the
insulating bead to the electrical properties of the liquid volume between
the microelectrodes. On the contrary, standard EIS senses at a low and
medium frequency the electrical properties of the electrode-liquid
interface where the surface functionalization of the electrode is a crit-
ical step that should be carefully designed for each biosensor to obtain a
stable and electrically effective interface (Bertok et al., 2019; Darwish
et al., 2018; Garrote et al., 2019; Pellitero et al., 2020). The laborious
preparation of the surface, the usually limited storage time of the sensor,
and the biofouling of the surface occurring in no purified samples
(Pinkova Gajdosova et al., 2021) are drawbacks that can be overcome by
the increased signal-to-noise ratio offered by the bead signal amplifi-
cation. Moreover, the single-frequency measurements and data analysis
on the enhanced signal simplifies the platform hardware and software,
enabling portable analysis.

The impedance measurement in DIS is performed as the impedance
difference between an active sensor, functionalized with the biological
probes, and a reference sensor, twin but without probes and placed near
the active one. This setting ensures the measurement to be insensitive to
temperature fluctuations and to variation of the liquid medium of the
assay (i.e. salinity concentration) that would alter both sensors in the
same way, thus allowing high stability of DIS results over time. The
electrodes for DIS are not active/reactive as required in ES and therefore
do not call for special elemental compositions as Ag/AgCl or carbon used
in recent reports (Liang et al., 2019; Strong et al., 2021) they should only
be biocompatible and they require few standard technological steps
ensuring competitive costs.

The paper describes in detail the design and fabrication of the chip,
the biochemical functionalization of the surface, and the tests to address
and quantify the performance of the entire platform. Finally, to highlight
the effectiveness of the DIS approach in counting the number of beads,
we tested the flexibility of the platform by detecting the Dengue virus
(DENV) in human serum (Kabir et al., 2021; Martina et al., 2009; Zhang
etal., 2015) and compared the results with those obtained by a standard
laboratory procedure. To this aim, a synthetic peptide was designed and
synthesized (Bergamaschi et al., 2019; Cretich et al., 2011) to mimic the
antigenic determinant of Dengue full envelope protein forming the
outermost layer of the virion particle. It has been chemoselectively
grafted over the biosensor surface to target anti-Dengue Virus anti-
bodies. The immunodiagnostic performance of the peptide in discrimi-
nating Dengue infected individuals from healthy controls is comparable
with that of the full protein E with advantages in terms of preparation,
manipulation, and cost (Gori et al., 2016). The proposed system paves
the way for the development of a lab-on-a chip system for the rapid
diagnosis of infectious diseases with very high sensitivity, down to
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single-molecule counting.
2. Materials and methods
2.1. Sensors design, fabrication and operation

The interdigitated gold microelectrodes have fingers of 3 ym width,
90 ym length and 3 um spacing. The choice of the beads size (800 nm)
has been a trade-off between 1) the importance of an optical microscope
feedback for the visual proof of the beads selective binding over the
active region and 2) the effective robustness in binding capability.
Accordingly, we designed the electrodes using COMSOL simulations
results to achieve the maximum impedance variation for one bead
detection. The resulting area of the microelectrodes is 90 x 90 pm? to
match the minimum spotting size of the machine used to functionalize
the chip surface, lead to a dynamic range of about 1 part over 13000
given by the full coverage of the sensing area by a layer of beads. From
Finite Element Method simulations (COMSOL Multiphysics) of the
sensor implemented as described in (Carminati et al., 2014), a single
bead residing on the IDE surface would give a signal of about 15 mQ
(from 14 mQ if placed over the electrode to 16 mQ if situated within the
IDE gap), allowing for close correlation of beads numbers and DIS
signals.

The sensors were fabricated on a 3-inch borosilicate wafer (Micro-
Chemicals GmbH) using conventional microfabrication techniques and
lithography process. First, the substrate has been cleaned with acetone,
isopropyl alcohol, DI water sonication, and dried by N2 and 120 °C
hotplate. The Ti primer and the image reversal AZ5214E photoresists
have been deposited by spin coating at 6000 rpm for 60 s and soft baked
at 110 °C for 90 s. The photolithography step was realized with Maskless
Aligner - Heidelberg MLA100. The Cr/Au (5/120 nm) was deposited by
Thermal Evaporator - Moorfield MINILAB-080 with a 0.5 A/s deposition
rate. Chips are sonicated in acetone for full lift-off of photoresist, washed
with double-distilled water and dried by a stream of nitrogen. A 5 ym
SU8 layer was used to make micro-windows on the metal patterns over
the sensing area and a passivation layer of the metal electrodes
elsewhere.

Sensors have been designed in differential pairs (Fig. 1) to fully
exploit bead signal amplification without the burden of the total
impedance level: only one sensor of the pair is functionalized with the
probe, the other not being functionalized or having a negative control.
The system is tuned to a zero-output signal before starting the assay. The
binding of a bead on a target molecule captured by the probe unbalances
the differential pair and generates a net output signal. This technique
grants to adjust the gain of the electronic instrumentation to limit the
effect of slow fluctuations in the gain of the lock-in amplifier used for
impedance measurement (Carminati et al., 2016; Gervasoni et al.,
2017). Furthermore, the differential architecture is insensitive to the
macroscopic fluctuations of the assay in terms of temperature and of
liquid medium composition, leading to a very stable and easy-to-use
set-up for effective point-of-care measurements.

2.2. Biochip preparation

The functionalization of the chip for probe immobilization was ob-
tained by coating the entire chip with a copolymer, namely MCP6, able
to form a stable nanometric film on different materials (glass, gold,
silicon, thermoplastics ...). Copolymer MCP-6 is obtained from the post-
polymerization modification of the functional monomer of a common
precursor, MCP2 (synthesized by free radical polymerization using 2,2’-
Azodi (isobutyronitrile) (AIBN) as thermo-initiator), which is composed
of N,N-dimethylacrylamide (97% molar fraction), N-acryloylox-
ysuccinimide (2% molar fraction), and 3-(trimethoxysilyl)- propyl
methacrylate (MAPS, 1% molar fraction) (Sola et al., 2016) The
amphiphilic behavior of N,N-dimethylacrylamide (DMA), which con-
stitutes the polymer backbone, allows the formation of a stable and
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Fig. 1. (a) Photographs of the sensor and schematic
view of the microfluidic system of the measuring set-
up for the Differential Electronic Impedance. The two
available configurations to perform Differential
Impedance Sensing (DIS): analogic differential oper-
ation (b) and offline digital differential operation (c).
(d) Full spectrum of impedance as a function of fre-
quency in PBS solution, the chosen working fre-
quency around 1 MHz will assure to work in the
region medium conductivity variation.
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hydrophilic nanometric film by a combination of hydrogen bonds, van
der Waals and hydrophobic interactions. The silane monomer (MAPS)
strengthens the bonding of the polymer to the surface through the for-
mation of covalent bonds with hydroxyl or silanol groups. Finally, the
third monomer NAS confers chemical reactivity to the copolymer.
Recently the high reactivity of NAS towards nucleophiles (such as
amine) was exploited to generate a family of polymers bearing func-
tional groups that allow probe coupling through click chemistry re-
actions. In particular, MCP-6 obtained by modifying the parent
polymer’s functional monomer NAS with 3-azido-1-propylamine (Sola
et al.,, 2016) bears azide functionalities which react via the
Strain-promoted azide-alkyne cycloaddition (SPAAC) reaction with the
DBCO group, synthetically introduced into the probe. The orthogonality
offered by the click chemistry reactions favors the accurate control of
the probe orientation on the surface, positively affecting the analytical
outcome of the assays. Peptide EO1, modified with DBCO group, has the
following sequence: DBCO-(020c)2-DRGWGNGCGLFG and has been
synthesized as reported in (Gori et al.,, 2016). The polymer forms a
functional film on the entire surface, but thanks to the use of a robotic
dispensing system (spotter) it was possible to immobilize the peptide
EO1 in precise and specific locations thus avoiding non-specific binding
of the target outside the electrode area, during the following step of the
experiment. Moreover, this phenomenon is also prevented by the fact
that azide groups do not react with functionalities naturally present in
biomolecules. E01, used as a proof of concept, is a peptide able to mimic
the antigenic performance of Dengue envelope protein (E), which forms
the outermost layer of the virion particle. The density of the peptide
immobilized on the surface was calculated using the Interferometric
Reflectance Imaging Sensor (IRIS) platform. In this label-free technique,
by the use of previously determined calibration factors, a quantification
of the amount of probe mass that is bound at each spot location (Cretich
et al., 2012).

Chips were pretreated using a HARRICK Plasma Cleaner, PDC-002
(Ithaca, NY, USA) connected to an oxygen line. Chips were functional-
ized immersing in 1% w/v solution of MCP-6 copolymer (Lucidant
Polymers Inc., Sunnyvale CA, USA) containing 0.8 M ammonium sulfate.
Peptide EO1 (DRGWGNGCGLFG), modified with a terminal DBCO
group, has been designed and synthesized as reported in (Cretich et al.,

2011). It was diluted to 100 yM using a 15 mM sodium acetate buffer
containing 25 mM trehalose. Concentration of the peptide EO1 and
spotting buffer composition was optimized to provides the most-uniform
and reproducible binding in terms of spot shape and probe density, in
the order of 1-1.8 ng/mm2 (Gori et al., 2016). Similarly, the concen-
tration of secondary antibody and PS nanobeads have been chosen to
assure a large excess of molecules with respect to those captured by the
spotted peptide. In this way, they are not limiting reagents, maximizing
the binding to the analyte and consequently the detectable signal. Rabbit
anti-E01 IgG was a kind gift from Primm (Milano, Italy); the biotinylated
goat anti-rabbit IgG for buffer measurements and the biotinylated rabbit
anti-human IgG for human serum experiments have been purchased
from Life Technologies, Thermo Fisher Scientific.

The spotting over the sensor area was performed using a Sci-
FLEXARRAYER S12 (Scienion, Berlin, Germany) at 20° C in an atmo-
sphere of 60% humidity. After spotting, the chips were stored overnight
at room temperature in a sealed chamber, saturated with sodium chlo-
ride (40 g/100 mL H30). After overnight incubation, the chips were
rinsed by immersing them into a 2 mM EDTA solution for 1 h at room
temperature, then rinsed with DI water and dried with a nitrogen
stream.

In the human serum experiments we used a washing buffer (0.05M
Tris HCl pH 9, 0.25 M NaCl, 0.05% Tween 20) and an incubation buffer
(0.05M Tris HCI pH 7.6, 0.15 M NacCl, 0.02% Tween 20). Other chem-
icals were from Sigma-Aldrich (St. Louis, MO, USA) if not stated
otherwise. All chemicals were of analytical grade, and water was
deionized (conductivity <0.1 uS/cm) or ultrapure Mili-Q laboratory
grade. For all the measurements, we used nanobeads (Streptavidin
Polystyrene Particles, 1% w/v, 0.7-0.9 ym, 10 mL Spherotech, Inc., Lake
Forest, USA) modified with streptavidin and suspended in PBS (dilution
1:1000).

2.3. Dengue serum samples characterization with ELISA commercial kit

The Dengue serum (Code: DM1051) declared Positive for IgG im-
munoglobulins was obtained by Trina Bioreactives Ag. The serum was
characterized in its content of IgG and IgM with the Dengue IgG ELISA
kit (code: DENG.CE) manufactured by Dia.Pro Diagnostic BioProbes srl.
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The test provides qualitative/semiquantitative determination of IgG
antibodies to Dengue virus subtypes 1,2,3 and 4 in human plasma and
serum. Microplates are coated with highly purified immunodominant
recombinant Dengue virus antigens expressing all the 4 serotypes. In the
first incubation (for 60 min at +37°), the solid phase is treated with
diluted samples, and anti-Dengue virus IgG is captured, if present, by the
antigens. After washing out all the other sample components, in the
second incubation (for 60 min at +37°) bound anti-Dengue virus IgG are
detected by adding anti hIgG antibody, labeled with peroxidase (HRP).
The enzyme captured on the solid phase, acting on the substrate/chro-
mogen mixture, generates an optical signal proportional to the amount
of anti-Dengue virus IgG antibodies present in the sample.

For the following experiments, the positive Dengue IgG sample,
characterized through ELISA, was diluted in two different matrices (PBS
and Negative Human Serum for anti-Dengue IgG) with the following
dilution sequence: PBS 1:100-1:12800 and negative human serum:
1:100-1:204800, in order to evaluate the DIS performance using real
samples diluted with both a simple and complex matrix.

2.4. Microfluidic and electronic impedance measuring set-up

The microfluidic and the electronic measuring set-up are depicted in
Fig. 1. The microfluidic system has been custom made in a transparent
resin with stereolithography technique and consists of a microchamber
(with a volume of 120 uL) with one inlet connected to a syringe pump
and one outlet for waste. The microfluidic chamber and the chip surface
are sealed together by an o-ring realized with a flexible elastomer, and
the electrodes are contacted by pogo pins.

The electronic reading of the differential impedance of the biosensor
chip has been performed by using a lock-in amplifier (HF2LI, Zurich
Instruments AG, Switzerland). The sinusoidal voltage applied to one of
the electrodes has been chosen with frequency in the range of 1 MHz to
bypass the double layer capacitance but below the direct capacitance
transfer in the liquid medium. The amplitude is 50 mV to avoid signif-
icant electrochemical reactions at the electrode surface. The currents
from the IDE are detected by a transimpedance amplifier (TIA) (HF2TA,
Zurich Instruments AG, Switzerland) with a gain of 10 kV/A and a
bandwidth (3 dB cut-off) of 8 MHz. The lock-in bandwidth was set
around 1Hz (time constant of 0.1 s) to allow a resolution better than 100
ppm, i.e., better than the desired resolution of the entire assay, ensuring
sensor performance not to be limited by the measuring system.

The system allows implementing two DIS configurations: i) an
analogic differential operation (see Fig. 1b) where two outputs of the
HF2LI are used, one in counter phase to the other, and are applied to the
external electrodes of the biosensor pair. The TIA is connected to the
common central electrode and collects only the difference current
generated by the unbalance of the pair upon bead deposition. ii) an
offline digital differential operation (see Fig. 1¢) where the output of the
HF2LI is applied to both sensors of the pair, whose currents are inde-
pendently collected by two TIAs and processed independently to
perform the digital difference offline. All the reported measurements are
done using this second configuration as it makes available the response
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of each sensor and allows to monitor every single step of the assay.
2.5. Protocol of the measurement

Experiments protocol (Fig. 2) consists of an “incubation phase” tar-
geting specific primary antibody binding and labelling by secondary
antibody, followed by a “beads counting phase” targeting nanobeads
binding, impedance measurement and beads count. While this second
phase is always performed in the microfluidic chamber, the incubation
phase can also be conducted off-chamber.

In the LOD calculation experiments (incubation off-chamber) seven
different chips spotted with peptide EO1 were incubated with increasing
concentrations of Rabbit anti-EQ1 IgG diluted in PBS (0 ng/mL, 0.1 ng/
mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pug/mL, 50 pug/mL). Chips were
kept in a humid chamber for 2 h at room temperature, then they were
rinsed with washing buffer (0.05M Tris HCI pH 9, 0.25 M NaCl, 0.05%
Tween 20) for 10 min at room temperature and finally with PBS (10 min
at room temperature). Chips were then incubated with biotinylated goat
anti-rabbit IgG 1 yg/mL in a humid chamber for 1 h at room tempera-
ture. Chips were then washed as described in section 2.2. LOD was
extrapolated from the impedance value of blank samples plus 3 standard
deviations (3c) using the linear range of the calibration curves (the
equation used is: 36/s where s is the slope of calibration curve and ¢ is
the standard deviation of impedance background in the control sample).

DENV incubations with human samples were entirely performed in
the microfluidic chamber. In particular, the human samples containing
antibodies against EQ1 are injected at a flow rate of 25 yL/min for 120
min with a continuous microinjection protocol for binding optimization.
Next, the washing buffer is injected at a flow rate of 100 yL/min for the
removal of possible the non-specific antibody binding. The secondary
antibody (rabbit anti-human IgG; 1 pg/mL) is injected at the same flow
rate and microinjection protocol for 60 min, followed by 15 min of
washing buffer for impurity cleaning and a PBS injection to restore the
initial conductivity of the liquid.

The beads counting step is common to both experiments. The beads
suspension solution described in section 2.2 is injected at a flow rate of
50 uL/min for 30 min to guarantee beads sedimentation and streptavi-
dinbiotin binding. Then the washing buffer solution is injected for about
10 min to remove the non-specific bindings, both on the active and on
the reference sensor. Finally, a PBS solution is injected for few minutes
to recover the conductivity level of the solution back to the starting
value in order to detect the conductance variation only due to the
presence of the beads bonded to the double antibody sandwich.

The impedance variation signals were plotted with a linear regres-
sion to calculate the limit of detection. LOD was extrapolated from the
impedance value of blank samples plus 3 standard deviations (30). All
the solutions injected in the microfluidic system were prepared in the
same Tygon tubing and separated by microbubbles. The change of
conductivity given by the microbubbles produces spikes in the recorded
signal (see Fig. 3) that define the timing of the measurement. All assays
are performed at room temperature.

Impedance measurement

o
0‘0

eiRo 2

1. Incubation

2. Beads counting

Fig. 2. Scheme of the protocol of the assay, subdivided into an Incubation phase followed by beads counting phase. On the far right, pictures of the biosensors after
the final wash step: in (A) the active sensor with the bound polystyrene beads and in (B) the clean reference sensor.
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Fig. 3. (a) Time tracking of the measured Differential
signal amplitude during the “beads counting phase”
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range. Error bars show standard error. The figures
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3. Results and discussion

3.1. Sensitivity and limit of detection of the platform for antibody
detection

The biosensing system has been tested with serial dilutions of Rabbit
anti-EO1 IgG antibody at increasing concentrations (see section 2.5) to
assess its sensitivity in terms of LOD. The chips were prepared off-
chamber and were measured by performing the “beads counting
phase” in the microfluidic chamber.

The graph in Fig. 3a reports the time evolution of the assay for the
case of 10 ng/mL of the primary antibody. In the vertical axis there is
directly the difference between the outputs of the two lock-in voltage
signals of the active and the reference sensor. Minutes from O to 13 refer
to injection of PBS and imbibition of both the active and reference
sensors. This level of Differential signal will be the level to which all
subsequent measurements will be referred to and is trimmed to zero
according to the following equation.

Cocr
Adiﬂ' = |:(C f) 'Xref:| — Xaer

where Xq; and Xy are the measured values proportional to the real part
of the admittance for active and reference electrodes and Cyr and Cyerare
their average values calculated on the first 13 min. The small initial drift
in Fig. 3a is due to the high salinity of the spotting agent used for the
deposition of the peptide on the active sensor.

From 15 min to 35 min, the solution containing the streptavidin-
coated beads is injected. Even though these beads hybridize only on
the active sensor, where the secondary biotinylated antibody is present,
they deposit everywhere on the chip surface due to the gravity force.
Therefore, statistically, their deposition is not detectable in real-time in
a Differential Impedance measurement, as demonstrated by the flatness
of the level in this time interval. The beads selectively bound to the
antibody become detectable during the last washing step. Thanks to the
anti-fouling properties of the polymer coating, only the beads bound to
an antibody against peptide EO1 via biotin-streptavidin interaction
remain on the sensor surface. Beads on the reference sensor, not selec-
tively bounded, are washed away giving rise to an unbalance between
the two sensors proportional to the actual unbalance of beads. The
corresponding value compared to the initial condition gives the sought
value correlated to the number of beads effectively hybridized on the
active sensor. The picture on the right visualizes how effective is the
bonding on the active sensor and how effective is the washing in
cleaning the reference.

This experimental protocol has been repeated for different concen-
trations of primary antibody, from 50 pg/mL down to 100 pg/mL, to
extract the LOD of the bioelectronic system. Fig. 3b summarizes these
results. For antibody concentrations above 50 pg/mL, no significant
change was observed due to the saturation of the binding sites with anti-
IgG antibodies. On the other extreme, our DIS system demonstrates to
operate down to a concentration of 100 pg/mL with signals (700 mQ)
well above the noise ground limit of 150 mQ as present at the output of

the lock-in amplifier. In particular, the LOD, calculated as reported in
section 2.5, resulted to be 8.8 pg/mL. Negative controls using exactly the
same protocol with zero concentration of primary antibody have given a
mean value of 372 + 90 mQ, well below the signal measured at the
minimum concentration of 100 pg/mL. Fig. 3b also shows the photo-
graphs of the active sensor surface taken at the end of the measurement
after drying the chip. They clearly exhibit the corresponding decrease in
beads density on the sensor’s active area as the primary antibody con-
centration decreases. The platform tracks the number of beads that can
be counted by impedance measurement down to few tens of beads,
certifying the immunosensor concept and operation.

3.2. Anti-Dengue Virus antibodies detection with the DIS platform

In order to demonstrate the clinical effectiveness of the platform, our
immunoassay-based biosensor system has been challenged to investigate
the diagnosis of the viral disease of Dengue (DNGV) by detecting the
antibodies present in the human sterilized serum of infected patients. In
order to distinguish between the target and interference species that
coexist in the blood and demonstrate the absence of false-positive sig-
nals, serum samples from healthy controls were tested as well. In these
experiments, the complete assay has been performed in the microfluidic
chamber, with both serum and beads incubation monitored in realtime
through the Differential Impedance measurement.

Fig. 4a shows as an example the time evolution of the experiment in
the case of a positive DNGV serum sample (dilution 1:10000) reporting
the single independent signals available on each sensor (active and
reference) and the differential one calibrated as discussed in section 3.1.

The initial level of impedance refers to the injection of PBS and
imbibition of both active and reference sensors starting from different
amplitude values. This level of Differential Impedance is trimmed to
zero and will be the reference level which all subsequent measurements
will be referred to. Then the serum solution containing the target anti-
body is injected at a very low rate for about 2 h. In this configuration, the
first incubation selectively binds the primary antibody to the peptide on
the sensing area. The unbalancing of the differential structure is unde-
tectable due to the small size and low concentration of the primary
antibody. After the washing step, the secondary antibody was injected
for about 1 h. As in the previous step, there is no detectable unbalance
between the two sensors. The final wash in washing buffer and PBS
restores the surface conductivity for active and reference sensor. When
the “beads counting phase” starts, streptavidin-coated beads were
injected into the microfluidic chamber as described in section 3.1. The
final value, obtained after the washing step provides the amplitude
value that correlates with the number of beads effectively bound on the
active sensor. This protocol has been applied to different dilutions of a
serum sample positive to anti-Dengue antibody (characterized through
ELISA as reported in section 2.3). Fig. 4b summarizes the DIS mea-
surements at different dilutions of the serum sample positive to anti-
Dengue antibody (from 1:25 to 1:100000). Healthy serum samples
were included in the analysis as negative controls. Negative samples
show a ground noise that we consider as a cut-off signal, with a DIS value
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Fig. 4. (a) Time tracking of the signals during the
incubation phase from the active sensor, the reference
sensor and their differential signal. The differential
signal, proportional to an unbalance of about 130
beads, is finally revealed upon washing with PBS.
Photographs of the two electrodes after drying are
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below 1.23 Q. As a consequence, the 1:100000 serum dilution provides
the minimum detectable signal. The photographs of the active sensor
surface visually certify the effectiveness of our detection mechanism for
few exemplary dilutions and the number of beads over the active sensor
decreases with sample dilution down to about one hundred. As can be
seen in the magnification from Fig. 4b also clusters of beads are formed
during washing and/or PBS evaporation contributing to the single
concentrations error bar.

3.3. DIS platform and ELISA commercial kit on Anti-Dengue Virus
antibodies detection

In order to certify the biosensor sensitivity and specificity, the same
positive samples of human serum have been analyzed also with the kit
“Enzyme Immunoassay (ELISA) for the qualitative/semi-quantitative
determination of IgG antibodies to Dengue virus in human serum and
plasma” (DIA.PRO, Diagnostic Bioprobes Srl, Milano, Italy). The ELISA
experiment was performed according to the manufacturer’s protocol
(section 2.3) and the results are shown in Fig. 4c for samples diluted in
two different matrices (Buffer and Negative Human Serum for anti-
Dengue IgG). The higher number of dilutions in Fig. 4c was used to
preliminary check the status of the serum sample and choose the correct
range of concentrations to be tested with the DIS system. The Fig. 4c also
shows the cut-off (threshold absorbance value) to discriminate the
positives from the background as defined in the kit manufacturer’s
protocol. In conclusion, comparing the two figures Fig. 4b and c, the DIS
method fully track the human serum positive to DENV certifying the
validity of the method in early diagnosis of the disease down to 1:10°
serum sample dilution.

4. Conclusions

Our work shows that beads count by a truly differential sensors ar-
chitecture operated in a lock-in scheme is very effective in monitoring
specific IgG antibodies in human serum and buffer down to few single
counts resolution, i.e. a LOD of 88 pg/mL. The sensitivity obtained by
the system reaches and possibly outperforms other methods yet oper-
ating in a simple and clear protocol as demonstrated in the comparison
of the DIS platform response to human serum positive to DENV with a

10* 10°

Dilution [1:]

commercial Dengue virus IgG kit. The technique therefore has the po-
tential to become a valuable early diagnostic tool when levels of circu-
lating antibodies are still low and might go undetected by conventional
methods, in particular in regions where sensitive ELISA and PCR
methods are not readily available.

The system is perfectly suited to be easily configured for including
novel probes able to detect concurrent viral strains or viral variants.
Indeed, by simply modifying the preparation of the biosensor chip, the
antibody and the probe, the Differential Impedance Sensing concept can
address a wide range of pathogens and diseases, making it very flexible
to approach industrial interest, yet reaching clinically breakthrough
results in the initial stages of infection. The system is also ready to step
into the realm of multivalent biosensors with multiple sensing sites
operating in parallel on the same chip, allowing multiplex analysis from
a single clinical sample by simply spotting different probes on different
active sensors. Moreover, this proposed strategy paves the way for the
development of lab-on-chip systems for the detection of infectious dis-
ease with increased sensitivity down to the single molecules detection.
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