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Development of a miniaturized
electrochemical biochip
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Italy, *STMicroelectronics, Catania, Italy, “Consiglio Nazionale delle Ricerche (CNR), Institute for
Microelectronics and Microsystems (IMM), Messina, Italy, “Department of Chemistry “Giacomo
Ciamician”, University of Bologna, Bologna, Italy

The technological evolution towards portable systems for nucleic acids (NAs)
analysis is central in diagnostics and healthcare. Conventional approaches for
genetic analysis require multistep procedures, from the genetic material
purification to its detection, that are mostly based on the NA amplification by
polymerase chain reaction (PCR) and constrained to bulky specialized
instruments and dedicated laboratories. These limitations imply an increase in
time and cost of analysis avoiding the possibility of massive molecular screening,
as in the case of an infectious pandemic, and accessible diagnosis. Therefore,
research efforts are moving towards new Lab-on-a-chip (LoC) technologies that
guarantee a more integrated, decentralized, user-friendly, and low-cost NA
analysis. These are based on miniaturized optical or electrical chips on which
it is possible to integrate a sensing surface for specific analytical applications. In
this scenario, we presented the fabrication and characterization of a miniaturized
electrochemical (EC) biochip as a potential LoC for genetic applications. The chip
was developed with microfabricated electrodes on top and polycarbonate/PDMS
microchambers for the surface treatment and functionalization. The
characterization of chip EC performances has been performed by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Moreover, the chip surface has been functionalized with thiol-modified
oligonucleotides, whose immobilization has been characterized by contact
angle (CA) and surface free energy (SFE) analysis. Results reported a good
robustness and responsivity of the chip proving its suitability for sensing array
preparation and integration in a LoC format.

KEYWORDS

lab-on-a-chip, genetic analysis, electrochemical impedance spectroscopy, cyclic
voltammetry, PCR-free analysis

1 Introduction

The analysis of nucleic acids (NA) in molecular diagnostics is widely used in biomedical
research and enables the study of entire genomes and transcriptomes, providing deeper
insights into biological processes, disease mechanisms, and personalized medicine.
However, NA analysis decentralization and accessibility are strictly limited by the
implied analytical procedures and architecture (Sciuto et al., 2021). Indeed, consolidated
techniques for molecular diagnostics such as Real-Time PCR (Schmittgen et al., 2008; Chen
et al,, 2011), next-generation sequencing (NGS) (Hu et al., 2017) and microarrays (Nelson
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etal,, 2004; Lim et al., 2005), require multistep approaches where the
target NA is first extracted and purified from a biological sample
(blood, urine, saliva, etc.) with commercial kits, and detected.
Moreover, the NA detection usually relies on the amplification by
PCR reaction that, although extensively studied and optimized,
implies a high time and cost consumption, due to the required
thermal cycling and reagents, together with a lab constraint, due to
the  bulky used and the
specialized personnel.

instrumentation need for

The technologies for point-of-care (PoC) diagnostics overcome
these limitations opening towards a new frontier of healthcare based
on the decentralization of molecular analysis management and the
speed up of therapeutic interventions. Recent progress in PoC
diagnostics mostly concerns fully integrated systems prototypes
and commercial products based on disposable cartridges (mainly
made of plastic materials to reduce the cost of the analysis)
integrating all the necessary reagents, microfluidic actuation,
thermal and detection modules for the final analysis in a sample-
in-answer-out format. However, PoC diagnostics still requires a
technological improvement focusing on the optimization of material
properties used (overcoming the plastics drawbacks), the down-
scaling of systems architectures (droplets, nanobeads, etc.), the high-
level electronics on-board integration and the reduction of system
complexity (Petralia and Conoci, 2017). In this sense, the
electrochemical sensing technologies attracted a lot of interest for
molecular diagnostics due to their intrinsic rapidity and high
sensitivity (Gao et al., 2019; Park et al, 2019; Pandey et al,
2022). The EC sensing offers performances that are suitable for a
short-time analysis in a highly portable and miniaturized system,
keeping a good level of accuracy. This is the case of the EC LoC
systems (Pereira et al., 2023) that rely on the integration in a single
miniaturized device of multiple laboratory processes, including NA
extraction, mixing and detection, for many sensing applications,
such as viral (Najjar et al., 2022) or bacterial detection (Srikanth
etal,, 2022) and clinical diagnosis (Zhu et al., 2019; Sierra et al., 20205
Borriello et al., 2023).

Herein, we developed a miniaturized EC biochip suitable for
LoC genetic applications of NAs sensing. The system consisted of a
microfabricated electrode on top that can be modified by grafting
complementary thiolate oligonucleotides as probes for molecular
sensing applications. The system EC properties were deeply
characterized by CV and EIS analysis under different conditions,
also estimating the active area of the electrode surface. In parallel, the
assembly of a surface array, suitable for genetic sensing applications,
was first validated by modifying the surface of the platinum working
electrode in drop casting mode and testing the effectiveness of
functionalization by CA analysis.

2 Materials and methods
2.1 Chemicals

Phosphate buffered saline (PBS) 0.01 M solution at pH 6.0,
ultrapure water, 0.2 M phosphate buffer (Pb) at pH 6.8, potassium
chloride (KCI) 0.1 M, sulfuric acid (H,SO,) 0.05 M, potassium

hexacyanoferrate [Fe(CN)g]>”* (ratio 1:1) 1.0 and 5.0 mM, 6-
mercapto-1-hexanol (CsH;40S) 10 uM, ethanol (C,HsO) 100%
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were purchased from Merck. All chemicals were used without
further purification.

2.2 Chip fabrication and assembly

To develop miniaturized electrochemical sensors, two device
layouts each with a 5 mm x 10 mm chip size and similar electrode
configurations (i.e., electrodes placed in concentric circles) were
prepared using L-Edit (Tanner Tools). The first device layout titled
“3 x 37 (Figure 1A) is designed to keep the overall electrode area
minimum, whereas the layout titled “3 x 4” (Figure 1B) is designed
to increase the area of the working electrode.

To fabricate the devices, a set of three photolithography masks
named M1, M2, and M3 was produced. M1 is a bright-field mask,
designed to define device features (i.e., Reference Electrode (RE) and
Counter Electrode (CE)) in Gold (Au). M2 is a dark-field mask,
designed to define the Working Electrode (WE) in platinum (Pt).
The third mask, M3 is designed to define the active areas through the
silicon dioxide (SiO,) passivation layer. The reason of choosing
platinum instead of gold for the working electrode fabrication relied
on the current major cost convenience of platinum (BPtrends.com,
2025) its higher affinity towards thiol-modified biomolecules (Yang
and Agrios, 2018; Omar et al., 2024), and its better thermal stability
(Golosov et al., 2018).

A double-sided polished borosilicate glass wafer having a
diameter of 150 mm and 600 pm thickness was chosen as the
substrate material due to its high optical transparency and
biocompatibility. The fabrication process was performed in a
Class 1,000 cleanroom. The glass wafers are cleaned for 20 s in a
buffered hydrofluoric acid (HF) solution bath to ensure the
cleanliness of the wafer surface. Subsequently, the glass wafer is
rinsed using DI water and dried in a controlled environment. A 5 nm
thick chrome (Cr) layer is deposited on the clean glass wafer using an
ultra-low vacuum thermal evaporator, followed by the deposition of
a 200 nm thick gold (Au) layer (refer to Figure 1Ci). The chrome
layer acts as an intermediate layer to promote adhesion between the
glass wafer and the gold layer. The Cr/Au-coated glass wafer is then
primed with a Hexamethyldisilazane (HMDS) layer at 150°C, an
essential process step promoting uniform coating of the photoresist
over the wafer. The primed wafer then undergoes the spin coating of
a 2-um thick colored positive-tone photoresist over the metallic
layer (refer to Figure 1Cii). The resist-coated wafer is subjected to a
soft-bake at 100°C for 1 min to evaporate excess solvent from the
layer of the photoresist and prepare the wafer for patterning.

Using the mask M1, the photoresist-coated wafer is exposed to
UV light using an i-line mask aligner (KARL SUSS MAS6). This step
transfers a positive pattern image on the photoresist by dissolving
the UV-exposed region of the photoresist (refer to Figure 1Ciii). A
multi-step wet chemical etching process transforms the pattern from
the photoresist to the Au layer (refer to Figure 1Civ). Finally, the
wafer is subjected to a resist strip process to remove the photoresist
mask by placing the wafer in an acetone bath. Upon stripping the
photoresist mask, a glass wafer consisting of the features defined in
Au was realized (refer to Figure 1Cv). The wafer was coated again
with positive-tone photoresist (refer to Figure 1Cvi) and exposed to
UV light using mask M2 (refer to Figure 1Cvii), followed by
deposition of 5/200 nm thick Cr/Pt layer (refer to Figure 1Cviii)).
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FIGURE 1

Design and layout of the electrode chips, (A) Layout 3 x 3 and (B) Layout 3 x 4. (C) Electrode chip fabrication process: i 5/200 nm thick Cr/Au layer
deposited over glass wafer substrate, ii photoresist coated on the wafer, iii M1 pattern definition onto the photoresist, iv pattern transfer from photoresist
to metal layer, v photoresist strip, vi Photoresist coat to start the second lithography step, vii M2 pattern definition onto the photoresist, viii Deposition of
5/200 nm thick Cr/Pt layer, ix Resist lift-off to define M2 features on the wafer, x deposition of the passivation layer, xi M3 pattern definition onto the

photoresist, xii Fabricated chip schematic.

FIGURE 2

=

Electrochemical sensor assembly process. (A) A 12 mm x 35 mm customized PCB to host the electrode chip, (B) Electrode chip mounted on the
PCB. (C) PDMS stamp mounted on the electrode chip. (D) Polycarbonate chamber aligned and placed on the assembly. (E) Side-view and (F) the top-view

of the complete assembly.

Finally, resist lift-off was performed to define features in Pt on the
wafer (refer to Figure 1Cix). Upon definition of metallic layer
features, a 210 nm thick SiO, passivation layer was deposited on
the wafer using plasma-enhanced chemical vapor deposition
(PECVD) (refer to Figure 1Cx). The photolithography process
was repeated using the third mask “M3” to define the active
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electrode areas in the photoresist (refer to Figure 1Cxi). Finally,
the passivation layer was removed from the electrode surface using
reactive ion etching (refer to Figure 1Cxii), followed by dicing the
chips to conclude the fabrication of the electrode chip (EC).

The chip assembly, shown in Figure 2, consisted of a customized
PCB to host the electrode chip and other assembly components. A
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Schematic representation of the equivalent Randles circuit. Rs: Ohmic resistance; Rct: charge transfer resistance; W: Warburg impedance; CPE:

constant phase element. Figure freely inspired by (Cancelliere et al., 2021).

3D-printed polycarbonate microchamber with a capacity of
~40-50 uL was designed and fabricated. To avoid fluid leakage
the the
microchamber was aligned using a polydimethylsiloxane (PDMS)

during functionalization and testing treatments,

mask, placed between the electrode chip and the polycarbonate.
the
in

device functionalization treatments were

the

Subsequently,

performed drop casting mode directly in

microchamber formed.

2.3 Chip electrochemical characterization

The EC chip was electrochemically characterised by CV and EIS
analysis. Measurements were performed by using the portable
potentiostat PalmSens4 (PalmSens Instrument) assisted by
PSTrace software and a USB connector properly fabricated. CV
and EIS measurements were performed in drop casting mode using
the [Fe(CN)g]* "~ as redox probe. Actually, CV of 3 mm x 4 mm and
3 mm x 3 mm chip layouts were performed with concentrations of
0.05mM and 1 mM redox probe dissolved in 0.2 M phosphate buffer
(PB) at pH 6.8, at scan rates of 0.05, 0.1, 0.2 and 0.3 Vs™' (covering a
range widely used in sensing applications) and before and after a
cleaning step with H,SO, (described in the “Working electrode
surface  functionalization” section). EIS measurements were
performed in drop casting mode using a 5 mM solution of
[Fe(CN)e]*” in 02 M of PB at pH 6.8. In the case of EIS
measurements, a frequency range between 0.1 Hz and 100 kHz,
10 frequencies per decade, at an open circuit potential, with a voltage
amplitude of 0.01 V, were used and the electron transfer process,
[Fe(CN)g]*™ + le~ [Fe(CN)g]*", has been studied using EIS
(Nicholson and Shain, 1964; Randviir, 2018). The experimental

data obtained with the two systems described above were fitted

=

using the PSTrace 5.10 software to a common Randles circuit,
schemed in Figure 3. This equivalent circuit, which is one of the
simplest possible models describing processes at the electrochemical
interface, involves an active electrolyte resistance Rg in series with
the parallel combination of the double-layer capacitance constant
phase element (CPE). To the above-mentioned components, the
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charge transfer resistance (R.;) and the Warburg impedance (W)
were added. The latter is related to the electron transfer process and
the diffusivity of the redox probe between the solution and the
electrode surface, respectively.

CV measurements were performed in the range —0.35 to +0.6 V
vs. reference electrode with different scan rates (from 0.05 V/s to
0.3 V/s). Furthermore, the Randles-Sev¢ik equation (Equation 1)
was used to determine the electrochemically effective surface area
(A) and the diffusion coefficient (Dy) of 3 x 3 and 3 x 4 lab-on-chip
sensors, as previously reported (Nicholson and Shain, 1964;
Malvano et al., 2016):

nFvD,
RT

I, = (0.4463)nFAC (1)
where F is the constant of Faraday (mol ™), R the universal constant
of gas (J/Kmol), n the number of exchanged electrons, A the
electrode surface (cm?), C the analyte concentration (mol/cm?),
D, the diffusion coefficient (cm?/s), and v the scan rate (0.1 V/s).

2.4 Oligonucleotide probes

For the functionalization test, oligonucleotide sequences of
about 20 bases were immobilized on top of the chip platinum
working electrode and used as probes in a final sensing array. At
the 5’ end of the probe, a hexyl pendant (C6) was added as spacer for
the right orientation once anchored to the electrode surface, while
the thiol group (HS-) was used to functionalize the electrode surface,
by inducing the thiol-Pt complex and the self-assembled monolayer
(SAM) formation. The probes were used at a concentration of 1 pM.

2.5 Working electrode surface
functionalization

The chip WE surface was modified by anchoring oligonucleotide

probes as follows. The surface was cleaned by treating with 0.05 M
H,SO, and performing 10 cycles of cyclic voltammetry in the range
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(A) 3 X 3 miniaturized EC chip; (B) 3 X 4 miniaturized EC chip (C) chip assembly with PDMS and polycarbonate masks; (D) working electrode reaction

chamber for characterizations and functionalization.

of —0.6 V to +0.6 V, then dried with Ar gas. Hence, the devices were
incubated with a mix solution (1:10 ratio) of thiol-modified probe
1 uM, suspended in PBS 10 mM at pH = 6.0, and 10 uM of 6-
mercapto-1-hexanol (CgH;40S), dissolved in 10 mM PBS at pH =
6.0, at 25°C, 90% RH for 4 h with 60 rpm of stirring. Once
functionalized with probe and thiol, the electrode surface was
washed with PBS at pH 6.0.

2.6 Contact angle analysis

The wettability of the chip’s Pt surface was evaluated using a
contact angle OCA25 system from DataPhysics. The CA, as a
function of the surface wettability after each modification step,
was assayed in drop casting mode using 1 pL of ultrapure water
and analysing the drop age at 4 time points (0, 68, 134, and 203 s).

3 Results and discussion

The different
configurations were successfully fabricated, each consisting of

miniaturized electrode chips with two
three electrodes arranged in a concentric circle layout, having the
platinum working electrode in the centre. The reference and counter
electrodes are patterned in gold. The key differentiator between the
3 x 3and 3 x 4 chips is the surface area of the working electrode, that
is 1.54 mm® and 3.14 mm?, respectively. The electrode chips were
mounted on PCBs and assembled for chip characterization and
functionalization, as shown in Figure 4.

Once assembled, two configurations of EC chips, 3 x 3and 3 x 4,

were fully characterized to evaluate their robustness, reproducibility
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and sensitivity. These two types of chips were first characterized by
CV using both 0.05 and 1 mM solutions of [Fe(CN)e]*”* in 0.1 M
KCl and 0.2M Pb and applying a scan rate of 0.1 V s™". The obtained
results were compared (solid and dashed lines of Figures 5A, 6A). In
the presence of the electrolyte, there were well-defined [Fe(CN)g]
> redox peaks in the CV responses for both EC chip
configurations. However, the anodic and cathodic peak currents
produced in 3 x 4 (Figure 5A) were higher due to a larger electrode
surface area (Kang et al, 2010) that increased the
background current.

These first results allowed us to study the nature of the
electrochemical process occurring on the surface of the platinum WE,
so the effect of the scan rate on the redox peak currents was investigated.

As shown in Figures 5B, 6B, the higher the scan rates, the smaller
the diffusion layer size, and consequently the higher the current
values. Since [Fe(CN)g]* " is a reversible and freely diffusing redox
species, the Randles-Sev¢ik equation (Equation 1) describes how the
anodic and cathodic peak currents (I, I,c) increase with the scan
rate. Plotting I, and I, as a function of the scan rate (Figures 5C,
6C), a linear dependence is observed for both EC chip
configurations. This behavior indicates that the oxidation/
reduction reactions of [Fe(CN)g]*”>~ are mainly diffusion-
diffusion-controlled

controlled in agreement

processes (Zoski, 2006).

with  planar

By further manipulating Equation 1, the diffusion coefficient
(Dy), was calculated and reported in Table 1. In particular, the
anodic (D,) and cathodic (D¢) diffusion coefficients (D) of
[Fe(CN)g]**~ were calculated using 0.1 V/s as scan rate for the
two configurations. The results were compared with the Konopka
(Da = 7.26 - 10°° cm?/s) and McDuffie (D¢ = 6.67-10° cm?/s)
coefficients (Konopka and McDuffie, 1970).
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FIGURE 5

CV of 3 x 4 chip: (A) analysis at 0.5 mM and 1 mM concentrations of [Fe(CN)g]*~*7; (B) response at scan rates of 0.3 (purple line), 0.2 (blue line), 0.1
(red line) and 0.05 (black line) Vs; (C) study of linear dependence between Ipa and Ipc. The error bars in the panel are the standard deviations calculated

across three independent electrodes for each tested condition.
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FIGURE 6

CV of 3 x 3 chip: (A) analysis at 0.5 mM and 1 mM concentrations of [Fe(CN)gl“~>7; (B) response at various scan rates of 0.3 (purple line), 0.2 (blue line),
0.1 (red line) and 0.05 (black line) Vs™; (C) study of linear dependence between Ipa and Ipc. The error bars in the panel are the standard deviations
calculated across three independent electrodes for each tested condition.

TABLE 1 Diffusion coefficient (D) estimated for 3 x 3 mm and 3 x 4 mm sensor using CV. Average values of at least 3 sensors are presented.

D, (€cm?/s)

EC chips Scan rate (Vs™)

D¢ (cm?/s) Do (cm?/s)

3x3 0.1

(4.82 £ 0.010)a10

(4.25 + 0.010)a10 (4.53 + 0.010)a107

3x4 0.1

The data reported in Table 1 highlight that both the EC chips
exhibit diffusive characteristics very similar to those of Konopka and
McDulffie, but with a small difference in the 3 x 4 mm configuration,
due to the larger active surface area. These CV analyses proved the
effect of the redox analyte surface diffusion on the EC chip
functioning.

Lastly, the behaviour of both EC chip configurations after
sulfuric acid treatment was evaluated, and the results are
reported in Figure 7. Also, for this characterization, CV and EIS
were used as complementary tools to deeply characterize the

Frontiers in Lab on a Chip Technologies 06

(5.21 + 0.010)=10"°

(4.66 + 0.010)=10"° (4.93 + 0.010)u10"°

electrochemical behavior of the electrode/electrolyte interface
before and after the activation of the thiol groups with sulfuric acid.

The potential difference between the anodic and cathodic peak
currents AE, Figures 7A,B, and the charge transfer resistance R,
Figures 7C,D, calculated using CV and EIS, showed an increase of
AE and R values compared to the bare platforms, Table 2. This
trend indicates the formation of a platinum oxide layer (Diaz et al.,
2009) that slows down the electron transfer. Furthermore, treatment
with sulfuric acid allowed activation of the thiol groups on the
surface and consequently modification of the electrical properties of
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FIGURE 7

Characterization of EC 3 X 4 and 3 x 3 chip: CV pre and after cleaning with H,SO4 performed on 3 x 4 (A) and 3 X 3 (B) chips; EIS pre and after

cleaning with H,SO4 performed on 3 x 4 (C) and 3 x 3 (D) chips.

TABLE 2 Peak-to-peak separation AE, active surface area (A) and Charge
transfer resistance (Rct), estimated for 3 x 3 and 3 x 4 EC chips.

EC chip AE (mV) A (cm?) Ret (Q)
3x3

Bare 110 £ 3 0.125 + 0.02 66,3 + 2.8
H,50, 130 + 6 0.120 + 0.001 604 + 45
3x4

Bare 140 £ 5 0.241 + 0.01 473 + 1.6
H,50;4 190 + 10 0.220 % 0.002 4855 + 70

the sensors. These outcomes are also confirmed by the calculated
electrode active surface area (A in Table 2), which was reduced, after
treatment with 0.05 M H,SO,, from 0.125 (bare) to 0.120 cm” for the
3 x 3 mm configuration and from 0.241 (bare) to 0.220 cm” for the
3 x 4 mm configuration, Table 2.

Once fully characterized, the chip was tested to validate the
functionalization of a probe sensing array on top of the platinum
WE surface, as a first trial of chip suitability for NA sensing
applications in a LoC format. Figure 8 of CA data reports that
the contact angle of the bare surface was approximately 73.76° £ 7.0°,
due to the rough surface of the platinum electrode, in agreement
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with literature (Yang et al., 2023). Then, the H,SO, treatment of WE
surface caused an improvement of the hydrophilicity of 3 x 4 mm
sensors (58.97° + 5.8°), suggesting the presence of platinum oxide
(Zhang et al., 2015).

After the anchoring of probe-thiol mix (ratio 1:10), the chip
surface wettability increased (47.30° £ 4.7°), due to the abundance of
polar groups (the main of which are OH and PO,*~ groups) coming
from the immobilized probes (Bergese et al., 2009) and the thiol
molecule (Calorenni et al., 2023).

4 Conclusion

A miniaturized EC chip for LoC application of NA sensing was
presented. The electrode chips were fabricated using standard
micromachining tools and technologies in a cleanroom
environment, resulting in an overall production yield of 95%.

A deep characterization of chip layouts allowed identification of
the best electrode configuration that responded properly to an
electrochemical stimulus. More precisely, the analysis performed
at different electro-active analyte concentrations reported the
expected trend with an increase in anodic current, proving the
responsivity of the chip surface. The CV performed at different scan
rates confirmed the optimal electrochemical performances due to

the absence of electrical noise at higher scan rates.
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Lastly, the CV and EIS analysis before and after the electrodes
cleaning reported a stable current peak, without any voltage shift or
change of curve shape, and a good response to the surface electric
modification, as reported by the EIS resistance marked increase
measured after cleaning, proving the robustness of the WE surface
towards the acidic treatment. Additionally, the trend of resistance
recorded at different [Fe(CN)g]* ">~
corroborated the chip’s responsivity to the redox probes.

values concentrations

In parallel, the CA analysis of the functionalized chip revealed a
good enhancement of the WE surface wettability, as expected by the
induced polarity by anchored oligonucleotide probes, proving the
effectiveness of functionalization and the chip’s suitability for the
NA sensing array preparation on a miniaturized device towards LoC
molecular diagnostics applications.
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