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Lab-on-Chip systems based on microfluidics are platforms containing
microfluidic channels that integrates various laboratory operations and
represent an excellent analytical systems, that ensure:
Ø Ease of use: Analyses comparable to those conducted in full
analytical laboratories can be done in a chip that fits your hand.

Ø Less human error: Since it will strongly reduce human handling,
automatic diagnoses done using lab-on-a-chip will greatly reduce
the risk of human error.

Ø Fast response time: At the micrometric scale, the flow switch, and
diffusion of chemicals and heat are faster. One can change, for
example, the temperature in hundreds of ms, which enables faster
DNA amplification.

Ø Low-volume samples: Lab-on-a-chip systems only require a small
amount of reagents for each analysis. Thus, it is possible to detect
many illnesses without requiring large quantities of blood from
patients.

Ø High sensitivity: Thanks to fast reactivity at the microscale, one can
control in real-time the environment of a chemical reaction, leading
to more controlled results.

Ø Portability: Due to their automation, and low energy consumption,
lab-on-a-chip devices can be used in outdoor environments for air
and water monitoring without the need for human intervention.

Diagnostics

• Receptor
• Target

1) a top glass slide having six inlets and outlet holes that act
as the top cover of the microfluidic network;

2) a middle adhesive layer (PSA) with a thickness of 0.146
mm and having six parallel channels that define the
microfluidic network together with the glass slide;

3) a bottom piece consisting of a glass substrate function-
alized with a layer of PHEMA polymer brushes function-
alized with succinic anhydride (PHEMA-SA).

The double-sided adhesive layer provides the bonding of the
glass slide to the PHEMA-functionalized glass substrate
enabling an easy, rapid, and room-temperature assembling of
the chip (Figure 4a). The double-sided adhesive is first attached
on the PHEMA-SA for defining the six parallel channels.
Solutions of NHS-EDC (10 μL) are spotted on the channel lines
to obtain NHS-ester moieties. After rinsing, solutions of the
aptamer amino-1.12.2 are spotted on the channel lines and left
to react overnight at 4 °C to form an amide bond between the
aptamer and the polymer layer functional groups. The unreacted
NHS-ester groups on the polymer chain are blocked by spotting
blocking buffer on the channel lines and leaving the solution to
react for 30 min. Afterward, solutions of [Ru(phen)2(dppz)]2+

(10 μL) are spotted on the array of the channel lines and kept in
contact with the polymer for 30 min. At this point, the top
protective liner of the PSA is removed in order to bond the glass
cover to the aptamer-functionalized glass, aligning inlet and
outlet holes with both the channel ends. In this manner, the glass
slide is perfectly sealed to the glass-functionalized substrate
(Figure 4b), and the aptasensing microfluidic channels are
achieved. This fabrication process is rapid and can be performed
at low cost without the need of cleanroom equipment;
thereforem after performing six analyses (one for each channel)
the microfluidic array can be replaced with a new freshly
functionalized chip, avoiding the risk of cross-contaminations
between samples.
OTA Detection with the Lab-on-Chip System. The

aptamer-functionalized microfluidic network was optically
coupled with the fluorescent detection system (Figure 5)
including the read-out electronics, the LED, and the band-pass
filter, in a small metallic box (10 × 8 × 15 cm3), to improve
shielding from external electromagnetic interferences. The
aptamer-functionalized microfluidic network was positioned
on the top of the array of a-Si:H photosensors covered with the
interferential filter, so that each channel overlaps with a line of
five sensors. OTA standard solutions (10 μL) were inserted into
the different channels by using a Gilson pipet.
Upon the injection of OTA solution, we observed a decrease

of the photocurrent values. This result can be explained as a
change of the aptamer conformation due to the binding with

OTA, which leads to a displacement of the [Ru-
(phen)2(dppz)]2+ intercalated fluorescent dye from the
double-strand portion of the aptamer. As a consequence, a
decrease of the photocurrent is detected by the photosensors
positioned underneath the microfluidic chip. This behavior was
observed also with other intercalating dyes, such as SYBR green,
when used in homogeneous assay together with the aptamer
1.12.2 for the detection of OTA.65 The analytical performance of
the assay was evaluated using solutions with OTA concentration
between 1 and 200 ng/mL. When the blank solutions were
incubated in the aptasensing channels, no variation of
photocurrent was observed, confirming that the decrease of
fluorescence can be attributed only to the presence of OTA. The
plot in Figure 6 shows the calibration curve of the assay. Taking
into account the standard deviation of the blank signal, the limit
of detection (LoD) and quantification (LoQ) resulted to be 1.3
ng/mL and 3.9 ng/mL, respectively. This value for the LoD is
below the limits established by the European Commission
regulation, which are, depending on the food product, between 2

Figure 4. Structure of the aptamer-functionalized microfluidic network
(a) exploded device and (b) assembled device.

Figure 5. Image of the lab-on-chip system for OTA detection by the
aptasensor fluorescent assay.

Figure 6. Calibration curves obtained by using the aptasensing chip for
OTA in reaction buffer 1−200 ng/mL (circle,y = 0.98336 − 0.046934
log(x)) and in beer (square, y = 0.97373− 0.045009 log(x)) and wheat
(triangle, y = 0.97415 − 0.044714 log(x)) extracts spiked with OTA
(5−200 ng/mL) (error bars are the standard deviation of different
measurements using three different functionalized microfluidic net-
works).
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Figure 1: (A)  Details of PSA layers: 1) bottom layer defining the channels, 2) intermediate layer with via-holes between bottom 
and top layers, 3) top layer defining the inlet distribution channel, 4) chip cover with access hole for the inlet (the largest hole) 
and outlets (the ten small holes on both sides); 5) light shield layer to limit the optical crosstalk between adjacent sensors; (B) 
array of a-Si:H photosensors and details of thin film stacked layers; (C) microfluidic chip aligned with the sensor array (left) 
and Gilson pipette inserted for fluid dispensing in the chip (right) 
 
 

ATP detection based on an aptamer is a direct assay that relies on binding of ATP to the immobilized aptamer. 
Upon binding ATP, the aptamer generates a G-quadruplex structure that consists of two stacked G-quartets. Treat-
ment of the resulting ATP-G-quadruplex structure with hemin results in the hemin/G-quadruplex that acts as a HRP-
mimicking DNA-zyme. This results in catalytic activity toward a CL substrate. Therefore, in this case the intensity 
of the CL signal increases with the concentration of ATP (Fig. 2B). 

 
 

 
 

 
 
 
 
 
 
 
 

Figure 2: Photocurrent in function of the ATP concentration for the (A) indirect competitive ELISA and (B) aptamer assay. 
 
CONCLUSION 

The results demonstrate that PSA can be applied to realize low-cost and rapid prototyping of microfluidic devices 
for biosensing applications with novel surface chemistries and performances comparable to state of the art LoC 
systems.   
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photosensors, to immobilize GPs for the recognition of specific anti-
bodies. In this system, the screening of GPs antibodies is performed
by manually spotting antisera solutions on the array of GPs. The detec-
tion of specific and nonspecific antibodieswas successful but the sample
handling was time consuming and susceptible to inaccuracies of the
personnel.

Thus, in this work we introduced a microfluidic-ELISA based on
GPs functionalized microfluidic network, to overcome the issues
deriving from the sample handling, combined with the array of
a:Si-H photosensors for the detection of the chemiluminescent sig-
nal deriving from the interaction of GPs with the specific antibody.

The LoC was designed to have an array of 30 a-Si:H photosensors
deposited on a glass substrate (Fig. 5).

The photosensors (the 30 gray squares in the picture) are organized as
a 5×6matrix. All then-type a-Si:H layers of thephotodiodes are connect-
ed together by themetal top electrode, which includes the six brown ver-
tical lines and the brown C-shaped geometry. Each p-type a-Si:H layer is
instead connected to its own electrical contact, which is individually

brought to the edge of the glass substrate for the connection to the
read-out electronics. These individual connections are not visible because,
as described above, they are made in ITO. Indeed, the ITO used in this
work presents a resistivity equal to 3.25 · 10−4Ω/cm and a transmittance
greater than 80% for wavelength above 420 nm. This last result is partic-
ularly important because, since the peak emission spectra of the HRP oc-
curs 425 nm, it ensures that mostly part of the chemiluminescence
radiation passes unabsorbed through the ITO layer.

We found that the current–voltage characteristics of the photosensors
are quite uniform over all the array. The current density J measured in
dark condition in the small reverse voltage region (below +100 mV
applied to the n-region) shows a value around 10−11 A/cm2. The shot
noise theory, formulated by Schottky in 1919, establishes that the time-
dependent fluctuations in electrical current density J caused by the dis-
creteness of the electron charge determine a mean square value b J2N
equal to 2qJB, where q is the elementary electrical charge and B is the
signal band. Taking into account that the current–voltage data are mea-
sured with a frequency band of 1 Hz, the measured dark current density
determines a noise contribution around 1.6 fA. Furthermore, from the
characterization of the custom read-out board [22], we found that the
noise level introducedby the electronics in the same signal band is around
15 fA. Coupling these two data, we can state that the dark current noise
contribution does not affect the minimum detectable signal and that the
noise performances of our experimental read-out set-up are comparable
with those of sophisticated and expensive state-of-the-art laborato-
ry equipment.

From the quantum efficiency measurements, we found that the
quantum yield at 425 nm is equal to 0.28 with a corresponding
responsivity of 100 mA/W. This value is lower than that measured by
Pereira et al. [30] on similar a-Si:H devices, however, the results that
will be shown below demonstrate that its combination with the very
low dark current density and the excellent noise characteristics of all
the detection system fully satisfies the requirements of the analytical
performances of the presented lab-on-chip application.

A functionalized microfluidic chip, having four parallel channels is
aligned with the array of photosensors, which serves for the detection
of the chemiluminescent signal deriving from the immunoassay occur-
ring in the microfluidic chip. The use of two different glasses, for the
biological part and thedetection part, and their optical coupling through
the scheme shown in Fig. 4 lead to some important benefits:

1. overcoming of the integration issues deriving from the interactions
between the reagents utilized for the surface chemistry treatments
and the detection elements (photosensors in this case); indeed in
thisway the two glasses can beprocessed separately avoiding negative
influence of the surface chemistry treatments on the performances of
the optical detection devices,

2. reduction, with respect to off-chip detection, of the radiation losses
thanks to the directly coupling which reduces to about 2 mm the
distance between the site where the chemiluminescence occurs
and the detection site;

3. preservation of the compactness of the entire system.

Furthermore, once the immunoassay is performed for a patient,
the microfluidic chip can be easily removed and a novel chip can
be positioned to analyze the serum of another patient.

The microfluidic chip is functionalized with PHEMA polymer brushes
by using the chemical procedure reported above. Briefly, PHEMA is grown
on a glass substrate and functionalized with succinic anhydride to obtain
carboxylic functional groups on the brush layer (PHEMA-SA). The glass
substrate is then bonded with the array of four parallel channels made
in polidimethylsiloxane PDMS. In each channel is flowed awater solution
containing NHS-EDC and this solution kept inside for 1 h. After rinsing
with purified water, a different peptide is flowed in each channel and
left inside over night at 4 °C. Finally the channels are rinsed out using
purified water.

Fig. 4. Schematic representation of the coupling between the microfluidic chip and the
photosensor array to perform themonitoring of the chemiluminescent reactions occurring
inside the microfluidic channels.

Fig. 5. Picture of the fabricated a:Si-H photosensors array.
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The proposed biosensor allows objective and accurate
quantification of HSA in urine samples in the relevant physi-
ological range, thus enabling rapid and reliable identification
of those samples requiring confirmatory analysis.

Materials and methods

Chemicals

Polyclonal anti-human albumin antibody produced in rabbit,
polyclonal anti-peroxidase (HRP) antibody produced in rab-
bit, HRP-labelled goat anti-rabbit immunoglobulin, human
serum albumin and bovine serum albumin were purchased
from Sigma-Aldrich (St. Louis, MO).

All other reagents were of analytical grade and were used
as purchased.

The SuperSignal ELISA Femto CL substrate for HRP was
obtained from Thermo Fisher Scientific, Inc. (Rockford, IL).

Nitrocellulose membranes (Hi-flow180 A4 sheet) and
cellulose adsorbent pads (20 × 300 mm) were bought
from Merckmillipore (Billerica, MA). Sample pads were
Standard 14 glass fibre pads (22 × 300 mm) from
Whatman and were purchased from GE Healthcare
Life Sciences (Buckinghamshire, UK).

Phosphate-buffered saline (PBS) was prepared as follows:
10 mmol L−1 Na2HPO4, 2 mmol L−1 KH2PO4, 137 mmol L−1

NaCl, 2.7 mmol L−1 KCl (pH 7.4).
Synthetic urine was prepared as previously described [36].

LFIA strips preparation

Assay strips for LFIA were prepared by using A4 sheets of
nitrocellulose membranes with transparent backing. The mem-
branes were previously cut into 2.5 cm high sections
(250 × 297 mm) and the human serum albumin (T-line) and the
rabbit anti-peroxidase antibody (C-line) were immobilized, from
bottom to top of the strip, keeping a distance of 5.5 mm. After
line dispensing, two adhesives were pasted onto the top and the
bottom of the membrane to assemble the sample and adsorbent
pads, respectively. Overlapping of the adhesive and padswith the
membrane was maintained as narrow as possible that resulted in
a transparent window of 140 mm high. Finally, the membranes
were cut into strips of 5.4 mm width.

Photosensor array and electronic read-out board

As previously described [28], the photosensors array is a 5 × 6
matrix of a-Si:H diodes. Each photosensors is a p-type/intrin-
sic/n-type structure grown on glass substrate by a three-
chamber high-vacuum plasma enhanced chemical vapor de-
position (PECVD). In particular, the fabrication process
has been implemented with the following technological

steps: (a) cleaning of a 5 × 5 cm2 glass substrate by
piranha solution; (b) deposition by magnetron sputtering
and patterning by photolithographic processes of a 200-
nm-thick layer of Indium tin oxide (ITO) acting as front
electrode of the a-Si:H photosensor; (c) deposition of
the a-Si: layers; (d) deposition by vacuum evaporation
of a 30/150/30-nm-thick stack of Al/Cr/Al as back con-
tact; (e) patterning of the metal stack and of the a-Si:H
layers to define the photosensor geometries; (d) deposi-
tion and patterning of a 5-μm-thick layer of SU-8 3005
acting as insulation layer; (e) deposition by vacuum
evaporation and patterning by photolithographic process-
es of a 30/150/30-nm-thick stack of Al/Cr/Al to define
the electrical connections to the metal pad of the back
contact. In this device configuration, light is impinging
on the a-Si:H photosensor through the glass and the
ITO layer.

A qualitative illustration of the cross section of one
photosensor is reported in Fig. 1, also showing a picture of
the photosensors array.

The light-grey squares in the middle of the picture are the
30 a-Si:H photosensors. The C-shaped line is the metal
back contact, which is common to all the photosensors,
while the ITO transparent front contacts (one for each di-
ode) end with the short metal contacts visible on the lower
edge of the glass substrate.

These metal contacts allow an easier alignment of the
photosensor array with the card edge connector (SAMTEC
MB1–150–01–L–S–02–SL), which in turn is connected
through a simple interface board to the read-out electronics.
The input stage of read-out circuit is based on an eight-channel,
20-bit analog-to-digital converter (DDC118 from Texas
Instruments), which receives the currents generated by the

Fig. 1 Cross section of the photosensor structure, reporting the thickness of
the different layers. The metal back contact is a double stack of Cr/Al/Cr
layers with thicknesses equal to 30/150/30 nm, respectively. Inset: picture of
the photosensor array fabricated on a 5 × 5-cm2 glass substrate
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top view of the SoG containing photosensors,
temperature sensors and the heater, and (c) microwell
plate box lid, the electronic board and the SoG,
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the amplification using a previously validated protocol for the WMV diagnosis by the
CFX96 thermocycler [37] (see Figure S4).

In order to show the applicability of the above described LoC-PCR for detection of
different viruses, it was also used for the amplification of the RNA extracted from SARS-
CoV-2 samples. In Figure 7 are reported the amplification curves obtained for the 10-fold
dilution samples. A NTC sample was used to verify possible cross-contamination occurring
during the amplification. The variation of photocurrent observed for the NTC sample
was lower compared to the samples containing RNA, for all the dilutions considered for
the amplification, thus confirming the consistency of the LoC used for the LoC RT-qPCR.
The specificity of the RT-qPCR was proved by performing the amplification using RNA
extracted from the respiratory syncytial virus (RSV), which did not show an amplification
signal (Figure 7). The melt curve analysis performed using the LoC resulted in a melting
temperature of (80 ± 2) �C (an example of the melting curves for SARS-CoV-2 is reported
in Figure S6), in accordance with the melting temperature of (82.5 ± 0.5) �C obtained by
the thermocycler.
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Figure 7. Amplification curves obtained from the amplification of 10-fold dilution series of RNA
from SARS-CoV-2 performed by using the LoC system (amplification curves are an average of three
repeated measurements).

The RT-qPCR of the RNA samples was performed also using the CFX96 thermocycler
(see Figure S4-2). The analysis of the amplification products by gel electrophoresis showed
that the RNA amplification on-chip leads to the formation of one amplicon, as was also
observed in the amplification by using the CFX96 thermocycler (Figure 8).

Also for this experiment, a calibration curve (see Figure S3) was achieved plotting the
Cq as a function of the RNA dilutions factors, considering the threshold at 10 pA (Figure 7).
The data were fitted with a straight-line equation (y = 2.94x + 5.548, R2 = 0.999), and the
slope was used to calculate the PCR efficiency, which resulted to be 115.4%. This value is
comparable with the efficiency of 92.3% obtained using the CFX96 real-time amplification
system within the experimental error (see Figure S4).
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3.2. Optimization of Reaction Conditions

The glass-PDMS microwell plate (Figure 2c) is of a block of black PDMS having six
wells with a volume of up to 30 µL bonded to a glass slide. The wells were designed to be
optically aligned with the array of a-Si:H photosensors. The black color of the PDMS block
was necessary to prevent light cross-contamination between the neighboring photosensors,
as was observed when transparent PDMS was used. In order to perform the real-time
RT-PCR, the microwell plate is positioned above the SoG, and the wells are optically aligned
with the photosensors. Subsequently, 4 µL of PCR mixture are dispensed in each well,
and 1 µL of the extracted RNA is added. The spotted volume permits that, once the
sample is spotted in the microwell, the liquid would form a droplet on the glass surface
without touching the PDMS wall of the microwell plate. Afterwards, 11 µL of mineral
oil are added to cover the solution acting as a surrounding droplet, as the oil wetting the
hydrophobic PDMS inner surface of the well. This procedure avoids both the evaporation
of the solution and air bubble formation due to the porosity of PDMS. The microwell
plate is kept in contact with the SOG by means of a homemade holder, which ensures
uniformity of the heats on the glass surface of the microwell plate, as was observed by the
thermocamera (Figure 5).
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