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Abstract We propose a disposable multiwell microcartridge
with integrated amorphous silicon photosensors array for bio-
and chemiluminescence-based bioassays, where the enzymat-
ic reactions and the detection unit are coupled on the same
glass substrate. Each well, made in a polydimethylsiloxane
(PDMS) unit, hosts an enzymatic reaction that is monitored by
one photosensor of the array. Photosensors were characterized
in terms of their dark current background noise and response
to different wavelengths of visible light in order to determine
their suitability as detection devices for chemical luminescent
phenomena. Calibration curves of the photosensors’ response
to different luminescent systems were then evaluated by using
the chemiluminescent reactions catalyzed by alkaline phos-
phatase and horseradish peroxidase and the bioluminescent
reaction catalyzed by firefly luciferase. Limits of detection in
the order of attomoles for chemiluminescence enzymes and

femtomoles for luciferase and sensitivities in the range be-
tween 0.007 and 0.1 pA pmol−1 L were reached. We found
that, without the need of cooling systems, the analytical per-
formances of the proposed cartridge are comparable with
those achievable with state-of-the-art thermoelectrically
cooled charge-coupled device-based laboratory instrumenta-
tion. In addition, thanks to the small amount of generated
output data, the proposed device allows the monitoring of
long-lasting reactions with significant advantages in terms of
data-storage needs, transmission bandwidth, ease of real-time
signal processing and limited power consumption. Based on
these results, the operation in model bioanalytical assays
exploiting luminescent reactions was tested demonstrating
that a-Si:H photosensors arrays, when integrated with PDMS
microfluidic units, provide compact, sensitive and potentially
low-cost microdevices for chemiluminescence and
bioluminescence-based bioassays with a wide range of possi-
ble applications for in-field and point-of-care bio-analyses.
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Introduction

Recent progresses in the fields of life sciences and microtech-
nology have led to the development of lab-on-chip (LOC)
devices that can perform analysis of small amounts of sample,
employing portable and miniaturized analytical instrumenta-
tion [1]. However, only few LOC are currently commercially
available and in many cases laboratory equipment is still
required for their operation. Thus, current research efforts
are directed towards the integration of all the necessary
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components into a single analysis tool in order to produce a
true LOC system [2–5].

Among optical detection techniques employed in LOC
devices, bioluminescence (BL) and chemiluminescence
(CL), based on the production of photons as a result of a
chemical reaction, are particularly advantageous for the de-
velopment of ultrasensitive analytical systems in miniaturized
formats, offering high detectability even in small volumes
(due to the very low background) and large dynamic range
of the signal [6–9]. In addition, as the chemical reaction acts as
an internal light source, the equipment required for signal
acquisition is rather simple, with no necessity for excitation
light sources, focusing optics, wavelengths selectors, and
specific design of the measurement cell [10, 11]. These fea-
tures significantly reduce background emission from interfer-
ing compounds or device components usually encountered in
fluorescence-based assays, as well as power consumption.
However, BL and CL usually involve the emission of low
light levels, thus requiring highly sensitive detectors, such as
cooled CCDs or photomultiplier tubes [12] and in most cases
integrated detectors did not offer satisfactory detectability.

We have recently reported a device based on a cooled
charge-coupled-device (CCD) exploiting a lensless contact-
imaging approach. With this system, coupled with a
microfluidic module, it was possible to perform multiplex
BL and CL bioanalytical assays reaching detectability levels
comparable with those obtained with reference laboratory
instrumentation [13–15]. However, although the device was
compact and portable, full integration of the detector and
reduction of power consumption are required to obtain a true
LOC system, still maintaining the same analytical
performance.

One of the most promising materials to this aim is amor-
phous silicon (a-Si:H) and its alloys. The low deposition
temperature (<250 °C), that is compatible with a wide range
of support materials, and the use of microelectronics technol-
ogies for the fabrication of sensor arrays make a-Si:H a good
candidate for application in microfluidic devices [16], where
simultaneous detection of different parallel reactions is need-
ed. In addition, the a-Si:H physical characteristics prompt the
use of this material in different devices, such as solar cells
[17], electronic switching [18], physical [19] and optical sen-
sors. In particular, a-Si:H photosensors are characterized by
very low dark currents and a high quantum efficiency in the
wavelength range from ultraviolet [20] to near infrared [21,
22]. The use of thin-film a-Si:H photosensors for the detection
of biomolecules has been already reported by different re-
search groups [23], for measuring the optical absorbance in
the UV range [24], fluorescence [25, 26], or CL signals
[27–30].

In this work, in order to state the suitability of a-Si:H
photodiodes as ultrasensitive detection devices for LOC sys-
tems, we designed, fabricated and characterized a LOC system

with integrated photosensors and applied it to two different
“model” bioassays. The system includes an array of 16 a-Si:H
photodiodes deposited on a glass substrate, on which a PDMS
unit containing 16 wells was applied to obtain an integrated
microcartridge. A custom portable readout electronic board
was employed. This device, in which the luminescent signal is
generated and measured in close proximity, provides efficient
photon transfer between the sample-well and the
photosensors, as well as very compact dimensions, favorable
for miniaturization.

Firstly, device performances were characterized at the
photosensor level and at analytical level in terms of noise,
sensitivity, detectability with different CL and BL systems,
comparing the analytical performances with reference state-
of-the-art laboratory instrumentation. Finally, the device func-
tionality was successfully tested on two model bioanalytical
BL (cell toxicity assay) and CL (total antioxidant capacity
measurements) assays.

Materials and methods

Reagents

The enzymes horseradish peroxidase (HRP) type VI-A and
alkaline phosphatase (ALP) from bovine intestinal mucosa, as
well as activated charcoal and ascorbic acid were purchased
from Sigma-Aldrich (St. Louis, MO). Firefly luciferase (Luc)
stock solution (5 mg mL−1) was from the ATP Determination
Kit (Molecular Probes). The Super Signal ELISA Femto CL
cocktail for HRP was purchased from Thermo Fisher Scien-
tific (Rockford, IL), while the Lumiphos Plus CL cocktail for
ALP was from Lumigen (Southfield, MI). The BL cocktail for
Luc measurements was Britelite plus (PerkinElmer Inc., Wal-
tham, MA).

Polydimethylsiloxane (PDMS) Silgard 184 pre-polymer
and curing agent were from Dow Corning (Midland, MI).

All solutions were prepared in 0.1 M phosphate buffered
saline (PBS) pH 7.7 employing Milli-Q Plus ultra-pure water.

Materials for photolithography process (photoresist AZ-
1518, developer AZ351B remover AZ100 and etchants for
metals) were purchased from Sigma-Aldrich, while SU-8
2005 photoresist, its developer and its remover were pur-
chased from Micro Resist Technology GmbH (Germany). In
all the microelectronic processes, water for last rinsing was
purified with a Milli-Q Plus (Millipore, R=18.2 MΩ·cm)
ultra-pure water system.

Instrumentation

The Night Owl LB 981 (Berthold Technologies, Bad
Wildbad, Germany) was employed as a reference instrumen-
tation. The system is equipped with a 512×512-pixel back-
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illuminated slow-scan CCD sensor, thermoelectrically cooled
to −50 °C to reduce the background noise. The Winlight 1.2
(Berthold Technologies) software was used for image acqui-
sition and processing. All images were acquired employing a
4-s integration time.

Chemiluminescence and bioluminescence spectra were re-
corded using a Varian Eclipse spectrofluorimeter (Varian Inc.,
Palo Alto, CA).

Photosensor array fabrication

The photosensors are p-doped/intrinsic/n-type stacked struc-
ture deposited on a glass substrate covered with an indium tin
oxide (ITO) layer that acts both as transparent window layer
for the BL and CL signal and as electrical bottom contact for
the a-Si:H diodes. Metal films deposited on the a-Si:H layers
behave both as photosensor top electrode and electrical con-
tact lines. Amorphous silicon layers were deposited by a three
UHV chambers plasma- enhanced chemical vapor deposition
(PECVD) system (from Glasstech Solar Inc.), metal films
were deposited by a BALZERS 510 vacuum evaporation
system while ITO layer was grown by a magnetron sputtering
system from Materials Research Corporation (Orangeburg,
NY, USA).

The fabrication of the photosensor array was performed
through the following steps:

1. Deposition of 150-nm-thick ITO by magnetron sputtering
and its pattering by wet etching (solution of H2O2:HCl=
1:3) for definition of the bottom electrode;

2. Deposition by PECVD of the three a-Si:H layers. The
deposited thicknesses were 10, 400 and 50 nm for the p-
type, intrinsic and n-type material, respectively;

3. Deposition by magnetron sputtering of a three metal layer
stack (30 nm-thick Cr/150 nm-thick Al/30 nm-thick Cr)
acting as back electrode of the sensors;

4. Mesa patterning of the device structure by wet and reac-
tive ion etching for the metal stack and a-Si:H layers
respectively (the area of each photodiode is 2×2 mm2);

5. Deposition of a 5μm-thick SU-8 layer acting as insulation
layer between the back metal and the front TCO contacts;

6. Opening of via holes over the diodes on the passivation
layer;

7. Sputtering of a 100 nm-thick TiW metal layer over the
passivation layer;

8. Patterning of the TiW external contacts for the definition
of the back contact and the external connection of the
photodiodes.

The photolithographic processes were performed using a
TAMARACK 152R mask-aligner for mask reproduction, a
Reactive Ion Etching system (from IONVAC PROCESS,
Italy) for dry etching of amorphous silicon films and a

chemical bench for wet etching of metal films. All the micro-
electronic processes have been performed in a clean room.

After fabrication, the photodiodes have been individually
tested to evaluate their electrical and electro-optical character-
istics. The photosensor current-voltage characteristics were
evaluated using a Keithley 236 Source Measure Unit
(SMU), while the sensor responsivity was measured by using
a quantum efficiency setup, which includes a tungsten light
source, a monochromator (model Spex 340E from Jobin-
Yvon), a UV-enhanced crystalline silicon diode (model DR
2550-2BNC from Hamamatsu) used as reference, a beam-
splitter and focusing optics (from Melles-Griot).

For the characterization of the sensor array as a whole and
for the subsequent experimental part, portable custom readout
electronics has been used for the simultaneous measurement
of the current of the 16 photodiodes [31]. The a-Si:H
photosensor array was connected to the custom readout elec-
tronic board using a flex connector. The low-noise readout
electronics is based on eight ACF2101 dual-channel charge
sensitive preamplifiers from Texas Instruments that integrate
the sensor current providing a proportional output voltage that
is converted to digital by a MAX180 12-bit analog to digital
converter fromMaxim. The sensor bias is sourced by a 12-bit
digital to analog converter whose output has been buffered
with a AD8510 operational amplifier to ensure correct driving
of the large capacitive load represented by the 16 photodiodes
in parallel. The entire front-end board is controlled by a
TUSB3210 microcontroller that also provides the USB link
to an external computer where a graphical user interface
allows to easily operate the entire system from acquisition
setup to data storage.

Microwell cartridges fabrication

Disposable 16-well cartridges with integrated photosensors
were obtained by coupling a 10-mm-thick black PDMS unit
comprising an array of 16 through holes with the glass support
where the 16-photosensor array had been deposited.

Pre-polymer and curing agent were mixed at a 10:1 ratio
(w/w) and activated charcoal (3 %, w/w) was added to obtain
black PDMS mixture, which was vacuum treated for 15 min
to remove air bubbles, then cast in a mold containing 16 pillars
(2×2 mm) in positions corresponding to the photosensors in
the array. After 16 h of polymerization at room temperature,
the structured PDMS was peeled off from the mold and
coupled with the glass substrate aligning the wells with
photosensors and exploiting the sticky nature of partially
cured PDMS, as previously reported [29].

Chemiluminescence measurements

The chip of photosensors was placed inside the CCD-based
Night Owl LB 981 luminograph light-shielded box to ensure
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dark conditions during the experiments and to acquire lumi-
nescent signals simultaneously with the two instruments. A
picture of the measurement setup is reported in Fig. 1.

The ability of photosensors to provide quantitative mea-
surement of the emitted photons down to low light levels was
evaluated by deriving the calibration curve in a concentration
range significant for each specific enzyme.

At the beginning of each experiment, the background sig-
nal was measured for both detection systems in absence of
luminescent solutions. For each measurement 2 μL of enzyme
solution (HRP, ALP, or Luc) at different concentrations (buff-
er for the blank) and 8 μL of the respective luminescent
cocktail were dispensed in the wells. The measurements of
the luminescence signals were performed with a delay of 20 s
after the closure of the dark box, to ensure that the signal
measured by the photosensors was not altered by a memory
effect due to exposure to ambient light [32]. The luminescent
signal was monitored with the a-Si:H photosensors and the
CCD simultaneously, through consecutive acquisitions of the
same integration time to enable a comparison of analytical
performance of the two devices. In particular, the integration
time used for each acquisition was 3.98 s for the photosensors
(thus enabling a measurement of photocurrent every 4 s) and
4 s for images acquired with the CCD. The CCD frame rate
was one image every 15 s, as a trade-off between time reso-
lution of process monitoring and data-storage requirements.

Each point of the calibration curve corresponds to the
plateau value of photocurrent measured during the entire
luminescent reaction kinetics averaged over three independent
measurements.

The reported limits of detection (LOD) have been calculat-
ed as the enzyme concentration whose signal corresponds to
three times the standard deviation of the blank signal,
which is the signal measured when the CL cocktail was
poured in a well without the enzyme. Such standard
deviation accounts for electronic noise, photodiodes shot
noise, as well as the variation of the low autoluminescence
of the CL cocktail.

Cytotoxicity test

A volume of 100 μL of human embryonic kidney cells
(HEK293) genetically modified to stably express Luc (6,000
cells suspended in liquid culture medium) was incubated with
100 μL of dimethyl sulfoxide (DMSO) at different concentra-
tions (in the range 2–50%, v/v in culture medium, only culture
medium for the blank) for 90 min at 37 °C. Then, 20 μL of the
mixture were transferred in the PDMS cartridge wells and,
upon addition of 20 μL of BL cocktail, photons emission was
acquired as reported above (4 s consecutive acquisitions for a
total of 10 min).

Total antioxidant activity measurements

Ten microliters of ascorbic acid solutions (between 0 and
50 μM, only buffer for the blank) was dispensed into each
well of the PDMS microcartridge in duplicate, then 20 μL of
Super Signal ELISA Femto CL cocktail containing the en-
zyme HRP (4 pg μL−1) was added. In parallel, 10 μL of two
red grape must extract samples (one ethanol extract and one
aqueous extract) were assayed in triplicate, upon dilution with
water (1:500 and 1:100, v/v, respectively). Photons emissions
were acquired at 4-s frame rate for a total of 10 min in order to
assess the kinetics of CL emission.

Results and discussion

Integration of all the key elements in a single miniaturized
analytical device is currently one of the main issues to be
solved for the realization of true and effective micro total
analysis systems (μTAS). Among optical detection principles,
CL offers low detection limits in small volumes and rapidity
and it is thus particularly suited for LOC applications [33–37].
Due to the small volumes employed in miniaturized analytical
devices and to the low light emission inherent in all BL and

Fig. 1 Experimental setup: a
schematic overview of the
16-well microcartridge with
integrated a-Si:H photosensors
positioned in the CCD-based
luminograph. b Close view of the
photosensors array
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CL reactions, highly sensitive radiation detectors must be
employed, along with configurations ensuring high collection
efficiency of photons. In addition, to ensure multiplex capa-
bility, either imaging devices or photosensors arrays are
required.

In this work, we propose disposablemicrocartridges for BL
and CL-based bioassays integrating arrayed a-Si:H
photosensors. To enable out-of-laboratory applications, cus-
tom portable readout electronics has been used for the simul-
taneous measurement of the currents of the 16 photodiodes.
Sensors architecture and custom readout electronics design
have been optimized to reach the required detectability and to
ensure adequate reproducibility of response between sensors
in the array. The arrayed a-Si:H photosensors were coupled
with a PDMS unit to obtain disposable cartridges containing
16 black wells with clear bottom (40 μL each) in which
chemical reactions are performed in close proximity to the
sensors, fabricated on the opposite glass substrate side to
avoid issues of chemical compatibility.

Each photodiode has been first tested regarding its electri-
cal and electro-optical characteristics. Then, the analytical
performance of the arrayed a-Si:H photosensors in the mea-
surement of BL and CL emissions was evaluated, as com-
pared with reference cooled slow-scan CCD-based imaging
instrumentation. Finally, their ability to provide real-time
measurement of evolving BL and CL reactions was exploited
for performing model luminescent bioassays, namely a BL-
based cytotoxicity assay and a CL enzyme-based assay for
total antioxidant capacity measurement.

Photosensor characterization

The a-Si:H photosensors were characterized by measuring
both the current-voltage (I-V) curve in dark condition and
the spectral response in the visible range (Fig. 2). These
measurements allow to determine the dark current noise in
the operation condition and the sensor sensitivity at the differ-
ent wavelengths.

Figure 2a reports the average I-V characteristics of three
different diodes of the array, measured in dark conditions. The
photodiodes characteristics are quite uniform all over the array
with a value of the dark current in the order of 10−10 A cm−2 in
reverse bias conditions. Taking into account that the mea-
surements have been taken with a signal bandwidth of 1 Hz
and that the photosensor area is 4 mm2, the root-mean-
squared (rms) dark current noise was calculated to be around
1.6 fA. This value is below the experimental noise intro-
duced by the experimental characterization setup, which is
around 10 fA.

Quantum efficiency curves averaged over three different
photosensors of the array are reported in Fig. 2b. Again, a
good uniformity of response over the array can be inferred.
The thickness and doping of the different a-Si:H layers have

been designed in order to achieve a wide spectral response,
that enables the use of different BL and CL reactions with the
same device, exploiting the advantages of chemical lumines-
cence over photoluminescence, where the need of the filtering
of the excitation light impacts on the design of the photosensor
structure and assay sensitivity. The normalized emission spec-
tra of the three luminescent reactions considered in this work
are also reported in Fig. 2b for comparison. The luminol/
peroxide/enhancer CL reaction catalyzed by HRP has a max-
imum emission at 425 nm, while the CL reaction catalyzed by
ALP in the presence of Lumiphos Plus cocktail displays a
maximum emission at 470 nm. The firefly Luc-luciferin ATP
Mg2+ BL reaction has a maximum emission at 565 nm. All the
considered luminescence emission spectra, spanning from
violet-blue to yellow-greenish light, match reasonably well
with the response of the photodiodes. It is worth noting that

Fig. 2 Characteristics measured for three diodes of the a-Si:H array: a
current-voltage curves; b normalized quantum efficiency curve. The
maximum of the quantum efficiency curve, occurring at 580 nm, is equal
to 0.72. In the same graph, the emission spectra of the luminescent
reactions studied in this work are shown: each spectrum is normalized
to its maximum emission value
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spectral response can be differently tuned for other specific
wavelengths of interest by proper sensor design, thus possibly
extending applications also to red-shifted BL and CL
reactions.

According to the QY curve, the photosensor responsivity at
the emission wavelength of the investigated molecules can be
derived. Starting from the definition of the responsivity (R) as:

R λð Þ ¼ QY λð Þ:λ
.
1; 240 nmð Þ

we infer that the photosensor responsivity is equal to 140, 235
and 320 mAW−1 for the luminescent reactions catalyzed by
HRP, ALP and Luc, respectively.

It is worth now to compare the main characteristics of our
photosensor with other optical detectors integrated in
microfluidic chip. Table 1 reports the responsivity, dark level,
size and noise level of devices based on both organic and
inorganic materials.

We can observe that the performances of our photosensor
are within those of the other proposed systems. Our device
shows a lower responsivity at 425 nm with respect to that
reported by Pereira et al. [38], but it presents lower dark
current and better noise performances. The very high
responsivity showed by the graphene-based photosensor,
due to its internal gain, is counter-balanced by a much higher
dark current, higher thermal budget and more complex fabri-
cation process [39]. Photodetectors based on organic materials
present good performances in terms of both responsivity and
dark current levels, even though their fabrication and technol-
ogy processes are not completely assessed [40, 41].

Results presented in more details in the next sections will
show that the characteristics of the proposed system make it

suitable for lab-on-chip analysis requirements, since its ana-
lytical performances are very close to that of cooled back-
illuminated CCD-based reference instrumentation.

Bio- and chemiluminescence measurements

Chemical luminescent measurements were performed by
using three luminescent systems that are widely used in
bioanalytical applications, namely, CL reactions catalyzed
by HRP or ALP enzymes (widely used in enzyme-based
assays and binding assays as gene probe hybridization and
immunoassays), and the BL reaction catalyzed by firefly Luc
(employed as a reporter gene in recombinant cell-based bio-
sensors). Results are summarized in Table 2. In chemical
luminescence reactions, light detected is a transient product
of the reaction that is only present while the enzyme- enzy-
matic substrate reaction is occurring. When the enzyme is
employed as a label, the enzymatic substrate is added in
excess to obtain light emission proportional to enzyme
amount.

Calibration curves were obtained for each enzyme, mea-
suring light emission in parallel with the a-Si:H photosensors
and the CCD-based luminograph. It has to be pointed out that
the CCD sensor was thermoelectrically cooled down to
−10 °C, which decreases the background signal (both in terms
of absolute value and instrumental noise) due to the thermal
generation of electrons, while the a-Si:H photosensors were
employed at room temperature (about 25 °C) in view of their
use in a on-the-field application as well as to avoid cooling
down of biological reactions that occur on the opposite side of
the same glass substrate, which would largely affect their
kinetics.

Table 1 Characteristics of the reported a-Si:H photosensors, as compared with the reference CCD-based luminograph and with other recently reported
devices based on both organic and inorganic materials

Device Responsivity Dark level Sensor size Noise level

a-Si:H photosensor [38] 200 mAW−1 (λ=425 nm) 10−9 A cm−2 200×200 μm2 2.10−10 A cm−2

(due to the luminescent
measurement)

Graphene phototransistor [39] Up to 103 AW−1 @ λ=532 nm
(depends on the light intensity
and applied voltage)

Up to 200 mA @ −40 V 80 μm2 10−8 A Hz−1/2 @ 1Hz
modulation frequency

Organic photodetector
(made in P3HT:PCBM) [40]

200 mAW−1 @ 550 nm
(very low below 450 nm)

0.59 μA cm−2 1 mm2 –

Polymer photodiode (made
in PCDTBT: PC70BM
and PEDOT:PSS) [41]

∼250 mA W−1

(in the range 425–500 nm)
2 pA 4×4 mm2 –

CCD-based Night Owl LB 981
(Berthold Technologies, Bad
Wildbad, Germany)

242 mAW−1 (λ=425 nm) ≤5 10−4 e− pixel−1 s−1 7 e− RMS
258 mAW−1 (λ=470 nm)

274 mAW−1 (λ=565 nm)

Our device (a-Si:H photosensor) 140 mAW−1 (λ=425 nm) 10−10 A cm−2 2×2 mm2 250 fA cm−2

235 mAW−1 (λ=470 nm)

320 mAW−1 (λ=565 nm)
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Alkaline phosphatase

Calf intestinal ALP is a 160 kDa enzyme often employed as a
marker for CL assays employing 1,2-dioxetane derivatives as
enzymatic substrates. In this work, a CL cocktail for ALP
containing 4-methoxy-4-(3-phosphatephenyl)spiro [1,2-
dioxetane-3,2′-adamantane] disodium salt (AMPPD) and an
enhancer (which increases the duration and intensity of the
emission) was employed. The catalytic action of the enzyme
onAMPPD results in dephosphorylation of the aryl phosphate
moiety of the dioxetane with subsequent cleavage of the 1,2-
dioxetane ring, production of a phenolate moiety in its excited
state, and photons emission [42].

A typical curve of the kinetics of photon emission mea-
sured with on-chip a-Si:H photosensors is reported in Fig. 3,

in which 2 μL of a 3×10−4 mg mL−1 ALP solution (corre-
sponding to 2 fmol of deposited enzyme), and 8 μL of
Lumiphos plus CL cocktail were mixed.

The figure reports the sensor photocurrent calculated from
the total measured current by subtracting the dark current
value measured before adding the enzyme, which was stable
for more than 10 min (CV 0.7 %). The dark current level was
around 8 pA for all the photodiodes of the array: this baseline
value also accounts for the very weak spontaneous light
emission of the CL cocktail in the absence of enzyme. The
variance of the baseline signal corresponds to the practical
noise of the system, mainly due to the intrinsic photodiode
current shot noise, the preamplifier noise and the switching
(kTC) noise contributions. Upon enzyme addition, the photo-
current response rapidly increased during the first 5 min and
then remained at plateau for at least 5 min (10.8±0.1 pA, inset
in Fig. 3) finally decreasing very slowly to the baseline level in
approximately 2 h, due to the consumption of CL reagents
and/or inactivation of the enzyme. The observed behavior,
which was confirmed by the reference CCD system, reflects
the typical kinetics of the CL reaction of 1,2-dioxetane com-
pounds catalyzed by ALP [43].

Results show that the a-Si:H photosensors rapidly respond
to changes in the CL signal and return to dark signal levels
upon completion of the reaction, without any memory effect,
thus enabling real-time detection of evolving CL reactions. In
addition, the amount of data corresponding to the entire ki-
netic curve reported in Fig. 3, with 4-s time resolution, oc-
cupies about 64 kB of memory, while the 480 raw images,
acquired by the CCD camera every 15 s, occupy at least
235MB (495 kB for each frame). This has a significant impact
not only on the data-storage and data-transmission bandwidth,
but also on the algorithm complexity and computing time for
data analysis.

Table 2 Parameters of the calibration curves obtained for the three
assayed luminescent reactions and the two types of detection systems
employed

a-Si:H photosensors
array

CCD-based
luminograph

Alkaline phosphatase

R2 value 0.998 0.997

Sensitivity 0.012 pA pmol−1 L 29 RLU pmol−1 L

Limit of detection 30 pmol L−1 19 pmol L−1

Firefly luciferase

R2 value 0.999 0.998

Sensitivity 0.0067 pA pmol−1 L 30 RLU pmol−1 L

Limit of detection 500 pmol L−1 160 pmol L−1

Horseradish peroxidase

R2 value 0.989 0.999

Sensitivity 0.45 pA pmol−1 L 1300 RLU pmol−1 L

Limit of detection 1.6 pmol L−1 0.7 pmol L−1

Fig. 3 Kinetics of photon emission of ALP CL system measured with
on-chip a-Si:H photodiodes

Fig. 4 Calibration curve for ALP employing the Lumiphos Plus CL
cocktail. Circles and squares refer to the measurements achieved with
a-Si:H photosensors and CCD camera, respectively
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Calibration curves obtained for the enzyme ALP (in the
range between 5 and 100 pg μL−1) employing the 1,2-
dioxetane-based CL cocktail are reported in Fig. 4. Circles
and squares refer to the data measured with the a-Si:H
photosensors and with the CCD-based detector, respectively.
Each point referring to the specific ALP concentration is the
maximum of the kinetic curve with respect to the signal
baseline, averaged over three different experiments. Both
curves present an excellent linearity in the investigated range
of concentration.

From Fig. 4, the measured sensitivity of the a-Si:H
photodiodes is 38.5 fA pg−1. The calculated LOD at
three sigma is 5 pg μL−1 (corresponding to 65 amol
of deposited enzyme), taking into account that the mea-
sured standard deviation of the blank signal is 120 fA.
Comparisonwith the LODof 2.8 pgμL−1 obtained employing
the CCD demonstrates equivalent performances with state-of-
the-art laboratory instrumentation.

Luciferase

Firefly Luc is one of the most widely used reporter proteins for
the study of gene expression and for reporter gene-based
whole-cell biosensors. Wildtype Photinus pyralis luciferase
is a 62-kDa protein that in the presence of Mg2+, ATP and
molecular oxygen oxidizes its enzymatic substrate, firefly
luciferin, emitting yellow-green light (emission maximum
∼560 nm). At this wavelength the quantum efficiency of the
a-Si:H photosensors is maximum, around 0.72, as shown in
Fig. 2b.

Calibration curves were obtained for Luc (in the range
between 20 pg μL−1 and 2 ng μL−1) employing the
luciferin/ATP-based BL cocktail (Fig. 5). A LOD of
30 pg μL−1 was calculated (corresponding to 1 fmol of

deposited enzyme), while 10 pg μL−1 was the LOD obtained
with the CCD-based detection.

This is the first report about the measurement of Luc
signals with integrated a-Si:H photosensors, which extends
possible applications to BL-based assays, such as recombinant
whole-cell biosensors for environmental or life science
applications.

Horseradish peroxidase

Horseradish peroxidase, which is largely employed in
bioanalytical assays owing to its rather low dimension
(44 kDa) and high turnover rate, catalyzes the reaction be-
tween a hydrogen acceptor (such as hydrogen peroxide) and a
hydrogen donor, namely luminol in CL systems. Luminol is
oxidized to produce 3-aminophthalate in its excited state,
which decays to a lower energy state by releasing photons
withmaximum emission at 425 nm. The addition of enhancers
(such as substituted phenols, substituted arylboronic acid de-
rivatives and other molecules) increases the enzyme turnover
number and the equilibrium concentration of the key interme-
diate luminol radical anion, providing more intense,
prolonged and stable light emission [44, 45].

Figure 6 reports the calibration curves, each as the average
of three independent measurements, obtained for the enzyme
HRP (between 0.025 and 50 pg μL−1) via CCD camera
and photosensors. The signal shows in all cases a good corre-
lation with the amount of enzyme present. In particular, by
comparing two calibration curves (solid and open circles)
obtained employing different a-Si:H photosensor chips pro-
duced in different sessions, very high inter-chip reproducibil-
ity can be observed. In addition, the calibration curves

Fig. 5 Calibration curve for Luc employing the Britelite plus BL cock-
tail. Circles and squares refer to the measurements achieved with a-Si:H
photosensors and CCD camera, respectively

Fig. 6 Calibration curve for HRP employing the SuperSignal ELISA
Femto CL cocktail. Open and solid circles refer to the measurements
achieved with a-Si:H photosensors produced in two different fabrication
runs and acquired with the Keithley 236 SMU and with the custom
readout electronics, respectively. Squares refer to the measurements
achieved with the CCD camera
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obtained employing the photosensors are consistent with CCD
results. Limits of detection were found to be 70 fg μL−1

(corresponding to 3 amol of deposited enzyme) for the
photosensors, which was only 2.3 times higher than the
LOD obtained for the CCD measurement in the same exper-
imental conditions and consistent with previously reported
LOD values [43]. The linear response extends up to
5 pg μL−1. Although a slight deviation from linearity is
observed at higher concentrations, due to the fact that the
CL reagents are not in sufficient excess with respect to en-
zyme amount as previously reported [29], the dynamic range
of the curve covers three orders of magnitude of enzyme
concentrations.

Sensors array characterization

The array of photosensors is designed to allow the simulta-
neous measurement of 16 different luminescent reactions,
occurring simultaneously in a spatially resolved configuration,
thus leading to a system suitable for multiplex bioassays. For
this purpose, it is necessary to ensure that all the photosensors
uniformly respond to a given light signal, independently on
their position on the array, and to verify absence of crosstalk
phenomena among adjacent photosensors.

Inter-sensor reproducibility

First, inter-sensor reproducibility was assessed by depositing
on each photodiode an aliquot of the same CL cocktail con-
taining HRP at low (0.2 pg μL−1) and high (2 pg μL−1) levels.
Signals were acquired simultaneously for all the photosensors,
obtaining a maximum variability of the signal between
photosensors of 3 %.

Crosstalk

The inter-site crosstalk was assessed by pouring HRP CL
solutions at different concentrations in the highest investigated
range (between 0.2 and 50 pgμL−1) in one of the black PDMS
wells and by comparing the signal of the selected site with that
of the all neighboring sites. The crosstalk signal between
photosensors results negligible being well below the noise
level of the sensors, thus proving that the geometrical design
of the array in terms of sensor size and spacing, combined
with the use of black PDMS structure for sample confinement
is correct making the device suitable for the simultaneous
measurement of multiple analytes.

Model luminescent bioanalytical assays

Reported data show satisfactory performance of a-Si:H
photosensors, as compared with state-of-the-art laboratory
instrumentation. Indeed, despite reduced size and power

consumption, as well as absence of photosensors cooling, they
provided limits of detection that are only slightly higher than
those obtained with reference instrumentation in the same
conditions. In these experiments, a 4 s integration time was
employed, however, if lower limits of detection are required,
the use of longer signal integration times will increase signal-
to-noise ratio, which grows with the square root of the signal
integration time.

With such stated performance, the applicability of the
integrated a-Si:H photosensor array to real bioanalytical as-
says was evaluated, by application of a model BL cytotoxicity
assay and a CL total antioxidant capacity assay. In the latter,
the possibility to follow the CL emission in real-time over a
large number of consecutive acquisitions and conveniently
store and eventually process the acquired data is crucial for
assay performance.

Bioluminescence cytotoxicity assay

To prove applicability to cell-based bioassays, a model cyto-
toxicity assay was performed employing the microwell PDMS
cartridge. For this purpose, HEK293 cells genetically modi-
fied to stably express Luc were treated with DMSO at differ-
ent concentrations (in the range 2–50 %v/v) as a model toxic
compound. The addition of DMSO to the cells suspension
causes cell membrane disruption, leading to a reduction in cell
metabolism and viability, thus lowering the BL signal.

The BL emission of the blank was set to 100 %, then BL
emission of treated cells was normalized accordingly and
plotted against DMSO concentration, as reported in Fig. 7.
As expected, the toxic effect of DMSO resulted in a sharp
decrease in the BL signal, and a half lethal concentration
(LC50) of 13 % (v/v) DMSO was calculated as the DMSO
concentration producing a 50 % reduction in light.

Fig. 7 Normalized cytotoxicity curve for DMSO, as measured employing
a-Si:H photosensors
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Chemiluminescence measurement of total antioxidant
capacity

A CL assay for measuring total antioxidant capacity in bio-
logical samples was applied on the developed microcartidge
with integrated photosensors array. The assay is based on the
ability of antioxidants (i.e. compounds with a reduction po-
tential lower than that of luminol) to quench the enhanced
HRP-catalyzed luminol CL reaction [46]. As a consequence,
CL emission is quenched as long as antioxidants are present in
the mixture and it recovers as soon as all antioxidants are
oxidized. The recovery time is employed to determine the
total antioxidant capacity of a sample, as compared with the
response of a standard antioxidant (in this work ascorbic acid).
In this type of assay, the ability to simultaneously record in
real-time the evolving CL reactions is fundamental as the
analytical information is given by the time of the 50 % signal
recovery.

Figure 8 (top) reports the evolving signals measured for the
CL cocktail in the presence of different amounts of ascorbic
acid. By plotting the time of 50 % signal recovery against
ascorbic acid concentration, a linear calibration curve was
obtained.

In parallel, two extracts from red grape juice were assayed,
one obtained through extraction in water and one in ethanol.
Preliminary experiments allowed establishing that the optimal
dilution factor to obtain signal recovery within 10 min was
1:100 (v/v) and 1:500 (v/v) for the aqueous and the alcoholic
extracts, respectively. As expected for samples containing a
mixture of different antioxidant compounds, a smooth in-
crease of the CL signal is observed (Fig. 8, bottom), as

compared with sharp increase of the CL signal observed in
the presence of the standard antioxidant ascorbic acid. The
time of 50 % signal recovery of each sample interpolated on
the calibration curve, which provided the total antioxidant
capacity of the sample expressed as ascorbic acid equivalents,
was: 14 mM for the ethanol extract and 3.5 mM for the
aqueous extract, showing, as expected, a higher antioxidants
extraction ability of alcoholic solutions with respect to aque-
ous ones.

Conclusions

In the present work, the performance of a new photosensors
chip was evaluated in view of its application for the develop-
ment of a BL and CL-based LOC device integrating the
analytical detection system and the transduction into the chip.

The a-Si:H photosensors used in this work were deposited
on a glass support and patterned in a 4×4 matrix in order to
allowmultiplex analyses. The opposite side of the support was
coupled with a multiwell PDMS microcartridge in order to
carry out the luminescence reactions in positions correspond-
ing to the sensors, for optimal optical coupling. The a-Si:H
photosensors are inexpensive to manufacture and they are
amenable to fabrication in different sizes, from the hundreds
of micrometers to tens of millimeters scale. For multiplex
applications, they can be produced in arrays, in which the
number of sensors is virtually limited only by the size of the
glass substrate and their density by the crosstalk phenomena,
which can be controlled by careful design of the array geom-
etry [38].

When tested on BL and CL reactions catalyzed by en-
zymes, which are frequently employed in bioassays, the
photosensors show low instrumental noise levels, a good
inter-sensor reproducibility within the array, negligible
crosstalk between adjacent sensors, and LOD values fairly
well comparable with those obtained employing reference
laboratory instrumentation. In particular, the limits of detec-
tion in the order of attomoles to femtomoles calculated for
HRP, AP and firefly Luc enzyme labels and the linearity of
response extending up to three orders of magnitude make the
a-Si:H photosensors valuable candidates for analytical appli-
cations in BL and CL-based LOC devices.

The competitiveness of a-Si:H photosensor array with re-
spect to cooled CCD detectors regards both device dimensions
and costs, without a significant loss in detectability. It is
important to note that, while the CCD results refer to thermally
cooled device, the a-Si:H photosensor performances were
achieved at room temperature (about 25 °C) showing that
the proposed system is suitable for in-the-field applications.
In addition, the digital memory occupancy of the measured
data in the presented multiwell cartridge is significantly lower

Fig. 8 Real-time monitoring of CL emission of the HRP/CL cocktail in
the presence of ascorbic acid standard solutions (upper panel) or red
grape juice extracts (lower panel). Signals have been normalized with
respect to the CL signal measured at each time point for the blank (HRP/
CL cocktail added of buffer instead of antioxidants)
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than those of image-based systems, which positively affects
not only the data storage but also the algorithm complexity
and computing time for data analysis.

The multiwell cartridge with integrated photosensors might
find application in the development of rapid homogeneous
assays, while for heterogeneous assays, integration of the
arrayed photosensors in a microfluidic device will be best
suited and it is subject of currently ongoing work. We can
state therefore that the proposed a-Si:H photosensor array,
when integrated with microfluidic chips, provides compact,
sensitive and potentially low-cost microdevices for BL- and
CL-based bioassays with a wide range of possible applications
for in-field and point-of-care bio-analyses.
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