




                       

of the device and to define the slope of the sensing response
curve [Fig. 1(c)]. This estimation is also used to calculate
the equivalent biofilm thickness for this FP interferometers,
considering a refractive index n = 1.42, as it is usually
employed [37].

Therefore, by measuring the reflectivity profile of each
Al2O3 interferometer and inferring its thickness, as well as
measuring the reference interferometer (Si3N4) spectrum along
with the experimental emission for both optical channels,
(3) can be resolved to obtain the �IROP read-out signal as
a function of the Al2O3 thickness and the equivalent biofilm
thickness [Fig. 1(c)].

As a result, for this case of study, the sensitivity defined
as the slope of the �IROP (%) signal as a function of the
biofilm thickness (nanometer) is 145.35% �IROP per nanome-
ter of biofilm, in comparison with the sensitivity obtained
for our previous work and calculated as 3.079% �IROP per
nanometer of biofilm.

In order to obtain the limit of detection (LoD) of the device,
the expanded uncertainty is calculated as presented in the
following equation:

U = 3 · s2

n
+ (�IROP−RES)2

12
. (4)

In this equation, �IROP−RES can be calculated as in (5),
where (ADCRES) is the resolution of the analog-to-digital
converter. This calculation resolves in a value of 0.0012
for (�IROP−RES)

2/12. Therefore, this value is negligible in
comparison with the experimental standard deviation value
calculated for the nine repeated measurements carried out by
the read-out device in each sensing cell (SC). This standard
deviation leads to an expanded uncertainty value of 3.35%
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In addition, the LoD can be calculated as the expanded
uncertainty divided by the experimental sensitivity, which
resulted in LoD of 0.02 nm of biofilm.

A. Biotransducers Design and Fabrication—
KITs Implementation

As stated previously, the IROP-based system developed in
this paper requires two interferometers (signal and reference)
to carry out the measurement. The reference interferometer has
been already described but the signal interferometer presents
a different configuration in order to be able to carry out the
accumulation and recognition of biomolecules with the highest
sensitivity and using low reagents concentration and volume.

Signal transducer consists of three SCs. When a biore-
ceptor is attached on the SCs for recognizing specifically a
target biomolecule, these biotransducers are called BICELL
(Biophotonic SCs) [38]. For this paper, the dimension of each
BICELL has been reduced to only 100 μm of diameter and
made of a SU-8 resist plus a very thin film of nitrocellulose
suitable for biomolecules adsorption. This stack of thin layers
is over a thin layer of SiO2 and a Si substrate, forming a

Fig. 2. (A) Optical image of a glass substrate KIT with a chip of three wells.
(B) Optical image of the chip with the three wells. (C) SEM image of a single
well with the FP transducer or SC in the middle. (D) SEM micrograph with
the FP transducer circle shaped with a diameter of only 100 μm.

well (see Fig. 2). The fabrication steps for these BICELLs
are described in detail in [39]. However, the reason for the
reduction of the SCs diameter to 100 μm, instead of 800 μm,
is justified by the expected improvement in concentration sen-
sitivity when reducing the volume of sample deposited in each
well. This is because for a given sample volume, the lower
the size of the sensing area, the higher the concentration of
biomolecules on that sensing area, in terms of an absolute
number of biomolecules per area, and finally, the higher the
equivalent biofilm thickness [40].

Once the transducer is fabricated and implemented in a glass
substrate to ease its manipulation, it confirms a KIT, which is
validated by measuring the interference response of each SC
using a high-resolution FTIR-VIS spectrometer.

B. Description of the Optical Read-Out Device
The optical read-out device consists of two identical optical

systems to carry out the FP signal and reference interferom-
eters interrogation simultaneously and an electromechanical
system to be able to interrogate several consecutive SCs in a
single measurement. Fig. 3 shows a technical drawing of the
device with its main components.

In order to be capable of reading SCs of 100 μm, a laser
diode module substitutes the LED used as light source for
the previous platform [1]. This laser module includes cus-
tomized optics to reach a 60-μm-diameter spot at a working
distance of 35 mm. The photoreceptor selected (S2386-18L
Hamamatsu) completes the optical system, with a configura-
tion of 13° between both components.

The electromechanical system consists of high-precision
linear guideways to go through x- and y-axis, connected
to stepper motors and controlled by the electronic system
integrated in a single board. These elements combined reach
a resolution of five micrometers in both axes. As presented
previously, the KIT consists of three SCs of 100 μm of diam-
eter over an antireflective coating based on 215 nm of SiO2.
The system developed carries out the measurement of the SC
within the kit sequentially and it utilizes the signal contrast
between the SC and the antireflective coating as a positioning
feedback. The XY-positioning system allows scanning the
reflective signal of the complete KIT and localizes the exact
position of the center of the SC.

C. Immunoassay Procedure
A direct immunoassay is performed for the recognition

of CRP where the SC surface is biofunctionalized with a
linker protein (A-protein) [41], followed by the anti-C-reactive
antibody and a blocking step with polyvinylpyrrolidone [42]
to avoid unspecific absorption.
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