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Abstract— In previous work, the performance of a compact and
cost-effective point-of-care (PoC) device based on the increase
relative optical power (IROP) methodology is reported and it
is determined the enhancement in comparison with standard
high-resolution spectrometry in terms of limit of detection. This
paper describes a new label-free IROP-based biomedical device
capable of working with low concentration of reagents and low
sample volume per measurement in order to be used for screening
different steps necessary in immunoassay optimization. This
new approach significantly improves the sensing performance
in terms of read-out signal (AIROP) per nanometer of biofilm
in comparison with our previous work. This improvement is
achieved due to the implementation of a laser as light source
of the optical read-out system and the redesign of Fabry-Perot
transducers by optimizing their reflectivity response and reducing
their sensing area. For demonstrating the screening capability
of this new PoC device in several immunoassays steps and
methodologies, a C-reactive protein detection assay was carried
out as a potential application and assay model. It is remarkable
that only 10 xL of sample was used per measurement. This label-
free IROP-based device complies an easy-to-use and cost-effective
tool for immunoassays optimization in terms of performance,
reagents cost, and measuring time.

Index Terms— C-reactive protein (CRP), label-free optical
biosensors, point-of-care (PoC) devices, screening of
immunoassays.

I. INTRODUCTION

MMUNOASSAYS techniques based on the specific inter-

action of an antigen and an antibody are widely used as a
diagnosis technique in many fields, from molecular biology to
environmental science. They present several advantages such
as specificity, high throughput, and high sensitivity for a wide
range of analytes, but also some challenges as the reagent
cost, volume sample, and the labeling process for standard
techniques [enzyme-linked immunosorbent assay (ELISA),
western blotting, and immunochemistry] [1]. Optical label-
free biosensors aim to overcome these challenges, avoiding
the labeling process and offering other advantages in terms
of simplicity or measuring time and the capability to monitor
every step in the immunoassay procedure, creating a great tool
for molecular binding screening [2]-[S]. Therefore, optical
label-free biosensors represent a relevant and constantly grow-
ing topic in several fields, such as food control and environ-
mental monitoring [6]-[12], drug control [13], [14], medical
diagnosis [15], [16], or biochemical monitoring [17]-[20].

This paper reports a cost-effective tool for the optimization
of label-free immunoassays that enhances the biomolecules
recognition performance reported in previous work, as well
as reduces significantly the sample volume needed per mea-
surement in comparison with goal standard techniques such
as lateral flow [21], ELISA, or surface plasmon resonance-
based devices [22]-[24]. It is worthy to mention here that
reducing the amount of sample volume, as well as the chemical
reagents needed for developing the diagnostic results, will
permit to diminish the time for obtaining the screening results
in a cost-effective manner. Moreover, when an immunoassay
has to be designed for detecting a target biomolecule, all the
necessary steps related to the immobilization of bioreceptors
onto the sensing surface, the blocking agents to avoid the
unspecific bounding, and the effectiveness of the recognition
need to be optimized. The goal of this paper is to present an
efficient biomedical device for optimizing the immunoassays
development by using low volume of reagents in a label-free
approach. To demonstrate this, it is performed the optimiza-
tion steps for developing the screening of a direct label-free
immunoassay for the recognition of C-reactive protein (CRP).
This protein is a well-known biomarker for inflammatory,
cardiovascular, and infections processes, as well as for other
applications such as Crohn’s disease or Colon cancer [25], [26]
and its detection has been the goal for several diagnosis
devices developed over the years [27]-[32].

II. BACKGROUND THEORY

Previous works [33], [34] reported in detail, the increased
relative optical power (IROP) methodology that quantifies the
biomolecule accumulation or recognition in the sensing area.



In these publications, the IROP (%) signal (2) is calcu-
lated as a function (frrans) defined as the quotient of the
optical power measured in two Fabry—Perot (FP) interferom-
eters, signal (Isig) and reference (/ref), for a specific optical
interrogation band (wnj, wnp) (1)

Isig[wny, wn,]

Sfrrans[wny, wny] = (N
Iref[wny, wns]
IROP(%) = (frrans — 1) - 100
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In addition, the AIROP (%) value is described as follows,
and it is defined as the variation in the optical read-out for
signal interferometer due to the biomolecule accumulation or
recognition on the sensing surface:

m 1o
AIROP(%) = 100 - (M)
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In the new approach detailed within this paper, the light
source for the optical interrogation of both signal and ref-
erence FP interferometers is an infrared laser diode mod-
ule (UL5-3.5G-850-C-E World Star Tech), which substitute
the LED used in our former publications. The laser emission
spectral range is between 846.2 and 846.6 nm (11817.5cm~! -
11811.9 cm™"). Therefore, the optical interrogation band is
reduced from 56 nm in the LED system to 0.4 nm in this
new approach and it is now narrow enough to interrogate the
signal interferometer at the maximum slope of its reflectivity
spectrum. This enhancement in the optical interrogation band
translates in a major variation in the optical power before
and after the biomolecule accumulation on the sensing sur-
face (Ié‘ig— ]gi ), in comparison with our previous work.

Regarding ﬁ'le reference interferometer implemented in this
new approach, an optimized redesign based on a thin film
of 526 nm of silicon nitride (Si3N4) over a Si substrate
allows the interrogation on the minimum reflectivity signal.
The minimum optical power measured in the reference inter-
ferometer (Iref) combined with the interrogation of the signal
interferometer at its maximum slope (/sjg) translates in a con-
siderable enhancement in the system performance for screen-
ing the read-out signal variations during the interrogation
process.

In order to characterized this new device and obtain the
experimental signal of AIROP (%) and the system sensi-
tivity (see Fig. 1), it is used the same methodology as
previously reported, which consists on fabricating several FP
interferometers of Al,O3 over a Si substrate using atomic layer
deposition (ALD) technique. The interferometers fabricated
present increasing thicknesses of Al,O3 (2.5, 5, 10, and 20 nm)
and can be used to simulate thin layers of biofilm.

Bruker Vertex 70, a Fourier transform visible and infrared
spectrometer (FTIR-VIS) is used for the characterization of
these Al,O3 interferometers as well as the reference interfer-
ometer. In addition, the experimental emission spectra in the
wavelength of both lasers included in signal and reference opti-
cal channels are obtained using a high-resolution CCD spec-
trometer (Mightex Systems) [Fig. 1(a) and (b)]. These spectra
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Fig. 1. (a) and (b) Experimental spectra, obtained using FTIR-VIS

spectrometer, for FP interferometers with Iz (0 nm) being the spectrum for
an FP interferometer with 0 nm of AlO3 and ;g (15 nm) the spectrum of
an FP interferometer with 15 nm of Al>O3. The spectra curves between these
two represent increasing thickness of Al,O3 between 0 and 15 nm. It also
presents the emission spectra for the laser diodes implemented in signal and
reference optical channels. (¢) AIROP (%) read-out signal calculated from
the experimental spectra curves in (a), and represented as a function of the
Al,O3 thickness and the equivalent biofilm thickness.

allow to infer the thickness of the Al,O3 deposited by ALD,
assuming a refractive index between n = 1.65 and n = 1.76
as reported for this fabrication technique [35], [36].
Although the absolute Al,O3 thickness is not the goal of this
paper, it is needed in order to evaluate the sensing performance



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
Al O3 interferometer and inferring its thickness, as well as
measuring the reference interferometer (SizNy4) spectrum along
with the experimental emission for both optical channels,
(3) can be resolved to obtain the AIROP read-out signal as
a function of the Al,O3 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 AIROP (%) signal as a function of the
biofilm thickness (nanometer) is 145.35% AIROP per nanome-
ter of biofilm, in comparison with the sensitivity obtained
for our previous work and calculated as 3.079% AIROP 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:

2 (Aop_ges)’
n 12

Uu=3. 4)
In this equation, Arop—rgs can be calculated as in (5),
where (ADCRrgs) is the resolution of the analog-to-digital
converter. This calculation resolves in a value of 0.0012
for (AIRop,REs)Z/IZ. 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 um 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 SiO, and a Si substrate, forming a
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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 xm.

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 xm, instead of 800 xm,
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 um, 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-um-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 gm of diam-
eter over an antireflective coating based on 215 nm of SiO,.
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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Fig. 3. (a) Read-out methodology scheme. (b) computer-aided design design
for both optical channels (reference and signal), based on a laser and a
photodiode implemented in a mechanical platform to properly line-up the
light beam. (c) CAD design for the read-out system based on the optical
channels and an XY-positioning stage.

As it was mentioned earlier, the main goal of this devel-
opment is to carry out the screening of different optimization
steps of immunoassays. Therefore, the experiments presented
in the next lines will analyze several biofunctionalization
protocols and will test different concentrations of the target
protein. This paper tests the performance of the IROP-based
system developed within this paper and its main advantages
as an immunoassays screening tool.

III. EXPERIMENTAL

A. Immobilization Protocols for Anti-C-Reactive

The first step of the direct immunoassay is the biofunction-
alization of the sensing surface. In this paper, four incubation
protocols for the anti-C-reactive immobilization are tested,
with and without linker, for the correct orientation of the
antibody. Table I collects the most relevant parameters for each
incubation step included in the protocols analyzed.

TABLE I
IMMOBILIZATION PROTOCOLS FOR ANTI-CRP ANTIBODY

Protocol Linker protein incubation Antibody incubation
parameters parameters

A A-protein, [C] =20 ug/mL, [C]= 100 pg/mL, 2 hours at
30 min at 37 degrees, 37 degrees, v =10 pL per cell
v = 3pL per cell

B No linker [C] = 100 pg/mL, 2 hours at

37 degrees, v =10 uL per cell

C A-protein, [C] =20 ug/mL, [C]= 100 pg/mL, overnight at
30 min at 37 degrees, 4 degrees, v =10 pL per cell
v =3pL per cell

D No linker [C] = 100 pg/mL, overnight at

4 deﬁrees, v = 10 uL per cell

These immobilization protocols are commonly used in sev-
eral standard techniques such as ELISA, western blot lateral
flow-based devices, and microarray [43]-[46], in which the
sensing surface is a nitrocellulose membrane that immobilizes
the target biomolecules by physical absorption, and therefore,
similar to the surface of the SCs presented within this paper.

After the incubation of each sample, the chip surface is
rinsed with Milli-Q water and dried it with clean particle-free
air. Once the sensing surface is biofunctionalized, 10 pg/mL
of CRP are incubated for 1 h at 37°, using 10 pL of
sample per measurement, and compare the AIROP (%) signal
for the biomolecule recognition obtained in each protocol,
which identifies the best immobilization technique within the
tested ones.

Fig. 4(a) shows the AIROP (%) signal for each step, com-
paring different protocols studied, meanwhile, Fig. 4(b) shows
the AIROP (%) signal for the recognition of CRP. As it can be
observed, immobilization protocols defined as B and D present
the highest recognition signal, around 60%-70% AIROP for
10 pg/mL of CRP. This result agrees with a higher value for
the antibody immobilization [Fig. 1(a)] in the not oriented
antibody protocols: —250% AIROP for A and C protocols
versus —450% AIROP for B and D protocols. Protocols B
over D will continue the screening due to the reduction in
time of incubation.

B. Recognition of C-Reactive Protein for Different
Immobilization Techniques

Once selected the most promising immobilization protocol,
a comparison for the AIROP (%) signal obtained for differ-
ent CRP concentrations is carried out. Since the definition
of a patient with cardiovascular risk is over 1 ug/mL of
CRP [25], [26], the concentrations selected for this comparison
are: 0.5, 1, and 10 pg/mL.

The biofunctionalization steps are the ones defined in
Table I for protocol B. To perform the recognition of CRP;
10 uL per cell of each concentration is incubated and now
during 2 h for enhancing the recognition signal at 37° in a
humid environment. At the same time, bovine serum albu-
min (BSA) is used in the same concentrations and incubation
conditions as CRP. This protein is unspecific to the CRP
antibody immobilized in the sensing surface, and it can be
used as a negative control to check the unspecific absorp-
tion of biomolecules in the recognition. Fig. 5 shows the
AIROP (%) signal obtained for each concentration analyzed,
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Fig. 4. (a) AIROP (%) signal for the immobilization of A-protein and for
different incubation protocols used in the immobilization of anti-C-reactive
antibody. (b) Comparison of the AIROP (%) signal for the recognition
of 10 ppm of CRP in each evaluated protocol.

RECOGNITION OF C-REACTIVE PROTEIN USING BSA AS NEGATIVE CONTROL

T —
| I C-Reactive Protein
apo | [E=—] BSA - Negative Control

AIROP (%)
g
1

500 ng/mL 1000 ng/imL 10000 ng/mL

C-Reactive Protein Concentration

Fig. 5. AIROP (%) signal for different concentrations of CRP in comparison
with BSA as a negative control.

verifying how immobilization protocol B allows differentiating
between healthy and at risk patients. The AIROP (%) value
obtained for 10 pug/mL of CRP (—257% AIROP) is higher
than in previous results in Fig. 3(b) (—62% AIROP) due to
the increment in the incubation time (from 1 to 2 h).

Fig. 5 also shows the comparison between the recognition
of CRP and BSA as a negative control. The AIROP (%) signal

obtained for BSA is stable along the assay and it can be
considered as an estimation measurement for the matrix effect
usually found in real samples. As can be seen in the figure,
only an average of —54.5% AIROP signal is due to unspecific
binding.

For the presented results, read-out signal fluctuations due
to temperature variation were considered negligible under the
experimental conditions.

IV. CONCLUSION

In this paper, a cost-effective tool for the optimization of
different steps involved in an immunoassay is described. The
optical, label-free point-of-care device developed achieves an
improvement in sensitivity in comparison with previous work
and reduces significantly the sample volume and, therefore, the
reagent cost employed in the recognition of target molecules.
To reach this, a laser diode module replaces the LED used
as a light source and a redesign for the FP interferometers is
implemented. The new approach for the signal interferometer
based on three SCs of 100 xm of diameter allows reducing
the sample volume and reagent concentration by reducing the
sensing area. On the other hand, the redesign for the reference
interferometer and the optical power and narrow interrogation
band of the laser diode increase the device sensitivity in almost
50x in comparison with our previous point of care device
device.

These developments are tested by the screening of a direct
immunoassay for the recognition of CRP, monitoring different
immobilization protocols of the anti-C-reactive antibody and
measuring different concentrations for the target protein. It is
important to highlight that only 10 xL of sample is used in
each measurement carried out.
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